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Prologue

In all of your deliberations in the Confederate Council,
in your efforts at law making, in all your official acts,
self-interest shall be cast into oblivion.
Cast not over your shoulder behind you the warnings of the nephews
and nieces should they chide you for any error or wrong you may do,
but return to the way of the Great Law which is just and right.
Look and listen for the welfare of the whole people and have always
in view not only the present but also the coming generations,
even those whose faces are yet beneath the surface of the ground –
the unborn of the future Nation.

From Gayanashagowa - The Constitution of the Iroquois Nations - The Great Binding Law
Iroquois, 1390
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Abstract
A decade with public and private spending and joint efforts in developing and deploying
Carbon Capture and Storage (CCS) for coal power plants in Europe have not given the
desired results. CCS is currently in a position where significant investments in competence
and test facilities would be worthless if the technology is not soon deployed. Hence, CCS as
a technological option for mitigating climate change might be lost.
Through this master thesis, my mission has been to gain more understanding of the dynamics
explaining the situation. I have made use of evolutionary theories of innovation to analyse
the market and identify key barriers to CCS. Further, I have supplemented with theories of
neo-classical microeconomics focusing on market failures in order to discuss how
governments might secure a way forward. The theories mentioned arise from the same
origin, but perceive the market differently. Evolutionary theories of innovation are helpful to
understand how market transforms “from within”, and represents an important input when a
government may choose to intervene “from the outside” adjusting for market failures.
Doing a research on an on-going market disruption is a challenge. There are a multitude of
reports available suggesting solutions. As CCS still is not a realised, my task is to analyse
real time changes. I have therefore chosen the five forces framework by Michael Porter as
my methodology in order to simplify and structure my work. As my empirical data, I have
employed analysis and statistics from different open sources, in addition to internal resources
and my own experience.
Two sets of analysis are performed; One deals with the current situation in the coal power
market. The other treats the adoption barriers against a future situation with CCS. On this
basis, possible market failures and implications for future policies are discussed.
My conclusions are that a poor climate for investment in the coal power industry combined
with increased business complexity and weak incentives for risk sharing appear to be critical
commercial barriers to implementation of CCS. Lack of a market for CO2 storage and weak
incentives for storage development, appears to be the area most overlooked. I propose
current policies in Europe to be supplemented with the profiteer pays principle. This implies
that new market players are invited to the battle ground where the fight against global
warming has to be won.
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1 Introduction
From 2000, several major initiatives were taken internationally to promote Carbon Capture
and Storage (CCS) as a technology to mitigate climate change. The ambitions have been
high. On New Year’s Day in 2007, the Norwegian Prime Minister announced CCS as an
equivalent to the moon landing. The vision internationally was continued generation of
affordable and abundant low-carbon power from fossil power plants. After spending several
billion dollars research and development, the enthusiasm for CCS in Europe is low.
According to scientists, the threats of global warming are even more imminent now than a
decade ago. The International Energy Agency (IEA) has stated that our opportunity to
achieve the 2°C target and avoid devastating global warming for our descendants probably
has passed, and recommends urgent and more demanding actions. Further, IEA claims that
our current energy system represents a lock-in to a fossil fuel and that CCS is a key
technology to bridge the gap to a sustainable energy system.
The technology itself is characterised as doable although not demonstrated at large scale.
The cost is also claimed to be affordable for the society, but that a few full scale
demonstration projects are required to “kick-start” innovation. As demonstration so far has
failed, the analysis of the reasons behind concludes on “lack of a market for CCS”.
Therefore, my hypothesis is that CCS has been driven forward based on strong technological
expectations, and that important market considerations have been neglected.
After almost ten years of work supporting CCS technology development, it could look like
we are standing still, or are even moving backwards. Like Michael Jacksons “moonwalk”;
seems to be walking ahead, but in reality he does the opposite.
However, the transition of the energy sector has already begun. Renewable energy and
energy efficiency are long term solutions that are gaining ground in the market space, and
the competitive position of traditional fossil fuelled power plants is shaking. In order to
analyse the further potential and barriers for CCS in Europe, I therefore believe it is
necessary to take a dynamic perspective of the power market.
Several European countries continue their support to CCS with the intention of
demonstrating full scale solutions. An on-going debate is the strategy to be selected for
further deployment of the technology and the measures to be selected to motivate for CCS.
MTM
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As an advisor for the Norwegian government in question considering CCS, Gassnova need
therefore its own assessment concerning CCS to give informed advice to the authorities.
This sums up to be the core of my study, and hence my research question is as follows: What
are the key commercial barriers to CCS in the European coal power industry? and What
are the implications for future CCS policies?
I will answer the questions by making an analysis of the competitive position of coal power
plants in the European market and evaluate how adoption of CCS might impact the position.
My study is based on evolutionary theories of innovation together with neo-classical
microeconomics and theories on market failures. Through these two sets of theories, I have
analysed the issue from two different perspectives. My methodology is developed in line
with the “Dynamic Competitive Analysis Model” (Afuah & Utterback, 1997).
Working on this thesis has been a challenging journey. The market space is crowded with
viewpoints, but few answers. Everything has been said, but not so much has been done. As I
believe the policies promoting CCS has been based on a too narrow perspective, my
approach had to be the opposite; A broad one. This has been a challenge, since the selected
industry is large and complex, tightly interwoven with other industries, highly politicized,
and has direct impact on the way we live our lives. A broad approach implies a risk of
ending up with a superfluous work just scratching the surface of the problem. I have
therefore chosen a simple and well known methodology, the Porter’s five forces, being my
lenses at the problem and deploy a wide review of secondary sources as my empirical data.
Due to the complexity of the task, I have found it appropriate to give a rather broad
presentation of the empirical background in chapter 4 which may thesis will rest upon. To
some extent, the chapter is made wider than strictly required to ensure that un-informed
readers might enjoy more of the core of my work.
Beyond the background chapter, my thesis is structured as follows: Chapter 2 describes my
motivation for the study, chapter 3 describe the chosen methodology, chapter 5 describes the
theoretical context of my study, chapter 6 contains my analysis, and finally, my conclusions
are drawn in chapter 7.
Key assumptions for my work are a political ambition of achieving the climate targets as
defined by the UN, and that CCS, according to IEA, is a cost-effective measure to do so.
MTM
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2 Framing of the study
2.1 Purpose
My employer, Gassnova, is the Norwegian state enterprise
for CCS. Gassnova stimulates research, development and
demonstration of CCS technologies and represents the
state’s interests in CCS projects funded by the government.
Gassnova also provides advice to the authorities in matters
related to CCS. A state enterprise is a so-called “sector
Figure 1 – A view of the position
political subsidiary” fully owned by the government. of CCS and the role of Gassnova
Gassnova’s mission is thereby to promote development of
CCS in the crossing between science, industry and the government. A positioning of CCS in
the perspective of Gassnova might be illustrated as in Figure 1.
The Norwegian government has an ambition to realise a full scale facility within 2020 1. The
main purpose of the Norwegian effort on CCS is to contribute to rapid deployment of CCS
internationally (The Norwegian Government, 2012). The government has announced that it
will develop a strategy for developing and implementing CCS.
As an advisor for CCS, Gassnova needs to develop its own understanding of the barriers and
opportunities for realisation of CCS. The result of my work will represent an input to further
strategy development in Gassnova, and as a basis for advisory service to the authorities.
Obviously, a strategy for CCS has to cover the efforts going on in Europe, since international
deployment is the main purpose of the Norwegian effort, and since Norway’s economic
activities are tightly interwoven with the rest of Europe.
My pre-understanding must be view in light of the role of the company. Personally, I am
hold a master degree in economics from Norwegian school of economics in 1985, and have
spent most of my professional life working in the manufacturing industry or publically
owned companies.

1

The ambition of a CCS facility was first announced in 2005, but the time for realisation has been postponed over time and
two full scale projects have been investigated and cancelled on the way.

MTM
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2.2 Limitation of my study
I define “commercial barriers” as conditions that may lead to additional costs or risk arising
from market-driven factors. I will therefore not focus on the cost level of CCS facility as
such or uncertainties concerning future policy regulations or technical issues. There is no
sharp split between these terms, but guidance for my focus.
I have limited the scope of my study as follows:
•

European perspective: CCS development and deployment is an international concern.
Therefore, the Norwegian efforts to realise CCS within 2020 will be challenging and less
meaningful if considered in international isolation. Europe shares the same internal
market, and operates under the same regulations on market and environmental issues. My
focus on European coal power is driven by a belief that European success on CCS
development and deployment will have significant impact on the Norwegian efforts to
realise CCS. Considering a common European energy market, the following discussions
will often refer to UK and Germany. These countries often set the tone in the question of
energy and CCS due to their size. Together with Poland, UK and Germany are the
European countries with the largest share of coal in the energy mix (Source: Eurostat).

•

Only power: Although CCS is an important CO2 abatement technology for other
industrial processes like iron and steel, cement, ammonia, refineries etc, these industries
are not included in my study. The reasons are as follows: 1) Different industries operate
under specific competitive conditions and would require different incentive structures.
What might be the optimal incentives for a power company will not necessarily be the
same as for a cement plant due to key characteristic regarding the market, the production
profiles and cost structure. And 2) The power industry has the highest attention in EU so
far because of its large share of the total CO2 emissions. Therefore it is still an
expectation that power industry will be the first industry with wide deployment of CO2.

•

Coal and not gas: My study focuses on CCS for coal power plants. I could have included
CCS from gas power plants. However, CCS from gas is by many key stakeholders not
expected to be commercial or mandatory before CCS on coal. This is due to the fact that
gas power stations normally operate less hours per year (of commercial reasons), and that
gas power plants emits significant less CO2 per kWh produced. Further, gas power plants
have some key characteristics different from coal power plants that would extend my

competitive analysis beyond what time allows.
MTM
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•

No utilisation of CO2: I have excluded CO2 utilisation in my study. Carbon Capture and
Utilisation (CCU) could generate a commercial value of the CO2 and be a key driver for
early commercialisation of CCS. As discussed in chapter 4.3, Enhanced Oil Recovery2
(EOR) is main driver for CCS-projects in North America. Currently, the potentials for
EOR (or other CCU possibilities) are limited in Europe. CCU has neither been high on
the political agenda. One reason might be that a single power plant may produce several
million tons of CO2 per year and the existing and potential market for CO2 in industrial
applications is limited. Even though EOR could be an interesting potential to speed-up
deployment of CCS, it is still not expected to contribute significantly as a measure to
limit climate change.

•

Assuming CCS as a viable option: I will not make an evaluation considering if CCS will
be a viable solution for the future or not. I base my work on analysis from IEA and
others stating that CCS is a cost-effective option for industries to reduce own emissions
given an ambitious climate policy, and the ambition set by the European Commission to
develop CCS as a technology to be adopted for coal power plants.

2.3 Identification of the industry
The power companies in Europe have many similarities and have up to now been rather easy
to define. A few large companies dominate the market and these holds a portfolio of (rather
similar) technologies to produce electricity. These companies are competing in the same
market (although fragmented due to transmission bottle-necks) and a commoditised product
(electricity). The power generators utilise a similar set of technologies that could be grouped
into clusters with similar characteristics and business models – see Figure 6. The
competition in the market is therefore both between companies and between technologies,
such as nuclear, fossil fuel and renewables. Although the fuels used in a coal power plant
could be either lignite or hard coal I will refer to both as “coal” in my study, while
“renewables” will be referred to as a range of technologies.

2
EOR is a process where a liquid is injected into an oil reservoir to boost the oil recovery rate. Normally, natural gas or
water is used for EOR. If available, CO2, may be preferred as an alternative as CO2 holds special characteristics that could
increase the recovery rate beyond what is possible with other liquids.

MTM
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I will define my industry as “coal power plants”, which is a subset of the power companies
described in Figure 6. Coal power is of strategic importance in my study since
-

coal power has the highest CO2 emissions per kWh produced, also in a life cycle
perspective, and is therefore a candidate to contribute with significant reduction of
GHG (IPCC, 2012)

-

the share of coal in the European energy mix is significant, but has dropped the latest
decades (see Figure 7),

-

the EU commission has developed scenarios regarding the European energy mix by
2050, where the use of solid fuels (primarily coal) is expected to be halved within
2030, and even drop further by 2050. (European Commission, 2011)

These characteristics are recognisable for mature industries which will be discussed in later
chapters.
The technology utilised in a coal power plant is also distinct different from any other
technologies such as nuclear, hydro power etc, which will be referred to as substitutes in the
five forces analysis.
In most discussions in the CCS domain, market introduction are dealt with in at least two
different stages; A demonstration phase and a deployment phase. The intention with the
demonstration phase is to demonstrate the technology at large scale in order to reduce
uncertainty and lower the cost in the deployment phase where specific public incentives are
required (IEA, 2012a). The deployment phase is assumed to take place after a successful
demonstration phase promoted by targeted public incentive structures. This study does not
differ between the demonstration and the deployment phase since the commercial
consequences of CCS and the arrangement between the commercial parties involved in
general should be the same in both phases, although the public support scheme could be very
different.
CCS can be implemented by retrofitting a post-combustion carbon capture facility to an
existing power plant, or by erecting a new coal power plant with CCS. I will not differ
between these two strategic options as I assume that any implementation of CCS is based on
rational commercial decisions and that the main commercial implications for the options are
similar.

MTM
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3 Methodology
3.1 Concept
In search of commercial barriers for implementing CCS, I have selected the Porter’s five
forces framework as my main methodology. Hence, the five forces framework will represent
my lens in understanding the market dynamics. My choice is inspired an article by Allan
Afuah and James Utterback, proposing a dynamic competitive model for strategy
development based on technological evolution. The model suggests a three-step process for
competitive analysis:
First, at each of the four phases of the industrial innovation cycle, the firm analyzes
the pressures being exerted by Porter's five forces to determine the industry's
attractiveness. Second, the firm evaluates the extent to which its competences and
firm-specific assets meet the levels and quality needed to successful offer products at
each phase. Finally, at each phase, the firm takes strategic steps that also anticipate
the nature of the next phase(s). (Afuah & Utterback, 1997)
Given that the model is a feasible approach e.g. for power companies’ strategy development,
it might also be feasible for a policy maker when evaluating the attractiveness of any CCS
investments by the market. I have therefore performed a five forces analysis for the coal
power market. The analysis is performed on the underlying commercial factors, categorised
according to Porters’ framework and presented in chapter 6.1. I have employed the
evolutionary theories of innovation to identifying specific issues which are investigated as
potential barriers for adoption of CCS technology. The results are presented and discussed in
chapter 6.2. I have focused on commercial barriers which I have defined as barriers arising
from market-driven factors. The reason for this distinction is that I believe such barriers have
been underestimated so far.
Based on the results from the five forces analysis, the adoption barriers and theories on
market failure, I have formulated specific issues to be analysed as potential market failures.
These are presented in the beginning of chapter 6.3, and discussed thereafter. My empirical
data are retrieved from open sources and presented in chapter 4, in addition to a continuous
presentation of empirical data throughout my analysis. See the outline in Figure 2.
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In the discussion of five forces and adoption barriers, I have employed neo-classical
microeconomic theories, which theories of innovation also build on. Thereby, I assume that
all owners of coal power plants behave rationally. The five forces framework is presented in
a separate chapter under the theoretical context in chapter 5.3.
The central part of my study is the focus on commercial barriers to CCS. The analysis
considering market failures and policy implications will be more indicative, as concluding
on market failures and future policies will involve a perspective of the entire energy market
and include political discussions and priorities which are not covered in my thesis. However,
the chapter of policy implications summarises the discussion of commercial barriers into a
wider perspective and indicate a way forward for policy development.
Literature review of
evolutionary theories of
innovation
(chapter 5.2)
Empirical data about CCS and
the European coal power market
(presented in chapter 4 and
continuous in the analysis)

Analysis: Five
forces in Coal
power industry
(Chapter 6.1)

Literature review of
theories of neoclassical
economic theory and
market failures
(chapter 5.1)

Analysis:
Commercial
barriers to CCS
(Chapter 6.2)

Analysis:
Policy
implications
(Chapter 6.3)

Conclusions
(chapter 7)

Figure 2 – Overview of my work

Since my study will be based on literature review both on the theoretical part and the
empirical part, there will be a large number of references within the report. For the reader, it
may therefore be difficult to separate theories from empirical sources. For example in
chapter 5, where the theories are presented but where theories also are related to empirical
studies. In general, this has been solved by referring to empirical references as examples in
the end of each sub-chapter of chapter 5.
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3.2 Sources of information for empirical data
CCS is still a vision and not a reality, and I have been dependant on reports and studies that
analyse and discuss the current situation, and not facts based on implemented projects and
years of operations. My study is therefore primarily qualitative and based on a thorough
review of key reports, white papers, press releases, supplemented with own analysis and
informal discussions with key personnel in relevant industries.
Assessing the commercial potential for a new technology requires knowledge considering
the market situation for the companies involved and their strategies. Statistics, financial and
operational data, is required to create a base of facts upon which the assessments can be
made. Obtaining this information has been carried out by studying official reports of several
companies, analysis from international organisations together with policy documents from
governments. In addition I have participated at conferences, executed workshops and
employed internal and external networks.
Through my employer, I have also had access to networks, reports, statistics and analysis
from international organisations. Some important sources of information are as follows:
•

IEA have issued a range of reports for the energy sector, amongst other the annual
“World Energy Outlook” (WEO), a comprehensive overview of the current energy
situation and their analysis and best scenarios for further development. IEA also issue
key statistics concerning production costs, transformation and use of energy which is
important when assessing the potential for CCS.

•

The UK Department of Energy and Climate Change (DECC) and the European
Commission performs and issues insightful analysis, publish white papers and
relevant statistics of high quality (DUKES and EUROSTAT).

•

Global CCS institute 3 (GCCSI) issues an annual update of “Global Status of CCS”,
which in addition to thorough analysis, holds an update on all large scale integrated
CCS projects (LSIP). GCCSI also offers knowledge sharing networks and events
related to CCS. Gassnova is also a member of GCCSI.

3
GCCSI is an independent, not-for-profit company with a mission to accelerate development, demonstration and
deployment of CCS globally through our knowledge sharing activities, fact-based influential advice and advocacy, and
work to create favourable conditions to implement CCS (Source: GCCSI)
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•

The EU Zero Emission Platform (ZEP) has produced cost updates on CCS and
publishes own analysis and key recommendations to policymakers in the EU.

Reports from other organisations and institutes have given key insight and valuable
information from core business, like McKinsey and Schlumberger. Others are produced by
research institutes and government linked institutions like OECD, World Resources Institute,
World Energy Council, UK Energy Research Council and MIT. Important reports produced
by companies for governments are also made publically available and provide important
information and perspectives considering the energy market and the possibility for CCS.
It might be argued that organisations like ZEP and GCCSI are biased toward CCS since their
members and contributors have a stake in the carbon based energy system. However, these
organisations are acknowledged by most relevant governments, and over years they have
delivered reports and analysis of high quality.
Last but not least, Gassnova itself has extensive knowledge considering the challenge of
developing and implementing CCS through executing or participating in three major projects
on planning and erecting CCS facilities in Norway. Altogether, these sources provide an
extensive insight to the energy related industries where CCS is expected to be deployed.
Market transformations represent both a risk for large historical investments becoming
obsolete and tremendous opportunities for new market players and technologies. The energy
market involves big money. Six of the ten largest companies in the world are based on
production of fossil fuel (CNN, 2013). Of the remaining four, three are closely related to
energy distribution or use of energy. Therefore, there exist a large potential for biased
analysis or reports meant for lobbyism or market players selling expensive “insights” mainly
comprise a collection of unqualified views. I have avoided reports of this kind.
CCS is a highly political issue, especially in Europe, where development is pushed by
authorities, and where few or no commercial drivers exist. If CCS becomes “affordable”, it
might be defined as a best available technology (BAT) by national authorities, which implies
that CCS de facto might be imposed for new and eventually also existing power stations.
Among key stakeholders in the power industry, development of CCS might therefore be
regarded as an immediate threat deteriorating the profitability of their business. At the same
time, the energy business is highly regulated (although the price formation is free) and the
same stakeholders need to act “politically correct” to the signals from the authorities. These
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mechanisms (and several more) imply there is a significant room for “playing games”
considering future regulations and project funding. After nine year working with CCS, I
have found that it is difficult to get the “full and true story” from the key market players
through official channels, which implies that sources of information must been chosen with
care.
In one cases I have made use of a data model to exemplify and illustrate the cost structure of
a power plant and differences between power technologies. The model are based on numbers
from an IEA publication “Projected Costs of Generating Electricity” from 2010, table 6.1
(IEA, 2010). The numbers are reproduced and commented in Appendix A.
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4 Empirical background
4.1 Global warming and energy
Global warming is an issue causing increased worldwide public awareness the last decades
and is often referred to as the biggest challenge that mankind ever have faced. Strong
evidence is presented by the scientific community through the Intergovernmental Panel on
Climate Change (IPCC) that a global warming is an on-going reality, mainly driven by
human activities. The consequences of not reducing emissions of greenhouse gases (GHG)
like CO2 is said to be devastating for the living conditions of our descendants. The cost of
the required emission reduction is said to be well within reach, and the social cost of not
reducing the emissions is said to be higher (Stern, 2006).
According to IPCC, 2/3 of all GHG emission is related to the world’s use of energy. More
than 50 % of GHG emission is CO2 from burning fossil fuel (IPCC, 2007). Of total GHG
emission, 25 % are related to energy supply (extraction of energy and power generation). Of
all fossil energy sources, coal is the most abundant and commonly available (IEA, 2013a, p.
148). Furthermore, coal has a lower energy intensity compared to oil and gas and will
therefore generate more CO2 per unit of energy produced. According to IEA coal represents
the most commonly used energy source for electricity generation, and some 8000 coal power
units exists world-wide (Finkenrath, Smith, & Volk, 2012).
Since the industrial revolution, prosperity is built upon access to cheap fossil fuels and the
aggregated investments in infrastructure related to extraction and use of fossil fuel are
tremendous. In many ways we are “locked-in” to a fossil energy system, and transformation
to a low-carbon energy system will require radical changes in many aspects of the society
(Unruh & Einstein, 2000).
In his article “Energy transitions research: Insights and cautionary tales” (Grübler, 2012)
Arnulf Grübler discusses the two major energy transitions in the 19th and the 20th century
respectively – from wood to coal, and from coal to oil and gas. Coal is and has been one of
our main sources of energy since the late 19th century as illustrated in Figure 3, but the share
of coal in the energy landscape has declined (though increased in absolute numbers), due to
competition from cleaner and more flexible energy sources like oil and gas. In developed
countries like the EU, the consumption of coal (in absolute terms) has had a clear downward
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trend from 1990 to 2012 of about 35 % (Eurostat, 2013). In developing countries, a growing
population and the battle against poverty will require access to more energy in the future.
Since coal is commonly available, a steady growth in the overall coal consumption is
expected (BP, 2013).

