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Summary 

CO2 Capture and Storage (CCS) is indicated as an important pillar in the Dutch climate 
change policy. However, policy still needs to be further developed to stimulate CCS. 
Scientific literature provides analyses on a limited number of policy options. This research 
project aims to explore a broader range of policy options. To do this, a simulation model is 
required to simulate the replacement of electricity generation capacity in the power supply 
market. This leads to the development of simulation model, referred to by the following 
problem definition: 

How can replacement of electricity generation capacity in the power supply sector 
(including CCS) be modelled? 

This model is used for an explorative study on CCS stimulation policies. The central question 
is: 

What is the potential role of CO2 Capture and Storage in the Netherlands under 
different policy options on the mid term (2030)? 

The Ecofys model simulates replacement of electricity generation capacity in the power 
supply sector in the centralized electricity supply market of the Netherlands, and calculates 
the related societal costs and CO2-emissions. It is a bottom-up simulation model, with a high 
level of technological detail. Furthermore, the model allows for a wide range of scenarios in 
the period between 2006 and 2030. The basic mechanism of the model is based on the shape 
of the load duration curve, which is divided into five load levels. For each of the five load 
levels the pace of retirement of standing stock and exogenous electricity demand determine 
how much additional electricity generation capacity is needed. This demand for capacity is 
met with the least cost technology, evaluated in three different discount rates. In addition, the 
model includes cost supply curves for renewable energy sources as well as CCS. Also, scale 
dependent costs for CO2-transport, learning curves and a limit to growth are considered. The 
model distinguishes twenty-four technologies, of which seven different types of plants include 
CCS. The model takes into account economies of scale in COr transport and distinguishes 
between different types of storage. The model includes several policies with a variety of 
options. A COz-price is imposed as a tax on CO2-emissions. The model is able to perform 
iterative runs to calculate the required CO2-price, based on a provided CO2-cap. Subsidies can 
be imposed on CCS and renewable energy sources. The amount spent on subsidy can be 
either restricted or unlimited. The model is able to impose a CCS obligation (CCS standards) 
to fossil fuel plants of choice. Feed-in tariffs for CCS as well as renewable energy sources are 
modelled as a fixed subsidy to electricity from technologies of choice. Finally, it is possible to 
let the discount rates with which costs are calculated, deviate for some technologies, to reflect 
additional risk or risk reducing policies. 

The Ecofys model is used for analyses on CCS stimulation policies. Four policy options: 
COrprices, investment subsidies, feed-in tariffs, a CCS obligation and combinations, are 
analyzed in detail. 

A CO2-price was implemented as gradually increasing from the actual 2008 level, with 
different rates of increase. In scenarios with a COz-price, the share of nuclear energy becomes 
very high, but CCS plays hardly any role. Unless the fact that Nuclear energy is a relative 
cheap COz-abatement option, the political climate in the Netherlands has not been in favour of 
nuclear energy. For the remaining analyses we assumed that nuclear energy is not an option in 
the Netherlands. Also, when nuclear energy is excluded, the role of CCS is limited, as a result 
of the lock-in of fossil fuels by gradually rising CO2-prices. A reduction of costs for small 
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scale transport considerably advanced the moment CCS was adopted and increased the role of 
CCS, Furthermore, we find that a COrprice can facilitate a potential role for biomass CCS, if 
CO2 stored from biomass plants can be considered as negative emissions. 

Subsidies, feed-in tariffs and CCS obligation are all effective in stimulating CCS. Different 
feasible policy combinations show a considerable role for CCS as well. However, additional 
policy to the COrprice is needed. Another finding is that different types of policies stimulate 
different types of plants with CCS. A COrprice stimulates biomass CCS in particular, but 
also coal and gas plants with CCS. Subsidies stimulate cool plants with CCS. Feed-in tariffs 
and CCS standards stimulate gas and coal fired power plants to the same extent. Finally, the 
costs of electricity generation at the end of the modelling period were about equal for 
scenarios in which both renewable energy sources and CCS played a large role. The same 
phenomenon is observed for scenarios in which only CCS played a large role, while the COr 
emissions were lower in the second case. This is a result of the extensive possibilities of 
technologicalleaming for renewable energy sources. 

Based on the results of the analyses we derived the following conclusions: 

• 

• 

• 

• 
• 
• 

The role for CCS is very limited when large scale implementation of nuclear energy 
is an option. 
A COrprice alone is not sufficient to stimulate CCS or to reach COrmitigation 
targets. 
The level of transport costs in the initial phase, when there are no scale advantages, 
reduces the competitiveness of CCS considerably. 
Biomass plants with CCS might playa role in COz-mitigation under the ETS. 
Different types of policies stimulate different types of CCS. 
A considerable share of renew abIes in the electricity generation mix reduces societal 
costs in the long-term. 
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Introduction 

1 Introduction 

Climate change has been on the political agenda for decades. The Kyoto protocol, signed in 
1997, formed a serious signal that greenhouse gas emissions should be restricted from that 
moment onwards. The laborious and lengthy ratification procedure, the non-participation of 
important emitters, the international difficulties with reaching the Kyoto-targets and the -
again- laborious discussions in the recent (2007) climate top in Bali about the follow-up of the 
Kyoto protocol, showed that mitigating climate change is a necessary but difficult process. 

