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I 

Summary 

To avoid severe anthropogenic climate change (caused by the emission of greenhouse gases such as 

CO2) structural reformation of the electricity generation system is necessary. One of the promised 

methods of providing substantial carbon abatement is ‘carbon capture and storage’ – CCS for short. 

This set of technologies facilitates the sequestration of carbon dioxide from large point sources to 

underground sinks in the form of saline aquifers or depleted gas or oil fields. Although CCS is not a 

true sustainable form of electricity generation by itself, it is said to “buy time” in order to facilitate a 

transformation into a truly sustainable energy system. 

Three main strategies exist for CO2 removal in power plant set-ups; post-combustion, pre-

combustion and oxy-combustion capturing. In post-combustion configurations, the CO2 is removed 

from the flue gas after combustion through a chemical separation process. Oxy-combustion is the 

set-up in which the fuel is combusted with a mixture of oxygen and CO2 instead of air. This way, the 

flue gas consists predominantly of CO2 and vaporized water, which can be easily separated through 

condensation. Both methods can be applied to conventional gas or coal power plants. In the third 

system - pre-combustion capturing - the fuel first needs to be reformed to a syngas comprising of 

CO2 and hydrogen. After separation of the CO2 the hydrogen can be combusted or used in fuel cells. 

Pre-combustion is applicable in coal gasification (IGCC) plants. All three methods have their own 

advantages and drawbacks but they have one thing in common: through the substantial efficiency 

loss they impose on a power plant, fuel requirements increase radically, resulting in high operational 

costs. This is the main barrier to implementation of CCS technology. 

In this thesis the conditions under which CCS can be deployed are investigated. One important 

determinant of CCS deployment is the price of CO2 emission permits. If these prices become high 

enough, electricity producers will be stimulated to switch to low-carbon generation options such as 

CCS equipped plants. Another influence on the capture costs are learning effects as a result of 

investments in CCS or related technologies. The learning potential of the different methods of 

carbon capturing is looked into through the use of learning curves, which describe the relation 

between cumulative installed capacities and cost reductions. 

The influence of both factors are examined in a bottom-up model representing the electricity 

production system of Belgium, Denmark, Germany, France, The Netherlands, Poland and the United 

Kingdom. The phase-out of current electricity production stock is investigated along with projected 

demand patterns, in order to determine necessary future investments in fossil fuel generation 

capacity. Two types of path dependency are accounted for; one is the difficulty to change course 
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from existing infrastructure, the other form of path dependency results from learning effects that 

can reinforce deployment patterns, potentially causing lock-ins in conventional technology. 

The research suggests that under currently expected fuel and emission price developments, CCS will 

in all probability not become a cost-effective technology. It is therefore unlikely that widespread 

deployment of CCS technologies will take place without any additional stimuli. 

The most promising CCS methodology is pre-combustion capturing from coal gasification plants, 

since its expected learning effects are highest. It is a relatively new technology, and can benefit from 

learning spillovers from a large number of related technologies. Still, without high emission prices 

and active deployment stimuli, pre-combustion capturing will not become a cost-effective option. 

The findings suggest that only after substantial investments enough learning capacity is reached so it 

can surpass conventional power generation options in terms of low cost electricity generation. The 

fact that it does surpass these older technologies, but only after substantial stimulation, clearly 

illustrates the lock-in phenomena that hinder technological transitions. 

The final main finding regards the timing of investments in CCS. If a choice is made to invest in this 

technology, it is advisable to do this rather sooner than later. There are two reasons for this. One is 

that in the coming decade, the bulk of investments in power plants for the next 40 years will be 

made. It is less expensive and more efficient to build new power plants equipped with CCS rather 

than retrofitting them later on. Furthermore, fuel costs make up a relatively large share in additional 

costs for carbon capturing. Since fuel costs are expected to rise throughout the coming years, it will 

become increasingly difficult to switch to CCS technologies. 
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1 Introduction 

1.1 The carbon capture and storage chain 

The worldwide electricity production system is in need of a change. Fossil fuels are the dominant 

source of energy utilized in the world (86%), and account for about 75% of current manmade CO2 

emissions (IPCC, 2005). It is now widely acknowledged that the emissions of this greenhouse gas 

should be cut down substantially in order to avoid severe climate change. Since the Framework 

Convention on Climate Change in 1992, nations have committed to stabilize and then reduce 

emissions of greenhouse gases, which would otherwise continue to build up in the atmosphere. In 

1997 at the Kyoto conference these international efforts resulted in the proposed setting of legally 

binding reduction targets. However, nations have taken limited steps to reduce emissions since the 

first agreement at Kyoto and little progress was made at the Copenhagen meeting in December 2009 

(Nordhaus, 2010). There are still significant economic and technological issues that hinder the 

transition to a ‘green’ energy system. Carbon capture and storage is one of the approaches 

suggested in order to facilitate this transition. 

Carbon capture and storage - CCS for short - is a set of technologies built for the sequestration of 

CO2 from a source to an underground sink, in order to prevent atmospheric emissions. CCS is 

generally aimed at large point sources; fossil fuel power plants and large industrial processes. 

Carbon capturing from the atmosphere, mobile and small scale sources is theoretically possible but 

at present not yet technologically and economically feasible. When conventional coal or gas power 

stations deploy CCS equipment, up to 95% of their produced CO2 can be captured and sequestrated. 

This way, CCS promises to enable low-emissions fossil fuel power stations. It can be seen as an 

incremental innovation, causing a change within an existing system without jeopardizing its overall 

structure. CCS is therefore considered as an option that “buys time” for radical restructuring of the 

energy system, as it provides time for sustainable generation technologies to reach technological  

 

 

Figure 1: CCS process overview (CO2CRC, 2009) Figure 2: CO2 emissions by sector, EU-27, 2008 (data: Eurostat, 2010) 
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maturity (Praetorius & Schumacher, 2009). Even if the CO2 is not stored indefinitely, postponing 

emissions has a value in itself. By changing the emissions from a short term, high volume burst to a 

slow and steady release pattern, nature might have time to adopt to CO2 emissions - thus decreasing 

potential harm (Praetorius et al., 2009). 

CCS is not a single technology but a system of interconnected parts (for capture, transport and 

storage), each of which can be implemented in various ways. Three main strategies apply when it 

comes to capturing CO2 from its sources; post-combustion, pre-combustion and oxy-combustion 

capturing. In post-combustion settings, CO2 is separated chemically from the flue gasses produced 

by the combustion of fossil fuels with air. This type of capturing can be applied in conventional coal 

and gas power plants, as well as in industrial processes such as the production of steel and cement. 

In order to facilitate pre-combustion capturing, fossil fuels need to be reformed into a synthesis gas 

consisting (mainly) of hydrogen and CO2. This way, the CO2 can be removed before the hydrogen is 

combusted. This strategy is particularly used in coal gasification (IGCC) power plants. In the third 

strategy, fossil fuels are combusted with nearly pure oxygen, instead of air. This way the flue gas 

primarily consists of CO2 and water vapour, allowing to create a pure stream of CO2 by condensation 

of the water. All three strategies have one thing in common; it takes a large amount of energy to run 

these processes. This implies lower efficiencies, higher fuel use to and therefore significantly higher 

costs of electricity generation. 

The produced CO2 from either of these processes can be transported to a sink by truck, boat or 

pipeline; the last of which is most suitable for large scale sequestration. Possible places for storage 

include depleted oil and gas field, deep saline aquifers and coal seams. Underground storage of CO2 

has been applied for at least 50 years and was developed in order to facilitate the extraction of 

certain hard to reach oil fields (enhanced oil recovery, EOR). This use of carbon storage was however 

not strictly concerned with issues of long-term security. Leakage from sinks is still a primary concern 

for employing CCS on a wide scale. Pilot projects and modelling studies suggest nonetheless that 

ample capacity exists in which CO2 can be safely stored over a long time, with leakage of less than 

1% in a period of 1000 years (IPCC, 2005). For instance, in Germany it is estimated that all emissions 

from power generation (ca. 320 MT per year) can be stored for a period of 80 to 150 years 

(Christensen and Holloway, 2004). 

At present time carbon capturing has not seen widespread application in electricity production yet. 

Only small scale pilot plants have been realized so far, but a number of full-sized projects are 

commissioned to be built in the next five years, for instance Nuon Magnum at the Eemshaven in The 

Netherlands, four plants in the UK and one in Germany (for overviews see: Bellona, 2010; MIT, 
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2010). Still, significant barriers to further deployment remain, both technological and economical. 

Apart from the concerns on storage, there are questions on the capture side as well. Most of the 

components in CCS have been applied in other industrial settings, but their combination is often 

novel. This causes uncertainties on power plant availability and lifetime. The most substantial barrier 

to deployment however, is the costliness of the technology. 

At this moment, CCS is far from being cost-competitive in comparison with conventional power 

generation technologies. Extra R&D investments and deployment stimuli are needed in order to 

drive down CCS costs. Choosing to invest in CCS most likely means diverting funding from other 

(sustainable) energy technologies and it is often debated whether this is desirable. More research is 

necessary to determine the likely expected costs and benefits of carbon capture technology. 

Hopefully this thesis can play a small part in answering these questions. 

1.2 Thesis overview 

The ‘clarity’ referred to in the title of this thesis not only hints at a possible cleaner environment. 

Clear skies also imply being able to look into the distance, and this will be the second theme of this 

thesis. In order to properly assess the costs and benefits of a technology (and energy technologies in 

particular, with life spans of several decades) it is necessary to take a look into the future. But how 

can this be done? How can changes in technology characteristics over time be properly accounted 

for? And when we identify the determinants of the rate and direction of technological change, can 

these be influenced by public policy? A growing body of literature is build around studies of such 

(induced) technological change. 

One of the ways of modelling changes in technology is through the use of learning curves, based on 

the notion of learning by doing as suggested by Kenneth Arrow (1962). Learning by doing is the 

economic formulation of the old adage ‘practice makes perfect’. The more you do something (like, 

for instance, installing CCS equipped power plants), the more effectively you will learn to do so. In 

other words, increases in cumulative installed capacity of a technology drives down its marginal 

costs. 

This thesis will investigate the potential deployment of CCS technology in the northwest European 

electricity generation sector. What are the conditions under which CCS technology will be deployed? 

To what extent will learning-by-doing effects drive down the costs of CCS technologies, and can 

these become cost-competitive with conventional power plants? These will be the main research 

questions addressed in this study. Furthermore, the estimated levels of CO2 emission prices are 

looked into. Will these be high enough to successfully stimulate CCS deployment?  
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These questions will be evaluated through the use of a ‘bottom-up’ model of the energy system of 

Belgium, Denmark, Germany, France, The Netherlands, Poland and the UK. The phase-out of current 

electricity production stock will be investigated along with projected demand patterns, in order to 

determine necessary future investments in fossil fuel generation capacity. Subsequently, this thesis 

will reflect on the use of such models. How can models used for policy evaluation better capture 

empirical phenomena, and how can empirical research better address the needs of models used for 

policy evaluation? 

The next chapter will discuss the theoretical backgrounds of modelling induced technical change in 

economic models for climate policy analysis. In chapter three an overview is presented of the main 

technologies involved in the carbon capturing process; describing their strengths and weaknesses, 

current characteristics and possible development paths. Chapter four describes the workings of the 

model and the data used to feed the model. The outcomes of the analysis are presented in chapter 

five, on the basis of which conclusions are drawn in chapter six. The report closes with a number of 

suggestions for further research. 

This thesis was written after an internship at TNO, where I got the chance to be part of ‘ECCO’ - a 

research project on the creation of CO2 value chains, under the 7th European Framework Programme 

(ECCO, 2010). I am grateful to my colleagues at TNO and other project partners for sharing their 

knowledge and refreshing insights – for this, a word of thanks goes out to Christian Bos in particular. 