Figure 3 – Two ‘‘grand’’ transitions is world primary energy use 1850–2008 (in
percent of primary energy). (Wilson & Grübler, 2011)

The UN Framework Convention on Climate Change (UNFCCC) has agreed on an ambition
to limit global warming to or below +2°C (UNFCCC, 2010). The International Energy
Agency (IEA) states in the World Energy Outlook (WEO) from 2012 that continued use of
fossil fuel on the current level is not consistent with this target (IEA, 2012b). A “third
transition” of the energy system as described by Grübler is therefore required. The change
will probably not be driven by higher convenience or lower cost, but purely for
environmental reasons, which again will drive the cost of energy up. The Executive Director
of IEA, Nobuo Tanaka, formulated this in 2011, speaking at the Bridge Forum Dialogue in
Luxembourg, saying “the age of cheap energy is over” (IEA, 2011).
IEA have developed a “450 scenario”

4

(IEA, 2012b) where it is suggested that increased

energy efficiency, more renewable energy and technology breakthroughs are the main
measures to decarbonise the energy system in the long run. IEA states however that the time
required to develop and implement these alternatives are longer than what is required to

4
“The 450 scenario” refers to an ambition to limit the GHG concentration in the atmosphere to 450 ppm CO2 equivalents.
The 450 scenario is consistent with a 50 % probability of limiting the average global warming to maximum +2 °C within
this century. Also referred to as the 2 °C scenario.
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combat the most devastating effects of climate change. In the most scenarios, fossil fuel
would even in 2050 represent 60 % of our total energy source (compared to around 80 % as
of today). Fossil fuel power equipped with CCS is therefore suggested as an important
technology to bridge the gap between the current to a future low-carbon energy system.

4.2 The Power market
4.2.1 The European power market design
This chapter provides a brief overview of the structure of the power market in most
European countries. Although the markets have some main similar characteristics, and
linked together, the market is not united as one market. Thess markets was mainly
deregulated in the decade after 1990, starting with UK and Norway (Al-Sunaidy & Green,
2005). Available insights into the European power markets are particularly to be found in
official EU reports (Directorate General Internal Policies, 2010) and from the market players
(Vattenfall, 2012a).
A simplified overview of the
Financial flow

current market structure of the

Wholesale market

EU power market is shown in

Retailers

Retail market

Figure 4. The grey boxes
illustrate

the

main

players.

The

role

retailers

is

about

market
of

Electricity
generators

Large
customers

Households &
small industry

the

power

sourcing, processing contracts
and invoice the retail market

Physical flow

Grid operators

Figure 4 – A simplified overview of the electricity
market

(small industry and household
consumers), and does not involve in the physical flow of electricity. The grid operators are
responsible for electricity transmission from the generators to the customers. The service is a
regulated business area, are separated from the power generation business and invoiced
separately as a service of power distribution.
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The key difference between the electricity markets and other product markets is that storage
of the product itself (electricity) is not possible or extremely expensive. Production and
consumption must therefore take place simultaneously. Electricity markets have defined
capacity constraints and variable and price inelastic short-term demand which leads to large
price volatility. Rapid price fluctuations represent incentives for investments in additional
flexible generation capacities able to ramp up and down fast. To ensure the reliability of
supply at any given moment, the grid operators hold the authority to regulate the total flow
in the grid. When required, the grid operator may force power generators to stop or start
delivery of power, and/or consumers to reduce power consumption.
The price of electricity is determined in the wholesale market by the balance between supply
and demand, for each hour of the day. The demand curve consists of the at-any-time
aggregated (and rather inelastic) demand from households and industries, while the supply
curve, called the “generation stack”, represents the marginal cost of all generators in the
market. An example of how the price of electricity is settled in the market at a specific hour

Power price

of the day is shown in Figure 5 (at 12 pm).

Demand 12 pm

P0
Wind & Nuclear
Solar

Coal
lignite

Hard
coal

Gas

Oil &
other

MW
Figure 5 – The generation stack: An example of how price is settled in the power
market.

The example shows that different technologies (the different coloured stacks) have typical
ranges of marginal costs and that the volume traded sets the price (P0) by the marginal power
plant (which is a gas power plant in the example). Flexible power plants (like nuclear, coal
and gas) may produce electricity at any time and may act as swing producers. Renewables
like solar and wind are intermittent power generators and may only produce electricity at
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times as defined by the nature. A cloud passing the sky above a solar panel will therefore
imply a shift in the supply curve from one hour (or second) to another. Power plants with
low marginal costs (like nuclear) may operate as “base load plants” and stay in operation
most of the year, while power plants with high marginal cost (like gas) will normally only
operate at “peak load” where demand and prices are high. The term “load factor” is defined
as the share of hours per year that a power plant produces electricity, and directly impacts
the profitability of the power plant.
A fossil based energy system typically consists of large centralised power stations that runs
“base-load”, supplemented with smaller gas power stations running at peak hours (typically
at daytime when demand and prices are high). The fixed costs of coal and nuclear plants are
high, while fuel costs are rather low. The cost structure of gas power is rather the opposite.
Therefore, gas power stations are dependent on high power prices to cover their annual costs
since their fuel is rather expensive and their operational time per year is limited.

4.2.2 Status for coal power industry
The power industry is dominated by a few large companies which almost all hold a
significant share of coal in their energy mix – see Figure 6. In the figure; “fossil-based
power” is mainly referring to
lignite, hard coal and natural gas,
while

“renewables”

for

these

specific companies mainly refers
to hydro power.
In general, coal has a high market
share in the electricity market,
even though this has considerably
dropped during the last decades –
see Figure 7. The market share of
natural

gas

has

increased

Figure 6 – Europe’s largest electricity
accordingly. This is also the case generators 2010 with distribution of power
for nerewables, which after 2010 generation technology (Vattenfall, 2012b)
has increased the most.
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Figure 7 – Electricity Generation in EU by fuel (Source: Eurostat)

The profitability of power generators in Europe has been rather volatile in the same period,
but has dropped remarkably last years. Figure 8 shows a clear downward trend for the share
price of RWE, one of the largest power generators in Europe. Compared to an average
market index, the drop since 2008 has been close to 80 %. The development for other
companies in the industry has followed a similar trend.

Figure 8 – Share price of RWE 2008-2013 (blue) compared to S&P500 market
index (red) (Source: YAHOO! Finance)
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While the power companies listed in Figure 6 have increased their share of natural gas as the
market has changes, this is not the case for renewable energy. According to an analysis done
by the governmental supported Renewable Energies Agency in Germany, only 5 % of the
ownership in renewable energies installed in Germany in 2012 was in the hand of the four
big power providers, and only 12 % was owned by traditional power providers (Renewable
Energies Agency, 2013). The main investors in renewables energies were farmers and
private individuals.
The general public opinion in Europe towards use of coal as an energy source in own
country has weakened over time, and coal is now the least appreciated energy source
together with nuclear. Still, the respondents where split almost 50/50 positive and negative to
coal as an energy source. (Poortinga, Pidgeon, Capstick, & Aoyagi, 2013; TNS Opinion &
Social, 2011)
Innovation in the coal power industry has mainly been focusing on increased thermal
efficiency (electricity generated per unit fossil fuel) and emission control (driven by
environmental regulations). Owing to these efforts, the carbon footprint 5 has improved
slightly over time. As the share of coal power in the European energy mix has dropped last
decades, the number of new
built power plants has been
low. The focus has therefore
partly been on improving
efficiency on old plants, and
partly on switching from old
to

new

combustion

technologies. In Figure 9, the
age

of

technology

distribution for coal power
plants in Germany is shown
as an example. The age
profile of the coal power

Figure
9
Profile of operating fleet of coal‐
fired power plants in Germany. (Finkenrath et al.,
2012) (The most advanced and most efficient
technology in green, the least efficient in red).

5

“Carbon footprint” is a commonly used term to express the CO2 emissions of a person or a company measured on a “per
unit” basis. E.g. Icelandic aluminium production is considered to have lower carbon footprint than the Chinese aluminium,
since Iceland utilise hydro power as energy input instead of coal power.
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fleet is rather similar for all European countries, but other countries have a lower share of
modern combustion technologies.

4.2.3 Game changers toward a sustainable energy system
Current energy technology development holds a potential to change the entire energy
system. Intermittent renewables forces base load plants out of market when the sun shines
and the wind blows as its marginal costs are almost zero. Rooftop solar panels make private
houses a power generator as well as a consumer, smart grid technologies could make the
energy system operate like the internet where energy is distributed through a web of players
rather than a one-way serial connection. Until efficient and cheap battery technologies are
available, fossil fuelled power plants will have a business case to balance the whole energy
system. A future sustainable energy system might comprise of renewable energy with a large
element of intermittent technologies like wind and photovoltaics (PV), available backup
systems (like hydro and bio fuelled power station) and energy storage technologies to
balance the system over time.
Further cost reductions of renewable technologies like solar panels and efficient energy
storage technologies may well lead to game changing of the power system.
In the UK, the government has initiated a work to reform the electricity market to help
facilitating the energy transformation, the Electricity Market Reform (EMR). The reform is
planned to be implemented gradually until and beyond 2020 (DECC, 2012a). The objective
of the work is to solve “the energy trilemma” 6. Some of the measures under considerations
are highly relevant to the development and deployment of CCS.

6

See chapter 4.4.1
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4.3 Carbon Capture and Storage
4.3.1 CCS in practice
CCS is a three step solution: A capture unit connected to or integrated with an industrial
facility releasing CO2, a CO2 transportation system and an injection facility to store the CO2
in a safe underground location. See Figure 10.
There are at least three concepts for how CO2 might be captured: By production of pure
hydrogen through a pre-treatment of fossil fuel with removal of all CO2 before combustion
(Pre-combustion), combusting of the fuel with pure oxygen which generates a pure CO2
exhaust 7 (Oxy-fuel) and an end-of-pipe solution where CO2 is separated from the flue gas
after combustion through a chemical process (Post-combustion). See illustration in Figure
11. As an end-of-pipe-solution, post-combustion technology is possible to retrofit on existing
power plants.

Figure 10 – Carbon Capture and Storage - How it works (source: GCCSI)

The flue gas from a typical coal power station contains approximately 13 % CO2, and a large
sized coal power plant of 1 GW capacity would generate around 7 million tonnes of CO2
annually at full load. For comparison, the volume represented by the two twin towers of the

7

The flue gas from an oxy-fuel power plant consists of CO2 and water vapour which may be separated though condensing.
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former World Trade Centre would only be able to store approximately 50 % of the annually
generated CO2 from a large coal power plant.

Figure 11 – Three concepts of CO2 capture from a power plant (Source:
www.ccsreg.org)

It is not obvious which of these technologies that would be superior to the others in the long
run. Post combustion technology is more mature since it has been in use already in other
applications (see next chapter), while the other technologies are considered more immature
(although seemed doable) and therefore have a larger potentials for improvement (ZEP,
2011).
After the capture process, CO2 is compressed and transported as a liquid either by pipeline or
ship. Storage of CO2 is done in deep geological porous formations. Generally there are large
storage capacities available world-wide in either saline aquifers or depleted oil and gas
reservoirs. CO2 could also be injected in oil-fields still in production to increase the oil
recovery rate (so-called Enhanced Oil Recovery - EOR).
The major cost component of CCS is represented by large investment in capture facility and
other infrastructure cost (pipelines, injection facilities and development of the storage site).
Capturing CO2 requires significant energy which reduces the output from a power plant of
MTM

Ståle Aakenes

Page 30

Commercial barriers to implementation of CCS in Europe
about 15-20 % for new and efficient plants, but increasingly more for old and less efficient
power plants.
The major technical concern in a CCS chain is related to storage of CO2. A storage site for
CO2 must be at least 800 meters under the sea level and must be qualified to ensure safe
storage of several million tons of CO2 in addition to that the risk of leakage must be
controllable. No geology is uniform, and each cubic meter in the underground may have
different characteristics. Verifying storage potential and consideration of leakage risk are
therefore important matters before realisation of a CCS chain.
Beyond the three steps mentioned, an operational CCS chain will also depend on a range of
other complementary services to run, operate and control the entire chain.

4.3.2 History and status
CCS has been utilised since the early 70’s in the US for the purpose of EOR and not as a
measure to mitigate climate change. CO2 has been captured from many different sources
even by extracting natural occurrence of CO2 from the underground for injection into an oil
field. The focus on development has been on CO2 injection techniques to improve the
recovery rate of the oil field. CO2 separation from a gas stream is a technique that is in use in
a wide range of industrial applications. An example is sweetening of natural gas as early as
in the 1930’s (NETL, n.d.).
In 1996, the world’s first CCS facility with the purpose of avoiding climate change was
opened by Statoil at the Sleipner platform in the Norwegian part of the North Sea. CO2 was
separated from produced natural gas to meet the sales specification of the customers. Tax
incentives made it profitable for Statoil to reinject CO2 into a geological formation instead of
emitting pure CO2 to the atmosphere. The additional investment cost was rather limited and
operational costs close to zero. A similar case was implemented by BP at In Salah in the
desert of Algeria and was set in operation in 2004. The driver for the project was an internal
ambition to reducing BP’s carbon footprint, and this project came up to be among the
preferred alternatives for the management of BP.
Internationally, there are currently 12 large scale applications in operation where CO2 is
injected in a geological formation (GCCSI, 2013). Three projects are in the category
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described for Statoil and BP and the remaining nine are motivated by EOR. Totally,
approximately 25 million tonnes of CO2 are annually stored through these projects. In
addition to these 12 projects, there are another five projects in a construction phase and about
50 projects in a planning phase, most of these localised in North America.
Since 2000, several major initiatives were initiated internationally to promote CCS as a
technology to mitigate climate change, with a special focus on emissions from the power
sector. Since CCS technology still is not demonstrated at large scale in the power sector,
funding of a number of early CCS chains at full scale was suggested to bring certainties for
the industry, regulators and finance companies for further deployment of CCS.
In 2008, the European Council supported a goal of 10-12 CCS demonstration plants in
operation by 2015 (European Commission, 2007).This grand support scheme for CCS has
now failed, and at the beginning of 2014 the scheme is left with only one potential project.
The UK government arranged a competition in 2007 to select the best CCS-demonstration
project in UK. After the programme failed in 2011, the competition is now restructured and
the government gives it another try (DECC, 2012b). The Dutch government also had
ambitions for own CCS-demonstration; but has only one project left that is about to be
shelved. And finally, Norway has cancelled its two demo-projects after spending several
hundred millions of dollars on studies. CCS has by many stakeholders therefore been
characterised as immature and expensive, and public acceptance for further governmental
support are challenging.
Most discussions and studies related to challenges for successful demonstration of CCS have
emphasized “high costs” or “lack of a market for CCS” as the main obstacles. A global and
sufficiently high carbon price is often stressed as a necessity for realisation of CCS.
However, the outlook for such global carbon price is by the majority viewed as highly
uncertain. Any risk-averse and investors in capital intensive and long term industries (as in
the power sector) would need predictability beyond a demonstration phase before making
any billion dollar investment.
Another key challenge has been related to the availability of a suitable storage site. From a
geological standpoint, there is enough pore space in the underground to cover Europe’s
storage needs requirements for more than a century. However, lack of an available storage
site has for several projects become a major challenge. There has been a growing recognition
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among CCS project managers that development of an appropriate storage site has been
largely underestimated. Planning efforts for the transport and storage part are in general
relatively more expensive and time-consuming compared to the planning efforts for the
capture part. Early start-up of planning of the transport and storage part is therefore required
in addition to extensive funding commitments. Since CCS projects are driven by power
companies with limited knowledge considering storage, the importance of early start-up of
the storage part to avoid project failure has been a new learning.
In addition, local opposition against onshore storage has developed, and taken the first CCS
projects by surprise. Being used to operating their business outside the public spotlight, the
power companies gradually realised that they had to take a more proactive attitude towards
the local communities. By 2013, onshore storage for CO2 is not seen as an accepted solution.
Important countries like Germany, the Netherlands and Austria has practically banned any
onshore CO2 storage, and only offshore storage is the only realistic option.
Comparing the 12 CCS projects in operation with the European CCS projects which have
been cancelled last decade shows dome interesting differences. The points below
summarises these differences, and expressed from the perspective of the cancelled projects,
describing the successful operational projects:
-

Reversed value chain: Capture of CO2 is demand driven, as oil and gas companies
purchase CO2 for the purpose of EOR, rather than supply-driven where power
companies have excess of CO2 they need to get rid of.

-

One responsible: Capture and storage of CO2 is in many cases executed by the same
company

-

High-concentrated CO2-sources: CO2 is typically captured from the most highconcentrated sources available

-

Core strategy: The projects are linked to the core business of the company

-

Limited technology development: Available capture technology is used, development
is focus on the storage part.

-

MTM
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4.3.3 Cost of CCS
As CCS is still not realised on any full size coal power plant, it is not possible to give precise
estimates of the cost of CCS. Nevertheless, it has been published several reports considering
the expected cost of CCS under a range of assumptions. Even though the absolute costs of
CCS are not cardinal for my study, it is important for the reader to understand both the level
of costs that is involved with CCS, and the implications of the costs in a wider perspective.
This chapter will therefore give a brief overview of the cost issue.
CCS cost may be viewed from the perspective of policy makers focusing on the cheapest
CO2 abatement measure, and from an investor in power industry focusing on the most
profitable technology to produce low-carbon power.
A policy maker with the ambition to reduce the overall CO2 emission would prefer to
promote the cheapest measure before the more expensive measured as cost per ton CO2.
McKinsey has in their report summarised an illustrative “supply curve” for abatement of
GHG by 2030 (McKinsey & Company, 2010) – see Figure 12. The key point from the report
is that there is a range of actions that might be taken where the society both may reduce
emissions and save resources over the life time of the investment. Typical examples are
related to energy efficiency. These appear on the left side in the illustration. Other actions
will not “pay by itself” – such as solar panels and CCS, and appear on the right hand side.

Figure 12 – Global GHG abatement cost curve by 2030 beyond Business as Usual
(McKinsey & Company, 2010)
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The report have been criticised for neglecting the whole cost of every measure and spill-over
effects, underestimating loss of utility for the individuals, using too low discount rate etc.
However, McKinsey is also acknowledged for setting the discussion of GHG abatement in a
right perspective from the policy-makers perspective.
EU’s Zero Emissions Platform (ZEP) published in 2011 a comprehensive report considering
expected cost development for CCS with different technologies, locations, CO2 sources and
timelines (ZEP, 2011). The conclusion was that CCS on coal power plant might, after
profiting from learning through successful demonstration and deployment, reach a cost as
low as € 35-40 per ton CO2 for a new built hard coal base load plant over the entire life time.
A lignite plant was estimated to cost some less.

These numbers are in line with the

McKinsey estimates as shown above. The first CCS facilities are however expected to be far
more expensive due to lack of scale effects and significant uncertainties.
An investor in the power sector measure costs for CCS in fixed and variable part and
calculates a cost per MWh produced. There are several reports available dealing with
estimating costs on CCS, but the ZEP report as mentioned above is one of the most accurate.
The conclusion from this study is that there is a broad range of factors that might affect the
cost of CCS, but that the cost increase per MWh might be as much as 60-100% over the
lifetime of the power plant. The costs in ZEP’s analysis can be summarised as follows:
-

Investment cost for a coal power plant will double if CCS is included (inclusive of
capture, transport and storage)

-

Electricity output will be reduced with 17-23%

-

Operational costs per MWh will increase with appx 50% (including effect of lower
efficiency)

In a study published by Schlumberger, the costs of low-carbon power with current
technologies are compared with state-of-the-art gas- and coal power plants for the US market
(SBC Energy Institute, 2013). The numbers are illustrated in Figure 13 and shows that CCS
is competitive with other low-carbon technologies. Even so, each technology has a
significant range of cost uncertainties involved which might make one technology more
profitable in one location but not in another.
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Figure 13 – Range of LCOE for current technologies in the US ($/MWh) (SBC
Energy Institute, 2013)

Cost data used in my analysis of comparison between coal power with CCS and other power
generation technologies, are retrieved from IEA and summarised in Appendix A.

4.3.4 Historical parallels
A comprehensive report from UK Energy Research Council (UKERC) has discussed seven
uncertainties related to CCS and discussed these against nine base cases from history which
could be used for comparison and learning (Watson, 2012). One of the technological
parallels selected is desulphurisation of coal power plants in the US and UK. Flue gas
desulphurisation (FGD) is a technological solution to remove SO2 from flue gas from a coal
power plant to avoid acid rain which leads to acidification of lakes and rivers, and causes
detrimental effects on forests. The FGD case is of special relevance to CCS since
-

The FGD process treats the exact same flue gas as the post-combustion CO2 capture
process from a coal power plant
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-

The FGD technology was transferred from other sectors and developed for the
purpose of desulphurisation, as is the case for CCS that developed as a measure for
EOR

-

Both technology push and demand pull 8 measures were established by the
governments to promote development and deployment of FGD technologies over
more than forty years, including introduction of the first cap-and trade system for
environmental protection purposes

Stringent environmental regulations regarding SO2 missions were enacted by many countries
in the 1970’s and thereafter, and gave owners of coal power plants the option to adjust in at
least three ways:
-

Switching from high- to low-sulphur coal. Thereby emission of SO2 is reduced

-

Closing old plants and invest in more environment friendly power, like natural gas

-

Implementing the FGD technology to capture SO2 from the flue gas.

In the UK, the power sector reduced its SO2 emissions by 94% from 1980 to 2008, but the
FGD technology contributed only between 1/4 and 1/3 of the emissions reductions
(Markusson, 2012). Through these years, the share of natural gas in the entire energy mix in
UK increased significantly as shown in Figure 14.

Figure 14 – Electricity generation by fuel, United Kingdom (Source: IEA)

8

These terms will be discussed in chapter 5.1.7.
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The costs are considerably different between the FGD and CCS technologies:
-

The overall costs of FGD as a percentage of the costs of electricity is 10-15 %, while
for CCS it is in the range of 60-100 %.

-

FGD represents around 10 % of capital cost for coal plants, while for CCS it might
be around 100 %

This example shows that:
-

Introduction of new environment friendly technologies on coal power plants, driven
by governmental support and regulations may work quite well

-

Even though the cost to become compliant to new environmental regulations are
limited, these may imply major changes of the competitive position of the industry

4.3.5 An economical case for CCS
IEA has calculated that only 30% of the available fossil fuel may be explored and combusted
if the ambition is to stay within the +2°C limit (IEA, 2012b). CCS might therefore make it
possible to use the additional fossil fuel without causing climate change effects, and
therefore represents a value to the society and to the owner of coal mines and oil & gas
reservoirs. A business case for CCS might therefore be found with owners of hydrocarbons,
companies and countries with significant investment in fossil fuel infrastructure given that
the emission reductions targets are to be met. Since fossil fuel is a relatively cheap energy
source and is still abundant and available, use of fossil fuel in a power plant equipped with
CCS is argued to secure economic growth in developing countries and prosperity for our
coming generations. According to IEA, the proven reserves of coal may allow continued use
of coal at current consumption level for another 142 years, assuming unchanged coal prices
(IEA, 2013a, p. 72). Remaining recoverable resources are however much larger.
In the long run, the owners of hydrocarbon reserves may therefore considerably profit by the
development of CCS technology. According to IEA, around 74 % of global reserves of
hydrocarbon are owned by governments or government-owned companies, but in nonOECD countries the share is as much as 88 % (IEA, 2012b, p. 261). Of coal reserves, the
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global share of public ownership is “only” around 65 %. This gives national governments
which are owners of coal and oil reserves a potential economic interest in CCS.
Stricter regulations of CO2 emission might impair the value of infrastructures utilised to
extract and exploit fossil energy, and CCS might also be considered as an appropriate
technology to protect the value of such assets. However, the potential will be limited for
older infrastructure than for infrastructure or plants with significant lifetime remaining.
According to IEA’s 450-scenario, CCS may contribute to around 20 % of the total solution
to mitigate climate change by 2035 and store up to 3.000 million tonnes of CO2 per year –
see Figure 15. Compared to the alternatives, CCS might reduce the overall cost of
decarbonisation of the power sector by around $ 1 trillion between 2012 and 2035 (IEA,
2013a, 2013b). Other measures like energy efficiency, fuel switching, renewables and
nuclear will contribute for the remaining. IEA states that around 50 % of the CCS potential
is related to coal power plants, and the remaining are from other industrial sources emitting
CO2.