To reduce greenhouse gas emissions, despite the increasing energy demand, requires new and 
improVed technologies. Since no single technology will provide all the emission reductions 
required, a portfolio of mitigation options (IPCC, 2005) is desired. A technology that receives 
increased attention in the discussion about climate change control is CO2 Capture and Storage 
(CCS). CO2 can be captured from point sources and injected into underground geological 
formations. 

In general, it is expected that it may take up to 100 years before renewable energy sources are 
able to meet the global energy demand. In the mean time there is enough fossil fuel to meet 
demand (Rogner, 2000). However, there is also an increased consensus that there is no time to 
waste in mitigating climate change (IPCC, 2007). Here, CCS may provide the possibility of 
reducing greenhouse gas emissions rapidly. 

CCS is not undisputed. Environmental NGOs and others have emphasized that CCS should be 
an intermediate solution and not an alternative to renewable energy. The continuous depletion 
of fossil fuels, the high uncertainty about long term effects of storage and the continuous 
emission of other pollutants, make CCS not suitable as a permanent solution for the climate 
problem. The efficiency reduction associated with CCS even increases these negative effects. 
A CCS-plant uses 15-32 % more fuel input per kWh produced (Rubin et aI., 2007). Moreover, 
by stimulating large-scale adoption of CCS one risks a 'lock-in' of fossil fuel plants. 
Competition between renewables and CCS might reduce the pace of development of 
renewables. 

Although CCS is associated with many uncertainties, policymakers, among others in the 
Netherlands, have indicated CCS as an indispensable technology in the battle against climate 
change. The question of how to formulate CCS policies in an optimal way is of interest. 

This research aims for providing insight in the effect of policies on the role of CCS. To do so, 
a simulation model is developed of the replacement of electricity generation capacity in the in 
the Netherlands. This model will be used for exploration of the potential role of CCS, under 
different policy options. 
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1.1 Context of the project 
This graduation project is performed at the department of 'Energy and Climate Strategy' 
(ECS) of Ecofys. Ecofys is a company that offers research and consultancy services as well as 
product development in the field of energy saving and renewable energy solutions. Ecofys is 
established in 1984 in the Netherlands. Currently it has over 350 employees in thirteen 
countries and it is one of the largest consultancy firms in sustainable energy and climate 
policy. It operates with the mission: "A Sustainable Energy Supply for Everyone". Ecofys is 
part of the holding company Econcern, under which also Evelop, Ecostream, Ecoventures and 
OneCarbon operate. 

'Energy and Climate Strategy' provides strategic advice in the area of energy and climate 
policies to public and commercial clients. Carbon Capture and Storage is one of the 'product
market combinations' on which ECS focuses. About 6 persons work full-time on this topic. 
Apart from that, ECS has started a business case to develop a bottom-up energy model, to 
support their activities. The electricity supply module developed in this prqject concerns the 
first part of this model. 

This graduation project resides under Work Package 1.4 of the Dutch CATO-project in which 
ECS is involved. CATO is the Dutch abbreviation for 'C02 Transport en Opslag' (C02 

Capture Transport and Storage). CATO is a knowledge network in the Netherlands, in which 
Dutch companies, research institutes, universities and environmental organisations cooperate. 
The aim of CATO is to build a strong knowledge network in the field of CCS in the 
Netherlands, to be well prepared for the possible implementation of CCS. CATO is divided 
into 6 Work Packages (WP's) in which is dealt with different topics (Table I). This project is 
part of work package 1 (WPl). The objective of work package 1 is to offer an integrating 
framework for the other work packages, by identifying priorities for research, playing an 
evaluating role and identifying key transition development and deployment trajectories. 