In addition, a big “thank you” is in place for my thesis supervisors at TU/e, Koen Frenken and Geert 

Verbong. Their valuable feedback and support was highly appreciated. 
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2 Literature Review 

2.1 Induced technological change 

Technological progress is the main driver of increasing productivity and therefore often of economic 

growth. Understanding technological change is of vital importance in the modelling of economic 

systems and to inform policy making in technology centred areas. Since the mid 1950s (with the 

emergence of neoclassical growth models) economists have attempted to measure the relation 

between economic growth and technological development. Initially this relation was seen merely as 

a contribution of technological change to economic growth. In this view, sciences and technology 

advance autonomously, resulting in economic opportunities. Entrepreneurs exploit such 

opportunities by investing in new technologies, hence changing the technological landscape and 

driving economic growth. The focus of economic research has been on assessing the consequences 

of TC, not on its determinants (Thirtle & Ruttan, 1987). 

During the following decades this 'technology push' approach was juxtaposed by a 'demand pull' 

view of technological change. Here, the rate and direction of technological change is dictated by 

market conditions and expectations, instead of following the 'internal logic' of scientific 

advancements. Demand guides firms to work on certain problems, for instance through shifts in 

relative factor prices and the rate of capital investments. From the demand pull view of 

technological change follows the induced technological change hypothesis; the notion that public 

policy can steer investments (and consequently, improvements) in technologies by shaping the 

markets for them. Thirtle & Ruttan (1987) provide an extensive overview of the different lines of 

thought that lead up to this stance, and of the debate between both camps ever since.  

This long standing dispute over the nature and determinants of technological change can be 

attributed to the broad possible meanings of the term ‘demand’ (Nemet, 2009). Because of an initial 

lack of rigor in defining this concept and its quantifiers, the concept was perceived as too broad to 

be useful (Mowery & Rosenberg, 1979). Another point of criticism was the fact that demand-pull 

explains incremental innovations far better than discontinuous change, so it fails to account for the 

most important innovations (Mowery & Rosenberg, 1979).  

Despite these critiques, there is now an established line of research that has shown the empirical 

validity of the demand pull approach. Thirtle & Ruttan (1987) conclude that “the induced innovation 

hypothesis has met with some success in explaining the direction of technological change”. 

Especially in the field of emerging energy technologies it has been shown that the commercial 

opportunities of new technologies (‘the market pull’) provide a stronger driver than what is 
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technically possible (‘the technology push’) (Grübler, 2003). Extensive empirical evidence can be 

found for instance in the work of Popp, relating patenting in a large number of energy technologies 

to changes in factor prices (Popp, 2002) and environmental policy (Popp, 2003). 

2.2 Modelling approaches 

The possible influence of public policy on technological change asks for analyses of the effects of 

alternative policies. Numerous modelling studies have been conducted to properly account for this 

relation and to assess the impacts of alternative policy measures, with varying success. The 

processes of innovation and diffusion are complex and can be difficult to properly account for. 

Modellers often struggle with a lack of empirical data to parameterize models realistically 

(Gillingham et al. 2008). This poses an important concern for policy makers relying on these types of 

research. It is important to note to what extent models can answer normative questions and have 

the empirical grounding to provide quantitative evaluations, or whether their use should be 

restricted to making qualitative arguments (Pizer & Popp, 2009).  

One of the domains in which a thorough understanding of technological change is necessary is that 

of environmental policy. Correct assessment of different abatement opportunities, often in early 

phases of development and/or diffusion, relies on a proper characterization of the researching and 

learning that determines their ultimate characteristics, costs and benefits (IEA, 2000). Models aimed 

at evaluating abatement opportunities and climate change policies in general, usually describe the 

relations between energy, economy and the environment (hence they are often referred to as 3-E 

models). This section will briefly discuss the main approaches researchers and policy makers take 

when constructing such models and review the most important findings. More extended surveys of 

this field of literature are for instance presented by Löschel (2002), Grubb et al. (2002) and Popp et 

al. (2009). 

 Bottom-Up Top-Down 

Exogenous  
Early MARKAL family DICE 

MACRO 
GEM-E3 

Endogenous  

MARKAL-ETL 
POLES 
PRIMES 
MESSAGE 
ERIS 

ETC-RICE 
R&DICE 
 

Table 1: Taxonomy of discussed 3-E Models1 

                                                           
1
 Taxonomy based on overviews by Söderholm (2007) and Clarke et al. (2009). For more information on specific models 

see: MARKAL: (ETSAP, 2001), RICE/DICE: (Nordhaus, 1993; 2008; 2010), MESSAGE & MACRO (Messner & Schrattenholzer, 
2002), POLES: (Enerdata, 2010), GEM-E3 & PRIMES: (E3MLab, 2010), ETC-RICE (Buonanno et al. 2003) 
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3-E models can be categorized through two important dichotomies. One way is to make a distinction 

between the methodological approaches of top-down versus bottom-up modelling (Berglund & 

Söderholm, 2006). Another can be through the representation of technological change as an 

exogenous versus endogenous factor in a model (Gillingham et al., 2008). Table 1 presents an 

overview of the 3-E models discussed in this paper through these distinctions.  

2.2.1 Top-down versus bottom-up 

Two main methodological approaches to building economic models for climate policy analysis can be 

distinguished; top-down versus bottom-up modelling. Their key differences lie in their levels of 

aggregation, scope and their common representations of technology and technological change 

(Berglund & Söderholm, 2006). 

In top-down models the energy system is usually described in a highly aggregated way, as a 

subsystem of the general economy. Emphasis lies on theoretically consistent descriptions of the 

economy as a whole, often based on neoclassical production functions (Löschel, 2002). Such models 

are regularly paired with extensive modules describing ecological impacts of the predicted economic 

growth paths. These can be classified as Integrated Assessment Models (IAM), a prime example here 

is the DICE model (Nordhaus, 2008). 

Bottom-up models are also referred to as system engineering models. They describe the energy 

sector through a fine grained lens in terms of currently deployed technologies as well as evaluations 

of alternative and future options. Usually they are aimed at computing the least-cost method of 

meeting a given demand for energy consumption, given a number of systems constraints, such as 

emission reduction targets. Bottom–up models embed new technologies and model the penetration 

of these technologies based on costs and performance characteristics. TC occurs as one technology 

is substituted by another (Löschel, 2002). Early instances of the MARKAL family of models pioneered 

this category of 3-E models. More recently, models applying this methodological approach have 

been used in influential policy papers such as the POLES model in the WETO-H2 study (EC, 2006a) 

and PRIMES in the ‘Trends to 2030’ report (EC, 2007a). 

The boundary between these methods is not fixed; many intermediate forms or combinations of 

models can be conceived. An example of such a coupling of a top-down macroeconomic model with 

a bottom-up energy system representation is the MESSAGE-MACRO model (Messner & 

Schrattenholzer, 2000). 
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2.2.2 Exogenous versus endogenous technological change 

Modellers have found a variety of ways to incorporate technological change in environmental policy 

models, with little agreement regarding a single best approach (Gillingham et al, 2008). Each 

different implementation might be useful in certain settings, but comes with its own limitations and 

biases. The most straightforward approach to technological change is to assume its independence 

from other variables in the model such as relative changes in factor prices. These exogenous 

representations are generally applied in more aggregated, top-down type models. Recognizing the 

growing empirical evidence that technological change can be induced and is affected by the needs of 

consumers and the pressures shaped by public policy, technological change is increasingly treated as 

an endogenous variable, responding to socio-economic (policy) variables (Löschel, 2002). The most 

common endogenous representations of technological change are through specifications of the 

drivers and effects of R&D (learning-by-searching) and cumulative production (learning-by-doing). 

One method of implementing technological change is to assume a time following improvement in 

energy efficiency, commonly dubbed Autonomous Energy Efficiency Improvement parameter (AEEI) 

(Nordhaus, 1993; Messner & Schrattenholzer, 2002). This parameter can either describe a constant 

improvement or follow a non-linear estimated time-trend. The AEEI represents structural changes in 

the economy (for instance changes towards less energy demanding industries), improvements in 

energy technologies and (therefore) decreasing carbon intensities (Löschel, 2002). Another way of 

implementing exogenous technological change is through the use of backstop technologies. These 

are known energy technologies that are not yet commercially diffused, either due to technological 

burdens to implementation or price inefficiency. Assumptions are made about their future 

availability and costs, and these technologies come into play as they mature and/or costs of 

conventional energy technologies rise through scarcity or environmental policy (Nordhaus, 1998; 

Löschel, 2002).  

Models employing endogenous technological change, by contrast, relate changes in technology 

characteristics to socio-economic variables in the model. For example, changes in factor prices spur 

innovation towards technologies that seek to economize the use of the relative expensive 

production factors. This forms a mechanism through which changes in the costs of conventional 

energy technologies can stimulate R&D in energy-saving and renewable energy technologies, which 

in turn affects the adoption rate of these new technologies (Söderholm, 2007). In its most basic 

implementation, cumulative investments in R&D directly influence the energy efficiency or carbon 

abatement in an economic model. For instance, Nordhaus (2008) adds an energy/carbon component 

to the production function in the R&DICE model of global optimal growth. The rate of decrease in 

carbon intensity is affected by the amount of additional R&D expenditures. 
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Instead of using (cumulative) R&D investments, the use of a knowledge stock is a more refined way 

of adding a knowledge component. Such a knowledge stock aims to capture all information, skills, 

ideas and experience that determine production possibilities (Gillingham et al., 2008). The 

knowledge stock concept takes into account the depreciation of the cumulative knowledge stock, as 

the effect of successful past R&D gradually becomes irrelevant. It can also embody a time lag 

between the actual R&D investments and their addition to the applicable knowledge capital (e.g. in 

ETC-RICE model: Buonanno et al., 2003; Klaassen, 2005). 2 While these basic concepts apply to most 

of the 3-E models incorporating an R&D factor, the ways in which they account for the contribution 

of either cumulative R&D investments or a knowledge stock to overall production, energy efficiency 

or carbon intensity varies widely. Also, on the correct treatment of R&D market imperfections (such 

as spill-over and crowding out effects) exists little agreement. Popp et al. (2009) present an 

extensive overview of the ways in which such issues are implemented. 

Another method of accounting for technological change is by focussing on the developments later in 

its lifecycle, by studying the effects of the deployment of a technology. Here, improvements are 

often described as learning-by-doing effects. This will be the main focus of this study. 

2.3 Learning-by-doing 

Especially in bottom-up models, which rely on detailed descriptions of specific technologies, 

technological change is often implemented through the use of learning curves. The concept of 

learning curves extends on the notion of learning-by-doing, as put forward by Arrow (1962). In the 

first half of the 20th century it was observed throughout different sectors and across technologies 

(shipbuilding, airplane production, machine tools) that the amount of labour required to produce 

goods tends to decline as the experience of producing such goods rises. Hence, costs of the 

production and use technologies decreased. 

Learning curve analysis essentially aims at measuring and applying this correlation; of the relation 

between cumulative experience and cost reductions. Their empirical foundation and ease of 

measuring and/or estimation make learning curves a widespread way of modelling technological 

change (Söderholm, 2007). The most straightforward expressions of learning curves are: 

 

       
  

    Eq. 1:Single Factor Learning Curve 

 21 LRPR    Eq. 2: Progress rate / Learning rate 

                                                           
2
  Implemented for instance by Klaassen through: )()(*)1()( xtRDstKStKS   with knowledge stock KS and R&D 

investments RD, knowledge depreciation rate δ and time-lag x. 
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The unit cost C depends on the costs of the first unit C0, experience E (generally measured in 

cumulative output) and experience parameter α. At each doubling of capacity, costs decline with a 

progress ratio (PR) equal to 2-α. Another often used term is the learning rate (LR), defined as 1-PR. 

This definition embodies one important aspect of technological learning: its sharply diminishing 

returns.  A constant cost-decreasing factor on a logarithmic scale means that achieving substantial 

cost reductions happens very fast in the early adoption phase of a technology, while later on the 

necessary increases in capacity grow very large. As the market matures, only low cost decreases can 

be expected (IEA, 2000). 

Learning effects can be experienced in production as well as during the adoption and use of 

technologies (Söderholm, 2007), and can be measured at firm as well as overall technology level 

(Argote, 1999). They take place through a number of mechanisms, Berglund and Söderholm (2006) 

identify three: labour force accumulating experience that helps to produce a similar amount level of 

output in an increasingly short time, managers gaining know-how that help them to improve the 

production process, and repeated use of technology accounting for a more efficient use of the 

‘infrastructure’ of the production process. Usually however, these learning processes are regarded 

as a black box, which is the foundation for one of the major critiques to the use of learning curves, 

the difficulty to properly account for the contribution of R&D to cost reductions (Jamasb, 2006; Popp 

et al., 2009). 