Figure 15 - Global energy-related CO2 emissions abatement in the 450
Scenario relative to the New Policies Scenario (IEA, 2012b)
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4.4 Policies
4.4.1 The energy trilemma and the role of government
The government’s role in the energy market
might be explained as to create “a policy
framework that simultaneously delivers secure,
affordable, and environmentally sustainable
energy” (World Energy Council, 2012) – also
called the energy trilemma - (See Figure 16).
The challenge is to balance import dependency
and access to energy (security), ensuring low

Figure 16 – The energy trilemma

cost of energy and industrial competitiveness
(affordability), and environmental requirements. EU has over years been more dependent on
import of energy and is currently importing more than 50 % of its overall consumption
(EIONET, n.d.).
Introduction of renewable energy in Europe may contribute to two perspectives;
Sustainability, as the environmental impact of renewables are low, and Security as wind and
sun is present “everywhere” and might make a country or an investor self-supplied with
power.
The cost of energy has also increased in Europe last decade, and the energy cost in Europe is
100 - 400 % above the same cost in the US (The Economist, 2013a).

4.4.2 Climate and energy policies in the EU
The EU targets on climate policy is founded in the Kyoto protocol (United Nations, 1998)
which include agreed GHG reduction targets for each country. EU has defined new targets to
reduce the overall emissions of GHG by 2050 with at least 80 % and defined an “Energy
Roadmap 2050” to achieve this target (European Commission, 2011). An intermediate target
by 2020 is defined and is called “20-20-20 in 2020”. The target consists of 20 % renewables
in the energy system, 20 % reduction of CO2 emissions and 20 % improvement of the energy
efficiency by 2020 (Council of the European Union, 2007). The share of renewables in the
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energy system in EU has therefore increased sharply. In 2012, electricity generated from
solar panels reached 110 TWh, whereof 28 TWh in Germany alone (appx 4% of total power
production) (REN21, 2013).
However, EU does not have one common policy or strategy on energy, although there are
both a common power market and a joint target on renewables in the energy mix. The lack
of harmonisation of policies has led to a patchwork of regulations and incentives by the
different countries in EU based on national traditions and interests. CCS is therefore mainly
linked to policies of environmental protection, and does not necessarily hold a holistic
energy perspective.
The central incentive to drive decarbonisation is the Emission Trade System (ETS). ETS is a
cap and trade system for GHG and includes all major industrial emitters of CO2. Within a
defined emission cap, any CO2 emissions must be compensated with purchase of an EU
allowance 9 (EUA) which represent one ton of CO2 emitted. EUAs are openly traded in the
market among the market players (European Commission, 2013a). When the ETS was
introduced in 2005, the price of an EUA balanced for some time well above €20, and was by
key stakeholders to increase further from that level. For several reasons the price collapsed
in 2012, and the level at the year-end of 2013 was about € 5 (source: pointcarbon.com).
In addition, major European support schemes have been established targeted to realise CCS
demonstration projects in Europe. These are:
-

NER300, which is a support scheme for a limited number of early CCS
demonstration facilities. The scheme is designed to cover up to 50 % investment and
operational costs for 10 years. (European Commission, 2010)

-

UK CCS Commercialisation Programme; A UK specific support scheme for early
demonstration of a CCS facility. The scheme offers £ 1 billion to cover investment
and operational costs for CCS. (DECC, 2012b). The programme is an integrated part
of the Electricity Market Reform (EMR) (will be described later).

-

Norwegian CCS study; an ambition to realise one CCS project in Norway before
2020.

9

One EUA gives the owner e right to emit one ton of CO2 regulated under the ETS
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CCS is currently not mandatory in any EU countries. As a part of the UK EMR, it is
suggested to introduce an Emission Performance Standard (EPS) of 450 gram CO2 per kWh
for new coal plants. A standard at this level would make CCS mandatory on 50 % of the flue
gas.
Business drivers for CCS in Europe have been weak. Initial plans for CCS demonstration
projects have therefore been based on almost 100 % public funding. Only limited private
funding has been available for CCS in Europe.
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5 Theoretical context
This section gives an overview of the most relevant theories applied in my work; Neoclassical microeconomic theory with focus on market failures, and theories of evolutionary
innovation. Strategy management with Porter’s five forces is also covered in this section, but
only as a framework for the chosen methodology.
Neo-classical microeconomic theory has a broad range of appliances both for policy makers
and investors in analysing the market and business opportunities. Theories on market failures
are used as a basis for policy makers when incentives and market regulations are suggested.
However, neo-classical economic theories cannot properly explain how technologies evolve
and change the economy. Evolutionary theories of innovation were introduced by the
Austrian economist Joseph Schumpeter. His work focused on explaining the reasons for
economic growth and changes in the overall economy. Schumpeter introduced the term
“creative destruction” and the role of entrepreneurs to describe how the economy transforms
in steps rather than a continued smooth process (Schumpeter, 1934, 1942). Theories on
innovation are therefore an extension of classical microeconomic theory where uncertainties,
imperfect information and inertia challenge the assumption in microeconomic theory about
rational behaviour among the market players.
The basis for the chosen theories is therefore that a thorough understanding of the innovation
processes as it appears “from within” is required when policies for changing the industry
“form the outside” is to be decided.

5.1 Neo-classical economic theory
Economic theories deal with optimal allocation of resources to ensure that the utility for the
society or an individual is maximised. Classical economic theory is based upon the theories
by Adam Smith (A. Smith, 1776). Smith explained in his book how the market functions,
and introduced his well-known metaphor “the invisible hand”. He explained how the market
is able to regulate itself purely driven by “self-interest” of the agents, leading to a balance
between supply and demand and the well-being of the society.
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Neoclassical economics, introduced by John Maynard Keynes, focuses on the utility of
income-constrained consumers and of profits by cost-constrained firms (Keynes, 1936). The
theory can be summarized as follows; Individuals in a given market make choices that
ensure that their marginal utility gained from consuming a good is equal to the price (or
resources) the consumer must pay to attain the good (demand side). The same principle is
also valid for an agent in the market offering a good or service; The production of a good
increases until the price gained for selling an extra unit is equal to the resources required to
produce the last unit (supply side). The equilibrium in the market is reached when supply
equalise demand at a quantity where the marginal cost of the last unit sold is equal to the
utility of that unit (Samuelson, 1980).
Neoclassical theory is based upon certain assumptions, such as
•

Rationality – that all participants in the market take rational choices and always
prefer more to less

•

Perfect information – that everyone has full overview of prices and qualities of all
goods offered, and also perfect information of other issues or behaviours related to
purchase or use of the goods

•

Diminishing marginal return – that the utility of consuming an extra good diminishes
as more of the good is consumed

5.1.1 Decision making and rationality
Economic theory can be used to understand the behaviour in the decision making process for
profit-maximising companies. A range of academic literature is available to get insight in the
subject, the overview below is mainly selected from Edwin Mansfield textbook on micro
economics (Mansfield, 1982).
Rational behaviour in any investment decision taken by a company is to invest if the capital
expenditures and operational costs are less than the expected benefits. A company may also
have other strategic short- and long-term targets to achieve, such as an ambition of social
responsibility, reduced waste etc. However, such targets may not be in contradiction to a
profit maximising target, as a perception of a company’s responsible behaviour in the society
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also is a prerequisite for the company to operate and be regarded as a preferred trading
partner. Thereby the company maximises long term profit.
The cost structure of any investment consists of fixed and variable costs. An upfront
investment in a production facility implies a capital expenditure that must be recovered
through the gross profit earned each year of production (fixed costs). Current inputs of
resources (such as labour and energy) are variable costs that may change over time and
varies with production volume. Since the revenues and variable costs accrue over time and
fixed costs are paid up-front, the future cash-flow is usually discounted with a certain
discount rate to a present value to be able to compare and evaluate the entire investment over
its lifetime10. The investor is thereby able to compare costs and revenues or compare
alternative projects and make rational choices.
The discount rate will have large impact of the estimated profitability of an investment in
cases of long term investments with high upfront expenditures. The discount rate expresses
the price of capital including a premium for the risk involved in the investment. The more
uncertainty encumbered with the future revenues, the higher discount rate is used, and so
forth the present value of future cash-flow will drop. A rational investor will in such cases
need higher expected price of the final product to ensure a viable business case.
The total supply of a certain good in a market is normally served by a range of suppliers
(unless a monopoly exists). Each serves the market with a specific set of technologies, skills
raw materials etc with a unique cost structure and production constraints. Within economic
theory, the observed effect of decreased marginal output from a production unit as the input
of a single factor increases, is called “the law of diminishing marginal return” leading to the
“marginal cost curve”. The marginal cost of a production unit will therefore normally
increase as capacity utilisation reaches its maximum. This may be applied both for a single
producer and aggregated for all producers. The supply function (supply curve) of the entire
market consists of the marginal costs for all production units in the market. The supply curve
for a typical power market is illustrated in Figure 5.

10

There are several methods for how such comparison could be made, such as internal rate of return and pay-back, but
these will not be discussed here.
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Production units with large fixed costs are normally sensitive to the current capacity
utilisation of the production facility to cover the annual fixed costs. To balance swings in
demand and supply, storage are used. As an example, the power sector is characterised by a
product impossible to be stored. Additionally, technologies involved are capital intensive
and long-lived 11. Profitability and survival in the market will depend on factors like capacity
utilisation, cost profile and ability to ramp up and down quickly.
Most energy scenarios for Europe up to 2050 show significant reduced share of power
delivered from coal power plants in 2050. Such reduction means that any new investment
must incorporate a risk for changed regulations that might threaten the profitability of the
plant. One should therefore expect that an investor require shorter payback periods and
higher initial profit to make an investment decision for a new coal power plant.

5.1.2 Market failures
Market failures as a term was first used in economic theory by Francis Bator in an article
back in 1958 (Bator, 1958). Market failures are defined as situations in a market that violate
one or more of the assumptions in neoclassical economic theory as described above. A
market failure in a given market implies that supply and demand does not equate at the
optimum price and quantity, and where specific conditions distort or represent a barrier for
perfect functioning of the market.
Among economists there are different views concerning the definition of market failure.
Some claim that what might appear as market failures actually are conditions the market
players are able to settle. On the contrary, some argues for early governmental intervention
when market failures arise to prevent economic inefficiency and welfare losses. The main
arguments against governmental intervention with the intention to correct market failures are
concerned to the risk of the government making mistakes (also called “policy failure”). In
addition, market interventions itself have a cost which the consumers have to pay through a
tax which again may contribute to distortion of the market. Milton Friedman is among the
most profiled economists arguing for the latter view (Friedman, 1962).

11

A coal power plant will have an operational life time of typical 40-50 years beyond planning and construction time – in
total up to 60 years.
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Market failures in the US energy market have among others been studied by Marilyn Brown.
She has outlined the most common market failures related to the issue, amongst them 12:
information asymmetries, principal–agent problems, externalities and public goods (Brown,
2001). The market failures as discussed by Brown are presented below.
Un-priced costs (also called externalities) are related to any consumption of a good which
has some type of implications for a third party that is not directly involved in the investment
decision or the consumption. Externalities mostly focus on negative impacts, although
positive impacts may also occur. A typical example is pollution that affects the citizens
living in the beaten zone, close or distant to the polluter. As the cost of the externality is not
internalised in the decision model of an investor, these unpriced impacts are not considered,
and the decision may not be optimal for the society as a whole.
Un-priced benefits (also called public goods) are related to goods and services which hold
two principle characteristics: Non-rivalrous and Non-excludable. A non-rivalrous situation
occurs when the consumption of the good by one person does not limit the ability of another
to consume the same good (also referred to as goods with high spill-over effects). A nonexcludable situation occurs when it is difficult or not possible to exclude other persons from
consuming the good or service once it is produced. Roads are typical examples of public
goods. Information and knowledge are also difficult to protect for a commercial player and
might sometimes also be considered as public goods. Investment in R&D has normally large
spill-over effects to other market players in the industry, and the competitive advantage
gained for the investor might therefore drop. Under-investment in R&D, from the
perspective of the society, is therefore likely.
Insufficient and inaccurate information (also called “imperfect information”) is related to
situations where necessary information to take the best decision do not exist, are expensive
to obtain or in any other way do not flow freely among market players. Imperfect
information leads to a failure of perceiving the costs and benefits involved in a transaction or
investment decision. Complex investment cases which require significant and precise
information and extensive information processing capability are also a part of the definition
of this market failure. Companies which hold potential for gaining monopolistic advantages

12

The fifth market failure defined by Brown is “Distortionary fiscal and regulatory policies” - when the authorities itself
makes mistake.
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may also strengthen their own market power by withholding information critical for another
player (also called “asymmetric information”). A simple example might be the price-tag of a
washing machine at the time of purchase vs the life cycle cost of the machine depending on
the use of the specific customer.
Misplaced incentives (also called principal–agent problem) are related to situations where
the market player (the agent) responsible for the decision of an investment or utilisation of a
resource act on behalf of the consumer (the principal) who is paying the final invoice. The
principal-agent problem also appears when the decision maker is responsible for a part of the
cost (e.g. only the initial investment cost). In such a case, the life cycle cost of the
investment will not come to light, and the decision may not be optimal for the final
consumer or the society as a whole. Some academic literature concerning this market failure
also focus factors like risk aversion and the effect of transparency between the principal and
agent related to the effort of the agent (Shavell, 1979). A key point from the literature is the
importance of distributing risk and cost among the players that has the strongest incentives
to optimise the overall value of the transaction and reduce the likelihood of moral hazard.
As regards long-term environmental problems such as global climate change, some
academics in the field of environmental economics argue that there are two main market
failures which have to be solved; both the pollution itself (externality) and innovation and
diffusion of new technologies (public good):
These combined market failures provide a strong rationale for a portfolio of public
policies that foster emissions reduction as well as the development and adoption of
environmentally beneficial technology. (Jaffe, Newell, & Stavins, 2005)
These market failures are also referred to by governments as to legitimation of public
funding of development and demonstration of CCS technology – and for taxation of CO2
emissions, just like the ETS.
In her paper, Brown also discusses the difference between market failures and market
barriers, where the latter is defined as “obstacles that are not based on market failures but
which nonetheless contribute to the slow diffusion and adoption of energy efficient
innovations” (Brown, 2001; Jaffe & Stavins, 1994). In a paper on market failures related to
CCS technologies from the University of Cambridge, it are discussed four specific market
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failures or barriers, beyond the market failures mentioned above (Finon, 2010, p. 6) (directly
citations):
•

The benefits of cumulative learning are not captured by the investors, while the social
benefits will balance the cost of learning investment

•

Uncertainty over the carbon price trend, and so over social benefits on a long-term
basis, could deter investment in low carbon and capital-intensive technologies.

•

The characteristics of large-sized technology and the complexity of CCS systems
magnify learning costs and risks, the chain of innovations being too long, too
complex and diverse.

•

The existence of three capture technologies, which will be at three different stages of
technological development, presents the risk of a lock-in on the second- or third-best
technology if early commercial development is supported under a hypothetical high
carbon price incentive

5.1.3 Carbon lock-in as a market failure
Carbon lock-in is a term used to describe how
…industrial economies have been locked into fossil fuel-based energy systems
through a process of technological and institutional co-evolution driven by pathdependent increasing returns to scale (Unruh & Einstein, 2000).
Such lock-ins are based on positive externalities from network effects which arise from large
investments in infrastructure based on combustion of hydrocarbons. Road networks, with
gasoline stations, car services companies and extensive distribution network of gas, cars and
spare parts make the society locked-in to a hydro-carbon based transportation system. The
scale effects are significant, and may in sum represent an effective market barrier for
alternative technologies or solutions.
Unruh and Einstein describe carbon lock-in as a combination of technological and
institutional lock-in. Technological lock-ins are related to a historical development of a
dominant design (discussed in chapter 5.2.2) or specific standards based on some metrics
that in hindsight could be viewed as more or less random. Successful development and
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deployment of the technology has reduced the production cost per unit and increased the
accumulative knowledge and capital tide up to the technology. Institutional lock-ins are
described as all kinds of institutional promotion to strengthen the benefits from a successful
technology or to secure any distortion of the competitiveness of the technology or the
industry dependent of it. Public standards may reduce market barriers and increase public
welfare, but at the same time they may increase the lock-in to a solution that may become a
clog for the society at a later stage, and then represent a major systemic market failure.
Unruh and Einstein argue that such market failure often has been created or strengthened by
policy failures.
As an example; IEA states that global fossil fuel subsidies in 2011 amounted to $523 billion,
while subsidies to renewable energy reached $88 billion (IEA, 2013c). The subsidies for
fossil fuels have different reasoning, such as protecting the energy security of the society.
From these theories I conclude that a transformation to a renewable energy system will have
to downsize market barriers protecting fossil fuel. A rhetorical question which is partly
covered in my analysis is; How will downsizing of market barriers effects the profitability of
the fossil industry and its ability to innovate in new technology to reduce their carbon
footprint?

5.1.4 Environmental economics
Theories concerning environmental economics are a branch of micro economic theory where
the same concepts as described above are applied. The two main questions in environmental
economics are 1) Finding the balance between environmental protection and utilisation for
the benefit of the individuals in the society and 2) Selecting the measures which could
incentivise the agents in the market to make the desired decisions (Kolstad, 2009).
The first question could be phrased as follows: “What is the optimal level of pollution?” This
question enables the use of economic theory and Pareto efficiency 13; If I want to perform a

13
Pareto-efficiency is named after the Italian economist Vilfredo Pareto. The principle is that any changes in the
distribution that improves the situation for at least one person and is neutral for anyone else, is an improvement for the
society as a whole. (Mansfield, 1982)
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polluting activity leading to some disadvantages for the society and I am willing to
compensate the society in a reasonable way, then both I and the society are better off and I
can continue with my polluting activity.
Kolstad refers to the Kaldor-Hicks compensation principle suggesting that since this type of
compensation is difficult to execute in real life, there is actually no need for compensating as
long as the underlying Pareto principle is followed. One example is when building a road;
The users of the road may gain some utility by using the road, while neighbours living along
the road may lose utility (more noise and dust). According to the Kaldor-Hicks principle, the
road may be built without any compensation to the neighbours of the road as long as the
added utility for the society exceeds the loss of the utility for neighbours. As global warming
is concerned, I regard this to be a relevant analogy; Suffering from increased temperature is
people living on the other side of the planet and our descendants, and not the neighbours to a
power plant. Real compensation across continents owing to pollution is not possible to trace
back to a specific plant.
The Polluter Pays Principle is in many countries commonly applied ensuring that the
polluter has an incentive to reduce its emission and compensate for the damage to the
society. The principle is also widely used in the EU (Council of the European Union, 2004).
However, the polluter pays principle does not secure to meet the Pareto-criteria in cases
where the pollution has been going on for years. When polluters are imposed a new tax or a
new regulation, their situation becomes worse as the situation for the victim of the pollution
becomes better. A well-known economist, Roland Coase, argued in 1960 that considering
the overall efficiency of the society, a principle based on that a polluter could also have a
“right to pollute” is as efficient as the polluter-pays principle. Some countries therefore
subsidies the polluter for implementing pollution control (Kolstad, 2009).
Even though the polluter-pays-principle is defined as a basic principle, there are several
examples showing that the power sector does not pay the full bill concerning environmental
risk or pollution. For example a nuclear power plant are not obliged to pay for full-liability
insurance in case of a nuclear accident related to operation or waste deposits, since this risk
is too large to be managed commercially (European Commission, 2013b). Depending on the
discount rate used for calculating such cost, the cost of electricity for nuclear power would
increase dramatically if all liability should be covered by the nuclear power companies.
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5.1.5 Climate change and social cost
Considering global warming to be mitigated by eliminating market failure is only one
perspective in this complicated matter. Another challenge seals with the effect of global
warming and estimating the efforts required. In economic terms: What is the lost utility in a
hundred year (or more) if we do not invest in environment protection today, and what
investments (or sacrifice) are required?
These questions have been thoroughly studied in different projects, and various models
aiming at calculating the social costs of climate change. A comprehensive overview is given
in the report “Hidden Costs of Energy”. The result of these studies varies a lot. The overview
shows that the social cost of climate change could vary from 0 to $284 per ton CO2 emitted
depending on the assumptions and models used (National Research Council, 2010, p. 297).
According to economic theory, the cost of CO2 abatement today should not exceed the value
of improved utility tomorrow. The maximum cost of CO2 abatement today should therefore
not exceed somewhere between 0 and $284 per ton.
Industry would be concerned about the uncertainties related to measures which gradually
might be implemented with the intention of reducing GHG emission. If possible to quantify
the impact of climate change, it would have made it easier for the market players to estimate
the intensity of measures required. However, the cost referred above does not indicate any
precise level. One of the reasons why, is the complicated relationship of cause and effect
between global warming and costs. According to the abovementioned report, there are
different conditions influencing the cost of global warming, some of them are as follows:
•

the relation between increased emission and increased temperature for each region,

•

the relation between global temperatures and Gross Domestic Product (GDP),

•

the relation between GDP and GHG, and at last

•

the utility function, including the discount rate used.

In discussing global warming, a philosophical question might be the relevance of employing
market based economic theory in considering the optimisation among market players. After
all, future generations are not an actually player in the current market, and their utility may
therefore not count on the balance sheet. It might be that micro economic theory falls short
in analysing what is required to meet the challenge of global warming. An alternative
approach might be found in the perspective of ecological economy. Daly and Farley
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introduces ecological economy in their book with the same title and states: “We call for a
return to the beginnings of economics as a moral philosophy explicitly directed toward
raising the quality of life of this and future generations.” (Daly & Farley, 2004) My prologue
at page 2, an extract from the Great Binding Law of the Iroquois Nations, addresses this
perspective. My remaining work will however stick to classical economic theories.