Table 1: Overview of the work packages in CATO 

Work Package Topic 

1 System analysis. infrastructure and transition 

2 CO2 capture 

3 Storage 

4 Caz storage by mineralization 

5 Monitoring, safety and regulations 

6 Communication 

WPI is divided into 5 parts (Table 2). In WP 1.4 outcomes are used from WP 1.1, 1.2 and 1.3. 
Furthermore, WP 1.4 provides valuable input into WP 1.5. ECS is within WP 1.4 responsible 
for an energy modelling project, to analyse the possible role of CCS under various different 
policy options. 
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Table 2: Overview of the topics within work package 1 

Work Package Topic 

1.1 Sustainability framework 

1.2 Integral comparison and development potential of conversion and capture 
options 

1.3 Integral comparison and classification of the portfolio of CO2 storage 

Identification of optimal systems and strategies for large-scale deployment of 
1.4 Clean Fossil Fuel (CFF) systems on the long term, including insights in their 

ecological and socio- and macro-economic impacts for different scenario's 

Identify coherent policy and implementation strategies including the required 
1.5 infrastructure and demands for successful innovation, sustain ability criteria and 

time paths 

1.2 Literature overview 
Several studies used simulation models to analyse the role of CCS in CO2 reduction. Studies 
for the Netherlands focus on planning (van de Broek et aI., 2007), capture and storage 
potential (Darnen, 2007) and CO2 leakage (van der Zwaan and Smekens, 2007). Otto and 
Reilly (2007) present a general modelling excersise including the EU ETS (Emissions 
Trading Scheme) and subsidies, which is calibrated to the Dutch economy in 1999. Policy 
scenarios with CO2-prices are developed by Martinsen et al. (2006) for Germany and Wise et 
ai. (2007) for the US. Global studies include IPCC (2005), IEA (2004), Stangeland (2007), 
Gielen (2003). 

Within the CASCADE-MINTS (2006) project, 10 models were used to analyse the potential 
role of CCS under three different policy approaches: CCS standards, a CO2 cap and a CCS 
subsidy. Most of the models have only limited technological detail and include a limited 
number of aggregated regions (varying from global to the US, Canada and Europe). 

Most modelling exercises focus on one specific aspect of CCS and include only a limited 
number of policies. An overview of policies that are included in CCS modelling exercises is 
provided in Table 3. Most exercises only take a CO2-price and/or a CO2-cap into account. 
Otto and Reilly (2007) also investigated the impact of subsidies. 

3 
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Table 3: Overview of policy options included in CCS modelling exercises 

Reference Policy options included 

Van den Broek et aL 2007 CO2-cap 

Martinsen et aI., 2007 COrcap 
CO2_price 

Wise et aL, 2007 CO2_price 

Van der Zwaan and Smekens, 2007 CO2 concentration constraint (leakage) 

CCS standards 
CASCADE MINTS, 2006 COr cap 

CO2-cap combined with CCS subsidy 

• Gielen, 2003 CO2.price 

CO2-cap 

Otto and Reilly, 2007 
COz trading schemes 
Technology adoption subsidies 
R&D subsidies 

Groenenberg and Uyterlinde, 2007 
CCS standards 
CO2 emission cap 

Smekens, 2005 COz.price 

Different legislators, such as the European Commission and the Dutch government, 
emphasized the role of CCS in greenhouse gas abatement and are considering policy options 
to stimulate CCS. To support this process, a more extensive policy analysis is desired. First, 
more policy options should be analyzed. Most studies focus on the ETS system. The ETS 
system might not be sufficient to reach climate targets and stimulate CCS. Possibly, other 
options, like subsidies and feed-in tariffs, provide well-functioning complementary options. 
Second, existing studies do not research combinations of policies, while in practice policies 
are usually combined. Insight in their combined effect contributes to balanced policy 
formulation. Third, there are no studies on competition between CCS and renewable energy 
technologies and policy options to deal with this. However, this is an important subject in 
public discussions on CCS. 

Therefore, we developed a more extensive modelling approach. The model simulates the 
future implementation of new power generation capacity, such as CCS and renewables. The 
model particularly stands out because of its variety in policy options. It contributes to the 
scientific debate by analyzing additional policy options, among others: CCS and renew abies 
subsidies, CCS obligation, COrprice and COrcaps. In addition combinations of policy 
options are explored to find synergy and antagonism. 

The scope of this research is limited to the electricity supply sector. Several studies indicate 
that CCS is most likely to be deployed first in this sector (IPCC, 2005; Vosbeek and 
Warmenhoven, 2007). Furthermore the project focuses on centralized electricity production, 
taking into account the centralized character of CCS. CCS technology is only affordable when 
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applied to a large scale power plant. As a result, CCS is not suitable for decentralized 
electricity generation. 

The study is performed for the Netherlands. The Netherlands is specifically interesting, 
because of the extensive possibilities for CCS; the availability of sinks, the existing natural 
gas infrastructure (CATO projectplan, 2(03), the relative short distances between large point 
sources and potential sinks for CO2 (van den Broek et al, 2(07) and the high political 
commitment to CCS (Tjemshaugen, 2(08). 