To disentangle learning-by-searching (R&D) and learning-by-doing effects, a knowledge stock factor 

(as described in section 3.2.2) is sometimes added to the learning curve equation. 

  KSECC **0

   Eq. 3: 2-factor learning curve (2flc) 

This type of two-factor learning curve was introduced by Kouvaritakis et al. (2000), in the POLES 

model. Empirical validation of this concept was conducted by Klaassen et al. (2005). In their study on 

the costs of wind power in Denmark, Germany and the UK learning-by-doing rates of 5.4% and 

learning-by-searching rates of 12.6% were observed, suggesting the relative importance of R&D in 

costs, relative to that of technology deployment.3 It has been noted however that these results are 

very sensitive to model specifications (Popp et al., 2009), and that two-factor learning curves in 

general will be hard to construct due to the required level of detail of data, which may not be 

available in many cases (Junginger et al., 2005). This might explain the limited application of two 

factor learning curves in analytical and numerical models so far. 

 

                                                           
3
 For more empirical research on two-factor learning curves see the work of Jamasb (2006), who distinguishes different      

learning-by-searching and learning-by-doing rates in different stages of technology diffusion. 
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Not only in the use of two factor learning curves did 

such methodological issues arise. In the application of 

single factor learning curves some considerations 

should be kept in mind as well. Apart from R&D 

investments, some factors that might distort measures 

of learning rates are the translation of findings 

between regions and over time, pricing strategies and 

changes in product attributes, such as scale effects. In 

an overview of studies presented by McDonald & 

Schrattenholzer (2001) it is shown that learning rates 

vary widely between energy technologies, regions and 

periods, from -11 up to 35%. They stress to be 

cautious when comparing technologies' learning rates 

or applying them directly in 3-E models, since the 

definitions of measures differ widely between studies.  

Technology Period L.R. (%) 

Gas Turbines (World) 1958-1980 13 

Coal PP (OECD) 1975-1993 7.6 

Coal PP (US) 1960-1980 1.-6.4 

NGCC (OECD) 1984-1994 4 

NGCC (World) 1981-1991 -11
4
 

NGCC (World) 1991-1997 26 

Nuclear (OECD) 1975-1993 5.8 

Biomass Elec. (EU) 1980-1995 15 

Solar PV (World) 1968-1998 20 

Solar PV (OECD) 1984-1994 18 

Solar PV (EU) 1985-1995 35 

Wind power (US) 1985-1995 17 

Wind power  (DK) 1982-1997 4 

Table 2: learning rates across technologies,  
periods and regions5 

 
 

Junginger et al. (2005) underline this concern, pointing out the sensitivity to cost deflators and 

exchange rates when measuring learning rates and making comparisons between regions and over 

time. In addition, they stress the differences between prices and underlying costs, which can lead to 

misapprehension. It is noted for instance that ethanol prices have been highly reactive to volatility in 

the oil market, instead of indicating changed efficiency in ethanol production. Furthermore, in some 

markets predatory or monopolist pricing strategies can skew learning rates, through 

underestimation of costs in the early development of the market and overestimation later on, as 

there will be less competition. Such price competition is regarded as an explanation of the relatively 

low learning rate observed in the Danish market for wind power (Junginger, 2005). 

Another consideration when assessing a technology’s learning rate is the role played by changes in 

product attributes such as product quality, durability and scale. If changes in such attributes are not 

reflected in the estimation of learning rates, the results might be biased (Söderholm & Sundqvist, 

2003; Coulomb & Neuhoff, 2005). In a study on global wind turbine development, Coulomb & 

Neuhoff (2005) find that controlling for turbine size increases the estimated learning rate from 

10.9% to 12.7%. 

                                                           
4
 This negative learning rate might be explained by oligopolistic pricing behavior (McDonald & Schrattenholzer, 2001) 

5
 Adapted from the study by McDonald & Schrattenholzer (2001), see their overview for references to all case studies. 
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A final concern is the extrapolation of learning rates over time and from one technology to the other 

(Gillingham et al., 2008). This is common practice to estimate future costs for technologies (e.g. in 

IEA GHG, 2006), but it is still unclear in which cases this could or could not be done. Further research 

into underlying determinants of learning factors might be useful, for instance through the study of 

inherent design complexity (McNerney et al., 2009).  

2.4 Discussion 

To assess the costs of climate change mitigation, numerous modelling approaches exist - each with 

their own strengths, drawbacks and applications. Top-down type models are generally used to 

compute overall costs of mitigation, while bottom-up models are more suitable for the assessment 

of individual technologies. Technological change is generally regarded as the most important 

determinant in both types of models but at the same time there is little agreement on the best way 

to incorporate it. Regardless of the way how it is implemented, including technological change in 3-E 

models generally leads to two main findings: total costs of abatement are substantially lower 

compared to estimations without TC (Löschel, 2002), and immediate efforts to reduce emissions are 

often recommended (Van der Zwaan et al., 2002; Nordhaus, 2002). Furthermore, endogenous 

technological change often implies that policy support (e.g. investment grants, feed-in tariffs) is 

necessary to overcome the gap between social and private (firm) returns to learning (Van der Zwaan 

et al., 2002; Söderholm & Sundqvist, 2003), although this recommendation becomes less stringent 

when crowding-out from R&D in other sectors is taken into account (Buonanno et al., 2003; 

Gillingham et al., 2008). 

When incorporating TC, most top-down models focus on R&D, while bottom-up energy models tend 

to pay more attention to technology diffusion and learning-by-doing effects (Klaassen et al., 2005). 

Therefore, top-down models can sometimes fail to grasp the full dynamics of technological change - 

disregarding important factors such as self-reinforcing effects of technology deployment, inertia and 

lock-in phenomena (Grubb, 1997). Bottom-up models tend to have a stronger focus on such 

processes, but often lack in descriptions of crowding-out from and knowledge spill-overs to other 

sectors of the economy  (Gillingham et al., 2008). Besides that, bottom-up models often overlook 

certain equilibrium effects. Sue Wing (2003) argues for example, that investments in carbon-free 

technologies reduce demand in carbon intensive technologies, lowering their price. This changes the 

relative favourability of carbon-free technologies, which slows down their market penetration. 

Apart from these theoretical concerns, it might be even more important to accurately take into 

account the difficulties of measuring learning rates and assessing the relationships between R&D 

expenditures and technological change. Such empirical analyses are of key importance if modellers 
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aim to provide quantitative guidance in policy debates. Pizer and Popp (2008) note however that 

such efforts “*..+often fail to calibrate themselves to important empirical benchmarks at worst, and 

fail to clearly communicate their assumptions at best”. Especially in the use of learning curves this 

risk is present, since their ease of estimation and application might give a “false sense of comfort and 

precision” (Clarke and Weyant, 2002). 

Policy makers can draw valuable lessons from modelling exercises employing endogenous 

technological change, given that they take in account the concerns discussed in this section. In order 

to best accommodate policy debates, researchers should provide more openness on the 

assumptions that underlie model results. In addition, more empirical work should be done to 

provide a better understanding of the complex processes of knowledge diffusion and technological 

change. 
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3 Technology Overview 

3.1 Introduction 

There is no single, one-stop solution to implement CCS. A set of different methods and technologies 

to capture CO2 exist and can be applied in different situations. This means that numerous 

configurations of energy conversion technologies and capture technologies are conceivable. Three 

basic strategies for capturing CO2 can be distinguished; post-combustion, pre-combustion capture 

and oxy-fuel combustion. 

 

Figure 3: Main principles of carbon capturing. (Figueroa et al., 2008)   

In post-combustion capture (1) the CO2 is separated from the flue gas stream produced by fuel 

combustion.  For pre-combustion capture (2), the fuel needs to be reformed to a syngas composed 

of carbon dioxide and hydrogen before the CO2 can be captured. The resulting hydrogen can be 

burned in a gas turbine or converted in a fuel cell to produce power. The first step in oxy-fuel 

combustion (3) comprises of the reformation of air into highly concentrated oxygen. When a fuel is 

combusted with a nearly pure stream of oxygen instead of air (either in a boiler or gas cycle), the 

resulting flue-gas consists primarily of CO2 and H2O, which can be separated easily through cooling.  

These principles can be combined with most common types of fossil fuel based power plants; 

pulverized coal combustion (PC), gas turbine (NGCC) and gasification (IGCC) plants. In the next 

sections these basic set-ups will be discussed more thoroughly, in terms of current technological 

configurations, future possibilities and their respective costs.  
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3.2 Carbon capture technologies 

3.2.1 Post-combustion capturing 

3.2.1.1 Process 

CO2 capturing from the flue gases produced by the combustion of fossil fuels and biomass in air is 

referred to as post-combustion capture. Whereas the flue gas in a regular power plant would be 

discharged directly into the atmosphere, in a CCS plant it is lead through equipment to separate 

most of the CO2. The CO2 is then ready to be compressed and transported to a storage site, the 

remaining flue gas leaves the power plants stack tower like it would in a regular plant. This type of 

capturing is applicable to pulverised coal combustion as well as NGCC plants. 

Currently, the most common technology to separate CO2 from flue gases is solvent scrubbing. The 

separation is achieved by leading the CO2-rich flue gas through a liquid solvent (such as 

monoethanolamine, MEA). The amine binds with the carbon dioxide at low temperatures and 

releases it after heating or a pressure increase.  After regeneration the solvent is sent back to 

capture more CO2, in a cyclic process. 

3.2.1.2 Experience 

Amine scrubbing technology has seen industrial applications for over 80 years; for purification of 

natural gas, ammonia and urea production and in the food and drinks industry (IPCC, 2006). Three 

commercial scale CCS projects are operational at present that make use of amine scrubbing, albeit 

not in power plant applications. The natural gas production sites of In Salah (Algeria) and Sleipner 

(Norway) extract gas which contains an unusually high level of CO2 (about 9%) that needs to be 

removed before transportation to customers. The removed CO2 (respectively about 1 and 0.8 Mt per 

year) is injected into empty gas fields.  A similar process takes place at the LNG production facility at 

Snøhvit (Norway), which captures about 0.7 Mt/yr (Global CCS Institute, 2009; ECN, 2007).  

3.2.1.3 Barriers to implementation and R&D pathways 

Scale issues are one obstacle for widespread implementation of amine scrubbing in power plants. A 

small commercial PC power plant typically produces more than double the amounts of CO2 

compared to MEA scrubbing installations presently available – about 2 to 3 Mt per year for a 400-

500 MW plant (ECCO, 2008). CO2 concentrations in the flue gas are generally about 14% for coal and 

4% for gas plants. The required equipment for such streams is larger than the equipment presently 

available but engineering studies have shown that capturing of this magnitude is achievable (Davison 

& Thambimutu, 2009). It does however translate to high investment costs associated with this type 

of capture unit (IPCC, 2005).  
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Related to this, the current major bottleneck to adoption of this technology is the vast amount of 

energy that is required for regeneration of the solvent; it needs to be reheated from 40 to 120°C, 

requiring 4.2 MJ/kg CO2. This drops plant performance on average with about 12% points, and 

increases the amount of fuel required with up to 45% (Damen et al., 2006). The exact energy penalty 

depends on the type of power plant, fuel characteristics and chosen solvent. 

Another often cited concern is the solvent degradation through reactions with NO2 and SOx. 

Common flue gas desulphurization (FGD) equipment has proven to be sufficient to achieve the 

required low levels without significantly raising the costs (Roberts et al., 2004). 

Different types of amine based solvents are now in development that reduce regeneration heat 

requirements and are less susceptible to degradation. Blends and variants of MEA have shown 

possible reductions in energy requirements of about 35%, but none have been proven to work at full 

scale thus far (Jockenhoevel et al., 2009). Another promising new method for post-combustion 

capturing is the use of chilled ammonia as a solvent. This absorber operates at temperatures 

between -5 and +10 °C and regenerates when compressed to a pressure of about 3MPa. The steam 

consumption for this regeneration process is reported to be only 15% of that of MEA (EPRI, 2007). 