5.1.6 Measures to correct market failure of environmental externalities
Measures of correcting market failures of externalities have been discussed thoroughly from
early in the twentieth century e.g. by Arthur Pigou when discussing the “divergences
between marginal social net product and marginal private net product” (Pigou, 1920). The
term Pigovian tax is based on his proposal to charge a producer for the “incidental
disservice” a third party may experience from production and use of a certain product.
In their article, Lawrence Goulder and Ian Parry give a comprehensive overview of various
measures for environmental protection, and discuss pro and cons (L. H. Goulder & Parry,
2008). In principle one can differ between direct regulations (prescriptive), economic
incentives (technology neutral) and information campaigns. Economists tend to prefer
economic (or market based) incentives to direct regulations since financial instruments gives
the polluter a choice between continuing polluting and compensate the society for the
disadvantages, or finding alternative non-polluting solutions. In line with general economic
theory, it is expected that giving the individuals a choice will contribute to a more efficient
solution for the society.
A technology neutral regulation would focus on the desired target, such as a certain
reduction of emissions or a maximum emission per year etc. The polluter will then be able to
choose among several technologies or measures to reduce the emission, as long as the firm
adapt to the limits. A prescriptive regulation on the other hand, will focus on the means to be
applied to achieve a target, and dictate technologies or measures that a firm have to adopt in
order to be in compliance with the regulation.
In his doctoral studies, Keith Stockton focused on the efficiency of regulation versus
economic incentives in “government-to-private sector energy programs” (Stockton, 2009).
He examined six distinct programs implemented in the United States during three decades.
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Three of the programs where market based and three were driven by command and control
(prescriptive) regulations. The study aimed at testing a hypothesis that market-based energy
programs have substantially higher success rates than command-and-control programs. His
study confirmed the hypothesis. Several studies on the Corporate Average Fuel Economy
(CAFE) standards for new cars in the US (Knittel, 2012) show that the CAFE standards are
from two to more than seven times as expensive as the equivalent fuel tax if the target was to
achieve a certain amount of reduction of greenhouse gases emissions. Other reports related
to emission reduction in the power sector, as mentioned in the article of Goulder & Parry,
have similar conclusions.
The EU-targets named “20-20-20 in 2020” including subsidies to specific technologies or
emission performance standards (EPS) on coal power plants (described in my background
chapter), are examples of prescriptive regulation to reduce CO2 emissions. Knittel’s findings
would support that these measures are more expensive than technology neutral incentives
focusing on the “real problem”, the emission, and not the mean.
Two technology neutral incentives often discussed for CO2 emissions are a carbon tax versus
a Cap-and-Trade system (Lawrence H. Goulder, 2009). In both cases the emitter needs to
pay a certain amount to emit a unit of CO2, in accordance with the polluter pays principle.
However, the way the mechanism function and the implication for the state finances could
be very different. In a Cap-and-Trade system the authorities set a maximum (a cap) of
emissions that is accepted within a certain time period, and emitters need to buy or trade
such permits (or certificates) in the market according to their actual emissions. The main
difference between these two systems relates to what is defined by the market and what is
defined by the authorities. In a cap-and-trade system the final outcome in terms of emission
reductions is predefined, but the cost of emitting is set by the market and will vary over time.
A cap and trade system includes a flexibility to trade emissions amongst market players,
which ensures that the cheapest emission reductions are taken before the more expensive. As
for a carbon tax the authorities define the cost of emission, and the market gives the final
outcome in term of emission reductions. Both systems will give investment signals to spur
innovation, but are different in terms of predictability for the market players and ability of
the system to adjust to new information.
In their report, Goulder and Parry suggest that “…it should be clear that numerous
dimensions are relevant to instrument choice, and that no single instrument is best along all
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dimensions”. They also argue that there has been a significant development of new policy
measures in the last decades, including examples where measures have successfully been
used in combination. Consequently an innovation in policy measures could also be expected
in the future.
Whatever instrument, the uncertainties described in the previous paragraph tend to pull in
two directions; National politicians would fear too tight regulation compared to the
externalities and the possibility of industry flagging-out to countries with less strict
regulations (so-called carbon leakage). Environmental organisations, on the other hand,
would argue for precautionary actions, and for moral obligations and would prefer a stricter
regime to show leadership and to be on the safe side.
Since CCS is among the most expensive measures to reduce CO2 emissions and would, if a
technology neutral carbon tax was the only incentive, be some of the last measures to be
implemented. Therefore, any investor would therefore consider the wide range of alternative
options to reduce its emissions before CCS is evaluated. As the long term EU emission
targets are not binding, the investor will focus on short term actions and investment in longterm investments like CCS would be deferred. From the government’s point of view, a
subsidy for early demonstration of CCS technologies in the absence of long term committing
targets therefore could represent a second-best solution.

5.1.7 Measures to spur innovation
As mentioned in chapter 5.1.2, climate change is linked to two main market failures; The
externality of emission of greenhouse gases and innovation and diffusion of new
technologies due to limited appropriability and unpriced spill-over effects to competitors.
The market failure associated to innovation is understood as a situation where a single
company may not be able to bear the whole risk involved with R&D or is not able to capture
the whole value of R&D. For that reason, the company would not be willing or able to invest
as much in innovation as optimal for the society. Schumpeter argues that innovation is
mainly driven by large companies, since they have larger ability to finance investment in
R&D, take advantage of economies of scale and to put forward a diversified range of
products (Schumpeter, 1942). It is therefore generally accepted that companies tend to
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underinvest in R&D compared to the level which is optimal for the society as a whole. Spillover effects might be lost for companies, but is not lost in the view of the society.
Consequently, it might be an advantage that the public support the company investing in
R&D to compensate for the spill-over effects (Brown, 2001; Martin & Scott, 2000; Stiglitz,
1989).
A working paper edited by Vicki Norberg-Bohm presents interesting insights from a
comparative analysis of the history of governmental involvement in innovation in four
sectors for the design of government policy aiming at promoting technology innovation in the
energy sector (Norberg-Bohm, 2002). The four sectors were the business of computers and

electronics, agricultural biotechnology, industrial chemicals and the power sector. The paper
focuses on three categories of policy mechanisms to spur innovation; a) supply push,
covering public support for R&D, b) demand pull; covering procurements, standardisation,
taxes breaks/subsidies etc and c) economic policies, covering anti-trust, intellectual property
rights 14 (IPR) and import regulations.
Academic work related to how government could spur innovation often stress the importance
of encompassing the whole innovation system 15, and not only focus on one part of the chain
(Gallagher, Holdren, & Sagar, 2006; Nelson, 1993; Norberg-Bohm, 2002). Identifying the
involved market players and designing a synergetic package of specific policy measures to
cover the challenges in each steps of the innovation cycle, has proved superior to a single
generic R&D-support measure or a range of uncoordinated policy measures (Norberg-Bohm,
2002, p. 6). A package of policy measures includes both push- and pull-policies and must be
based on an analysis of both market failures and specific market barriers.
When government is involved in deployment of specific technologies, there is a risk of
making mistakes due to limited knowledge considering the market. The paper of NorbergBohm discusses possible pitfalls when governments are heavily influenced by strong
lobbyists promoting companies or communities with special interests. This could lead to the
temptation of “picking winners” among technologies and the failure of replacing private

14

IPR, e.g. through a patent, will give an inventor a monopoly for a certain period of time to profit from the R&Dinvestment to gain first-mover advantages in the market (see also own chapter considering first-mover advantages).

15

The first to use the term “Innovation System” was probably Bengt Åke Lundvall at the University of Aalborg, Denmark
(Lundvall, 1985)
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R&D with public R&D (so-called “corporate welfare”). “Picking Winners” could be a
challenge in all type of prescriptive regulations, where the regulation is based on current
perception without incorporating any flexibility for changes induced by future innovation or
changes. The key recommendation to avoid these failures is to base support on some type of
competition.
Academics make a distinction between the parts of the innovation cycle where the
companies have larger ability to capture the profit themselves. It is a general opinion among
economists that the greater time lag from the R&D effort to the value creation in the market,
the less value may be captured by the company. Incremental innovation on existing
technologies production facilities and learning effects from operating such facilities (socalled learning by doing) are often company-specific, and have a short pay-back time. Such
effects are therefore generally not assumed to represent a market failure which the
government should compensate for (Borenstein, 2011, p. 18).
Most low-carbon energy technologies require large upfront investments in R&D with
significant uncertainty and long time-to-market due to significant structural market barriers.
Long payback time increases the chances for spill-over effects to other investors, and could
make even large companies less capable to capture the whole value of innovation. This could
even be true for “learning by doing”, and could therefore serve as an argument to fund this
part of the innovation cycle. I refer to a more detailed description of innovation cycles, and
learning by doing in chapter 5. A comprehensive overview of measures to spur innovation of
energy technologies is given in a paper from Gallagher, Holdren and Sagar (Gallagher et al.,
2006). The authors call this “learning investments”, which is illustrated in Figure 17.
The authors claims that the most important barriers against deployment of new technology in
developed economies are high costs that cannot be offset to the customers, significant
infrastructure requirement, slow capital stock turnover and market and organizational inertia
(Gallagher et al., 2006, pp. 223–226). See also reference to Finon discussed in chapter 5.1.2.
In other studies, it is asserted that unforeseen costs for the first users of a new technology
could be substantial and could lead to increased costs in early demonstration before a
learning effects arises. An IEA report compares the learning effect from innovation in seven
energy-related technologies. It shows that such cost increase effect appeared for all
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technologies that was studied and where commercialisation data was available (IEA GHG,
2006). Pull-policies would therefore reduce the risk for an early mover of such technologies.

Figure 17 - Learning investments needed for introduction of new technologies
(Gallagher et al., 2006)

A mix of incentives, regulation and policies may be required in order to reach the target of
reduced CO2 emissions, (in combination with other targets as discussed in chapter 4.4).
However, it may be difficult to estimate the total efficiency of a specific policy. A study
published by MIT CEEPR in 2013 shows the overall efficiency of the German support to
deployment of renewable energy technologies as photovoltaic (PV) and onshore wind for the
years 2006-11. The report concludes that a variety of regulations could hide the CO2
abatement cost, and that the actual cost has been far above any possible realistic carbon
price. The paper estimated the CO2 abatement cost of wind to be on the average € 43/tCO2
above the historical EUA price and that the CO2 abatement cost of solar was € 537/tCO2.
(Marcantonini & Ellerman, 2013). For comparison; by 2013 the EUA price was below € 5 16.

16

Most commentators have argued that the imbalance between support to renewables and the EUA price have been
unforeseen. The new German government states that it will revisit the arrangement of subsidies given to renewables to
contain cost (Bloomberg, 2013).
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An analysis of the reasons behind the successful diffusion of PV technologies from the
1990’s and onward gives interesting insight in the importance and challenges of public
support (Kimura & Suzuki, 2006). The paper concludes that one of the main reasons for
successful introduction was due to long term, predictable and stable public incentives over
30 years with a combination of push and pull policies.

5.2 Innovation
Evolutionary theories of innovation are based on studies on how technology has developed
and deployed over a long period of time. The theories have its basis in the work of Joseph
Schumpeter (Schumpeter, 1934) who identified innovation as a punctuated process where
new technologies are developed and adopted by a profit-seeking decision maker or an
entrepreneur. The perspective considers innovation as a force of discontinuity of the
economic development, and not only as a continuous process of incremental improvements
driven by competitive selection, which express a “neo-classical” growth theory (Halpern,
2007). Schumpeter explains innovation as a destructive and creative process for a specific
industry as follows:
The opening up of new markets, foreign or domestic, and the organizational
development from the craft shop and factory to such concerns as U. S. Steel illustrate
the same process of industrial mutation [..] that incessantly revolutionizes the
economic structure from within, incessantly destroying the old one, incessantly
creating a new one. This process of Creative Destruction is the essential fact about
capitalism. (Schumpeter, 1942)
During the last decades, a wide range of theories have been developed which offers insight
in the dynamics of innovation. These theories suggest that innovation emerge from an
innovation system which consists of market structures, institutions and policies encircling
the firms. I will present some of these scientists, their work and conclusions in the following
chapters.
I will adopt the definition of innovation from Utterback and Abernathy as “a new technology
or combination of technologies introduced commercially to meet a user or a market need.”
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(J. M. Utterback & Abernathy, 1975). Innovation is therefore a link between invention of
new technologies and diffusion of the technology in the market. Still, it is important to
mention that these three steps are closely interlinked.

5.2.1 How technology develops and is deployed
Studies on innovation describe patterns of birth, growth and death of companies, and
technologies and their effectiveness. Richard Foster plotted the effectiveness of artificial
hearts in relation to cumulative efforts in the laboratory to improve the quality and
effectiveness of the heart (Foster, 1986). The plot showed a dotted S-curve. Through trial
and errors over time, scientists managed to increase the survival time of heart patients. Foster
found that similar S-curves could be found in quite different industries, and states that Scurves could be used as a tool to predict future progress of a technology based on the
cumulative effort of improvement (not as a function of time). He also found that sometimes a
technology shift occurs, where one technology replaces another. The original technology
becomes a defender of steady-state while the attacking technology develops over time and
out-competes the old. See Figure 18.

Figure 18 – S-Curves Almost Always Appear in Pairs. Together they represent a
discontinuity-when one technology replaces another. (Foster, 1986)

The illustration shows two types of innovation, incremental innovation which refers to
improvement of an existing technology (also referred to as learning curves - (Yelle, 1979))
MTM

Ståle Aakenes

Page 60

Commercial barriers to implementation of CCS in Europe
and the disruptive innovation (shown as a discontinuity) which underlines Schumpeter’s
description of “creative destruction”. I will for my work define incremental innovation as
improvement of existing technologies, leading to higher energy efficiency, reduced
emission, simplification of operation etc based on minor changes in the technology.
Incremental improvement will normally extend the lifetime of an existing technology and
therefore reinforce the incumbents in the market (Henderson & Clark, 1990; K. Smith,
2009). Disruptive innovation is defined as new ways of delivering the same service or
product for the customer, but not changing the overall regime (Christensen, 1997). To
exemplify: Solar panel is disruptive to coal power plants since the customer still gets
electricity as a product, although it is produced very differently.
In both cases, innovation will depend on a growing market to fund the growing efforts
required to improve the technology and to give directions for further development ensuring
improvements and diffusion in the market.
The concept of technology diffusion was first introduced in 1903 by Gabriel de Tarde (Tarde,
1903). Building on his work, Everett Rogers analysed the market diffusion and categorised
the adopters on the basis of their behaviour innovativeness(Rogers, 1962), see also Figure
19. He found that a new technology requires venturesome customers willing to take
considerable risk in order to gain a premium of being the “first-mover” in his market (or in a
social setting).
Geoffrey Moore, in his best-selling book “Crossing the Chasm” (Moore, 1991), brought the
idea even further when focusing on the transitions between the different categories of
adopters of the technology. Each category represents different market segments where the
customers have different needs and preferences. He named the customer groups (from left to
right); Technology Enthusiasts, Visionaries, Pragmatists, Conservatives and Sceptics.
Moore’s message is that the step from one customer group to another represents a gap where
there is a risk that marketing loses momentum since the experience from one customer group
is not always transferable to the next. Each of these steps would therefore require special
focus from the technology provider to overcome, since each customer groups have different
needs, preferences and risk appetite.
Moore underlines the important of identifying the “next customer”, planning of marketing
efforts, and development the product in close relationship with the customer. A market
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research could help identifying the customer group, but approaching the customer could
require a revisit of the pricing model, marketing activities, business models, communication
style etc. Further product development to satisfy new needs may require significant funding
and imply additional risk for the supplier. To reduce cost and risk, Moore suggests also
partnerships or alliances willing to pay some of the extra costs, share risk and contribute with
guidance for the next step of development of the technology.
Moore especially highlighted “the chasm”, between early adopters and early majority and
some smaller “cracks” – e.g. between innovators and early adopters. (See Figure 19)

Rate of market adoption

Smaller cracks

The Chasm

InnoEarly
vators Adopters

Early
Majority

Late
Majority

Laggards

Figure 19 - Adopter Categorization on the Basis of Innovativeness – and the
Chasm - (Moore, 1991)

As an example, combustion technology for coal power plants is in this context a rather
mature technology and a modern power plant is highly integrated and optimised, delivered
with performance guaranties from the technology provider. These type of arrangement suites
the conservative buyer in Moore’s vocabulary – risk-averse large power companies. CCS as
a technology is on the other hand still in the very early diffusion stage. The stories from
Statoil and BP in chapter 4.3.2, shows typical behaviour of an early adopter utilising
existing technologies on storage technology to serve new needs. The next step could
therefore include mobilisation of an early adopter on capture technology to form the first
demonstration of a full CCS chain. This was the intention of the CCS demonstration
projects. The early adopters, according to Rogers, “decreases uncertainty about a new idea
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by adopting it, and then conveying a subjective evaluation of the innovation to near-peers
through interpersonal networks” (Rogers, 1962, p. 264).
It is not possible to fit renewable technologies as a group into the categories of Moore.
Onshore wind mills have developed and deployed rapidly during the last decades and are
now a standardised product while PV holds a lower market share where a diverse set of new
technologies are coming up. There also exist other renewable technologies which are still
immature. As a total, these technologies could be placed in different categories from
Innovators to Early majority. An example is onshore and offshore wind serving Denmark
with more than 25 % of its total energy demand (Source: Eurostat).

5.2.2 The dynamics of innovation
Utterback and Abarthey suggest three phases of innovation (J. M. Utterback & Abernathy,
1975) where the rate of innovation for products and processes follows a general pattern over
time and in a defined relationship, see Figure 20. The three phases must be seen in the
connection to the S-curve as explained above, but now measured against rate of innovation.
The three phases are
-

The Fluid phase

-

The Transitional phase

-

The Specific phase

The fluid phase is characterised with uncertainties and a great deal of innovation of the
product (technical specification etc). This is the time of occurrence of the “dominant
design”, which is the design “that wins the allegiance of the marketplace, the one the
competitors and innovators must adhere to if they hope to command significant market
following” (J. Utterback, 1994).
The transitional phase is characterised by a growing market. The product is generally
accepted and may improve as the customer’s specific needs are better understood. In this
phase the focus is to be able to grow capacity, and processes are improved to increase speed
and reduce cost.
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The specific phase is when the product has become more mature and producers try to
increase efficiency and utilise economies of scale by producing specific (standardised)
products. The product becomes more commoditised, meaning that there are smaller
differences between the competitors. An intense competition on price may also occur. The
linkages between the process and the product are very tight, and any changes may increase
cost significant.
Gradually, the effectiveness increase, but also the stiffness and rigidity of the company that
may be the source of the fall of the company. I will go more deeply into this in the next
chapter.

Figure 20 – The dynamics of innovation (Source: Utterback, Abernathy)

James Utterback has devoted years of his carrier studying the emergence of the dominant
design and how the phases of innovation affects the competition among firms and the
industry structure (J. Utterback, 1994). Beyond the appearance of the dominant design, he
also emphasized the discontinuity that appears when a new wave of innovation threatens old
products and old companies (disruptive innovation). Utterback also suggests that the
probability for incumbents to be out-competed by new entrants increases if the new product
is homogenous (rather than assembled), if the new product is market-broadening (rather than
a substitute) and if the new product is competence-destroying (rather than competenceenhancing). These factors are related to market barriers and competencies of the firm, which
could also be covered in the dynamic strategy model, proposed by Utterback and Afuah to
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analyse the competitive position of a company in the different phases – discussed in chapter
3.1.
As an example of process innovation in the power sector could be the liberalisation of the
European power market that occurred from the beginning of the 90’s.

5.2.3 Inertia - Why big company fails
Clayton Christensen’s acknowledged book “The Innovator’s Dilemma” (Christensen, 1997)
introduces a model to understand how disruptive innovation is introduced by new entrants in
the market space and attacks the incumbent
“from below” and hence they are deemed
to succeed. The key logic of how disruption
appears is explained as follows; 1) the
growth of performance demanded by the
customers is lower than the increase in
performance gained through incremental
innovation of the existing technology, 2)
Over

time,

the

old

technology

will

overshoot the market needs and the market
potential for cheap and simpler versions to
the

low-end

market

niche

arise,

Figure 21 - How low-end disruption
occurs over time. (Christensen, 1997)

3)

Incumbents are willing to overlook the emerging technology since the low-end market niche
is less profitable and the new technology are considered to be inferior and too different from
the current business of the company, and 4) The new technology may develop in a niche
where it does not represent a threat for the incumbent. If the incumbent is not able to
understand the threat and prepare countermeasures, the new entrant may continue to take
over the at any time low-end customers of the incumbent until they fail. See Figure 21.
To explain why incumbents fail to innovate, Christensen emphasised the concept of a value
network. The term is described as “the context within which the firm identifies and responds
to customers’ needs, solves problems, procure input, reacts to competitors, and strives for
profit”. (Christensen, 1997) He argues that the history of the company and their current
strategies forms their perception of the value of their product and thereby forms their view of
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how the new competition should be met. Value network will affect the company towards
incremental rather than disruptive innovation. Christensen uses three examples to illustrate
how value networks effects the behaviour of a company. These are 1) their business relations
to customers and suppliers that often mirror the current product architecture, 2) how
performance of the product is measured and valued, and 3) the cost structure of the company
which is linked to the way business is performed.
According to Christensen the current value network could make it difficult for the incumbent
to understand the full value of a new technology when the technology is basically different
from the old and appeals to other customer groups than their current customers. By listening
to their most advanced (and often the most profitable) customers, and looking for ways to
maintain their traditional high profitability, the company may not be able to make a business
case for investing in disruptive technology before it is too late. Christensen often articulates
this in a provocative way; the challenge of the incumbent is not that they do not listen to
their customers, but that that they do listen to their customers and not their customers of
tomorrow.
Utterback explains “periods of discontinuity” as situations where “radical changes creates
new businesses and transform or destroy existing ones” (J. Utterback, 1994). He argues that
in such periods, one could also see “a burst of improvements in established technology” in
order to meet the competition from the new technology. However, these improvements are
linked to the existing technology and all changes will therefore rely on the same basic idea.
One could say that “the DNA” of the old technology is the same and the basic natural
limitations of the technology are unchanged.
In a paper by Paul R. Newbury about inertia among several electricity distribution
companies in UK and Australia, inertia in the industry is made evident (Newbury, 2013).
The study focused on the on-going innovation in distributed renewable electricity and how
the incumbent’s organisation viewed the threats of new entrants in the market space. The
study was conducted as semi-structured interviews covering key aspects such as risk
tolerance, cultural constraints, R&D and business strategies. Newbury concluded that
disruptive innovations in distributed renewable electricity generation and storage
technologies are likely to continue to develop in accordance with theories of innovation as
discussed in this chapter.
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5.2.4 Learning curves
Cost reductions through increased accumulated effort are an essential explanation in
innovation literature on how market and technology develops. Learning curves are relevant
in my thesis, since it is often claimed that costs of both CCS technologies and renewable
technologies will fall over time and make the transition to a low-carbon sustainable society
less expensive.
The learning curve 17 is an empirical observation showing that when the quantity of
production doubles, the cost of production diminishes with a certain uniform rate (Yelle,
1979). The phenomenon could be observed in a wide variety of industries, but the rate or
cost reduction varies between industries.
Specific effects explaining the cost reduction and explain the variety between industries has
been widely discussed in literature, and there has not been concluded on a uniform definition
about learning curves. The general anticipation is that the producing company accumulates
in-house experience enabling them to drive down cost. An outstanding example is cost
reduction for photovoltaics (PV), which has achieved a learning rate at 17 % based on an
annual growth of 45 % over the last 15 years (Kersten et al., 2011). Gregory Nemet studied
the drivers which could explain the formidable cost reductions that is observed for PV
(Nemet, 2006). He found that learning by doing could only explain a minor part of the
overall cost reductions, while scale effects from larger plants, R&D and spill-over effects
from other industries explained the most of the improvement.
Arnulf Grübler studied learning by doing from deployment of nuclear power plants in France
(Grubler, 2010). He concluded the learning by doing was negative, and indicated that large,
lumpy and mega-complex units limited the possibility for large production series and
standardisation. Increased scale of the reactor itself was also indicated as a barrier for spillover from one project to another, since each project was different from the previous one.
This indicates that learning effects are not an effect that could be taken for granted.
IEA issued a report in 2007 (Rubin, Yeh, Antes, Berkenpas, & Davison, 2007) where
learning curves for the CO2 capture was estimated based on a comparison of cost reduction

17

Learning curves are also named experience curves and learning by doing.
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with similar technologies in the history. They claimed that a learning rate between 1 % and 8
% is achievable. For comparison; a learning rate of 5 % for CCS would make it required to
build 200 CCS facilities to achieve an overall cost reduction of 25 %.