1.3 Problem definition 
The purpose of this research is twofold. First, a model is developed to simulate different 
policy scenarios, including the option of CCS. In this context the first research question is: 

A. How can replacement of electricity generation capacity in the power supply sector 
(including CCS) be modelled? 

In development of the model a number of issues will be addressed: 
• The basic principles of a model simulating the replacement of electricity generation 

capacity in the power supply sector. (section 3.1) 
• Refinements to include the most important dynamics of electricity generation. 

(section 3.2) 
• The modelling of CCS. (section 3.3) 
• The modelling of policy options. (section 3.4) 

Second, the model developed will be used to explore policy options to stimulate CCS and 
research the following research question: 

B. What is the potential role of CO2 Capture and Storage in the Netherlands under 
different policy options on the mid term (2030)? 

With regard to this question, we will discuss among others the following issues: 
• The influence of nuclear energy on the role of CCS. 
• The role of CCS under the EU emission trading scheme. 
• The role of transport cost in CCS deployment. 
• The potential role of biomass CCS. 
• The influence of policies on types of CCS. 
• The cost effectiveness of different policy scenarios. 

1.4 Summary and outline of the report 
CCS is considered to be an important CO2-mitigation option in the Netherlands. However, 
different actors have raised concerns about i.e. the energy penalty associated with CCS and 
the competition with renewables. Despite those concerns, CCS is high on the political agenda 
in the Netherlands and some initial suggestions for CCS stimulation policies are made. Policy 
analyses on CCS stimulation policies are needed, however only a limited amount of policies 
is considered in scientific literature. In this report CCS policy analysis will be performed with 
a simulation model of the replacement of electricity generation capacity in the Netherlands. 
For this purpose, a new model is developed. The model will be used to perform analyses on 
CCS stimulation policies. The three main elements of this research are: 1) modelling the 
electricity supply sector, 2) Carbon Capture and Storage and 3) Policy. In chapter 2 those 
three elements are introduced. The development of a bottom-up model of the electricity 
supply sector is described in chapter 3. The results from the modelling exercise are presented 
in chapter 4. In chapter 5, the robustness of the model results is tested by performing 
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sensitivity analyses on key parameters. The report concludes with discussion (chapter 6) and 
conclusions (chapter 7). 
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2 Background 

This research project contains three important components; an energy model, carbon capture 
and storage and policy. In this chapter those three components will be introduced. In section 
2.1, the technology of Carbon Capture and Storage is introduced and in section 2.2, an 
overview of the Dutch policy on CO2-abatement and CCS in general is provided. In section 
2.3 , the methodology of energy models and a general overview of existing energy models are 
described. One model, the PRIMES model , is briefly discussed separately, since it provides 
input to the Ecofys model. 

2.1 Carbon Capture and Storage 
In order to assess the potential role of CCS, some technological background information is 
needed . In this section, a brief overview is provided on CCS technology and its current status. 

CO2 emissions occur by burning fossil fuels at point sources, such as power plants, industrial 
plants or at distributed sources like automobile engines and residential furnaces. Because of 
scale advantages CCS would most probably only be applied to large point sources of CO2. 

Several industrial processes, like ammonia products , iron and cement production have high 
CO2 emissions and/or pure COrstreams and are thus also suitable for CCS. Because of the 
scope of the project the description here will be limited to CCS in electricity production. CCS 
is typical suitable for plants using coal, natural gas, oil, biomass or mixtures of those fuels. 
CCS consists of three steps; Capture at the point source, transport and storage of CO2, which 
are explained in the following paragraphs. 

COzcapture 
CO2 capture aims at producing a concentrated stream of CO2 at high pressure, instead of a gas 
stream with a low concentration of CO2• In principle the total gas stream could be transported 
and stored, but this is less cost-effective and not a viable option. The stream is brought under 
high pressure to reduce transport costs. 

There are three main methods to capture CO2 in power production (see Figure 1): 

Coal t 
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Ail ---"F Se""r.a',on I Nl 

Figure 1: Schematic overview of CO2 capture processes and systems for electricity production 
(IPCC, 2005). 
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Post-combustion separates CO2 from flue gases, after combustion of the primary fuel in air. A 
liquid solvent is used to capture the CO2• 

Pre-combustion is used in plants in which the primary fuel is gasi fied before combustion. The 
fuel reacts with air or oxygen and a ' synthesis gas' is formed , consisting of carbon monoxide 
and hydrogen. In a second reactor (shift reactor) the synthesis gas reacts with steam to 
produce CO2 and additional hydrogen . This gas stream can be separated into a CO2 and a 
hydrogen stream. The hydrogen can be used to produce power and/or heat. 
Oxyfuel combustion is the least developed system of the three capture technologies and is still 
only in the demonstration phase, whereas post-combustion and pre-combustion are well 
understood and already in the phase of up scaling. In the oxyfuel process oxygen instead of 
air is used for the combustion of the primary fuel. The flue gas produced consists mainly of 
water vapour and CO2. Water vapour is removed from the already COrrich (80% by volume) 
flue gas by cooling and compressing the gas stream. Further treatment of the flue gas might 
be needed to remove other gases, before the CO2 can be stored. This process requires the 
separation of oxygen from air, with a purity of 95-99% (IPCC, 2005). Current post
combustion and pre-combustion power plants are able to capture about 90% of the CO2 

produced (Rubin et a\. , 2007). 