The chilled ammonia technology is developed by Alstom and is currently used in a 30 MWe pilot at 

the AEP Mountaineer NGCC plant in New Haven, USA. The first results from this pilot project are 

promising and AEP aims to expand the project to a semi-full scale, 240 MWe plant by 2014(MIT, 

2010). 

Other R&D pathways to improved amine-based systems include modified tower packing to reduce 

pressure drop and increase contacting, increased heat integration to reduce energy requirements, 

additives to reduce corrosion and allow higher amine concentrations, and improved regeneration 

procedures (Figueroa, 2008). 

3.2.2 Pre-combustion capturing 

3.2.2.1 Process 

In order to extract CO2 from the fuel before it is combusted, fuel reformation is necessary. This asks 

for a completely different power plant setup compared to conventional pulverised coal or natural 

gas plants. Integrated gasification combined cycle (IGCC) is the common term for technologies that 

make this form of capturing possible. In an IGCC, fossil fuels are reacted with air, oxygen or steam in 

order to produce a synthesis-gas (syngas) that consists mainly of carbon-monoxide and hydrogen.  

This syngas is fed into a shift reactor where it reacts with steam, to produce CO2 and more H2. Now, 

the CO2 can be separated from the mixture, by means of solvent scrubbing, physical adsorption or 

through membranes. The resulting (nearly) pure stream of H2 can be combusted in a boiler or - more 
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commonly and more efficiently - in a combined cycle similar to conventional gas turbines. The same 

principle applies to all sorts of fossil fuels, but its implementation differs in additional purification 

steps necessary depending on the used fuel mix (coal gasification in an IGCC setting requires for 

instance the removal of sulphur and nitrogen compounds). Coal gasification can be applied for large 

scale, on-site power generation but is also used to produce synthetic fuels, hydrogen for use in fuel 

cells and industrial processes such as ammonia production. 

In an IGCC, because of high CO2 concentrations (in the range of 15% to 60%, depending on fuel type), 

and a total pressure of 2 - 7 MPa, the CO2 partial pressure is up to a times 1000 higher than in post-

combustion capture solutions. This enables the use of physical solvents and adsorbents that bind 

less strongly with the CO2 and therefore require less energy for regeneration. The most common 

solvent scrubbing processes (Selexol, Rectisol and Fluor) have been applied at industrial scale, for 

instance in ammonia production plants. Alternative technologies such as adsorption and membrane 

separation have so far only been used at pilot-plant scale (Davison & Thambimuthu, 2009).  

3.2.2.2 Experience 

Coal gasification for the production of synthetic natural gas (SNG) and Fischer-Tropsch fuels is a 

mature technology, with 128 plants operating worldwide by 2005 (the first stages in an IGCC plant 

encompass similar technologies). Full scale carbon separation after gasification is well established in 

these production processes, mainly for reasons of purification (IPCC, 2005).  In general, the CO2 is 

released into the atmosphere; worldwide there is only one gasifier plant with CCS operational. At 

the Great Plains Synfuels Plant in North Dakota, USA, coal is gasified to produce methane. Of the 

separated exhaust gases, 50% is captured and sequestered, which adds up to about 3 Mt of 96% 

pure CO2 per year. (NETL, 2008) This is comparable to the emissions of a medium to large scale 

(approximately 800 MW) pulverised coal plant. The captured CO2 is used for enhanced oil recovery 

(EOR) in the fields of Weyburn, Canada. (NETL, 2008) 

IGCC technology was introduced at a commercial scale in the 1990s with the ‘Willem Alexander 

centrale’ in Buggenum (NL ) as one of the first and most successful projects. Here coal and biomass 

are gasified to produce 250 MWe. CCS is not yet applied at this site, but will be tested in a pilot study 

starting late 2010 (ECN, 2007). Currently there are ten full-scale IGCC plants operational in Europe, 

five of which employ oil as their main feedstock (Higman, 2008). 

3.2.2.3 Barriers to implementation and R&D pathways 

Pre-combustion capturing combines a number of technologies at different stages of technological 

maturity. Coal gasification and physical solvent scrubbing are both well established in the industry 

but still have potential for efficiency improvement. Combined cycle technology for syngas 
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combustion is relatively new and it still has its uncertainties in terms of availability and component 

lifetime. The cumulative experience of these technologies combined is very limited and 

technological complexity is high. This causes extra concerns regarding the full process’ efficiency and 

reliability (Damen et al., 2006). These reliability issues have been partly taken away by experience 

from pilot plant studies and full scale projects such as the Buggenum plant (CATO, 2010). 

The major reason why IGCC is not more widely deployed thus far is the strong competition from 

NGCC plants (IPCC, 2005). IGCC technology is significantly more expensive than its natural gas fired 

counterpart due to high investment costs for the shift reformer and hydrogen turbine. Pre-

combustion capture systems also have to pay a significant efficiency penalty for the air separation 

and shift-reaction (Kanniche, 2010; Gibbins & Chalmers, 2008). 

IGCC plants do, however, hold great promises for future developments. Improvements in turbine 

technology are expected to increase working efficiencies to substantial higher levels compared to 

conventional coal plants (IPCC, 2005). Synergies are to be found when combining electricity with H2 

production for use in fuel cells, this is suggested to increase efficiencies to about 55% - 60% LHV. 

(Chiesa et al., 2005; Klara, 2009). Other optimization efforts take place at the gasification and shift 

conversion stages, such as the development of the sorption enhanced water gas shift process (Van 

Selow et al., 2009) and membrane systems for oxygen separation (Figueroa, 2008). 

 
Figure 4: R&D Pathways for post-, pre-, and oxy-combustion capture technology. Based on Figueroa (2008) 
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3.2.3 Oxyfuel 

3.2.3.1 Process 

Another method of significantly raising the CO2 partial pressure in flue gas (and thus simplifying its 

extraction) is oxy-fuel combustion. In this type of process, fuel is combusted with concentrated 

oxygen - or a mixture of oxygen and carbon dioxide - instead of air. It can be applied in boiler as well 

as turbine settings and is thus suitable for the combustion of coal, gas and biomass.  If fuel is burnt in 

a stream of pure oxygen the flame temperature in the boiler reaches very high temperatures (about 

3500 °C), far too high for typical power plant materials. To avoid this problem, some CO2-rich flue 

gas or steam will be recycled to the boiler to cause a flame temperature comparable to that in a 

standard air-blown combustor (about 1900 °C). The resulting flue gas contains 80% – 98% CO2 and 

therefore requires either only cooling or relative simple purification measures, before compression 

and transportation. This way, CO2 capture rates can reach levels very close to 100% (IEA GHG, 2005). 

3.2.3.2 Experience 

Some elements of the oxy-fuel process have been in use in the production of aluminium, iron and 

glass, but oxy-fuel combustion in power plant setups have yet to be deployed on a commercial scale 

(IPCC, 2005). Since 2008, Vattenfall has ran a 30 MWe pilot project at its Schwarze Pumpe plant, 

testing oxy-fuel combustion of bituminous coal, lignite and biomass. This pilot is expected to be build 

into a full demonstration plant of about 300 MWe, with 2015 as its projected year of commissioning. 

(Global CCS Institute, 2009). 

3.2.3.3 Barriers to implementation and R&D Pathways 

Oxyfuel combustion is a relatively novel power plant technology, and more study is necessary on the 

effects on power plant operation (combustion behaviour, heat transfer) and maintenance (slagging, 

corrosion) (Damen et al., 2006). Because of the energy costs of producing oxygen, oxy-fuel power 

plants are less efficient than traditional air-fired plants. Capital costs are higher as well due to the 

ASU, and more expensive combustion systems. In the absence of any need to reduce CO2 emissions, 

oxy-fuel is therefore not cost competitive (IPCC, 2005). 

However, oxy-fuel can form a viable alternative to post-combustion capturing. Compared to 

conventional air fired power plants, the mass and volume of the flue gas are reduced by 

approximately 75%. Because the flue gas volume is reduced, less heat is lost in the flue gas. Besides 

that, the heat of condensation can be captured and reused rather than lost in the flue gas.  Most of 

the flue gases are condensable; this makes compression separation possible. No large amounts of 

solvents are needed there are less operational costs, less waste products, and higher efficiencies can 

be reached (Davison & Thambimuthu, 2008; Toftegaard et al., 2010).  
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Successful development of novel oxygen production technologies such as Ion Transport Membranes 

can further improve the competitiveness of oxy-combustion and, to a lesser extent, IGCC. ITMs could 

reduce the cost of oxygen production by more than 35% and in an IGCC this would result in a 1 

percentage point increase in the overall plant efficiency and a 7% reduction in capital cost. 

In industries other than power generation, oxy-fuel combustion is already competitive due to higher 

sensible heat availability, e.g. in glass production. Learning from developments in other sectors can 

contribute to efficiency gains in power plant applications (IPCC, 2005). 

A promising variant of oxy-combustion is chemical looping combustion (CLC), in which direct contact 

between the fuel and the combustion air is avoided by using a metal-oxide to transfer oxygen to the 

fuel in a two-stage process. This technology holds promise for low cost carbon capturing but has 

been proven to work only in small laboratory settings so far (Davison & Thambimuthu, 2008). 

3.3 Retrofit and capture ready building 

Apart from being integrated in a new built power plant, carbon capturing technology can be added 

to existing power plants as well. Post-combustion capturing is seen by some as a viable technology 

option for such ‘retrofitting’ (Johnson & Keith, 2004; Lucquiaud et al., 2009), but significant 

drawbacks exist in comparison with new built plants. Retrofitting generally results in higher costs (up 

to 20%) and significant efficiency loss (IPCC, 2005). In a large number of cases it is not even possible 

due to a lack of space at the power plant site. Right now it seems that only under very stringent 

emission regimes retrofitting existing power plants with CCS equipment is a cost effective 

abatement option (IPCC, 2005; Viebahn & Esken, 2010). 

To describe new built power plants that are ready to be retrofitted in the future (when emission 

constraints are stricter), the term ‘capture ready’ is coined. This can in theory decrease the 

incremental costs and efficiency loss when retrofitting later on significantly6, but more design 

studies and demonstration projects are necessary to determine exact possibilities and benefits.  

Capture ready building is a central focus in the EU directive on CCS; only such power plants will be 

granted building permissions in the future. There is however, little common understanding what 

exactly makes a plant capture ready. At least this term implies there is sufficient space available at 

the power plant site, and components should be installed in such a way that retrofitting results in a 

minor efficiency loss. Also, assessments should be made on possible transportation options and 

storage sites (Viebahn & Esken, 2010).  

                                                           
6
 About 2% higher LCOE for post-capture, 13% higher for oxyfuel, compared to new built plants (BERR, 2007) 
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 PC (Post) PC (Oxy) IGCC (Pre) NGCC (Post) NGCC (Oxy)
7
 

 Range Rep. Value Range Rep. Value Range Rep. Value Range Rep. Value Range Rep. Value 

Thermal efficiency 
  

    
    

% LHV without Capture 36.8% - 45% 41.9% 36.8% - 45% 41.9% 36.3% - 42.3% 39.70% 50.1% - 50.8% 50.5% 50.1% - 50.8% 50.5% 

% LHV with Capture 24.9% - 33.7% 30% 29.% - 33.8% 31.3% 30.1% - 33.4% 32.1% 42.8% - 44.8% 43.8% 40.4% 40.40% 

% pt change due to capture 
 

-12  -10.6  -7.6 
 

-6.7 
 

-10.1 

Total capital requirement 
  

    
    

€/kW without capture 1113 - 1393 1189 1113 - 1393 1189 1101 - 2139 1413 373 - 402 388 373 - 402 388 

€/kW with capture 1515 - 2194 1945 1595 - 1941 1794 1355 - 2977 1881 640 - 836 711 118 1118 

% increase due to capture 
 

63.6%  50.9%  33.1% 
 

83.3% 
 

188.1% 

Levelized cost of electricity
8
 

  
    

    
c/kWh without capture 4.6 - 6.4 5.6 4.6 - 6.4 5.6 5.5 - 8.4 6.1 5. - 6.2 5.6 5. - 6.2 5.6 

c/kWh with capture 7.4 - 10.9 9.2 7.76 - 10.2 9.4 6.94 - 11.4 8.2 7.1 - 8 7.6 10.2 10.2 

% increase due to capture 
 

60.7%  67.9%  46.4% 
 

36.1% 
 

78.6% 

Table 3: Comparison of technologies  

The studies summarized in this overview were conducted by DOE/NETL (2007; 2008), EPRI (2006a; 2006b; 2007), IEA GHG (2008), BERR (2007), Davison 

(2007) and Hamilton et al. (2009). Standardization was done according to Damen et al. (2006). Costs were escalated using (E)PCCI without nuclear (IHS, 

2010) and expressed in €2007. Reported efficiencies are expressed in lower heating value (LHV)9. Capacity factors10 are 85% for the NGCC and PC cases, 80% 

for IGCC. CO2 capture rates are 90% for post- and pre-combustion capture and 95% for oxy-fuel combustion. 