5.2.5 First mover advantage
Lieberman and Montgomery defines “First mover advantage” as “the ability of pioneering
firms to earn positive economic profits (i.e., profits in excess of the cost of capital)”
(Lieberman & Montgomery, 1987). Their article lists three main sources for first mover
advantage:
-

Technological leadership

-

Pre-emption of scarce assets

-

Switching costs and buyer choice under uncertainty

Technology leadership will mainly relate to the discussion about dominant design of
Utterback and about starting the early journey down the learning curve as explained in
previous chapters. Pre-empting of scarce assets refers to early acquisition of natural
resources, strategic geographical locations or expanded production facilities. While
switching costs is about winning the loyalty of the customer through a standard or by making
positive impressions in the minds of the consumers.
Michael Porter and Claas van der Linde propose that strict environmental regulation could
also imply some early mover advantages. The key message in the article is that pollution as
such indicates that resources are not efficiently utilised, that environmental regulations will
spur innovation to improve efficiency of constrained resources and that the value of the
innovation could therefore more than offset the cost of compliance to the new regulations.
The article underlines that these effects would have the greatest potential as long as the
stricter regulation introduced is “consistent with international trends in environmental
protection, rather than break with them” (M. E. Porter & Linde, 1995).
On the other hand, Lieberman and Montgomery warn against some first-mover
disadvantages:
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-

Free-rider effects

-

Resolution of technological or market uncertainty

-

Shifts in technology or customer needs

-

Incumbent inertia

First mover disadvantages are generally the effort and risk required to gain first mover
advantages. If the first mover advantages are limited, the effort (or disadvantages) may
exceed the advantages.
Public support to CCS has for different reasons been promoted to contribute to a first mover
advantage for the industry (DECC, 2012b) as the market for CCS technologies is expected to
grow substantial in the next decades. As described in chapter 4.3, three concepts for CCS
exist, and it is currently not possible to point out any dominant design as by now. Both the
EU NER300 programme and the UK CCS support scheme promote therefore demonstration
of different solutions to contribute to a competition between a variation of sources,
technologies and market players.

5.3 Strategy management
Michael Porter, the founder of the “five forces” framework, defines strategy as (M. E. Porter,
1996):
1. Strategy is the creation of a unique and valuable position, involving a different set of
activities.
2. Strategy requires you to make trade-offs in competing—to choose what not to do
3. Strategy involves creating “fit” among a company’s activities.
In order to define the right strategy for a company, Porter suggests analysing the market
forces in order to understand the structure of its industry, identify profitable and less
vulnerable positions and monitor changes to avoid attacks from competitors (M. E. Porter,
1979, 2008).
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In my thesis, theories of strategy management are used as a framework to analyse the
competitive position of coal power plants and CCS from the view of the investor, in line
with the suggestion in the article of Afuah and Utterback.

5.3.1 The five forces
The five forces model for analysing the competitive position of a firm was introduced by
Michael Porter in an article in 1979 (M. E. Porter, 1979) and his book “Competitive
Strategy” (M. Porter, 1980). See also Figure 22. The model helps to structure the
environment in which the company operates, and identify the competitive forces which affect
the industry of the company. Porter
introduces the idea that various
forces shape the competition in the
market, affects the players ability to
capture unequal share of the values
created. This again explains the
profitability of the industry. The
government is able to influence the
market forces through regulations
and incentives targeted to different
market players or technologies.
Figure 22 – Porter’s Five Forces that shape
The five forces as identified by industry competition
Porter are (M. E. Porter, 2008):
-

Threat of new entrants; New competitors can reap market shares and put pressure on
prices. Major barriers against new entrants are; economies of scale, high consumer’s
switching costs, large upfront investment needed, deep market knowledge,
proprietary access to distribution channels and main government policies

-

Power of suppliers; Powerful suppliers can charge higher prices, limit the service
level or reduce quality. Suppliers are powerful if there are few, if there are switching
costs related to change of supplier, and if the industry are a small customer for the
supplier. Further, the power of the supplier increases if the product is highly
differentiated, if the supplier can easily integrate forward and take over the market,
and finally if the substitutes are few.
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-

Power of buyers; Buyers may have bargaining power and make it difficult for the
firm to capture a major part of the value creation. The result is lower sales price and
squeezed margins. Buyers are in general powerful of the same reasons as described
for suppliers.

-

Threat of substitutes; A substitute represent the same or a similar function as an
industry’s product but by a different mean. Substitutes are easily overlooked because
they depend on the purpose of the customer not only the product itself. Threat of
substitutes is high if the alternatives offer an attractive price-performance ratio
compared to the product and the switching costs for the customer are low.

-

Rivalry among the competitors in the industry; Intense and fierce competition among
existing competitors could deteriorate profit and squeeze companies out of the
market place. Rivalry is typically strong if there are many competitors competing in a
commoditised market with no or low growth, where exit barriers are high and/or the
emotions for staying in the business are high.

Key elements in Porter’s concept focus on barriers to entry and exit the market space. If
barriers for new companies to enter the market space (or increasing share of the market is
replaced by substitutes), and barriers for the existing market players to exit the market are
limited, and there is no or low growth in the total demand, it is likely that prices and
profitability will fall and the profitability in the industry will diminish. This represents a
clear parallel to the discontinuity phase as illustrated in Figure 18, where the market has
reached the “specific phase”, the old technology has matured and a new technology attacks
the existing customer base of the old technology.
There are also evident parallels between the forces as described above and market failures as
described in chapter 5.1.2. Microeconomic theories focus on perfect markets where perfect
competition rules, while Porter’s idea is to search for market barriers that can limit
competition and improve own profit. The perspective represents no conflict, but appears to
be an interesting observation showing that governmental policies aiming at reducing the
carbon lock-in of the society (see chapter 5.1.3), the shelter for profitable fossil based
industry may diminish.
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5.4 Summing up
This chapter synthesises the theories discussed into specific issues which the further will be
focused in the further analysis and discussions. My general interpretation is that the
European coal power market could be considered as a mature technology which is
challenged by invading technologies, especially intermittent renewables, supported by
governments and valued by other metrics than traditional combustion technologies. The
overall picture of the innovation cycle in the power market could be illustrated 18 as in Figure
23.

Figure 23 – Performance of an established and an invading technology. The general
picture to the left (J. Utterback, 1994), and applied on coal power plants to the
right. The performance axis in my right side illustration is a combined measure
where externalities from CO2 emissions are included to a pure cost measure.

When defining the commercial barriers, I have employed the “market barrier” as discussed
by Brown and Jaffe & Stavins (chapter 5.1.2), Finon (chapter 5.1.2) and Gallagher & al
(chapter 5.1.7). My term “commercial barrier” will be a subset of “market barriers” since I
neither include uncertainties about future policy regulations nor technical uncertainties and
complexity of the infrastructure as such. Based on the review of theories if innovation, own
experience and the empirical background as outlined in chapter 4, the following four issues
are selected to be evaluated as potential commercial barriers:

18

The illustration is highly simplified since renewables is drawn as one single line. In our case there are several
technologies involved in different stages of development.
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1) The effect of high investment costs
Utterback (see chapter 5.2.2) suggests that we would see a burst of innovation associated
with the old technology as new technologies improve and their market share increases. At
the same time, still according to Utterback, the incumbent technology operates in the specific
phase characterized by low margins are depending on economies of scale. Adapting CCS
would require an investment at the scale of the power plant itself. In times of uncertainty and
low profitability, it could be challenging to justify investment decisions implying high fixed
costs and thereby increase the commitment to an industry in decline. The issue to be
investigated is therefore how high investment cost may affect the valuation of CCS as an
option for the owner of coal power plants.

2) The effect of changed cost structure
Christensen proposed that the cost structure of a firm is linked to their value network and
their way of doing business (see chapter 5.2.3). As a mature market, the power market is
highly commoditised where the price formation process in combination with the cost
structure (relation between fixed and variable costs) is decisive factors for profitability of a
power plant. Changes in the cost structure will have direct effect on profitability and must
therefore be assessed in particular. The issue to be analysed is whether an investor in a coal
plant with CCS will be able to recover its cost in the market even faced with regulations
which may be regarded as reasonable.

3) The potential from being an early mover on CCS:
Lieberman and Montgomery (see chapter 5.2.5) suggested that possible first mover
advantage could increase an investor’s willingness to make investments in CCS even in an
immature market. The effect of first mover advantages could be lower commercial barriers,
and may limit the need for public support. The issue to be investigated is if there are some
first mover advantages and how large these eventually could be, or if there are first mover
disadvantages that offset any advantages.
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4) The effect of a new service provider:
Moore (see chapter 5.2.1) suggests that progressing the technology from one customer group
to another could imply that specific issues related to the technology should be revisited and
improved. The reason is that a different customer group could represent a completely
different business, where other metrics is important compared to previous customers.
Further, both Christensen and Utterback (see chapter 5.2.3) propose that incumbents will
avoid innovating in technologies which are linked to different value networks than their
existing. Adopting CCS will introduce a change in the value network of the incumbents by
introducing a storage provider which in practical terms means and oil and gas company.
Further; CCS utilised for CO2 abatement represents a reversed value chain compared to CO2
capture for the purpose for EOR. The issue to be investigated is how a reversed value chain
with a storage provider added to the network affects the competitive position of a coal power
plant.
These four issues are analysed and discussed in chapter 6.2.
Based on the discussion of commercial barriers, I will in chapter 0 identify potential market
barriers to be discussed as a basis for policy implications. Theories about market failures will
also be summarised and employed in the discussion.
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6 Analysis and discussion
6.1 Five Forces in th ecoal power industry
This section analyses the competitive position for the coal power industry, and forms a basis
for the next step of analysis; the commercial barriers to coal power plants adopting CCS.

6.1.1 Bargaining power of suppliers
The key suppliers of coal power plants are revealed through their cost structure. The cost
structure is dominated by large sunk costs (historical investments) and fuel costs. Other
operational costs are minor and consist mainly of man-hours and maintenance work. Due to
the high CO2 emissions per kWh produced, a carbon tax may be significant additional
expenditure for a coal power plant – see Figure 24.

Cost structure electricity production
by fuel
140
$ per MWh

120

CO2 cost ($30/ton)

100

Fuel (medium level)

80

Oper. & Maint.

60

Capital costs (10%)
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0
Nuclear

Gas

Coal

Onshore
Wind

Figure 24 – Typical cost structure for selected power generation technologies (IEA,
2010)
Coal is the key input factor for a coal power plant, and is categorised in two main groups:
“hard coal” and “lignite”. Hard coal is a commodity traded globally, while lignite is a lowvalue fuel which is less economical to transport and is primarily used locally (EUROCOAL,
n.d.). Most coal power plants may also have the possibility to add biomass for co-firing with
coal and thereby reduce its dependency on coal. Owners of lignite fuelled plants are also
MTM

Ståle Aakenes

Page 75

Commercial barriers to implementation of CCS in Europe
likely to possess a local coal mine or have long term agreement with the coal mine owner.
Owners of a hard coal fuelled plant may switch trade coal from all over the world and switch
from one international supplier to another aiming at obtaining the best price. Coal suppliers
therefore have low bargaining power over a coal power plant.
The price development of hard coal in Europe is shown in Figure 25 and indicates relative
stable price over time where fluctuations mainly are explained by changes in prices of
alternative fuels (oil and gas).
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Figure 25 – Price of energy in Europe (Based upon data from BP Statistical Review
2013)

A minor correction to this general view is that opencast mines in Europe have for years faced
significant opposition from local communities and environmental organisations. Resource
and area conflicts, together with air pollution, are subjects concerning many
environmentalists. A report published by a Swedish environmental organisation states for
example that more than 100,000 citizens and 300 communities have been resettled due to
German lignite coal mining (Michel, 2008). Increasing anxiety among the general public
related to global warming, air pollution and conflicting interests makes it more difficult for
the power companies to receive permissions for coal mine expansions. Over time, these
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conflicts may be a threat for the coal companies, especially those related to lignite coal
opencast mining.

6.1.2 Bargaining power of customers
Power is a highly commoditised product, where there is no qualitative difference of power
purchased from a coal plant or a wind mill. As any other commoditised product, the
competition in the power market is therefore price-driven. Most customers purchase power
in the retail market and may enter into contracts with various lengths. In deregulated power
markets (as is mostly the case in Europe), customer may easily switch from one supplier to
another at any time (depending on the duration of their contract). In general, it is therefore
suggested that consumers have high bargaining power in the electricity market. However,
large consumers (typically energy intensive companies) may enter into bilateral agreements
negotiated in the wholesale market to achieve a predictable (and low) price of electricity for
a longer period of time, and may attain some bargaining power.

6.1.3 Threat of substitutes
Substitutes for coal power is a range of technologies and alternatives such as
-

Other flexible power generation technologies like gas power and nuclear

-

Centralised renewable power like hydropower, wind farms, biomass, solar farms etc

-

Local power generation capacities like roof-top solar panel or standalone wind mills

-

Local combustion for direct heating or district heating

-

Improved energy efficiency in residences like energy recovery, heat pump, energy
efficient buildings, low energy lighting etc

-

Improved energy efficiency in industry like energy recovery, improved process
efficiency etc

The main drivers affecting coal power substitution may be summarised as follows:
-

An EU target to reach a share of 20 % renewables in the energy system by 2020,
incentivised by a patchwork of policies.
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-

An EU target to improve energy efficiency by 20 % by 2020 vs 2005, incentivised by
subsidies and standards

-

Outlook for shale gas production in Europe and/or increased imports of cheap shale
gas from the US

-

Restrictions on or support for nuclear power in Europe

I will briefly discuss each of these factors below:

6.1.3.1 20 % renewables
As discussed in chapter 4.4.2, EU has put up a target implicating 20 % of the total energy
supply to be generated from renewables by 2020. The share in 2011, was 13%, up from 8 %
in 2005 (REN21, 2013). In the power system, renewables (excluding hydro power) have
increased its share from only 1 % in 2000 to 7 % in 2010, as shown in Figure 7, and with a
continued increase thereafter. These changes have been driven by public incentives like
subsidies, feed-in tariffs or policies to give renewable energy priority in the grid. Increased
renewable power will influence the profitability of coal power plants in negative directions
in three ways beyond the direct reduction of market shares:
-

Reduced load factor: Renewables like wind and solar are intermittent, and will have
priority in the grid, which means that a flexible power plants (like gas and coal) will
have to cut production when intermittent power are fed into the system, and then
boost when radiation from the sun reduces or wind calm down. Thereby intermittent
renewable reduces the operating hours of the plant but cannot make up for the
capacity requirements of coal power plants.

-

Lower price: The demand for power is general higher in daytime than at night, and
the price of power has normally been accordingly higher at day than at night. As
solar energy production peaks at daytime when prices normally are high, the price (if
significant solar energy is available) may drop and the profitability of all other power
produces drops. An illustration is shown in Figure 26.
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-

Higher costs: Rapid adjustments of production from thermic power 19 plants (like gas
and coal) imply efficiency losses due to slow thermic reactions (unlike hydro power
which may start and stop in just a few seconds). Short intervals of stop and start
caused by intermittent renewables will therefore hurt profitability of coal power
plants.

High renewable

P0
P1
Wind &
Solar

Nuclear

Coal
lignite

Hard
coal

Gas

Oil &
other

Demand 12 pm

Figure 26 – An illustration on how increased share of renewables could reap profit
from coal power plants – compare with a “low” renewable case in Figure 5.

In the illustration, the price in the wholesale market is reduced from P0 to P1.The shaded area
shows the lost revenue for all coal power plants. As the revenue above marginal cost over
time must cover both fixed costs and profit to the owners, the revenue reduction in the
illustration might lead the coal plant not being able to recover their overall costs. Even a
relative minor increase of renewables fed into the system may therefore reap a significant
share of the profit from flexible power generators.
In Germany, the costs of implementing higher share of renewables are passed over to the
customers via a levy adding cost on the consumers electricity bill. According to the German
utility company RWE, compensation to renewable energy in Germany alone was € 18 billion
in 2012 (RWE, 2012), and has led to an electricity price for the German household that
together with Denmark is the highest in the EU (Source: Eurostat). At the same time, the

19

Thermic power is systems that generates electricity by combusting fuel to heat water or air that is used to rotate a turbine,
which turns a generator to produce electricity

MTM

Ståle Aakenes

Page 79

Commercial barriers to implementation of CCS in Europe
wholesale

price

for

the

power

generators has dropped (see Figure
27), mainly due to the mechanisms
explained above.
Although Germany is the European
country that has been most focused on
increasing the share of renewable in
the power sector, Germany could serve
as an example of subsidies required to
increase the share of new energy Figure 27 – Germany’s wholesale
sources where the technology is still electricity price - €/MWh (The Economist,
2013b)
immature
or
expensive.
Other
European countries must also in one way or another follow on to achieve their 20 %
ambition within 2020.
The additional cost on electricity to the consumers has led to some uncertainty among
politicians and consumers in countries like United Kingdom and Germany that might lead to
a certain reduction in the support to renewables over time. It may seem as the increased
compensation has taken the politicians by surprise, and factors as the expected cost decrease
due to learning-by-doing and technology improvement have not developed as hoped for.

6.1.3.2 Improved energy efficiency
As discussed in chapter 4.4.2, EU has put up a target to improve energy efficiency by 20 %
compared to 2005. Energy efficiency is considered as a free lunch; both less costs for energy
and less pollution. Reduced energy intensity in the economy (energy use divided by GDP)
and decoupling energy demand from economic growth, are considered as important steps
toward a sustainable society. According to the European Energy Agency (EEA), there have
been signs of such decoupling the last years (European Environment Agency, n.d.). Such
decoupling may make it less likely to expect growth in electricity demand even though we
could expect a growth in overall economy. EU is, however, not on track achieving the
energy efficiency target of 20 %, which means that additional actions on the matter could be
expected (European Environment Agency, 2013).
MTM

Ståle Aakenes

Page 80

Commercial barriers to implementation of CCS in Europe
Energy efficiency is thereby a threat for coal power plants as it neutralise possible market
growth that could be a basis for new investments and innovation.

6.1.3.3 Shale gas
As shown in Figure 25, the cost of natural gas in Europe has increased during the last years.
This has led to less production from gas power plants and lower profitability. Gas and oil
prices are rather volatile and prices may change rapidly. In the US, discovery and increased
production of shale gas has according to IEA contributed to a reshaping of the international
energy landscape (IEA, 2012b). Introduction of shale gas in the US economy has led to
lower gas and electricity price and lower CO2 emissions as gas replace coal as a fuel for
production of electricity. These significant changes have developed during the last few years.
Over time, increased export of gas from the US to Europe could also bring the price of gas in
Europe down as arbitrage of natural gas could be more profitable.
Even in Europe, shale gas is identified as a potential (IEA, 2013a). Likewise, continued
efforts to develop the shale gas resources in Europe could likewise bring the cost of gas in
Europe down and make coal less attractive. It is difficult to predict the development of shale
gas in Europe. Environmental protection policies driven by public opposition in densely
populated areas could make shale gas less relevant in Europe. On the other side, if the
alternative to shale gas is more nuclear or coal, it is not obvious what politicians would
choose. In addition, national priorities concerning energy sources and balance between
growth and environmental protection differ. Poland, which is highly dependent on coal
power and is likely to have large resources of shale gas, could be more than willing to prefer
development of shale gas reserves and being able to balance the energy trilemma (se
discussion in chapter 4.4).

6.1.3.4 Nuclear
Following the Fukushima accident in 2011, several European governments have questioned
the future of nuclear power. Changed policies related to nuclear has been considered or
implemented in Germany, Switzerland, Belgium and Italy (IET, n.d.). Germany has banned
any nuclear power production from 2022, while the UK government in 2013 entered into an
commercial agreement building its first nuclear power plant in 20 years (DECC, 2013a). The
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future of nuclear in Europe is not clear, and may represent a wildcard for policymakers,
where the balance between climate change mitigating actions and energy sustainability must
be considered.

6.1.3.5 Summing up
There seem to be considerable amount of substitutes to coal power. Some uncertainties exist
related to the speed of deployment of renewable power and how nuclear energy will develop
over time. Policies may change rapidly as illustrated by the Fukushima case.

6.1.4 Threat of new entrants
Threat to new entrants in the coal power market is limited. As illustrated in Figure 8,
profitability for existing power companies with a large share of coal combustion
technologies is low, and the EU Commission has defined an Energy Roadmap with lower
share of coal in the future. The required investment cost for a new coal power plant is also
rather high, and represents a barrier for entry to the market. In addition, the European
Investment Bank (EIB), has introduced an Emission Performance Standard of 550 gram
CO2/kWh to screen the Bank’s investments in fossil fuel generation projects (EIB, n.d.).
Such standard will effectively make funding of new coal plants in Europe more expensive
unless CCS is added.

6.1.5 Industry’s rivalry
Rivalry in an industry will depend on the existence of exit barriers, which would determine
degree of overcapacities and thereby also influence on the industry’s profitability.
There are several arguments for the existence of exit barriers in the industry:
-

Considerable sunk costs: Most power generation technologies are dependent on
considerable upfront investments which become sunk costs – See Figure 24.
According to IEA (see Appendix A), a new 750 MW coal power plant could cost
around € 1,5 billion, and the life time of a plant could be forty years or more. In
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addition to the cost of the power facility as such, infrastructure for shipping and
handling of coal and other utilities and basic competencies for operating and
maintaining a power plant is a part of the sunk cost for a power plant.
-

Low alternative value: A power plant is a highly specialised asset which has limited
alternative use. It is therefore less probable that the buildings, constructions and
technological components would be valuable if sold. Some power plants may be
localised in urban areas where the site itself may have a value after clean-up.

-

Inertia against change and passion for the existing: As coal power plants are an aging
industry one could expect some kind of inertia that represent a barrier against
necessary changes. Inertia is not easily documented, but may be made probable based
on some key facts, as also discussion in chapter 5.2.3.