Energy penalty 
Power plants equipped with CCS technology have a lower efficiency than comparable 
conventional power plants because of the energy needed for the CO2 capture and 
sequestration. According to Rubin et al. (2007) a CCS-plant uses 15-32 % more fuel input per 
kWh produced. When 90% of the CO2 is captured, emission rates per MWh are only reduced 
by 87-88%, because of the energy penalty associated with CCS . As a result emissions of other 
pollutants, like NO., and SOx will increase. 

Transport 
CO2 can be transported by pipelines as a high pressure gas or by ship, road or rail tanker as a 
liquid under low temperature. The transport of CO2 by pipelines is a mature market 
technology. In case of the tanker transport options only transport by ship can economically 
compete under certain circumstances with pipelines. Transport by ship becomes especially 
attractive when CO2 is moved over large distances or overseas. There is only limited 
experience with CO2 shipment, but LPG has been shipped on large commercial scale and 
liquid CO2 has about the same properties as LPG. Because of the extensive storage options in 
the Dutch territory (both on- and off-shore), we will only take transport through pipelines into 
account. 

Storage 
CO2 can be stored by injecting it in underground geological formations. Underground 
reservoirs suitable for storage typically consist of a permeable rock formation, enclosed by 
impermeable rock layers. Among the formations suitable for CO2 storage are oil fields, 
depleted gas fields , deep coal seems and saline formations. 

Most of the technology needed is developed in the oil and gas exploration and production 
industry. Most likely CO2 will be injected at a depth below 800m, where the ambient 
pressures and temperature result in a liquid or supercritical state of the CO2. The density of 
CO2 under those conditions results in buoyant forces that drive CO2 upwards. For this reason 
a well-sealed cap-rock is needed. 

Injection of CO2 in underground formations is done in the USA since the 1970' s, as part of 
Enhanced Oil Recovery (EOR). From the 1990' s onwards the idea of geological storage of 
CO2 for climate change mitigation gained credibility. Since then a number of CO2 storage 
projects is performed (IPCC, 2005). 
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The technologies involved in CCS are in different stages of development. For instance 
Oxyfuel is still in the R&D/demonstration phase, while CO2 transport is already commercially 
available. In Figure 2 an overview is shown of the different development stages of CCS 
technologies. 

Mark8t 
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Figure 2: Overview of the development stage in which different components of CCS technology 
are classified (De Coninck, 2007). 

Lea/wge 
The long term effects of geological storage are unknown due to limited experience. One of the 
risks is leakage of CO2 from the reservoirs, back into the atmosphere. Except for the 
contribution to climate change, leakage may cause local hazards for health, ecosystems and 
groundwater. Leakage is an important issue in the discussion on implementing CCS in 
international schemes, like the Kyoto protocol and its mechanisms and the EU emissions 
trading scheme. The risks exist that no emission permits have to be bought for the CO2 stored, 
while it eventually ends up in the atmosphere. There is also concern about the time span for 
which monitoring of CO2 reservoirs can be guaranteed. The risks of leakage are highest for 
for COrstorage in aquifers. The extensive knowledge about empty oil and gas fields, make 
this a relative safe option. 

2.2 Policy 
"The Netherlands aims for one of the most clean and efficient energy systems in Europe in 
2020." (Schoon en zuinig, 2007, p. 27) 

Climate change is high on the political agenda, in the EU, as well as the Netherlands. Strict 
targets have been set by both authorities. The legalJy binding targets for 2020 in the EU are 
(EC, 2008a): 

• 
• 
• 

20% reduction in greenhouse gas emissions (relative to 1990) 
a 20% share of renewable energy in EU energy consumption 
saving 20% of energy consumption through energy efficiency 

The Dutch government has expressed its ambition to make the Netherlands one of the cleanest 
and most efficient countries in Europe, and has set more stringent targets for itself. The 
Netherlands aims to achieve in 2020 (Schoon en zuinig, 2007): 
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30% reduction of greenhouse gases (relative to 1990) 
• Energy efficiency improvement of 2% per year (currently I % per year) 
• A 20% share of renewable energy sources in energy supply (currently 2 to 3%) 