                                                           
7
 Only one recent design study for oxy-combustion natural gas plants was found.  

8
 LCOE values are not standardized, since studies vary widely in used fuel and emission prices. LCOE are only converted to €2007.  

9
 When necessary they are derived from High HV using coefficients 0.956 for coal and 0.904 for gas plants. (Davison, 2007) 

10
 Fraction between yearly average delivered capacity and max capacity at full operation. 
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3.4 Costs and performance overview 

A number of overviews of the costs and performance of different CCS technologies have been 

presented before, most notably by the IPCC in their ‘Special Report on CCS’ (SRCCS) (IPCC, 2005). The 

SRCCS discusses the different technological possibilities in fine detail and presents an overview of 

cost studies for each type of technology. This study is extended by the work of Damen et al. (2006) 

who compare an approximately similar set of design studies on a standardized basis. More recent 

papers note that these analyses should be treated with caution due to substantial cost escalations in 

recent years. Increasing global construction of power plants (especially in India and China) have 

driven up the costs of raw materials and plant components due to vendor capacity limitations  

Figure 5: IHS-CERA Power plant cost indices. 
Adapted from (IHS, 2010). 

(see figure 5 and Davison & Thambimuthu, 2009; 

Hamilton et al. 2009). The overview presented 

here is primarily based on more recent cost 

estimations from design studies by the IEA 

Greenhouse Gas programme (2008), USA 

Department of Energy’s NETL (2007, 2008), UK 

government department BERR (2007) ,  MIT 

(2009) and research institute EPRI (2007, 2008). 

Costs were standardised using the methodology proposed by Damen et al. (2006). Plant costs were 

assembled from the studies mentioned above to include total plant costs including CO2 compression 

equipment, engineering costs and contingencies, plus other costs of ownership and excluding CO2 

emission allowance costs, transportation and storage costs of CO2. 

These costs were standardized to €2007
11, using the plant cost indices from IHS (2010), and historic 

exchange rates from Eurostat (2010). All plant costs were normalized to the net capacity most 

common for each type of technology (550 MWe for PC plants, 650 MWe for IGCC and 600 MWe for 

NGCC plants), using equation 4. Table 3 summarizes these findings. The reported representative 

values for plant costs and efficiencies were used in the model described in the following chapter.  

     

     
  

         

         
 
 

    Eq. 4: Cost scaling (Damen et al., 2006) 12 

 

 

 

                                                           
11

 2007 Q1 was chosen in order to minimize calculation steps, as this was the most reported base year for the selected 
design studies. 
12

 With scaling factors    of 0.75 for PC, 0.9 for NGCC: 0.9, according to Damen (2006). 
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Figure 6: Learning rates for flue gas scrubbing technologies (IEA GHG, 2006) 

 

 

 

Plant type & components Analogous technologies Cap. costs 
nom. L.R.(%) 

O&M costs 
nom. L.R.(%) 

NGCC 

GTCC (Power Block) 
CO2 capture (amine system) 
CO2 compression 

Gas Turbine Combined Cycle 
Flue gas desulphurization (FGD) 
CO2 compression 

10 
11 
013 

6 
22 

 

 PC 

PC Boiler/turbine-generator area 
AP controls (SCR, ESP, FGD) 
CO2 capture (amine system) 
CO2 compression 

PC boiler 
FGD/ Selective Catalytic Reduction (SCR) 
FGD 
CO2 compression 

6 
12 
11 

 

15 
22 
22 

 

IGCC 

Air separation unit (ASU) 
Gasifier area 
Sulfur removal/recovery 
CO2 capture (WGS/Selexol) 
CO2 compression 
GTCC (Power block) 

Oxygen production 
Liquefied natural gas (LNG) production 
FGD 
FGD/SCR 
CO2 compression 
GTCC 

10 
14 
11 
12 

 
10 

5 
12 
22 
22 

 
6 

Oxyfuel 

Air separation unit 
PC boiler/turbine generator area 
AP controls (ESP, FGD) 
CO2 distillation 
CO2 compression (same) 

Oxygen production 
PC Boiler 
FGD 
LNG Prod 
CO2 compression 

10 
6 

12 
12 

 

5 
15 
22 
22 

 

Table 4: Plant components and learning rates (based on IEA GHG (2006)) 
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 Rubin et al. estimate this LR in a range of 0-10%, with the most likely value close to 0%. 
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3.5 Learning curve analysis of CO2 capture costs 

A number of studies have aimed at assessing the future costs of CCS using learning curve analysis. 

The most notable empirical work has been conducted by Rubin et al. (IEA GHG, 2006). They present 

an overview of case studies on CCS components with corresponding observed learning rates. Figure 

6 shows the findings of two of such case-studies, with ‘PR’ as observed progress rates. If the 

component in question is completely novel, learning rates are estimated using observed learning 

rates from analogous technologies. See table 4 for an overview. A number of studies have based 

their projections of future CCS deployment and costs on these estimates. 

Van den Broek et al. (2008; 2009) apply them to estimate cost as well as performance variables to 

assess the development of future power plants with and without CO2 capture in The Netherlands 

(2008) and on a global scale (2009). They base their 2008 study on a bottom-up representation of 

the electricity sector of The Netherlands, using a MARKAL model. Here, they find that CCS can be 

sufficiently cost-effective in 2020 to be widely deployed in the Dutch electricity sector, avoiding 29 

Mt CO2 emissions per year. 

In their 2009 study, CCS adoption patterns are described top-down by projections from the WETO-

H2 study (EC, 2006a). Van den Broek et al. make an interesting choice to model improvements of 

performance variables such as plant efficiency, availability and CO2 capture rate separately from 

learning rates for capital and O&M costs. It is, however, not entirely made clear whether and how 

these improved performances are controlled for in the application of learning rates. Since such 

improvements might explain part of the learning-by-doing effects this might result in some double 

counting, overestimating possible cost reductions. 

Vrijmoed et al. (2008) apply similar learning rates in a bottom-up model of the Dutch electricity 

generation system, in which CCS technologies are evaluated in combination with a range of other 

generation options. The study shows moderate expected deployment of CCS technology, but their 

findings should be interpreted with some caution as well. In the Ecofys model used in this study, 

global experience in CCS technology is suspected to be in line with developments in The 

Netherlands, e.g. if 5% of the Dutch electricity sector employs CCS technology, 5% of the worldwide 

generation system will do as well. This seems like a rather optimistic assumption, given that The 

Netherlands is likely to be amongst the forerunners in adopting this technology (Global CCS Institute, 

2010). 
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4 Methodology 

4.1 Model description 

Using a bottom-up techno-economic model, possible future investment paths in fossil fuel 

technologies are determined for a group of European countries – Belgium, Denmark, Germany, 

France, The Netherlands, Poland and the United Kingdom. The choice to focus on this group of 

countries was based on three grounds: expressed interest in the technology, geographic proximity 

(which increases the likelihood of learning spillovers) and availability of all necessary data. Along 

with Australia and China and to some extent the United States, this group of countries have 

expressed the most concrete plans to roll out carbon capture (demonstration) projects (Global CCS 

Institute, 2010). CCS technology plays a central role in the EU’s carbon abatement strategy. Through 

the ratification of the “Renewable energy and climate change” directive (EU, 2009a), the CCS 

directive (EU, 2009b) and SET-plan14 (EC, 2007b), a regulatory framework in the EU was created that 

will stimulate CCS development in the coming decade (Viebahn & Esken, 2010). 

Figure 8 presents an overview of the calculation steps of the model, which will be explained in detail 

in the following sections. Given the phasing out of current production stock and exogenous demand 

patterns, the model determines when under-capacity arises (1). It then selects the most appropriate 

technology to meet these new capacity demands (2) and adds it to the production system (3). 

Through learning-by-doing effects this influences the characteristics of the available technologies (4).  

 
Figure 7: Model overview 
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 In the Strategic Energy Technology’s (SET) plan, 12 full scale CCS projects – employing different power generation and 
capture technologies – will be developed and partially funded by the EU (EC, 2009). 
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The data used to feed the model are described in section 4.2. Base year technology characteristics 

are as presented in section 3.4. It is assumed that all technologies described are available from the 

base year on. For the complete parameterization see Appendix B. The model is built in MS Excel and 

executed through a macro in VBA code. It is available from the author at request. 

4.1.1 Determine (under)capacity 

The starting point for this model is the current system for electricity generation - described in terms 

of the capacities, types and dates of commissioning and decommissioning of specific sites. For each 

year between 2010 and 2040 the model determines which plants are still in operation; plants that 

are past their planned decommissioning year are taken out of the production system. In the model, 

this date is fixed; early retirement (closing a plant before its planned decommissioning date) is not 

an option. Under the current regulatory climate, there is no impetus for energy producers to close 

their old plants prematurely in order to replace them with modern, more efficient equipment. 

Emission requirements need to be more stringent in order to stimulate such decisions.  

The expected electricity demands will generally keep increasing until the models end year. Besides 

the  phasing-out  pattern of old power plants,  this will cause under-capacity to arise in the  system. 

 
Figure 8: Capacity & demand projections 

The model calculates, year-by-year, the total 

expected under-capacity. Part of this under-

capacity is met by new projected investments in 

nuclear and renewable energy (see section 4.2.2). 

The remaining under-capacity requires new 

investments in fossil fuel power plants. Figure 9 

shows a schematic representation of the 

projected capacities and demands. 

4.1.2 Evaluate technological options 

4.1.2.1 Technology strategies 

Depending on the chosen strategy, a number of candidate-technologies are eligible to meet the 

newly demanded capacity. Table 6 presents an overview. In the business as usual case (BAU, 

strategy 1) all technologies are possible candidates, the investment choice is fully made by selecting 

the lowest cost options (see next section). This strategy aims at short term cost optimization, 

without regard of learning effects and with little regards to overall emissions (it merely takes in 

account the emission allowance prices). 
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  1.  BAU X X X X X X X X 

 2.  CCS  X X  X  X X 

CCS single 
technology 

Learning 
optimized 

3.1 Post-combustion  X     X  

3.2 IGCC Pre-comb.     X    

3.3 Oxy-fuel comb.   X     X 

Table 5: Investment strategies 

In the second strategy, only CCS technologies are selected, this will point out the CCS technologies 

that are in the short run most cost-effective. This can be compared with strategies 3.1 to 3.3. Here, 

the maximum possible learning effects are investigated by solely selecting a single CCS technology. 

Through these ‘learning optimization’ strategies, long term cost-effectiveness can be assessed. 

Furthermore, each strategy can be investigated in two cases, one path dependent and one path 

independent. Such path dependency describes how future developments are partly dictated by 

starting conditions and early choices. Each event changes the possibility of future events to occur. In 

the path independent case, all technologies are available as described in the chosen deployment 

strategy. In the path dependant case, the choice for a new technology is partly dictated by the type 

of plants being taken out of the system in the selected year, in the selected country. Figure 9 shows 

which options can be chosen, when either a PC or a NGCC plant retires. This path dependency is 

investigated to give a more realistic representation of the possible investment paths. It accounts for 

two factors that influence the investment decision, existing infrastructure and load patterns. Past 

investments in infrastructure (both physical as well as institutional) create vested interests that are 

specifically geared towards a certain type of technology. These are often hard to overcome, making 

switching between technologies costly and less probable (Verspagen, 2006). 

Coal power plants are generally employed to deliver base load power. Their capital costs are in 

general relatively high compared to their fuel costs. These plants operate in a steady pattern, as 

close to full-time operation as possible, to maximize the returns to capital investments. Gas turbines 

can be started and stopped more flexibly and are relatively inexpensive in terms of capital costs. 