-

Uncertainty about future regulation of the power market could make power
companies accept losses for the least efficient coal power plants and await future
clarity in the market. Old power plants become an option for the owner, with a
limited downside but possibly an important up-side.

As illustrated in Figure 26, new capacities of intermittent renewable power in the market
may reduce the price per kWh in the wholesale market and reduce profitability for flexible
power plants. To maintain a profitable price level, less efficient capacities must be
withdrawn. If high exit barriers exist for coal power plants, such withdrawal would be
delayed and overcapacities will develop.
High exit barriers could be made probable if there is a low rate of decommissioning of old
coal power plants, an increasing age structure of coal plants in operation, and a decreasing
load factor of the available capacities. These three issues are discussed in the following.

6.1.5.1 Low rate of decommissioning
Statistics prepared by the European Wind Energy Association (EWEA) reproduced in Figure
28 a), shows net significant added electricity capacity in Europe last years. Net added
capacity represent an overall increase of over 60 % (source: EWEA) from 2000-2012, while
increased production in the same period was only 13 % (source: Eurostat). This indicates a
build-up of overcapacities.
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a)
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Figure 28 – Changes of electricity generating capacities in EU in a) Net changes
2000-12 and b) New installations and decommissioning in 2012 (EWEA, 2013)

In a report from Pöyry to the UK Department of Energy and Climate Change (DECC), coal
power plant closures in Germany, the Netherlands and Spain are discussed (Pöyry, 2013),
while another report from DECC (DECC, 2013b) discusses closures of power plants in the
UK. The reports find that most coal power plants closed last years are older coal plants not in
compliance with new directives or standards or closure was negotiated with the authorities to
get permissions for newer power plants or purely financial reasons. This could explain the
decommissioning of coal power plants shown in Figure 28 b) and underline that exit of coal
power plants would requires some reasoning beyond existence of overcapacities.
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6.1.5.2 Age structure
The age structure of coal power plants in
Europe are increasing as the rate of new
capacities added are low – see Figure 29. The
oldest power plants have the lowest thermal and
economic efficiency and should be expected
leave the market space first. A growing bulk of
power plants at the end of its technical life-time
(around

50

years),

is

therefore

another

indication of exit barriers.

Figure 29 - Annual commissioning of coal
power generation capacities in the EU-27
(RWE, 2012)

6.1.5.3 Load factors
Average load factors for German and UK power plants and shows a certain downward trend
– see Figure 30. German lignite coal and UK coal plants have had an upward trend in 2011
and 2012 mainly due to high gas prices.
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Figure 30 - Load factors for German and UK fossil power plants (Sources:
Germany: (Pöyry, 2013), UK:(DECC, 2013b) )
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Excess capacities in the electricity market are reported by several sources such as in the
E.ON annual report of 2012 (E.ON, 2013) and by Deutsche Bank (Gas to Power Journal,
2013). However, the capacity discussion is two-fold: a) A general overcapacity leading to
reduced price in the wholesale market and reduced load factor for thermic power plants and
b) a falling capacity margin to handle extreme demand peaks.
This contradiction could be explained by the strong growth of intermittent power generation
capacity and a unchanged or slight reduction of flexible power generation as shown in Figure
28. The dilemma in the power sector is therefore that even though the power producers
experience overcapacity, the grid operator experience lack of reserve capacity to handle
extreme situations in the grid. The consequence of this dilemma is that when a power
company applies the authorities for the closure of one of their power plants, the authority
may reject closure and argue that the reliability of entire power system will depend upon the
specific power plant to avoid blackouts 20. Several organisations and news agencies has last
year focused on the growing concern of such consequences (BBC, 2013; Business Insider,
2012). These challenges is currently be managed by the grid operator by grid reinforcement
to improve the flexibility in the entire system.
In total, I will therefore argue that high exit barriers exists in the coal power market that
reduces the pace of closure of older and less economic power plants.

6.1.6 Summing up
My summary for the five forces analysis for coal power in Europe is shown in Figure 31,
where red colour illustrates forces that threaten profitability over time and green colour are
neutral to profitability development.
The analysis indicates strong market forces with negative impact on the profitability of an
entire industry. Threat of substitutes represents the strongest force. In combination with exit
barriers and the challenge to differentiate the product in the market, deterioration of the

20

A blackout is a situation where the physical supply of power fails as a result of power shortage in the grid, technical
failure etc.
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profit of the industry could increase and make long term investment less attractive. This
conclusion has also an impact of the ability of the business to invest in CCS.
Theory suggests specific actions by the companies to mitigate these forces to improve own
competitiveness. However, as the power market in most respects is extensively influenced by
public policies, dialogue between the industry and the government will be required if
changes are to occur. A key question in this respect is about the market design concerning
flexible and intermittent power, and how generators of flexible power may be able to cover
their fixed costs over time.

utilise as a basis for my methodology,

New Entrants

In the article from Afuah and Utterback, which I
the

proposed result of a five forces analysis of an
industry in the discontinuity phase, is in line with
my analysis as summarised above (Afuah &
Utterback, 1997, p. 193). A direct comparison is

Suppliers

Industry
rivalry

Customers

and Utterback was of general character and not
based on any specific product or technology.

Substitutes

however not adequate since the analysis of Afuah

The next chapter will investigate barriers for Figure 31 – Overall conclusion
adopting CCS as a technology improvement for of five forces analysis of the
market for coal fired power
coal power.
plants in Europe.

6.2 Adoption barriers for CCS
This section will analyse critical adoption barriers preventing owners of coal power plants
employing CCS. The issues to be discussed were outlined in chapter 5.4, and will be
discussed in the following. The issues were:
-

The effect of high investment costs

-

The effect of changed cost structure

-

The potential from being an early mover on CCS

-

The effect of a new service provider
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6.2.1 The effect of high investment costs
The basis for this issue is described in chapter 5.4, where high investment cost was identified
as a potential barrier for adoption of CCS. The issue rises from theory and empirical data
indicating that for an industry with low growth or in decline, with small profit margins and
high uncertainty about future market conditions, an increased industry commitment through
significant investments to improve performance could be a major barrier.
In stressed financial situations, it is a common strategy to de-invest non-core assets and
reduce long term commitments. Combined with major uncertainty, it is a common strategy
to await further investments which imply a risk of being locked-in to specialised, less
saleable assets. A CCS facility is a highly specialised asset and would hardly have any value
beyond scrap metal if demolished.

6.2.1.1 Capital rationing
Both E.ON and RWE, two of the largest power generators in Europe, have announced
divestment ambitions in the range of 10 % of their balance sheets (E.ON, 2013; RWE,
2013). These divestments are obvious strategic moves to reduce ownership in non-strategic
assets and improve financial flexibility. In the Annual Report for 2012 from E.ON the
following is stated:
We need to adjust to the fact that our current business portfolio will generate less
money for new investments. As a result, we’ll need to deploy our investment capital
very selectively. That’s why our new medium-term plan consists exclusively of
targeted investments in particularly attractive, value-enhancing growth businesses
that will help propel our company’s transformation. (E.ON, 2013)
Any capital tied up in a CCS investment must therefore compete against other projects in a
within a limited internal investment budget. The RWE’s annual report for 2012 consists of
four letters; “MORE”. Their message about investments is in principle the same as E.ON’s:
“More with less”. Both companies also focus on possible investments in power plants
outside Europe.
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6.2.1.2 Option value of waiting
In a report from IEA the value of deferring an investment decision under uncertainty in the
power sector was analysed and illustrated. The question concerned a situation when, for
example, an owner of a power plant faces new environmental regulations for an old power
plant and significant uncertainty for the future exists, one of two strategies may be chosen.
The strategies are 1) to reinvest immediately or 2) to extend the life of the old plant
(refurbishment) and defer the investment decision to gain more information about the best
technology for the future.
The purpose of the report is to provide an “order-of-magnitude comparison with
refurbishment costs, in order to show the possible role that uncertainty can play in decisions
around refurbishment vs. replacement.” (Blyth, 2010) The study utilised data for four
different technological options (natural gas, unabated coal, coal with CCS and nuclear) for a
1 GW plant, and six cash-flow parameters which represent the uncertainties for profitability
of the investment (electricity price, carbon price, general capital costs, capital costs for
nuclear, gas price and coal price). The four cases were analysed according to 64 scenarios
representing a high/low case for each of the uncertainties after a five year deferred
investment decision. It was assumed that these years could bring some additional certainty
about the cash-flow parameters making the investment analyses more accurate. The net
present value (NPV) of the best project in each of the 64 projects after a five year deferral is
summarised in the overview reproduced in Table 1. According to the report, the data
employed have been retrieved from an EU assessment report and should therefore represent
plausible cost ranges for investments in the EU.
The colours used in the table above illustrate the technology which is the most profitable
given the different assumptions shown in the table. Blue cells represent that a gas power
investment would be the most profitable after waiting in five years given the scenario
represented by the cash-flow parameters. Orange cells represent nuclear is the most
profitable, grey represent coal and lilac coal with CCS. Cells with zero value are scenarios
where no investment would be made as NPVs for all technologies are negative. The option
value of a deferred investment decision is calculated by subtracting the NPV of the best
project if the decision is to be taken today, from a weighted average of the NPVs in the table
above. This value must then be compared with the cost of delaying the decision, or in other
words; the cost of buying the option.
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Table 1 - Decision tree: NPV (€ mill) results for the 64 scenario combinations
(Blyth, 2010)

Although this exercise is both complicated and some theoretical, the analysis illuminates the
importance of valuating a range of alternatives and the significant value of the option of
deferring a decision in times of uncertainty. The conclusion from the report is also rather
clear;
The option value of waiting can often be in the region of EUR 100-300m,
representing 8-25% of the capital costs of a new coal plant, and can be significantly
higher than the capital costs required for carrying refurbishment and plant lifeextension projects for existing plants. (Blyth, 2010)
Blyth therefore argues that the higher uncertainties, the higher value of the option of
deferring an investment decision and the lower rate of replacement of old plants will take
place.
Blyth refers to the introduction of retrofitting FGD technology to old coal plants in the US in
the 70’s to remove SO2 from flue gas to avoid acid rain, as also referred to in chapter 4.3.4.
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For the investor, upgrading of the old power plant with FGD technology protected the value
of the asset invested, and was often a better alternative to investing in a new, more
environmental friendly plant. On page 38, I gave a comparison of the relative cost of the
FGD technology to the cost of CCS technology, showing that the capital cost of FGD was
approximately a tenth of the cost of CCS. Comparing to Blyth’s option value of waiting
above, it seems obvious that while the capital cost of FGD could be within range of the
option value of waiting, the capital cost of CCS is not.
From the discussion above, I suggest that high investment costs make CCS less attractive for
the investor due to commercial uncertainties and capital constraints. An investor would most
probably defer investments in new coal power plants or select alternatives with lower capital
requirements when available.

6.2.2 The effect of changed cost structure
The basis for this issue is described in chapter 5.4, where changes in the cost structure and
implications of the competitiveness were identified as a potential barrier for adoption of
CCS. The power market is highly commoditised and the price formation process in
combination with the cost structure (relation between fixed and variable costs) is decisive
factors for profitability of a power plant. Changes in the cost structure will have direct effect
on profitability and must therefore be assessed in particular. The issue to be analysed is
whether an investor in a coal plant with CCS will be able to recover its cost in the market.

6.2.2.1 The base case
The generation stack, as illustrated in Figure 5, forms the power market’s supply curve. The
curve shows that the lower the marginal costs of a specific power plant, the more operational
hours are likely to be achieved per year. The gross profit over the year (average market price
minus marginal cost multiplied with hours of operation) need to be higher than annual fixed
costs in order generate profit for the owner. The cost structure of the plant (the relation
between operational and fixed costs) is therefore central to explain the profitability of a
power plant.
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My analysis based on cost data retrieved from IEA (IEA, 2010) as outlined in Appendix A,
and will illustrate how the cost structure influence the competitive position for coal power
plants compared to two alternative technologies 21 (gas power and nuclear power) – see
Figure 32.
Cost of power production
(gas, coal and nuclear)
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Figure 32 – Analysis of cost power production for selected technologies, Own
analysis, based on IEA data.

The illustration shows the total annual costs (fixed capital and operational costs) per kW
installed capacity depending on the number of operational hours per year. The figure may be
used to determine the preferred technology for a given investment decision depending on an
expected annual hour of production in the specific market.
The technology with the lowest capital cost (natural gas) will benefit in the case of limited
hours of annual production is expected. High fuel costs will make natural gas less
advantageous to other technologies in a case of where the power plant could operate the
most of the year. The technology in the figure having lowest cost at a specific number of
operational hours would be the preferred option in an investment case. The revenue side is
however not included in the chart. The figure will thereby not give the answer of whether an
investment will be profitable, merely which is the preferred technology.

21
Renewables are not included of more practical reasons. The cost structure of intermittent renewables, like offshore wind,
is somewhat similar to nuclear power. Adding more alternatives to the chart would increase complexity to the analysis but
would not change the main conclusions.
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In the example above, Natural gas would be a preferred technology up to 2,000 hours of
annual production; while coal power plants would be preferred at more than 2,000 hours.
Nuclear power, which has higher fixed costs (given by the intersection between the y-axis
and the cost curve) and approximately the same operational cost as coal (given by the slope
of the cost curves), will not be a preferred technology in any range of annual hours of
production (according to this example).

6.2.2.2 The cost structure of coal with CCS
An analysis of the implications of the cost structure for a coal power plant with CCS will
depend on some assumptions of a public regulation, since CCS will not be commercially
competitive by itself. Possible future market regulation could be a price on CO2 emission or
an emission performance standard. My analysis therefore contains both alternatives:
a) A carbon tax (or cap & trade with similar effect) of $ 54 per ton (similar to € 37),
where the investor can choose to adopt CCS and avoid the CO2 tax (or at least most
of it), or avoid CCS-investments and pay the price for the emission. This alternative
is in accordance with the signals from EU telling that the carbon price from the ETS
system will be the driving force to promote CCS from around 2030 (European
Commission, 2013c). The chosen CO2 price level is in the range of what has been
discussed as carbon price in the 2020’s and what could be a level where CCS is able
to compete in the future (ZEP, 2011).
b) An emission performance standard (EPS) that requires CCS implemented on new
coal power plants either for the whole flue gas stream or a 50 % slip stream (with 90
% capture rate). The slip stream variant is similar to what is proposed by the US
Environmental Protection Agency (EPA) of maximum 1,100 lbs per MWh from new
coal plants (EPA, 2013) and EIB’s proposed limit of 450 gram CO2 per kWh for new
coal power plants (EIB, n.d.). Besides, 450 gram CO2 per kWh represents a typical
emission level from an existing unabated gas power plant.
The result of the analysis is illustrated in Figure 33.
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Cost of power production (incl CO2 tax)
(gas, coal and nuclear)

a)
800
700

$/kW pr year

600

Nuclear

500

Nat. Gas

400

Coal
Coal CCS 90%

300
200
100
0

800

1 600

2 400

3 200

4 000

4 800

5 600

6 400

7 200

8 000

8 760

Hours of operation per year

b)

Cost of power production (EPS, no CO2 tax)
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Figure 33 – Cost position for coal given a) a CO2 tax of $ 54/ton b) an Emission
Performance Standard (EPS) and no tax – own analysis, based on data from IEA.

6.2.2.3 The competitive position of coal power under a carbon tax regime
Regarding alternative a), a carbon tax will increase the marginal cost for coal and gas power
plants. As the CO2 emission per kWh produced from a gas power plant are lower than for a
coal power plant, the competitive position for gas will improve compared to coal. At a
carbon price level of $ 54 per ton, gas power plants will be the preferred technology until
around 3,900 hours – compared to 2,000 hours without any tax (Figure 32), while nuclear
may out-compete coal as a preferred base load technology. The cost structure of a coal plant
with CCS will have higher fixed costs, but lower operational costs as the variable costs of
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running the CCS facility is lower than the CO2 tax used in this example. Coal with CCS may
therefore be preferred over unabated coal only in cases where the plant could be operated at
base load, i.e. some 7,500 hours annual, as is in line with the conclusion from the ZEP cost
report (ZEP, 2011).
A higher EUA price (or CO2 tax) will naturally change the competitive position and make
coal less competitive to coal with CCS, but does not change the key dynamics and will only
worsen the competitive position towards nuclear.

6.2.2.4 The competitive position of coal power under an EPS regime.
Regarding alternative b), in a situation where all new investments in coal power plants must
be in compliance with an EPS (Figure 33 b), the competitive position of unabated gas would
be significantly improved versus the case of a carbon tax described above. Unabated gas
power plants would be the preferred technology compared to a coal power plant with an EPS
of maximum 450 g CO2 per kWh for production up to about 6,000 hours per year. Such a
CCS requirement would also be close to competitive to nuclear even at base load, while a
requirement of capturing 90 % of all emitted CO2 would make coal with CCS unattractive
compared to all alternatives.

6.2.2.5 Other studies
The most studies analysing costs for CCS, assumes the power plant to operate in or close to
base load, such as the ZEP cost report (ZEP, 2011) and IEA CCS cost overview (Finkenrath,
2011) or the cost analysis performed by Schlumberger and copied in Figure 13. The cost
level measured as per ton CO2 or per MWh produced is in these analyses comparable to
other measures to reduce CO2 emissions or produce low carbon power. As shown in Figure
30 however, the load factors for coal plants in UK and Germany have the last years in
average been around 50 %, except for lignite in Germany.
In their report, ZEP presented the relationship between load factor and CO2 avoidance cost
and cost per MWh produced. See Figure 34. The illustration shows rising cost as load factor
reduces. Below 4 500 hours annually, the cost will increase sharply. ZEP states in their
report that “achieving high plant availability is key to keeping costs competitive” (ZEP,
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2011). Reducing the load factor from 86 % (7 500 hours) to 51 % (4 500 hours), would
according to the graph increase the cost of energy with 43 % (from € 70 to € 100).

Figure 34 - Dependence on plant load factor - (ZEP, 2011)

Based on the current market design, the load factor is a consequence of marginal cost of the
as illustrated in Figure 5, and increased share of intermittent renewables with low marginal
costs displaces coal power plant in the generation stack. The result is likely to be lower load
factor for coal power plants with CCS.
Christensen proposes that the cost structure of the firm (or power plant) is given by the value
network it belongs to (see chapter 5.2.3), and that the company will develop in the direction
where it may increase its profit. In many cases, he argues, the company will seek to serve
customers requiring higher-performance products that could promise higher profits
(Christensen, 1997). For the case of coal power connected to the public grid, there is one
main market to serve and it is currently not an option to serve a “higher end” of the market
as Christensen proposes. The quality of the power delivered to the grid is similar for all
power generators. There is currently no premium for “CCS-power” unless the government
establish a feed-in-tariff for such power or the customers are allowed to choose and are
willing to pay a premium for such.
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Furthermore; The value represented by flexible power generators being able to balance
intermittent power is currently not possible for a power company to profit from. I will revert
to these issues when discussing market failures. One could therefore argue that basic
elements from the literature of innovation are not relevant in the power market due its
current regulation.

6.2.2.6 Conclusions
In real markets, the situation is far more complex than illustrated in my analysis above. The
political acceptance of establishing nuclear plant, changes of fuel prices, the energy mix in
the power market, just to mention a few. This simple analysis indicates however that the
competitive position of coal power may meet tougher competition from alternative
technologies in the future. The discussion also shows that coal power with CCS, due to
dependency of higher load factor, could be less attractive than unabated coal even under
strict environmental regulations such as a high CO2 tax.
My analysis is however limited to the cost perspectives and the relative competition between
coal and competing technologies. The price and revenue side was not discussed. The
conclusion can therefore not be extended to state the coal power with CCS may or may not
be profitable in a given market.

6.2.3 Potential advantages from being a first mover on CCS
The basis for this issue is described in chapter 5.4. According to theory, a company
investing in one of the first coal power plants with CCS could gain some first-mover
advantages and be better positioned in the competition versus other market players. In
Europe, extensive public support has been offered to the first CCS demonstration projects
without leading to any investment decisions. A first mover effect could reduce the required
public co-funding, while existence of first mover disadvantages would increase the
expectations from the industry for public compensation beyond the actual costs. In this
chapter I will discuss to what extent such advantages exist for the individual power
companies.
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As discussed in chapter 5.2.5, Lieberman and Montgomery suggest that first mover
advantages arise from technology leadership, pre-emption of assets or buyers switching
costs. While first mover disadvantages could arise from free riding effects, technological and
market uncertainty, technological discontinuities and incumbent inertia.
Based on the concept of “dominant design” of Utterback (J. Utterback, 1994), it is likely that
a first mover advantage on CCS technology leadership primarily would be found among
technology providers, and not technology users. Few if any owners of coal power plants
appear to have an active strategy on being an owner of IPR. Power companies normally
purchase the technology based on a contract with a technology provider like Siemens or
Alstom issuing performance guarantees. The role of the power generator in design and
construction phase related to technology development is therefore limited.
I suggest that the power generators motivation for being a head of their competitors in
respect to CCS could be found within topics as like public perception of the early coal plants
and the potential of starting to drive down the learning curve based on company-specific
knowledge development (See also learning curve – chapter 5.2.4).

6.2.3.1 Learning from a first CCS-project
A first CCS project could give valuable knowledge for a power plant company to be utilised
for a second project – such as:
-

Specification of the capture facilities and procurement contracts

-

On-site modifications required on the power plant

-

Developing a value net with other suppliers including transport and storage service
providers

-

Operational skills of the CCS facility integrated in the power plant

These are obvious “on the job training” effects that would be of interest when planning more
than one CCS project. To satisfy being a first mover advantage, it is required that the
knowledge is possible to protect, that similar knowledge cannot be obtained through less
expensive activities and that the owner has a second and similar project ready to start-up
after the first is finalised.
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Concerning appropriability, significant spill-over effects exists to competitors and other
industries and service providers, finance institutions and legislators. These spill-over effects
could be valuable for the power plant as it contributes to a market development, but the
values will to a large degree also be valuable for their competitors.
Concerning alternative ways to achieve the knowledge, some of the learning may be
obtained without actually investing in a CCS facility. Doing preparatory studies is less
expensive, and could also be co-funded by governments.
Concerning a second CCS project, it is expected that the larger power companies may need
to deploy CCS on several power plants. However, there is significant uncertainty in the
current market about timing of an eventual second CCS project, and the ability to keep the
specific learning updated and available when needed. Since the design of the technology still
may change, the learning from one project to the next could also be limited. As seen from
studies about negative learning curves for nuclear plants (see chapter 5.2.4) learning from
one project does not guarantee effects in another.
First mover effects are therefore assumed to be rather limited.