In order to reach its targets, the Dutch government is to a certain extent restricted by EU 
policy and legislation. The key pillar in EU policy is the Emissions Trading Scheme (ETS). 
The ETS puts a limit (COrcap) on total COremissions of the electricity supply sector and 
other sectors. The EU issues allowances to emit CO2, of which the sum equals the COrcap. 
Every actor is obliged to surrender allowances equal to its COremissions. Emission 
allowances can be traded. As a resu It the emission of CO2 has a price. This scheme has started 
in 2005 and is currently in its second trading period. The EU is still improving the scheme. 
For instance, allowances will probably be auctioned rather than assigned from 2012 onwards. 
Also, CO2 stored through CCS, can be considered as not emitted in the ETS (EC, 2008b). The 
Dutch government aims at influencing the design of the scheme through diplomacy. They 
plead among others for raising the emission cap for 2020 (Schoon en zuinig, 2007). Although , 
the EU ETS is the main policy instrument, other policies are implemented in the Netherlands 
as well. 

The Dutch climate policy mix can be categorized as follows 
Market incentives (e.g. EU ETS) 
Selling standards 
Instruments aimed at innovation 
Temporary incentives (subsidies and taxes) 

• International climate and energy diplomacy 

The Dutch working program for climate change mitigation: 'Schoon en zuinig', will be 
reviewed in 201 O. Based on this review a new policy agenda will be set to achieve the targets 
for 2020. The policy analyses done in this project can be used as input in the review process . 

2.2.1 CCS policy 
CCS is an important pillar in both the EU and the Dutch climate change policy. The EC 
considers CCS to be "a crucial element in the portfolio of existing and emerging technologies 
with the potential to bring the cuts of CO2 emissions neededfor meeting targets beyond 2020" 
(EC, 2008b). Since it is believed that the EU targets cannot be reached without CCS, 
considerable attention is paid to CCS stimulation policy. Moreover, the European 
Commission sees the early development of CCS as an opportunity to become a technological 
leader and to set the standard for CCS legislation (EC, 2008b). Beyond 2020, the plans of the 
commission are even limited to CCS (EC, 2008a) . 

CCS is also an important pillar in the Dutch working program 'Schoon en zuinig'. In principle 
a transition from coal to gas fired power plants in the Dutch electricity sector could reduce a 
substantial amount of greenhouse gases. But the government aims for a varied technology mix 
in order to secure energy supply and keep energy affordable. This is the main motivation for 
aiming for large scale implementation of CCS. 

Both the EU and the Dutch point of view on CCS stimulation policy is that CCS should be 
competitive and the ETS is the main policy instrument to stimulate it. In order to make CCS 
competitive by 2020 the European commission aims to have at least 12 large scale CCS 
demonstration plants ready by 2015 (EC, 2008c). The Dutch government aims at having two 
of those large scale CCS demonstration plants before 2015 and supports those financially . At 
least 91,8 min Euro is available from existing funds and additional money will be available 
from 2010 onwards. The Dutch government lobbies for an EU-wide obligation of CCS in new 
coal fired power plants, once CCS can be considered as state of the art. Currently new coal 
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plants in the Netherlands should already be built capture ready, with the purpose that CCS 
technology can easily be added to the power plant at a later stage (Schoon en zuinig, 2007). 
However, there is no clear definition on 'capture ready' and critics place question marks with 
the possibility of adding CCS technology to a 'capture ready' power plant. The costs for 
retrofitting a power plant with CCS are also considerably higher than for including CCS in a 
new to be built plant. 

In addition to the ETS, the Dutch government uses binding covenants to stimulate operators 
of new coal fired power plants to substantially reduce its emissions by 2015. Further policies 
implemented in the energy sector are the SDE, a subsidy scheme for renewable energy (with 
an emphasis on wind and biomass), a subsidy for combined heat and power (CHP) plants and 
a large extension of the electricity grid to be able to handle the growing share of fluctuating 
energy sources like solar and wind energy. A clear viewpoint on nuclear energy is given by 
the current government. They state that nuclear energy is not sustainable and not necessary to 
reach the targets. During the current coalition period no new nuclear power plants will be 
built. l No statement has been made about the years after the coalition period. 

2.3 Introduction to Energy Models 
In order to understand developments in a complex system as the energy market, a computer 
model is a valuable tooL A model is always an abstraction of reality and requires certain 
assumptions, since many future events and developments are unknown (van Beeck, 1999). An 
energy model is not meant to generate a perfect foresight of the future. It rather is a tool to 
provide insight in possible future situations (scenarios) in which the relative position of 
different factors has a larger information value than the absolute figures. But most important 
is the insight a model provides in the factors that influence the outcomes of those scenarios. 
An important question that can be answered by models is: How can we influence those factors, 
to change the direction of developments? As such, energy models are a very suitable tool to 
explore the scope of possibilities in, for instance, greenhouse gas mitigation. 