Because of their high fuel costs, however, NGCC plants are typically used to deliver power in peak 

load situations. IGCC plants can (to some extent) serve both cases. The turbines in this setup are 

similar to those in gas power plants and can therefore be employed just as flexible. Because the 

gasification process is a more continuous process, the overall process runs most efficiently when  



 

 
30 

 

 
PC 

 PC – No CCS 
PC – Post comb. CCS 
PC – Oxy-fuel comb. 

  IGCC – No CCS 
IGCC – Pre Comb. CCS 

NGCC 
 NGCC – No CCS 

NGCC – Post comb. CCS 
NGCC – Oxy-fuel comb. 

Figure 9: Path dependent technology options 
 

Figure 10: Definition of 'avoided CO2' (IPCC, 2005) 

running closest to base-load operation (Armor, 2007). Besides that, power plants employing CCS 

technology will tend to operate close to base-load, in order to maximize utilization of the capture 

equipment (IEA GHG, 2006b). 

4.1.2.2 Choice of appropriate technology 

Depending on the chosen scenario a list of candidate-technologies for meeting the new demand is 

selected. The decision to implement a certain technology is to a large extent based on financial 

grounds.  As long as safety conditions are met (which are assumed to be in the model), returns on 

investment are the most important factors in decision making (IEA GHG, 2006b). In order to choose 

the most cost effective option, first capital and operational costs for each appropriate technology 

are scaled to the necessary size, according to equation 415. 

Fuel and flue gas flows are calculated for the specified plant size, type and efficiency and design fuels 

(see App. B). Flows are calculated for CO2 produced, captured, emitted and avoided. Since CCS plants 

produce more CO2 than their non-CCS equivalents, there is a distinction between the amount of CO2 

captured and avoided, see figure 10. Transportation and storage costs are added with a fixed price 

of €5 / tonne (Svensson et al., 2004; ECN, 2007).16 

Next, for each type of technology the levelized cost of electricity (eq. 5) is determined, following the 

EPRI technical assessment guide; a standard methodology to determine the discounted costs 

associated with building and operating a power plant over a chosen period (30 years in this case) 

(NETL, 2007). It is assumed that technology costs are similar for all countries. 

       
                                                           

      
 Eq. 5: Levelized costs of electricity17 
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 (see section 3.4) 

16
 This value is at the higher end of the range of estimates presented by Svensson et al. (2004), who estimate transport, 

storage and monitoring costs at €1 – 6 per tonne. €5 seems a reasonable value, especially in early phases of deployment. 
17

 With LCOEp = levelized cost of electricity over p years in €/MWh, p = levelization period in years (standard is 30). CCF = capital charge 

factor for levelization period p, TPC = total plant costs in €, LFfn = levelization factor for category n fixed operational costs, OCfn = category 
n fixed operation costs for the first year of operation (expressed in base year €), CF = capacity factor (standard is 80%), LFvn = levelization 
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                Eq. 6: Costs of CO2 avoidance (Damen et al., 2006) 

Costs for avoided CO2 emissions are calculated according to equation 6, see figure 10 for the 

definition of ‘avoided’ CO2. The technology with the lowest LCOE is chosen and added to the 

electricity production system. 

4.1.3 Update system and technology characteristics: Learning-by-doing 

Each time a new plant is added to the production system, the total installed capacities of the 

components that make up this plant increase. These components are regarded as part of 

technological clusters (Seebregts et al., 1999). For instance, the power block in an IGCC plant is 

assumed to be in the same cluster as that of a NGCC plant. Investments in one technology are added 

to the cumulative investments of the whole cluster (thus assuming 100% spillover effects between 

similar components in different technological systems). This way, IGCC technology ‘learns’ from 

experience in NGCC. Table B.1 (Appendix B) presents an overview of technology clusters, their 

learning rates and contributions of these components to overall system costs. Full geographical 

spillovers are assumed. The cumulative capacity for each component is a total of installed capacities 

in all countries. 

Some clusters are not restricted to application in power plants; the gasifier technology in an IGCC 

plant for example, is used in syngas production as well. However, since no accurate projections of 

future deployment of these technologies (besides in power plants) exist, spillover effects from such 

investments are not regarded in the model. 

Base year capacities for each technology are assumed similar to those estimated by Rubin et al. (IEA, 

GHG, 2006). They acknowledge the difficulty is assessing these base capacities for some 

components. The gas turbines in IGCC plants, for instance, are fired by hydrogen rich flue gas rather 

than natural gas. Does the current base of experience in NGCC systems apply to such power blocks? 

Rubin et al. suggest that learning for the power block in IGCC plants might start with the base of 

actual hydrogen-fired capacity, which is relatively small. A lower base capacity seems to better 

reflect the potential improvements in such systems and turbine technology in general (IPCC, 2005), 

therefore sensitivity analysis is conducted with lower base capacities for turbine technology (see 

table B.2, app. B). 

The cumulative deployments of components drive down their costs according to learning-by-doing 

theory (see section 2.3.3). To determine new plant capital and operational costs, first the 

                                                                                                                                                                                     
factor for category n variable operationg cost, OCvn = category n variable operating costs at 100% CF for the initial year (expressed in base 
year €), MWh = annual net megawatt-hours of power generated at 100% CF. 
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component costs are calculated using equations 1 and 218 and applying the learning rates suggested 

by Rubin et al. (2006), as presented in table B.1 (Appendix B). The base year fraction each 

component contributes to total plant costs is also based on the assumptions from the IEA GHG 

study, and updated to reflect costs in the DOE/NETL (2007) and IEA GHG (2008) studies. 

Performance parameters such as plant efficiency and capture rate are assumed to be constant in the 

model, in contrast with the approach by Van den Broek et al. (2009). Advances in such 

characteristics are assumed to be accounted for by increased learning-by-doing. 

After the new cost structures for each plant type are calculated, the model will return to the first 

step, and calculate new capacity requirements for the following year, until the end year is reached. 

4.2 Data 

4.2.1 Generation capacity 

Electricity demands are exogenous parameters to the model. The necessary generation capacities to 

meet demands are projections from the European Commission (2007). In the ‘Energy and Transport 

Trends to 2030’ study, a baseline scenario is presented based on work with the PRIMES model. It 

describes expected generation capacities (in MWe) for different types of generation technologies for 

all EU member states are presented in 5 year steps up to 2030. By intra- and extrapolating these 

figures, yearly demand requirements for the 2010 – 2040 period are acquired. 

Base year (2010) figures are corrected to be in line with the actual current situation as published in 

the ENTSO-E database19 (ENTSO-E, 2010). For each EU country this database presents the generation 

capacities in MW for each specific type of technologies used. Production capacities at December 31st 

2009 were used in the model. 

The EC (2007) projections are in line with studies of demand in the Dutch electricity sector from ECN 

(Daniël & Van der Maas, 2009) and CE Delft (2009).  Although international trade of electricity is 

accounted for in the PRIMES model, there is a slightly lower estimation of exports. It is assumed this 

balances out throughout the whole set of countries studied. 

CE Delft (2009) notes that two technological developments have a strong possible impact on the 

overall demand and can cause uncertainty in current estimates. Heat pumps are increasingly used to 

satisfy heat demand, especially in residential buildings. This shifts local consumption from natural 

gas to electricity, raising electricity demand with about 30%. It is projected to supply heat to 7% of 

residential buildings in 2020. Such increased usage of heat pumps is accounted for in the EC 
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    and          (see page 12) 

19 ENTSO-E is the European Network of Transmission System Operators for Electricity. (ENTSO-E, 2010) 
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estimates. The electrification of the transport sector however is not, while this will have a significant 

impact on overall demand. Therefore, electricity demand might become larger than currently 

estimated, although it is hard to properly assess the size and timing of these increases (CE Delft, 

2009). 

4.2.2 System composition 

4.2.2.1 Fossil fuel power plants 

The description of the current market composition of electricity producers is based on the carbon 

producers’ database assembled in the ECCO project (ECCO, 2009). It consists of lists of the largest 

point sources for CO2 in each country contributing to this project. Out of this database, information 

on medium and large scale (>100 MWe) electricity plants was used.  The type, net capacity, 

feedstock, commissioning and decommissioning year, place and ownership details were compiled 

for each plant. These details were cross-referenced with databases of plants in specific countries20 

and amended or complemented when necessary. Total capacities were checked to be in line with 

the total capacities in the ENTSO-E database (ENTSO-E, 2010). For plants with an unknown planned 

decommissioning year, a technologic lifetime of 40 years for PC and 35 years for NGCC and IGCC 

plants is assumed.21 The list also includes power plants that are currently not yet in operation, but 

are being built, have permits and will be operational before 2015. These plants are be added to the 

production system in their planned year of commissioning. 

4.2.2.2 Renewable and nuclear sources 

For the current contribution of renewable and nuclear energy to the overall generation capacity, 

data from the ENTSO-E database (ENTSO-E, 2010) was used. The capacities at December 31, 2009 

were selected, and the contributions from hydro, wind and solar energy were combined to form the 

renewable component in the model. 

Future investments in renewable and nuclear energy are exogenous to the model, and are based on 

the same European Commission outlook that was used for demand projections (EC, 2007). This 

outlook describes expected generated MWh for each source. For the 2030-2040 period these figures 

were extrapolated. The EC projections are based on current EU policy and national government 

commitments.  Some projections for renewable energy seem to be on the ambitious side, for 

instance with a share of almost 45% in 2040 for the UK, from approximately 13% in 2010. The bulk of 

new investments are planned in the 2020s for most countries so it is hard to assess whether the 

targets will actually be achieved. 

                                                           
20

 For the Netherlands: CE Delft (2009), Germany: Kraftwerke Online (2010), UK: BERR (2009), France: EDF (2010) 
21

 These are common rules of thumb, as used for instance by the IPCC (2005) and EPRI (2006) 
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Since the publication of the EC projections, the views on nuclear energy in the Netherlands, UK and 

Germany seem to be changing. Under the force of carbon emission constraints that seem to be hard 

to meet given the current investments in renewable energy, more favourable views are voiced on 

nuclear energy. Whereas the 2007 projections describe a clear phase-out pattern of nuclear capacity 

-  with no new investments in Germany, the Netherlands and the UK - policy makers have recently 

been opting for delaying this phasing out, or even to build new plants.22 For now, it is unclear 

whether these suggestions signify a structural change in policy. Therefore no adjustment to the EC 

projections was made. 

4.2.2.3 Other sources 

A significant portion (about 13% of the total) of generation capacity falls in none of the previously 

mentioned categories. This remainder is made up of power plants using oil as their main feedstock 

(predominantly in France), small scale gas and coal plants, waste incinerators and combined heat 

and power (CHP) plants. It is assumed that the share of these plants in the total system will remain 

constant throughout the running period of the model. 

4.2.3 Fuel Prices 

To determine the power plants’ operational costs two scenarios for fuel prices were used. These 

projections are adopted from studies by the German Federal Environment Ministry (BMU, 2008). 

Prices are assumed to be equal for all studied countries. For the base projections presented in the 

following chapter, the normal price scenario was used. 

Figure 11: Fuel price scenarios – based on BMU (2008) data Figure 12: CO2 emission allowance price scenarios 
 based on BMU (2008) data 
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 See for instance (Guardian, 2010a), (Guardian, 2010b), (Economist, 2010) 
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4.2.4 CO2 Emission Prices 

CO2 emission prices are determined through the EU Emissions Trading System (EU ETS), which has 

come into effect since January 1, 2005. The EU ETS is a cap and trade system; it puts a ceiling on the 

overall level of emissions allowed but - within that limit - allows carbon producers in the system to 

buy and sell allowances as they require. National governments draw up allocation plans that 

determine their total emission levels and how many emission allowances each individual CO2 

producer receives. Companies that emit less than they are allowed to can sell their excess 

allowances. In case a company cannot meet their requirements it is obliged to buy extra allowances 

on the market. The cap will be gradually lowered to create shortages in the market and give 

companies the impetus to reduce their emissions. This way the EU-ETS is thought to provide a cost-

effective means to cut overall emissions in the EU (European Commission, 2008). 