6.2.3.2 Public perception
The public opinion of the coal power industry is generally poor, mainly because of the
environmental impacts caused by the industry. CCS may improve the general public
perception of a coal power company by making the impression of being “green and
innovative” and hence increase its market potential. In 2007, I participated in the Gassnova
sales team inviting large European power companies to join the Norwegian project to erect a
CO2 technology test centre at Mongstad. In this process, we could notice a certain interest
based on the expectation of improved “public perception”. Since then, several CCS
demonstration projects have been cancelled in the planning phase due to public opposition,
such as Shell’s project at Barendrecht in the Netherlands (MIT, n.d.).
The critique against CCS from activists and environmental organisations opposing CCS as a
solution for the coal industry is diverse. One general argument often faced is the fear that
CCS is used by the coal industry to appear environment friendly by using terms like “white
coal” or “clean coal”, without generating any real change to the environment (Greenpeace,
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n.d.). Another argument has been the fear from the local communities of CO2-leakage from
an onshore storage site, as was the reason for opposition in Barendrecht. Most power
companies currently involved in CCS projects operate with a low profile in the media, and to
avoid local opposition, they focuses on close co-operation with the local community.

6.2.3.3 First mover disadvantages
One of the most obvious uncertainties involved are related to a variety of technologies raise
the question concerning what may be the most competitive technology in the future, as any
dominant design has not yet appeared. Investing in the “wrong technology” could give
significant operational and cost challenges. Since public support schemes in Europe (like the
EU NER300) so far have been based on some fixed grants from the government, the risk of
cost overruns is owned by the emitter. As seen from earlier deployments of large scale and
complex technologies (discussed in chapter 5.2.4), significant risk are involved and cost
overruns could be considerably.
The SBC Energy Institute, a non-profit organisation founded by Schlumberger, performed in
2011 a survey interviewing key business leaders to understand the drivers for CCS. One of
their finding for current CCS projects was that “project owners face a first-mover
disadvantage in building expensive first-of-a-kind capture plants without a guarantee of
performance, invest alone in new transport and storage infrastructure that could be
mutualized or bear the exploration costs of uncharacterized aquifers.” (SBC Energy Institute,
2013)
The issue of transport and storage as mentioned by the SBC report, could be turned to be a
first mover advantage for the company controlling these assets, as other CCS projects could
become a customer of the same transport and storage facilities. No power companies have
however signalled any interests entering into the business of CO2 transport and storage.
In total; The first mover disadvantages discussed relates to spill-over effects to competitors
and the risk of becoming locked-in to an immature technology.
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6.2.3.4 Conclusions
The conclusion from the analysis above is that there seems to be limited first-mover
advantages for the individual power company from demonstrating the CCS technology. On
the contrary, it is likely that technical risk and spill-over effects could be significant and
represent a major first mover disadvantage for a power company.

6.2.4 A new service provider
The basis for this issue is described in chapter 5.4. Theories underline that moving the
technology from one business to another may introduce new challenges of implementation.
Moving the technology from the oil and gas business utilising CO2 for EOR, to the power
business utilising the technology to avoid climate change implies a very different business
model. Further, both Christensen and Utterback (see chapter 5.2.3) propose that incumbents
will avoid innovating in technologies which are linked to different value networks than their
existing. Adopting CCS will introduce a change in the value network of the incumbents by
introducing a storage provider which in practical terms means an oil and gas company. This
chapter therefore focus on the effect of introducing a new service provider for the coal power
industry.

6.2.4.1 A new business model
Among the CCS demonstration projects participated in the competition for NER300 or UK
funding there are at least two different proposed organisation of partnerships; Either an
integrated model where one company has the overall responsibility of the entire CCS chain,
or a split operator and ownership model. These models imply very different risks for the
project and are discussed in a report from DnV (DnV, 2012). A majority of the projects
planned for a split operator and ownership model 22, a petroleum company was responsible
for the storage part. The reason could be due to the required capabilities of the petroleum
companies of underground operations which most power companies do not have.

22

Projects that planned for an integrated model, having one owner of the entire chain, were cancelled due to specific
reasons most probably not related to the ownership model.

MTM

Ståle Aakenes

Page 101

Commercial barriers to implementation of CCS in Europe
A business model of a coal
power plant with CCS with a
split operator and ownership
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model is considerably different
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therefore
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implies increased complexity Figure 35 – Business model for a power plant
and risk for the coal power with CCS organised through a split operation
and ownership model.
company. A sketch of the two
business models is presented in Figure 35. The light grey boxes represent the power
generation part, while the dark boxes represent the CO2 management part. The overall CO2
account for the power plant has to be offset with CO2 stored by a storage provider (labelled
“storage service”) or purchased emission permits. The dotted arrows between the boxes
“emission permits” and “storage service” address that any situation of CO2 leakage from a
storage implies that the storage provider must purchase emission allowances for the CO2
leaked 23.
As discussed in 4.3.3 and in Appendix A, the additional cost of electricity production for a
coal power plant with CCS could increase with 50-80 % compared to the cost without CCS.
The total cost of CO2 management could therefore represent close to half of the total cost of
electricity generation. Even though the specific activities by the CO2 storage provider
represent a minor cost, the CO2 stored represent a significant value for the owner of the
power plant. According to the EU storage directive (European Union, 2009), the storage
provider will be held economically responsible for any CO2 leakage and liable for any
environmental damages caused by a leakage. This risk is difficult to calculate but will in one
way or another represent a kick back to the “owner” of the CO2 – the power plant.

23

Eventual CO2 leakages are regulated through the EU storage directive (European Union, 2009).
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The commercial director of the Scottish Power CCS project 24 discussed these challenges in a
presentation at the Carbon Capture and Storage Forum in London in 2001 (Seshan, 2010).
The project followed a split operating and ownership model where three significant market
players respectively shared the responsibility for capture, transport and storage (Scottish
Power, National Grid and Shell). The message of Seshan was that “commercial alignment of
three major companies with different business models and priorities” was among the top
significant challenges that remained in the project. He explained the challenges as
differences in business culture, risk appetite and the way the companies perform their
business. The reason behind these challenges could be understood by investigating the type
of industry these companies represents, the key drivers of their project participation and the
technical risk involved and how it is shared. These issues will be discussed below.
I consider the challenges described by Seshan as examples of a meeting between two
different value networks. Christensen (see chapter 5.2.3) explains how companies belonging
to different value networks perceives value differently, solves problems differently and has
different ways to strive for profit. I will revert to the differences in the next chapter.
The learning from the Scottish project is relevant in explaining key challenges, and may be
generalised for other CCS demonstration projects since some key issues are alike:
-

All CCS demonstration projects in Europe has to comply with the EU storage
directive (European Union, 2009) which defines authorities and responsibilities
related to CO2 storage

-

Most proposed CO2 storage location is offshore, due to challenges related to public
acceptance for onshore storage in Europe

-

Large oil and gas companies are often involved in the storage part, since such
companies are the only holding significant operational expertise and ownership in
relevant geological structures offshore 25

24
The project of Scottish Power, the Longannet CCS project in Scotland, was at that time (and still), one of the most
advanced CCS projects in Europe. It participated in the first round of UK competition, and was cancelled end of 2011 when
the negotiation between DECC and the project owner failed (DECC, 2011b). Later, it got clear that the reason behind the
cancelled negotiation escalating costs beyond the budgeted £ 1 billion which the owners of the project were not willing to
bear.
25

All international CO2 storage activities at large scale currently are performed in combination with and by oil and gas
companies (GCCSI, 2013) and a majority of the planned CCS projects in Europe has involved a storage provider which is
an oil & gas company. The competitive advantage of oil and gas companies as a storage provider is the access to and
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6.2.4.2 Differences in industries
Christensen (see chapter 5.2.3), uses three examples to synthesise learning from the disk
drive industry and exaplin the value networks: 1) The business relations to customers and
suppliers that often mirror the product architecture, 2) how performance of the product is
measured and valued, and 3) the cost structure of the company which is linked to the way
business is performed. The differences in the industries involved in most CCS projects could
be described as follows:
The oil and gas industry a multinational growth industry operating in a global business
environment, were profits are earned by exploring and developing new oil and gas fields.
Companies involved are large and profitable, and large fixed costs are involved. The
profitability of a successful discovery could be tremendous, but the cost of failure could be
devastating (e.g. the Deepwater Horizon accident in 2010). Value creation is closely linked
to technology innovation within the area of geology, as old oil and gas fields are closes and
discovery of new reserves becomes more complicated. An important value of the companies
is proven reserves of oil and gas.
Grid and pipeline companies have large investments in infrastructure, low profit rate and
operates with high degree of predictability. Key activities are transporting electricity and gas
and store-and-forward operations (gas). Value creation is mainly through operational
optimisation and correct pricing.
Electricity generators are mainly considered as risk averse companies, operating in rather
structured and well-arranged regional markets with reasonable degree of predictability and
rather small profit margins. Major concerns are the spark spread (difference between fuel
price and electricity price), which defines when the power plant will run and not. The cost
structure is dominated by fixed costs, but variable costs are also important. As few new
plants are currently being built, value creation is mainly achieved through optimisation of
current portfolio.
The terms upstream, midstream and downstream are often used to characterise the industrial
activities related to the raw materials involved. Related to CCS, the roles of the companies

information considering potential storage sites in addition to the required skills and network to develop and operate a
storage site. Oil and gas companies may also have an advantage since regulation considering storage activities are based on
regulation for oil and gas activities.
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are somewhat changed. Long term storage activities are less comparable with other activities
for an upstream oil and gas company.
This brief description illustrates in my view differences in risk appetite and how business is
performed and underlines the differences in value networks the businesses are attached to.

6.2.4.3 Risk involved and how it is shared
As a part of the agreed process with the UK government, the Longannet project published
their risk list at the time of their project closure (ScottishPower CCS Consortium, 2011).
Seven of the top 20 risk items addressed risk related to offshore storage operations. The risk
issues could be summarised as follows:
-

CO2 leakage from offshore storage site

-

Accidents and/or leakage of CO2 from pipeline or injection well

-

Storage problems leading to interruption or delay of CO2 injection and expensive
mitigating actions

-

Variable load of power plant due to commercial considerations giving variable CO2
stream to the storage site

Responsibility regarding the challenges with leakage is regulated in the EU storage directive,
placing the responsibility for control activities and any CO2 leakage onto the storage
provider. The storage directive requires that any incidental leakage is to be compensated by
purchase and surrendering of ETS allowances and that any damages on the environment are
made up for. The directive also states that the storage provider should be hold responsible for
the storage for a period of minimum 20 years after storage closure, and should also cover the
expected cost of monitoring for a period of 30 years.
As for the commercial risks attached to storage problems and variable load challenges are
concerned, it might be suggested that these are issues which ought to be a part of the
negotiations between the storage provider and the owner of the power plant. Although the
storage provider is the only part who can handle the risk mentioned, the cost will most
probably be carried by the owner of the power plant. A worst case may be an unforeseen
problem forcing the storage site to be closed and a new storage site to be developed. Such
development could require several years. Seen from the storage provider’s point of view,
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there should be no reason to accept financial responsibility of any of these risks. Therefore, it
could be suggested that costs involved for any mitigating actions are conveyed to the “owner
of the problem”; the power generator. In this respect, it is likely that the negotiating position
of the storage provider would be that they should be indemnified by the owner of the power
plant at any unforeseen situation, and that the profit of their efforts should be in line with any
other exploration activities of the company. I will maintain that storage activities occupy the
same resources that must compete with other offshore oil & gas exploration activities.
Over time, new business opportunities might evolve. Additional CCS projects might give the
storage provider or pipeline operator scale effects and profit from upfront investments. The
potential for use of CO2 for EOR could be a game-changer in the business model described,
and CO2 could become a valuable good. A storage provider would most probably argue that
such potentials are highly uncertain and may avoid bringing the issues to the negotiating
table. The storage provider could on the other side argue that any CO2 leakage from a
reservoir could harness the general reputation of the oil company, as the storage provider is
likely to be the company focused in media in such instances and not the coal power plant.
In the case that the risks involved are insurable, the risk could be transferred to an insurance
company capable of spreading the risk and thereby reducing the risk for the power company.
In a report from ClimateWise 26 the insurability of risks in European CCS chain is discussed
(ClimateWise, 2012). The report focuses four CCS specific risks, where some are identified
by the EU storage directive. The report concludes amongst other that “For the CCS-specific
liabilities identified by the EU CCS Directive, ‘off the shelf’ insurance solutions do not
exist.” The report also concludes that some innovative insurance product could be developed
but that “some liabilities will remain uninsurable because of their nature”. Some of the
uninsurable risks are considered to be significant.
In total, the storage provider holds significant risk but few drivers to accept the risk, while
the power company is dependent on the available storage sites in the area and the capabilities
and will of the storage provider.

26

Climate Wise is a global insurance industry leadership group to drive action on climate change risk, facilitated by the
Cambridge programme for sustainability leadership.
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6.2.4.4 Key drivers for oil & gas companies in relation to CCS
Oil & gas companies could be expected to have at least three drivers to participate in a CCS
project in Europe beyond any possibilities of EOR:
-

CCS may contribute to significant reduction of CO2 emissions and thereby increase
the value of oil and gas reserves as discussed in chapter 4.2. The assumption is that
without CCS, a strict future environmental regulation would lead to an increased CO2
tax and reduce the value of oil and gas.

-

First mover effect and become an acknowledged storage provider, offering storage
capacities to additional CCS projects and profit from scale effects.

-

Participation in CCS projects could help the oil and gas company to improve own
storage technologies that could be used when CCS becomes a preferred option for
own business

However, oil & gas companies also offer an alternative fuel for power plants than coal.
Increased price of EUAs may make coal less attractive, and therefore improve the relative
market position of natural gas versus coal at least in the short run. This was illustrated in
Figure 33, where a high carbon price led to increased attractiveness of natural gas as a fuel.
The interplay between development of CCS as a cost efficient technology and the
development of the EUA price is complex, and where the causal connection is unclear and
debated. Although the general assumption saying that oil & gas companies would profit
from availability of CCS technology in the long run, the effect depends on uncertain future
climate policies and spill-over effects to other market players holding reserves of hydro
carbons.
The short term incentives related to the first mover effect and technology development are
relevant however limited. A storage provider business will represent a value network closer
to a grid and pipeline companies, having long term assets and profiting from a storage
operation fee. Regarding technology development, oil and gas companies may already have
sufficient technology to store and control CO2, and may anyhow develop more technology
without taking on risk as imposed by the storage directive. It is therefore not obvious that the
oil & gas companies have strong enough drivers to share the risk with coal power
companies.
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In total, it is not evident that the oil & gas industry and power industry have drivers in
common enough to share the risk of developing the CCS technology.

6.2.4.5 Consequences for negotiations and risk distribution
An oil and gas company would most probable chose a strategy based on distributive
bargaining (“fordelingsforhandlinger” (Skjønhals, 2005)), where the basis for negotiation
would be like any other purchase contract. If the negotiation spins out, the pressure would
also increase on the power plant owner. This gives the storage provider a strong bargaining
position during the negotiation process. Since competence of a coal plant owner concerning
storage activities is limited, their ability to control and evaluate the storage providers is also
likely to be limited. Neither a “performance contract” with a fixed price for a certain
achievement nor a “unit price contract” would make any difference for the power company.
A fixed price performance contract where the storage provider should take a major risk
would tend to be very expensive and less desirable for the power company. A unit price
contract on the other hand, where the power company take all risk, would leave few
incentives to the storage provider to drive cost down.
Successful negotiations are dependent on mutual trust. Trust is built over time and is based
on the perception of some common goals. As described above, value network of oil and gas
companies and power companies seems very different. Consequently, a partnership based on
mutual trust will have to gradually develop.

6.2.5 Conclusions
Based on the five forces analysis of the current market position for the coal power industry
(chapter 6.1), I have now discussed potential commercial barriers for the industry to adopt
CCS as a technology to reduce CO2 emissions. The four commercial barriers discussed and
their conclusions are summarised below:
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Issue

Barriers for CCS

The effect of higher
investment costs

High fixed costs may lead
to deferred decisions in
times of commercial
uncertainty
Higher dependency on
operating as a base-load
plant to be competitive
Limited early mover
advantages. Possible first
mover disadvantages due to
free-riders among
competitors, technology
lock-in and public
opposition.
Added complexity to the
business model and
increased commercial risk
as storage provider has
weak incentives to
partnering.

The effect of changed cost
structure
The potential from being an
early mover on CCS

The effect of a new service
provider

Current situation
before CCS is adopted
High exit barriers, low
profitability makes weak
climate for additional
investments
Load-factor is increasingly
becoming challenging
Operating in a mature
industry with low growth
limits the ability to
innovate, general public
perception is low

Well established business
model. Limited experience
with doing business with
petroleum companies

Table 2 – Summary of conclusions from my discussions about commercial barriers

Based on the five forces analysis and the discussions above concerning barriers to adopting
CCS, I propose two main commercial barriers to CCS in the European coal power industry:
First, the general poor investment climate in the coal power industry driven by threats of
substitutes and low market growth. In combination with high exit barriers and the challenge
of not being able to differentiate in the power market, deterioration of profit could increase.
Furthermore, and due to its close similarities, I suggest that the barriers discussed in this
chapter concerning higher fixed costs and a changed cost structure adds on to the more
general challenge of the competitive position of coal power. Secondly; the added complexity
in the business model and increased dependency on another value network with low
incentives to share risk and cost.
Behind both barriers, lie comprehensive uncertainties considering factor prices, expected
growth rates and technology development. The level of cost involved, the long duration of
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assets and politics involved enlarge the barriers beyond what could be found in most other
industries.
Compared to suggestion in the report of Finon (see chapter 5.1.2), the market barriers
defined by me are less focused on the lack of first mover advantages and complexity of the
CCS chain, although I agree to the issues he has raised. My proposal holds the perspective
that most technology development is complex, but occurs in an existing market where risk
may be shared by customers and partners. My suggestion is that the lack of such partners and
an imbalanced power market are a more descriptive for why innovation becomes
challenging, and not the complexity in itself.

6.3 Market failures and policy implications
This chapter will discuss and propose indicative policy implications drawn from the analysis
above and in accordance with theories as described in chapter 5.1. However, the discussions
in this chapter do not contain a complete analysis of the market failures involved, and are
therefore not sufficient to conclude on policies to be decided. As discussed in chapter 5.1.3,
the society is in many ways locked-in by the fossil based energy system which has evolved
over more than a century and may represent the most considerable market failure of all.
Moreover, the government also has to evaluate policies in accordance with the energy
trilemma as discussed in chapter 4.4. My discussions and conclusions below are mainly
focused on summarising the discussion of commercial barriers into a framework of market
failures. The conclusion indicates a way forward meant for further strategic discussions.
In the introduction to this chapter, I will discuss my findings in order to evaluate if these
could be explained as a market failure according to theory. Introducing market regulations is
not dependent on a qualified market failure to be accepted, but the theory concerning market
failures represent a framework for how to analyse market barriers which are well understood
by policy makers. Being able to explain commercial barriers as market failures will increase
the legitimacy for any suggested policy implications. Correspondingly; Being able to
defining a barrier as a market failure does not require any market intervention. The
implications of the market failure, the cost of intervention and the risk of introducing new
failures by regulators must also be considered.
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Based on the analysis of the current coal power market (chapter 6.1), and the analysis of
commercial barriers (chapter 6.2), I suggest the following key issues as candidates for being
market failures which then will be discussed in the end of this section:
Two products: Based on the five forces analysis concerning threat of substitutes, I argue that
intermittent power and flexible power are two distinct different products, but priced similarly
and treated equally. According to theory discussed in chapter 5.1.2, un-priced benefits (also
called public goods) may lead to under-investment of the good as correct price signals is not
given to potential suppliers and may represent a market failure. Flexible power is able to
give an added value to the customer, namely “a kWh delivered whenever the customer
needs” is an un-priced good in the current market. This is important in the case of CCS, as
CCS will not be a viable solution for coal power plants if the coal power is not profitable for
the investor by itself.
Inadequate information: From the discussion considering adoption barriers, I have stressed
the complexity of a CCS investment and possibly beyond what is reasonable to expect to be
held by a power company. According to theory discussed in chapter 5.1.2, complex
investment cases which require significant and precise information and extensive
information processing capability may represent a market failure. The level of the
investment costs involved with CCS, the duration of the assets and the numbers of parties
involved, function as a magnifier of the risk. The information required for which rational
decision would make their decisions are to a large extent non-existent.
Misplaced incentives: Based on the discussion considering adoption barriers and the impact
of a new supplier, I emphasised that the responsibility held by the storage provider is not
properly balanced with the incentives to motivate the storage provider to take on the risk.
According to theory discussed in chapter 5.1.2, a principal-agent problem may occur if the
distribution of risk and cost among the players is not balance according to their incentives to
optimise the overall value of the transaction. The issue may therefore represent a market
failure.
These issues are selected due to their obvious importance in the previous discussions of the
question considering why CCS has not succeeded in Europe. Other and minor issues could
be relevant, but are not included in the further discussions.
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6.3.1 Two products
According to theory discussed in chapter 5.1.2, a market a failure exists if the market fails to
deliver what is expected. To argue that the case described above rests on a market failure, I
therefore need to make probable that treating flexible and intermittent power generation as
one and the same product will result in a situation where the market fails to deliver what the
society needs.
As discussed, there are signs of a dawning underinvestment in flexible power and indications
of overstretched grid systems due to increased share of renewables. However, these
indications are still limited, and the problem is mainly managed by reinforcement of the grid.
In the future, the development could lead to volatile power prices as the grid could be too
constrained and old flexible power generation capacities leave the market. In a worst case
scenario, black-outs could occur.
According to economic theory, the ideal production level or products and services are
regulated by the free market, and price is an important signal needed to adjust production
capacities. Volatile prices could represent a price signal that would result in investments in
more flexible power generation like coal, while innovation of new products may cause
battery technologies to level out high and low peak production of intermittent generation. In
a given situation, where fear of power black-out is prevailing, it could be tempting for a
government to make haste and choose “the right” solution for the future and give specific
incentives to promote investments. Without thorough analysis, such hasted market
intervention may therefore either block innovation or inflict competitive technologies to be
utilised. This I have discussed earlier and named policy failures.
As for the power market, an analysis is needed to find the price changes required to trigger
sufficient investments. If the market is not able to adjust itself fast enough to avoid power
black-outs, it might cause large detrimental effects to the whole economy. Thereby public
intervention might be legitimated.
Such analysis was made by DECC a few years ago. In the white paper presented to the UK
Parliament, arguing for the Electricity Market Reform (EMR), DECC analysed the ability of
the market to ensure security of supply in the future. A basis for their model was the balance
of intermittent and flexible power generation in UK, as discussed above. Their modelling
concluded:
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Our latest modelling of the future electricity system suggests that over the medium to
longer term, investment in generation will not be sufficient to avoid potentially
difficult levels of energy unserved. Even without market failures, de-rated capacity
margins are expected to fall below five per cent in some years, increasing the
likelihood of black outs. (DECC, 2011a)
Further, the report argued for three market failures in the electricity market that could
exacerbate the risk described. These are: 1) “reliability [of the power system] is a public
good [that] consumers cannot buy [..] for themselves without providing it for everyone else”,
2) “there are barriers to entry in the wholesale market” and 3) “prices in the electricity
market may not send the correct signals to ensure optimal security of supply” (DECC,
2011a). Amongst other, DECC has proposed to introducing a capacity mechanism in the
power market to relieve some of this challenge. The market situation in the UK power
market and the analysis from DECC, are similar to what is observed in other major European
power markets.
This analysis supports my suggestion above. As only power is priced in the power market,
and reliability is not priced, the latter will not be incentivised in the market and will suffer
from under-investments. Coal power plants are one of the flexible power generation
technologies which could offer reliability if properly incentivised. Deterioration of profit for
coal power plant owners will, as discussed in earlier, reduce the investor’s ability to invest in
measures like CCS.