Analyses for which energy models are used include: simulating different pathways towards 
greenhouse gas abatement or CCS adoption (Damen, 2007), finding least cost responses to 
greenhouse gas reduction targets, assessing the effects and costs of proposed policies and 
assessing the interactive effects of various policies (van Vuuren, 2007). 

The wide range of different energy models is difficult to classify. However many attempts 
have been made (van Vuuren, 2007). Van Beeck (1999) provides an extensive list of possible 
model classifications, for instance the underlying methodology (simulation or optimisation), 
the geographical scope, the sectoral coverage and the time horizon. This list is used in chapter 
3 to describe the Ecofys model (Table 4). 

Models are often classified according to the top-down vs. bottom-up approach and the 
optimization vs. simulation approach (van Vuuren, 2008). Bottom-up models are models 
designed from a technological point of view. They include elaborate technological detail and 
focus on the energy system alone. Top-down models are based on the relationship between 
the energy system and the economy. Important factors are capital, labour and energy 
substitution based on elasticities (van Vuuren, 2007). Top-down models usually have limited 
technological detail and use statistical analysis of historical data (Canes, 2002). In general, 
bottom-up models are technological optimistic models, since all kind of non-physical barriers 

1 Recently (2008) the Dutch coalition partner CDA has announced that nuclear energy should be 
implemented in the Netherlands. This has put the discussion on nuclear energy on the agenda again in 
the Netherlands. The Dutch electricity company Delta, announced on 10 September 2008 that it had 
started the application procedure for a building permit for a new nuclear power plant. 
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are not taken into account (Wing, 2006; Canes, 2(02) and top-down models tend to 
overestimate costs due to the reliance on historical data (Rivers and Jaccard, 2(06). 

Optimisation models try to find the least cost approach based on a set of constraints. This is 
often done based on perfect foresight. In this type of models, the model 'looks' ahead to the 
end of the modelling period and finds the optimal solution for the whole period. Simulation 
models describe the development of the energy system based on a set of rules. In contrast to 
optimisation models they make decisions step by step, without knowledge of the future, and 
are not searching for the optimal outcome (van Vuuren, 2007). 

In Figure 3 the space the two before-mentioned classification methods span, and the position 
of several well-known models is visualized. The Ecofys model is the model that is actually 
developed in this project. 
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Figure 3: Classification of energy models (van Vuuren, 2008). 

2.3.1 The PRIMES model 
As indicated above, the Ecofys model uses the electricity demand figures from PRIMES. For 
using PRIMES as input in this model it is important that they are both simulation models. 
The PRIMES model is a model of the European energy system, producing results for each 
country individually, up to 2030. Its development started in 1993 and is successfully peer 
reviewed by the European Commission in 1997-1998. It has become the default model used 
by the European Commission for its policy analyses. PRIMES focuses on market-related 
mechanisms and technology penetration. It includes the energy supply and demand side. It is 
designed to serve as an "energy policy markets analysis tool". The mechanism used by 
PRIMES is to find a static equilibrium between supply and demand for one time period and 
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repeat this under dynamic relationships. The equilibrium is based on a price mix in whkh the 
best quantity to supply for producers matches the best quantity to use for consumers. Policies 
included in PRIMES are: economic instruments, the EU emissions trading scheme and 
command and control regulation (Capros, 1999). 

2.4 Summary 
This chapter has introduced the three main components in this research: CO2 Capture and 
Storage, policies and energy models. CO2 capture and storage can be subdivided into capture, 
transport and storage. Capture is the most expensive part of CCS. Different technologies are 
available for capturing CO2• However there has been no large scale implementation in the 
power sector yet. Transport is most feasible by pipelines, which is a mature technology. 
Storage is done underground in empty oil and gas field, aquifers or coal seams. In the 
Netherlands the largest share of storage potential is formed by empty gas fields. 

The Dutch government considers CCS as an indispensable technology for reaching CO2 

mitigation targets. It has planned to co-finance two large scale CCS demonstration plants 
before 2015. However, the main instrument for stimulating CCS should be the emissions 
trading scheme. A CCS obligation for new fossil fired power plants, once CCS belongs to the 
state of the art, is considered. 

There are many ways to classify energy models. Often a division is made between top-down 
and bottom-up models. Top-down models are based on extrapolation of historical data, 
whereas bottom-up models are based on data on technological performance. Another division 
is made between simulation and optimisation models. In simulation models, decisions are 
based on the current situation. In optimisation models decisions are made in order to optimise 
the results over the whole modelling period, based on perfect foresight. The Ecofys model, 
which will be described in chapter 3, is a bottom-up simulation model. 