The CO2 emission price scenarios used in the model (figure 11) are based on future price projections 

from the German Federal Environment Ministry (BMU, 2008). Allowance prices for years up to 2010 

are taken from Point Carbon (Point Carbon, 2010). These price projections are in line with (but more 

detailed) than those published by ECN, which predict a price of €35 in 2020 (ECN, 2009), compared 

to €39/tonne in the BMU high price scenario and €30 in the mid scenario. Unless otherwise 

indicated, the BMU mid scenario was used in analyses.  
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2010 

   2040    

 1.  BAU 2. CCS 

 LCOE C.CO2 Av Cap LCOE LCOEconstant C.CO2 Av Cap LCOE LCOEconstant C.CO2 Av 

PC-No 8.88 - 109704 14.85 8.55   15.18 8.88 - 

PC-Post 12.94 61.88  17.51 12.53 39.27  17.33 12.34 31.62 

PC-Oxy 14.04 71.30  18.26 13.68 46.28  17.87 13.30 36.55 

IGCC- No 9.88 -  16.41 9.77   15.73 9.08  

IGCC-Pre 12.01 48.45  16.54 11.87 44.66 109704 15.39 10.73 3.06 

NGCC-No 9.04 - 69851 13.47 8.98   13.40 8.91  

NGCC-Post 11.28 64.67  14.49 10.90 28.75 69851 14.38 10.79 27.66 

NGCC-Oxy 13.62 123.50  17.29 13.50 101.82  16.84 13.06 91.79 
 

 2040 

 3.1 Post-combustion optimized 3.2 Oxy-combustion optimized 3.3 (IGCC) Pre-combustion optimized 

 Cap LCOE LCOEconstant C.CO2 Av Cap LCOE LCOEconstant C.CO2 Av Cap LCOE LCOEconstant C.CO2 Av 

PC-No  14.85 8.55   14.85 8.55   15.18 8.88  

PC-Post 109704 16.75 11.76 27.97  17.50 12.52 39.11  17.92 12.93 40.25 

PC-Oxy  18.26 13.68 46.29 109704 17.35 12.77 33.94  17.71 13.13 34.25 

IGCC- No  16.42 9.77   16.16 9.51   15.61 8.96  

IGCC-Pre  16.54 11.88 24.65  15.87 11.20 14.85 179555 15.20 10.54 0.33 

NGCC-No  13.47 8.98   13.47 8.98   13.40 8.91  

NGCC-Post 69851 14.41 10.83 26.61  14.48 10.90 28.63  14.44 10.85 29.37 

NGCC-Oxy  17.29 13.51 101.85 69851 16.85 13.06 89.95  16.76 12.97 89.57 

Table 6: Calculated LCOE and costs of avoidance – Medium fuel and CO2 emission prices23

                                                           
23

 Cap is the installed capacity in 2040. LCOE the 30 year levelized cost of electricity in cents / kWh, LCOE_constant is the LCOE, with constant (2010) fuel and emission prices 
    C.CO2 Av is the cost of CO2 avoided, in € / tonne. 
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5 Results 

The model described in the previous chapter was used to assess future costs and possible 

deployment of CCS technologies. The following model runs are based on a scenario with medium 

fuel and emission prices, regular financial risk parameters and path dependence (as described in 

section 4.1.2). This will be referred to as the ‘base scenario’. Given this scenario, a number of 

deployment strategies are investigated (see section 4.1.2.1). In the first strategy, Business As Usual 

(1. BAU), at each investment decision the lowest cost option is chosen. In the second, only CCS 

technologies are available (2.CCS). The third strategy aims at maximizing the learning of a single CCS 

technology, 3.1 for post-, 3.2 for oxy- and 3.3 for pre-combustion capturing. Sensitivity to other 

parameterization is described in section 5.5. Reported technology costs and fuel and emission prices 

are in €2007. Technology costs are assumed to be similar across countries. ‘Total’ deployment figures 

refer to the cumulative capacities in all countries. 

5.1 Technology costs and deployment 

 
Figure 13: Base year levelized costs of electricity 

The base year (2010) technology costs are depicted in figure 13. These are substantially higher than 

the values presented in table 3, the overview of engineering studies (section 3.4). The main reasons 

for this disparity are the inclusion of CO2 transport and storage costs, the costs of CO2 emission 

rights and increased fuel prices in the base year model costs. Table 6 depicts the evaluation of 

technology costs, according to the chosen strategy of deployment.24 Levelized costs of electricity are 

presented both with 2040 fuel and emission prices and with constant (2010) prices, in order to 

illustrate the achieved learning effects. 
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 See also figure 17 & 18 on page 42 and figure 20 and 21 in Appendix C 
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Strategy 1: Business as ususal Strategy 2: All CCS Technologies 

  

  

Figure 14a-d: Mix of generation technologies 
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The costs of CO2 emissions avoided are presented in € per tonne, for IGCC capture plants these 

values are in comparison with PC plants without capture, as these are the lowest cost coal plants.  

The lowest overall LCOE are found in the BAU case, for conventional coal and gas plants. Since these 

are significantly lower than any of the CCS options it is highly unlikely that – given the current 

conditions – a switch will be made to CCS equipped plants without any extra incentives.  

The lowest cost option for capturing CO2 from coal is pre-combustion capturing in a gasification 

plant (IGCC-Pre), even in the strategy where post-combustion is optimized (3.1). Lowest cost 

generation with capturing from gas is achieved using post combustion capture (NGCC-Post). Note 

that the LCOE for NGCC-Post is lower when employing the second (CCS) strategy in comparison with 

the case where post-combustion capturing is maximized; this is due to learning spillovers from IGCC 

deployment in the CCS case. 

At first sight the costs to avoid CO2 seem to be falling in every evaluated strategy. It must be noted 

however, that part of the actual costs are already priced in the LCOE via CO2 emission prices. To 

determine the overall costs of CO2 avoidance, emission prices should be added to the ‘C.CO2Av.’;  

€12 per tonne in 2010, and €40 for the 2040 values. Keeping this in account, the costs of CO2 

avoidance rise with 50.0% on average in the business as usual case (see table C-1, Appendix C). This 

increase can be attributed to rising fuel prices, since fuel takes up a relatively large share in CO2 

capture costs (due to the high energy intensity of the capture processes). 

5.2 Generation system composition 

For each country studied, the composition of fossil fuel generation capacity was determined. In 

figures 14a-d, and figures C-3 to C-6 (App. C) an overview is presented. These figures clearly show 

the inertia in the system; in none of the cases a switch of preference takes place at any point during 

the running time of the model. The lowest cost options in the base year is selected, and repeated 

with every step. The pressure of rising fuel and emission costs is not strong enough to cause any 

changes in this pattern (at least not in the base scenario). 

The total newly built fossil fuel fired generation capacity during the 2011-2040 period is 179.5 GW. 

The bulk of these new investments will be made in the first decade, see figure 16. Between 2011 and 

2020, 58% of the total new capacity will be built. 
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Figure 15a-d: B.A.U. strategy 2040 LCOE & Costs of avioded CO2 in different pricing scenarios 

Fuel Prices High 

Em
is

si
o

n
 P

ri
ce

s 
N

o
rm

al
 

 
78.62 79.18  16.23 

 
 76.34 150.65 

 

 
31.89 32.93  -1.02  29.82 104.40 

 

Em
is

si
o

n
 P

ri
ce

s 
H

ig
h

 

 
60.67 65.59  3.06  56.70 120.83 

 

 
14.20 19.12  -14.36 

 
 10.23 74.36 

 

Fuel Prices Normal 
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            Figure 17: Potential emissions avoided  Figure 18: Newly built capacity per 5 years  

 

5.3 CO2 emissions avoided 

The abatement potential for CCS technologies is substantial. Figure 15 depicts avoided emissions 

when deploying CCS equiped plants vis-a-vis their non CCS equivalents (in this case for the second 

strategy, with all CCS technologies as candidate)25. The yearly avoided amount of 515 Mton in 2040 

equals 41.4% of the studied set of countries’ 2007 emissions (EC, 2008c). 

5.4 Deviations from the base scenario: high fuel/emission prices 

Changes in fuel and/or carbon emission prices have a strong impact on the cost-effectiveness and 

deployment of CCS technologies. Figure 17 and 18 (opposite page) display the consequences of 

different combinations of fuel and emission price scenarios. 

Again, following the BAU strategy, CCS is not cost competitive in any of the scenarios. Pre-

combustion capturing remains the cheapest option for capturing for coal, post-combustion for gas, 

but none of them surpass their non-CCS counterparts in terms of a lower LCOE. 

In contrast, when employing the CCS strategy, IGCC with pre-combustion capturing is able to reach 

lower levelized costs compared to PC plants without capturing, in scenarios with high emission 

prices. In the scenario with moderate fuel prices, IGCC-Pre surpasses PC in 2020, after a learning 

capacity of 70000 MW IGCC, and about 25000 MW NGCC is reached. CO2 prices are €39 per tonne at 

that time, in that scenario. The 2040 LCOE are even lower for IGCC-Pre (15.57) than the costs of PC-

No (16.22) in the BAU strategy (which basically maximizes learning for PC). Post-combustion 

capturing remains the lowest cost option for capturing from gas. 

In the high emission and high fuel prices scenario, IGCC-pre surpasses PC-No in 2026, after 93000 

MW IGCC and 37000 NGCC is deployed, and at a CO2 emission price of 45 €/tonne. It becomes a 

                                                           
25

 488-657 MTon in the other CCS strategies, based on an average capacity factor of 60%. 

0

100

200

300

400

500

600

M
to

n
 /

 y
r

30% 28%

17%
13%

6% 6%0
10
20
30
40
50
60

C
ap

ac
it

y 
(M

W
*1

0
0

0
)



 

 42 

lowest cost option for capturing from gas as well, around 2040, when gas prices drive down the 

interests in NGCC plants. 

5.5 Reflection 

Under the current regime of carbon emission prices, it will be highly unlikely that substantial 

investments in CCS technology will be made without any extra stimuli. This finding is comparable to 

those presented by Vrijmoed et al. (2008), but less optimistic than Van den Broek et al. (2007; 2009). 

The lower deployment rates compared to both studies were as expected, given the considerations 

discussed in section 3.5. Perfect foresight is one of the explanations of the optimistic findings by Van 

den Broek et al., and the lack of it in this model can be cause of underestimation of learning effects. 

The finding that pre-combustion from coal gasification is the lowest cost option for capturing is 

shared with Van den Broek et al. (2007); Vrijmoed et al. (2008) make no explicit distinction between 

capture technologies in their results. Early investments are advised in all studies. 

 

 
  



 

 43 

6 Discussion 

6.1 Policy implications 

The results presented in chapter five hint at some important implications for policy makers aiming to 

stimulate CCS deployment. Under the current regime of carbon emission prices, it will be highly 

unlikely that substantial investments in CCS technology will be made without any extra stimuli; the 

gap between costs for electricity generation is simply too large. Only with CO2 emission prices in the 

range above approximately €60 / tonne, immediate action will be taken. Otherwise, electricity 

producers will remain stuck in the low cost conventional fuel options, and little learning will take 

place that can drive down CCS costs. 

Only when high emission prices are combined with large scale stimulated deployment, prices of 

carbon capturing plants will be driven sufficiently down in order to compete with conventional 

generation technologies. Pre-combustion capturing is the most promising technology to achieve this. 

Learning effects are highest for this type of capturing, and it is likely to benefit from spillovers from 

developments in other technologies. This suggests that deployment stimuli geared towards coal 

gasification would be advisable. 

If the choice is made to stimulate carbon capture technology, early investments are preferable for 

two reasons. First, fuel costs make up a relatively large share of the additional costs of capturing 

plants versus conventional plants. Since fuel costs are likely to rise throughout the following years, it 

will be increasingly costly (and therefore, unlikely) to step over to CCS plants. This can raise the 

incremental costs of CO2 avoidance with 50% in 2040, if no early action is taken. Furthermore, the 

majority (about 75%) of newly installed capacity in the next thirty years will be built in the first half 

of this period.  At least part of these new plants is necessary to built with CCS equipment, in order to 

drive down capture costs and make a significant reduction in greenhouse gas emissions. 