6.3.2 Inadequate information
As described earlier, CCS realisation is dependent on available technologies for CO2 capture,
a transport system for CO2 and a storage site. For the entire chain to operate, a number of
other complementary services must also be in place, such as regulations from the authorities,
standards, practices used by insurance companies etc. CCS realisation therefore depends on
the availability of many complementary markets. Since there is yet not developed any CCSfacilities for power plants in Europe, some of these markets do not exist or lack information
and experience to develop. For transport and storage, large investments are required in order
to establish adequate capacities. In addition, thorough coordination of the CCS chain is vital
as pipelines and storage are dependent on specific localisations, specific volumes and
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specific characterisations of the CO2 to be stored. The lack of flexibility in a CCS chain
compared to standard industrial products (like e.g. cement, which may be intermediately
stored and easily relocated), creates stiffness in the system requiring a high degree of
capacity and operational planning.
A relevant report issued by IEA considering policy strategies for CCS, discusses the same
issue. The reports points out the need for a coordinated planning of CCS infrastructure to
ensure adequate information for investment decisions in supplying sufficient capacities. In
this context, infrastructure mainly refers to a network of transportation and storage of CO2.
The report argues that lack of such complementary markets is a market failure that requires
public intervention (IEA, 2012a).
From the discussion concerning Schumpeter and innovation in chapter 5.2, innovation may
be a result of new needs that will contribute to open new markets. Therefore, a market for
CO2 storage should be expected to develop as the need for the service grows. On the other
hand, and in accordance with discussions in chapter 5.1.1 considering how rational investors
form their decision, large and long-term investment is particularly sensitive to uncertainty:
The higher the uncertainty, the higher the discount rate, the lower the value of future
revenues and the higher the price is required by the investor.
According to Christensen his theories indicates that new products could develop in small and
poorly served market niches (chapter 5.2.3) where customers have special requirements and
competitors are absent. And further, utilising the proposal from Afuah and Utterback for
companies in the phase of discontinuity: ”A firm can also identify lead users that will be
helpful in the product development of the fluid phase and try to work out joint
developments.” (Afuah & Utterback, 1997, p. 194) Such joint development may contribute
to accumulate learning for both parties and prepare for the next scale-up of the technology.
The ambition of 10-12 demonstration projects in EU must be understood as a way to
motivate for such joint development.
As discussed in chapter 5.1.7, learning from the past shows significant risk of cost overruns
at early demonstration of new, large and complex technologies (IEA GHG, 2006). The
earliest demonstration facilities are likely to be expensive but learning-by-doing may drive
costs down over time. As there are still no CCS projects related to a power plant in
operation, early demonstration of complete CCS chains is important. Further; as there are
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significant spill-over effects related to (as discussed in chapter 6.2.3), public incentives to
support early demonstration would make important impact to the speed of deployment.
Based on the discussion above, my conclusion is that realising a CCS chain will depend on
significant coordination requirements and detailed information which does not exists. The
size of the investment required, the number of parties involved, the lack of incentives for the
market players, represents conditions considerably increasing the uncertainty involved. It is
likely that lack of proper and adequate information in the case of CCS has detrimental
impact on investment decisions and therefore represents a market failure.

6.3.3 Misplaced incentives for storage
According to theory considering misplaced incentives discussed in chapter 5.1.2, the
principal-agent problem might occur if the distribution of risk among the players is not
promoting optimisation of the overall value of the transaction.
In current market setup, the cost burden of the CCS chain effectively rests on the power
plant owner in accordance with the polluter pays principle. Even if the EU storage directive
directs liability for any leakage from CO2 storage to a storage provider, commercial
arrangement between the parties will anyhow redirect all costs to the power plant owner.
This issue was thoroughly discussed in chapter 6.2.4.
The concerns related to the EU storage directive, especially from the oil and gas industry
have been clear since issued in 2009. ZEP issued in 2010 its Strategic Deployment
Document discussing the requirement for further deployment of CCS. Related to storage
directive, the report states that some of the provisions “impose unbearable uncertainties and
risks on the storage operator and, if implemented, are likely to represent a show-stopper to
the development of CCS within the EU.” (ZEP, 2010).
At a first glance, this argument could be difficult to understand, as underground risk
management and optimisation is the core business of the oil and gas industry. No other
industry should therefore be better prepared to bear such risk. From microeconomic theory
one can conclude that companies may take on a risk when it represents an opportunity, and
when the business is set up to manage the risk. I will in the following discuss business
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opportunities for the oil and gas industry and their implications for the industry’s support to
CCS.
Additional commercial drivers for oil and gas companies as mentioned on page 107 are
considered as minor and will not be discussed here.

6.3.3.1 Learning from North America
As discussed in chapter 4.3.2, CCS projects in North America are driven by a desire to
increase the recovery rate of the oil field, EOR, and not by the need to get rid of CO2. The
incentives then lie at the storage site rather than at the polluter. There are no EU storage
directive parallels, but the oil company has certain drivers to avoid leakage as CO2 is
perceived as a valuable input factor. On the other hand the polluter becomes a holder of an
asset that once was worthless, but now has obtained a certain value.
This description clearly shows how a reversed CO2 chain driven by commercial
opportunities changes the perception of risk. From this I draw that risk management related
to CO2 leakage is doable for oil and gas companies. In Europe, The potential for EOR is
currently perceived as low, and is therefore not included in my work.

6.3.3.2 Safeguarding the value of proven reserves
According to the assumption stated by IEA and as discussed in chapter 4.3.5, owners of
reserves of hydrocarbon could have a long term economic interest in developing CCS. A
study by HSBC, based on open information, analysed the position of the individual oil and
gas companies in this respect. The report analysed the market value impact of the largest oil
and gas companies given a global ambition to meet the 2°C target. The main idea in the
report was in accordance with the IEA argument mentioned above, that fossil fuel may
become “unburnable” if the CO2 emission is to be restricted. In such a case, the proven
reserves of oil and gas could become worthless, and the base for valuation of an oil and gas
company will vanish. Their conclusion was that between 1 % and 17 % of the market value
of the companies would be lost (HSBC, 2013).
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Utilising CCS could increase the burnable share of oil and gas reserves as CO2 is captured,
and the oil and gas industry could therefore profit from investing in CCS and hence secure
the value of their business. Each ton of CO2 captured and stored by CCS, would make room
for another 2.5 barrel of oil explored and burned (source: EPA.GOV). With the current price
of a barrel of oil at $ 100, an oil producer could achieve a maximum value of CCS at some $
250 deducted by production costs.
However, such benefits are hard to capture for one company alone. CCS supported by one
oil company will make room for any fossil fuel explored and burned, also coal. Therefore,
the value of CCS as explained here will become a spill-over effect to the whole industry and
to owners of all type of hydro carbon reserves. As coal is the most abundant fossil fuel
available, owners of coal are therefore likely to be the part to profiting from CCS.
As discussed in chapter 4.3.5, ownership or rights for utilisation of hydro carbons are mainly
controlled by government-owned companies. In a long term perspective, governments have
an even larger control of potential undiscovered hydro carbon reserves through permitting
processes related to applications for exploration of natural resources. In most countries,
except the US and Canada, subsurface ownership to natural resources is held by the state.
Somewhat, this perspective closes the entire circle; The costs of global warming devolve
upon future generations, and the value of fossil fuel devolves to the state which is capable of
serving our descendants.

6.3.3.3 Summing up
The setup of responsibilities between an emitter and a storage provider could imply a
principal-agent market failure given that these are two independent entities, and that the
storage provider has no incentives to accept the risk imposed by public regulations. As the
storage provider (the agent) has no other business opportunities, it is likely to be risk-averse
in the partnership with the emitter (the principal). Over time this could change as a CO2
storage market eventually develops and becomes a competitive market with diverse market
players.
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Consequently, I claim that in absence of a market for CO2 storage and where the storage
provider has few own incentives to reduce cost or risk of develop storage, then the market
fails to achieve a Pareto optimum. This may therefore be considered as a market failure.

6.3.4 Policy implications
My discussions indicates that CCS for the coal power industry suffers from a market failure
when 1) the value of flexible power is not priced, 2) CCS investments decisions are delayed
due to its complexity and lack of reliable information, and finally 3) lack of a market for CO2
storage in combination with misplaced incentives that effectively obstructs development of a
storage. My suggestion is that policies are developed to adjust for these market failures.
Theories considering how market failures could be corrected were discussed in chapter 5.1.6
and 5.1.7. My discussions focused on push and pull policies to spur innovation and to
balance the entire innovation system. To reduce pollution, I discussed amongst other
technology neutral versus prescriptive policies. Further, I discussed the general view of
economists claiming that a technology neutral regulation would be preferred to a prescriptive
regulation to in order to avoid picking winners and hinder free innovation of technologies to
take place. I also annotated the polluter pays principle as is basis for environmental
regulations in Europe.
Current EU policies related to CCS are primarily founded on the ETS, and the NER300
mechanism. The NER300 mechanism addresses the market failure related to complexity and
lack of reliable information as it relieves early adapters of CCS for some of its extra cost
burden. The purpose of ETS, on the other hand, is to contribute to long term price signals for
CO2 emissions. Both incentives are considered appropriate, but not effective in the current
state as commented amongst other by ZEP (ZEP, 2013a). The critique primarily points on
the level of support, which in general is too low.
The UK government is currently working on the Electricity Market Reform (EMR), with an
intention to correct for several market barriers to CCS (DECC, 2012a) and strengthen the
current incentives for amongst other CCS. Four measures are of special interest:
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-

Feed-in Tariffs, effectively securing a minimum price for electricity generated by
power plants with CCS.

-

Emissions Performance Standard (EPS) – a maximum level CO2 emission allowed
per kWh produced from new power plants. To comply with the standard, CCS will
be required for all new coal power plants

-

Capacity agreements – Separate commercial agreement with power producers who
may guarantee a power generation capacity to be available when needed

-

The Carbon Price Floor – a guaranteed minimum price for an EUA which will give
increased certainty considering the cost of emitting CO2 in the future. (The price
floor is suggested to increase year by year and reach £70 in 2030)

The measures proposed in the EMR address the market failure concerning pricing of flexible
power and delayed CCS investments as described above. Commercial capacity agreements
would effectively value the option represented by flexible power generators, and thereby
improve the investment climate building up capacities for amongst other coal power plants.
The other three measures outlined from the EMR, may improve the long term viability of
CCS utilised on a power plant and reduce the competition from unabated coal power as CCS
will be required for new coal plants.
According to my interpretation, the first two market failures defined above (pricing of
flexible power generation and delayed CCS investments) seem appropriately corrected by
the current measures (ETS and NER300) and strengthened by the proposal from EMR.
However, none of these measures addresses the market failure related to lack of markets for
CO2 storage. Among key stakeholders, two different perspectives have been raised for how a
market for CO2 storage could develop; Either through direct governmental interventions, or
through financial incentives. Some proposals representing these two strategies will be
discussed in the following.

6.3.4.1 Direct interventions
In 2005, the Norwegian based environmental organisation Bellona proposed a specific
business model to boost development of CO2 storage (Jacobsen, Hauge, Holm, &
Kristiansen, 2005). The idea presented in the report is to create a value chain for CO2
through a state owned company established to buy CO2 from available emission points and
MTM

Ståle Aakenes

Page 119

Commercial barriers to implementation of CCS in Europe
store CO2 on the Norwegian continental shelf. The real commercial potential was expected
to be generated from EOR, which in 2005 was perceived to be huge. The main barrier for oil
and gas industry to utilise CO2 for EOR was claimed to be lack of CO2. On the other hand, if
CO2 become available, demand for CO2 to EOR is supposed to increase and the Norwegian
state may profit from for high tax revenues.
The basic idea of Bellona could be a viable way for the public to intervene in the market and
create a market where none exists, even if the possibility for EOR is neglected. As long as
the climate is a public good, it makes sense to ensure availability to the public good through
creating a market with public money. However, it brakes with the polluter pays principle,
and underpins a view where the polluter has a right to pollute while subsidies are utilised to
make it more attractive not to pollute (also discussed by Kolstad and referred in chapter
5.1.4).
In 2013, ZEP published a report focusing on the need for early development of CCS
infrastructure (transport and storage), ahead of any capture plant, in order to support widescale deployment of CCS before 2035 (ZEP, 2013b). The report included four strategic
recommendations, one of these where specifically focusing on supporting “development of
CO2 infrastructure [..] in its own right, i.e. the funding instrument should not be tied to the
identity of any given capture plant. However, tying funding to specific storage site(s) should
be considered.” Thereby, the recommendation suggests starting the development of the CCS
chain at the storage site, and not at the source of CO2 emission.
The proposal has some parallels to the proposal of Bellona from 2005, as the government
will be instrumental to start development of specific sites. Implicitly, the government will
then be responsible for risk involved if the storage capacity developed are not utilised. On
the other hand, government also holds a significant upside of realising CCS and may
therefore be willing to take on the risk involved.

6.3.4.2 Financial incentives
In 2013, the EU Commission issued a consultative document “on the Future of Carbon
Capture and Storage in Europe” (European Commission, 2013c). The document summarizes
the current situation for CCS development in Europe and discusses some options to promote
improved progress to achieve timely demonstration and deployment of the technology.
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One of the options introduced in the document is a so-called “CCS certificate system”. The
system is outlined as a mandatory system where both CO2 polluters and suppliers of fossil
fuel are obliged to purchase certificates representing their actual or imbedded CO2 emission
based on the carbon content of the fuel traded. The intention is to enable the market players
to form a Dutch treat for CCS and exchange the certificate to the oil and gas industry which
is perceived as capable of ensuring permanent CO2 storage.
I use this example, not due to its design of a certificate system, but due to its basic principle
which includes an imposition forcing both the emitter and the owner of fossil fuel to
contribute to CCS. This could therefore be understood as an extension of the polluter pays
principle to include also the part profiting from fossil fuel. I suggest defining this as the
profiteer pays principle.
The proposal is currently being discussed broadly in the public domain, and some
stakeholders have argued for the CCS certificate system, amongst them ZEP (ZEP, 2013a)
and some environmental groups (Bellona, 2013; ZERO, 2013). Further discussions are
expected in the months to come.

6.3.4.3 Summing up
By strengthening current policies promoting CCS with the principles as defined by the UK
EMR, two of the three market failures defined are likely to be corrected. To be able to
correct the market failure represented by the lack of a market for CO2 storage, relevant
feasible measures have been proposed. Based on the discussion, I have defined the profiteer
pays principle, which I suggest being considered in further policy discussions.
The principle may be a supplement to the current policies and may be introduced either
through prescriptive policies or financial incentives. Prescriptive policies may increase the
risk of choosing unsuitable storage sites, while financial instruments would strike the coal
and the oil and gas industries, making these jointly responsible to take part in the
development of CCS.
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7 Conclusions
7.1 The results from my work
My research questions were as follows:
What are the key commercial barriers to CCS in the European coal power industry?
What are the implications for future CCS policies?
Based on my discussions, I propose that the key commercial barriers to CCS in Europe are
as follow: Firstly, there is a general poor investment climate in the coal power industry due
to threats of substitutes and low market growth. In combination with high exit barriers and
the challenge of not being able to differentiate their product in the power market,
deterioration of profit is likely and larger investments become less attractive. As CCS
implies higher fixed costs and will increase the dependency of base-load operation,
investment in CCS is not likely to improve the competitive position of coal power. Secondly;
CCS will add complexity to the business model. An increased dependency of the oil and gas
industry with limited or no own incentives to share risk will delay development of feasible
CO2 storages. Furthermore, uncertainties considering future development of the energy
sector, the level of cost involved, and the long duration of assets may enlarge the barriers
beyond what might be found in most other industries. The absence of early mover
advantages in the value chain reduces the opportunities for cost sharing or risk relief, which
makes deployment of CCS even more demanding.
Based on my discussions considering present market failures which obstruct deployment of
CCS, I have suggested the following possible implications for future policies to promote
CCS: Firstly; Current policies focusing on ETS and a capital grant scheme to support early
demonstration of CCS ought to continue and be strengthened. Secondly; Capacity markets
and long term predictable regulations for the power market in line with the UK Electricity
Market Reform ought to be developed and implemented also in the EU. Thirdly; I
recommend that the market for CO2 storage should be strongly incentivised. I challenge the
polluter pays principle as the sole principle incentivising CCS deployment, and suggest the
profiteer pays principle to be considered. The principle implies that companies and nations
profiting from exploration of fossil fuels also should be incentivised to promote storage
development to promote deployment of CCS.
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7.2 Criticism and further work
In writing this thesis, my starting point was the view that commercial aspects obstructing
CCS has not yet been thoroughly analysed. Thereby, the barriers to implementation of CCS
are not fully understood. I was aware of having selected a complex subject, and by choosing
a broad view I might end up “scratching the surface” of the problem. My strategy was to
employ the five forces framework to structure my analysis, deploying evolutionary theories
of innovation to identify possible market barriers and make use of open reports as input to
my discussions. Thereby I may view the challenges through a structured “lens” being able to
obtain a more holistic view.
Through my work, I have found a large volume of relevant reports related to the question
considering barriers to deployment of CCS, and my conclusions are mainly in line with
conclusions from these reports. My contribution has been structuring the issues differently in
order to observe the challenge in a commercial perspective. My most interesting learning
was obtained when viewing a storage provider as a supplier of storage, rather than a recipient
of CO2 encumbered with some costs. When addressing “the value of the storage” rather than
“the cost of the storage”, the importance of storage changed in my view.
After finalising my work, the complexity of the chosen subject appears at least as
overwhelming as I feared. I have consulted a number of open reports but I realise that my
pre-understanding possibly has led my attention to the issues I have been most concerned
about. Employing evolutionary theories of innovation on a market “infected” by regulations
has not been easy. On the other hand, the theories have helped me understand what might be
lacking for the market to propel development of CCS. Further, compared to other
technologies discussed in literature of innovation, electricity is atypical due to its virtual
character. Electricity is like a public good which everyone has a right to access.
For further work I would suggest investigation concerning the market setups encouraging
deployment of CCS. CCS is a new piece in the puzzle we call our fossil based energy
system, and which creates new linkages and will result in large transfer of values. Big money
is involved, big losses may occur. If CCS is to fit in, some of the other pieces must be
adjusted, and the interplay in the market has to change. My question would then be; Which
measures should be chosen to encourage the owners of fossil fuel to constructively
participate in the energy transformation essential to spare our world?
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Epilogue

Climate change does not occur because of today’s burning of coal, oil and gas. It occurs
because our forefathers have burnt fossil fuels for more than two centuries without
understanding the consequences, because we have inherited a carbon locked-in society based
on physical infrastructure and an unsustainable mind-set, and because we have established
business practices and political systems preventing us from making the right decisions for
our unborn grandchildren. Maybe we could be inspired from the Great Binding Law, the
Constitution of the Iroquois Nations.
The title of my thesis “From moon-walking towards moon-landing?” calls attention to our
struggle which has not given us the outcome we aimed for – at least so far. The metaphor of
the Norwegian prime ministers Stoltenberg on New Year’s Day in 2007, where CCS was
compared with a moon landing, has been criticised. Still, the metaphor reminds us on the
size of the challenges we are facing. It also emphasises the importance of lifting our heads,
looking beyond the narrow problems of today in searching for the solutions for tomorrow.
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Appendix A
Cost of electricity produced
In one case, I have included own analysis of cost of CCS and electricity. The numbers used
are based on data from the IEA publication “Projected Costs of Generating Electricity” from
2010, table 6.1 (IEA, 2010). Although technology brings costs down over time, fuel prices
are volatile, and dependent on regional conditions and quality, I find these numbers
representative to exemplify key points in my thesis. The data is reproduced in Table 3.

Table 3 - Cost data for electricity production – median case (IEA, 2010).
Cost of CCS retrofitted on an existing coal power plant is not included and is
generally expected to be significant higher due to higher integration costs and
increased energy losses.

The data from IEA is based on reported costs from the member states, in this context IEA
states the following regarding the reliability of the data:
It should be noted however that the EGC [EGC = Electricity Generating Costs]
database is not a statistical sample; for example, there is a large amount of data from
certain countries, such as Australia or the Czech Republic. On the other hand, current
cost conditions in key markets, namely for renewable technologies, are not included
in the EGC database as the respective countries did not report any data to the study,
this way over-representing smaller markets.(IEA, 2010, p. 101)
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This illustrates the challenge of finding “correct data”, but as the numbers is only meant for
exemplification, I would consider these numbers as relevant. Considering the basis for the
coal power and CCS costs, IEA has not included the cost of transport and storage and states
further:
Of the 22 plants used for calculating the median case for supercritical and ultrasupercritical coal-fired power plants (both black and brown), 8 are thus from
Australia. Of the 8 plants used to calculate the median value for coal-fired power
plants with carbon capture equipment, 4 are from Australia. This over-representation
of Australia, which has the lowest reported coal prices of all OECD countries, also
explains the otherwise counterintuitive result that the median fuel cost for coalfired power generation with CC(S) is lower than for coal-fired power generation
without CC(S) despite sensibly lower conversion efficiency. In general, data for
the costs of coal generation with carbon capture is more uncertain (with both upside
and downside risks) than that for other technologies due to the fact that this new
technology has not yet been deployed on an industrial scale. (My emphasis) (IEA,
2010, p. 101)
Based on the comment, I have therefore adjusted the cost of fuel for coal power plants with
CCS, to be in accordance with coal without CCS, adjusted for a lower efficiency. Other key
assumptions I have employed are:
-

Cost of capital: 8 %, as was also used in the ZEP cost report (ZEP, 2011)

-

Cost of carbon: $ 54 per ton (€ 37), as is in the range of what was concluded in the
ZEP cost report as a “break even” CO2 price to make CCS commercially feasible, but
significant below the suggested carbon price floor suggested by the UK electricity
market reform for 2030 - £ 70.

-

Capital cost for transport & storage added: $ 371 million (€ 254 million), as was
estimated in the ZEP cost report for a small sized single solution at medium cost and
onshore storage in a saline aquifer.

-

No start / stop costs included

Numbers used in my examples are shown in Table 4:
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Capacity (MW)
Emission gram CO2 / kWh
Overnight Cost ($/kW)
O&M ($/MWH)
Fuel Cost ($/MWH)
Expected lifetime (years)

Nuclear
Gas (CCGT)
1 400
480
350
4 101,51
1 068,97
14,74
4,48
9,33
61,12
80
30

Hard Coal Coal w/CCS Coal w/CCS
(90%)
EPS: 450 g
(USC)
750
474
949
800
80
450
2 133,49
4 620,28
4 228,89
6,02
13,61
9,70
18,21
21,51
19,81
40
40
40

Table 4 – Summarisation of costs and assumptions used in the thesis

These assumptions leads to a levelised cost of electricity (LCOE) of $50 per MWh for a coal
plant without CCS and $90 for a plant without CCS assuming 8% discount rate and no CO2
tax, a cost increase of appx. 80%.
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