The current EU plans to roll out 12 full scale CCS plants are a definite necessity in order to 

understand the possibilities of new technologies such as coal gasification and oxy-fuel combustion. 

Given the previous observations, however, the timing might be too late to be most useful in the 

building surge of the upcoming decade. 

The question remains whether CCS can be part of a portfolio approach to reduce GHG emissions, 

and possibly play a role in the path towards a truly sustainable energy system. This research suggests 

that the cost decreases of CCS technology are likely to be modest, and only will take place if 

substantial investments are made. This possibly diverts R&D and deployment stimuli funds for true 
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sustainable energy technologies. More research is advisable to compare abatement potential and 

societal costs of both CCS and different forms of sustainable energy generation. 

6.2 Improvements to the model 

There are a number of ways in which this model can be refined and/or extended. A fundamental 

step forward will be the inclusion of an optimization algorithm. In the current setup, the decision 

maker in the model only knows prices of technologies, fuels and emission permits at the moment of 

making the judgement. This will satisfy individual decision makers (local optimum), but might not 

lead to an overall best outcome in terms of costs of electricity, carbon abatement or both (global 

optimum). In order to study possible disparities between local and global optima, in this study a 

number of investment strategies were evaluated, but an optimization model will do this best. This 

can be realized through not solving the LCOE equations directly, but compiling them in a system of 

equations. These can be solved with a non-linear programming algorithm, for instance implemented 

in the GAMS modelling environment (see GAMS, 2010; Odenberger et al., 2008). 

Another improvement that will better reflect reality is to provide flexibility of fuel used in the model, 

including the option to co-fire biofuels. Currently, there are no extensive studies on the additional 

costs and performance issues when using biomass as a feedstock in a CCS environment. 

Nevertheless, their performance is well known for conventional coal plants and coal gasification 

plants. Biomass co-firing can be implemented to give a better representation of the possible 

reductions in carbon emissions for conventional technologies without CCS. Furthermore, given the 

abundance of lignite in Germany and Poland, the option of using lower grade coals will be important 

to evaluate - as future increases in fuel costs will drive interest in the direction of these feedstocks. 

At the moment, the model only makes investment decisions at the end of the lifetime of each plant. 

In reality, however, there is some flexibility during its lifecycle. Owners can choose to shut it down 

early, in case its operational costs are higher (due to low efficiency and/or high emissions) for the 

existing plant in comparison with building a new one. Such early retirement decisions are currently 

not made regularly, given the long time to generate returns to capital investments and moderate 

CO2 emission prices.  Retrofitting existing power plants with CCS equipment is another choice that 

can be made during a power plants lifetime (see section 3.3). Such retrofitting comes at substantial 

extra costs and performance loss. As long as equipping newly built plants with CCS technology is not 

cost-effective yet, it certainly is not for retrofitting existing ones. Still, under more stringent CO2 

emission regimes this might become an option so it would be good to implement this flexibility in 

future models for the evaluation of CCS technology. Related to this would be the introduction of the 

ability to look forward for a couple of years at the moment a decision is made, to include planned 
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investments in renewable and nuclear power in the decision making. This way suspected rises in fuel 

and emission prices can be accounted for as well. 

A major extension to the model would be to include renewable energy technologies in the allocation 

algorithm instead of following predetermined investment paths. This way, the interaction between 

CCS and these technologies could be evaluated. It could present an interesting insight in the 

crowding-out effects that are expected CCS versus renewable energy technologies in terms of R&D 

investments and early deployment stimuli. 

Most importantly however might be the extra research that is necessary to strengthen the empirical 

foundations for the model, which will be discussed in the next section. 

6.3 Recommendations for further research 

Technological change is one of the most important drivers in models for (climate) policy analysis, yet 

its determinants and mechanics are often insufficiently understood. To stress the suggestions by 

Pizer and Popp (2009) once more, most attention for future research should therefore not be 

provided to modelling per se but to the data and assumptions that feed models used for policy 

analysis. Some attention should be given to learning-by-doing phenomena in general, other research 

is necessary in areas specific to CCS technology. 

One aspect of learning-by-doing that deserves more attention is the distinction between global and 

local learning effects. As pointed out by Mcdonald and Schrattenholzer (2001) and Junginger et al. 

(2005), there are great differences in measured learning rates between countries, regions and the 

world as a whole. To some extent they can be attributed to differences in data collection, pricing 

effects and exchange rates. Still, there are important local drivers to learning, with knowledge being 

embodied in persons and institutions (Gertler, 1995). It is true, however, that suppliers are global, 

especially in the market for power plant components (Siemens, Alstom, etc.). If global and local 

learning effects can be disentangled further this would be insightful for assessments of the effects of 

local deployment of technologies, like in this study. 

In their estimation of installed capacities of CCS technologies, Rubin et al. discuss the difficulty of 

making such judgements (IEA GHG, 2006a). What counts, and what not? Do older generations of a 

certain technology still serve as a learning base for future ones? It might be helpful here to adopt a 

knowledge stock approach similar to those employed in studies on the effects of R&D on 

technological change (see section 2.3.2, p.11). This way, degradation of older knowledge can be 

taken in account, as well as time-lags between investments and knowledge diffusion. 
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Another way of deepening the understanding of technological change might be to look at the 

distinction between learning at the component and at the system level. In this study, CCS technology 

was broken down into its components and potential learning was evaluated at this level. This might 

understate the overall learning effect, since it does not take in account the possible synergies that 

might arise at the whole system of CCS and power conversion technologies. Then again, other 

studies that approach CCS at the aggregate level (e.g. Ecofys, 2008) might fail to consider spillovers 

between components within technology clusters. In literature on organizational learning the 

distinction between individual and systemic learning is well established (Argote 1999), and it might 

be interesting to investigate how this translates to technological change. 

Finally, more insight can be gained from the study of the determinants of learning rates, such as 

design complexity (McNerney et al., 2010). This can help to judge the validity of learning rate 

measurements, and provide some guidance when extrapolating rates from one technology to 

another. 

When it comes to future studies specifically aimed at assessing CCS technology, it would be helpful 

to provide an update on the work of Rubin et al. (IEA GHG, 2006), as this has been the only extensive 

empirical study on CCS technologies to date. Although their work is comprehensive and carried out 

thoroughly, it might be good to have an updated view on their case-studies, including recent 

advances in carbon capturing technology. Especially on the topic of currently installed capacities 

more research can be done. Furthermore, the likely deployment of technologies in other sectors of 

which CCS can gain knowledge spillovers from could be looked into more thoroughly. 
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Appendix A: List of abbreviations 

3-E  Energy, Economy & Environment (model) 
AEEI  Autonomous Energy Efficiency Improvement 
AP  Air Pollution 
ASU  Air Separator Unit 
CO2  Carbon Dioxide 
EC  European Commission 
EU  European Union 
EOR  Enhanced Oil Recovery 
ETC  Endogenous Technological Change 
FGD  Flue Gas Desulfurization 
GW  Giga Watt 
GWh  Giga Watt hour 
GTCC  Gas Turbine Combined Cycle 
IEA GHG  International Energy Agency GreenHouse Gas Programme 
IGCC   Integrated Gasification Combined Cycle 
IPCC   Intergovernmental Panel on Climate Change 
L-B-D  Learning by Doing 
LHV  Lower Heating Value 
LR  Learning Rate 
MEA  Monoethanolamine (Solvent) 
MW  Mega Watt 
MWh  Mega Watt hour 
NGCC   Natural Gas Combined Cycle 
NOx  Nitrogen Oxides 
PC   Pulverised Coal (Combustion Plant) 
PR  Progress Ratio 
SRCCS  Special Report on Carbon Capture and Storage (IPCC, 2006) 
TC  Technological Change 
SEWGS   Sorbtion Enhanced Water Gas Shift 
SOx  Sulfur Oxides 

  



 

 

  



 

 

Appendix B: Model parameterization 

Financial Parameters 

 Capital 
charge factor 

Coal 
levelization 

NG 
Levelization 

General O&M 
levelization 

High 0.175 1.2022 1.1651 1.1568 

Low 0.164 1.2089 1.1705 1.1618 
Table B-1: Financial parameters 

 

Technology Parameters 

 
Lifetimes Scaling factors LHV/HHV26 

PC 40 0.75 0.956 

NGCC 35 0.9 0.904 

IGCC 35 0.8 0.956 
Table B-2: Basic technology parameters 

 
PC-No PC-Post PC-Oxy IGCC-No IGCC-Pre NGCC-No NGCC-Post NGCC-Oxy 

Efficiency 41.9% 30.0% 31.3% 39.70% 32.1% 50.5% 43.8% 40.40% 

Capacity factor 85% 85% 85% 75% 75% 75% 75% 75% 

Capture rate 0.0% 90.0% 95.0% 0.0% 90.0% 0.0% 90.0% 95.00% 

Table B-3: Performance parameters 

 Rubin et al. 
Estimates 

In dataset 
Sensitivity 
Analysis 

PC Power Block 120000 121000 120000 

GTCC 240000 53000 100000 

Air Pollution Controls 230000 175000 200000 

CO2 cap amine 10000 - 10000 

CO2 cap precomb 10000 - 10000 

CO2 compression 10000 - 10000 

ASU 50000 - 50000 

Coal Gasifier 10000 - 10000 
Table B-4: Base year installed component capacities 

 

Fuel Characteristics:  

Coal: Bituminous, wet LHV (%): 26.151, 0.331 kg CO2  / kWh 
Gas: Southern Norwegian North Sea, 0.202 kg CO2/kWh 
(BMU, 2009) 

                                                           
26

 Based on Davison (2007) 
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Technology Cluster L.R. Cap. L.R. O&M Cap O&M Cap O&M Cap O&M Cap O&M Cap O&M Cap O&M Cap O&M Cap O&M 

PC Boiler 6 15 84 58 66 33 53 42           

GTCC Power Block 10 6 
 

     40 20 34 25 100 100 72 46 53 48 

AP controls 12 22 16 42 12 23 5 21 7 6 6 8     5 20 

CO2 Capture   
(Amine etc.) 

11 22 
 

 18 42         24 51   

CO2 Capture  
(Selexol etc.) 

12 22 
 

  2 7 3  3 13     3 7 1 

CO2 Compression 0 0 
 

 4  3 10  16 2    4  3 9 

ASU 10 5 
 

   32 24 21 17 18 21     32 22 

Gasifier 14 12 
 

     32 38 27 46       

Table B-5: Technology cluster learning rates and contribution to overall system costs 
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Figure C-1 a-f: Calculated LCOE for different strategies Pt.1 

       Top row: constant fuel & CO2 emission prices,  
       bottom row:2040 fuel & emission prices 

 

 



 

 

 

Strategy 3.1: Max Post-Combustion  Strategy 3.2: Max Oxy-Combustion  Strategy 3.3 Max Pre-combustion 

 

 
Figure C-2 a-d: Calculated LCOE for different strategies Pt.2 
           Top row: constant fuel & CO2 emission prices, bottom row:2040 fuel & emission prices 
 

  



 

 

System composition 
Strategy 1: Business As Usual 

Figure C-3 a-d: System composition, strategy 1:BAU, pt1  



 

 

Strategy 1: Business As Usual 

 

Figure C- 4 a-d: System composition, strategy 1: BAU, pt2 



 

 

Strategy 2: All CCS technologies 

 

 

Figure C- 5 a-d: System composition, strategy 2: CCS, pt1 



 

 

Strategy 2: All CCS Technologies 

 

Figure C-6 a-d: System composition, strategy 2:CCS, pt2 



 

 

  
C.CO2 Av. 

2010 
C.CO2 Av. 

2040 
‘Actual’ 

2010 
‘Actual’ 

2040 
Increase 

PC-No - - - - - 

PC-Post 61.88 39.27 73.88 113.88 54.1% 

PC-Oxy 71.3 46.28 83.3 123.3 48.0% 

IGCC-No - - - - - 

IGCC-Pre 48.45 44.66 60.45 100.45 66.2% 

NGCC-No - - - - - 

NGCC-Post 64.67 28.75 76.67 116.67 52.2% 

NGCC-Oxy 123.5 101.82 135.5 175.5 29.5% 

      
  

 
      Average Increase:  50.0% 

 
Table C-1: Increased ‘actual’ costs of avoidance 
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