In the next chapter the development of the Ecofys model will be described. In the remaining 
of the report this model will be used for policy analyses of CCS. 
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3 The Ecofys Model 

One of the main purposes of this research project is the development of a computer model that 
is able to simulate the replacement of electricity generation capacity in the electricity supply 
sector. The model is Excel-based and programmed in Visual Basic. This chapter describes the 
different components of the modeL First, a general overview of the model is provided. In 
section 3.1 through 3.4 the model will be described in more detail. The Ecofys model is 
developed for two purposes. First, to perform the CATO-study as described in section 1.1. 
Secon~ it aims to create the first component of a broad energy model, suitable for future use 
in a wide range of policy assessments. The Ecofys electricity supply model needs to be broad 
and flexible and have considerable detail on electricity supply technologies. The general 
approach is outlined in Table 4, based on theory presented by van Beeck (1999). 

Table 4: The model outlined based on classification categories of van Beeck (1999) 

Classification categories Ecofys model 
(van Beeck 1999) 

General and specific purposes Energy and climate policy analysis in the electricity supply market in 
of energy models the mid term (2030). 

The model structure: internal 
The model is limited to the dynamics in the electricity supply sector. 

assumptions and external 
Many macro-economic assumptions, like electricity demand and fuel 

assumptions 
prices, are treated exogenous. Parameters that are important to the 
dynamics within the electricity supply sector are treated endogenous. 

The analytical approach: top-
A bottom-up approach is chosen to incorporate much technological 

down vs. bottom-up detail and technological development, suitable to electricity supply in 
general and CCS studies in general. 

The model is designed to be a dynamic simulation model. It provides a 

The underlying methodology 
logical representation of the electricity system. The model is dynamic 
since the annual results change based on what happened in the 
previous years. 

The mathematical approach Dynamic programming, a method in which the final outcome is a 
combination of solutions of sub-problems. 

Due to data requirements and the scope of the CATO-project the 
Geographical coverage model is limited to the Dutch electricity supply sector. It is set up in a 

way, that it can be used for different countries or regions if desired. 

The model is a single-sector model and does not include macro-

Sectoral coverage 
economical linkages with other sectors. It is designed to be linked to 
other models, which will form eventually an economy-wide energy 
model. 

The time horizon Mid-term (until 2030). The time horizon is based on targets set in 
Dutch policy and availability of data. 

Data requirements The model requires quantitative data with considerable detail on 
technological level. 
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Key characteristics of the model and a list of technologies included are shown in Table 5, 

Table 5: Characteristics of the Ecofys energy model 

Scope: 

Classification: 

Time-period: 
• Reference period: 
• Actual model run: 

Geographical coverage: 

Power supply technologies included: 

Electricity supply 

• Bottom-up 
• Simulation 

1990-2030 
• 1990-2005 
• 2006-2030 

The Netherlands 

Nuclear 
Large hydro 
SmaUhydro 
Wind on-shore 
Wind off-shore 
Solar thermal 
Solar PV 
Geothermal 
Conventional Coal Normal 
Conventional Coal Normal CCS 
Conventional Coal Advanced 
Conventional Coal Advanced CCS 
Coal gasification! CC 
Coal gasification!CC CCS 
Oil Steam Electric 
CC (gas) 
CC (gas) CCS 
Gas turbines (small) 
Gas turbines (small) CCS 
Biomass combustion 
Biomass combustion CCS 
Biomass gasification 
Biomass gasification CCS 

The basic model mechanism is outlined in Figure 4, The model evaluates how much and what 
types of power plant capacity should be built (New capacity). The quantity of electricity 
generation capacity that should be built (Demand for additional capacity) is based on: 

• The annual electricity demand (Electricity demand) 
• The number of hours per year electricity demand is at a certain level (Load hours), 

This is further explained in section 3. L L 
• The timing of the retirement of power plants (Stock turnover). We make assumptions 

on the lifetime a plant is in operation until it retires. Based on these a'>sumptions and 
the years of construction of the power plants, we can derive how much capacity is 
annually retired. To this we will refer as stock turnover. 
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What types of new capacity is built is based on an investment decision made. The decision 
rule is that the least expensive technology is built (in terms of electricity generation costs). 
The costs of electricity generation are based on: 

• The costs of building a new power plant (Capital investment costs) 
• The costs for operation and maintenance of the power plant (O&M costs) 
• The costs of fuel input (Fuel costs) 
• The number of hours a plant is in operation annually (Load hours) 
• Discount rates. The investment costs are divided over the total electricity that will be 

produced during the economic lifetime of the power plant. The economic lifetime 
represents the time in which investment costs have to be earned back. The value of 
money changes over time and to adjust for that every year the net present value of the 
investment costs is calculated based on a risk adjusted discount rate. A risk adjusted 
discount rate represents the risk-free interest rate plus a risk premium 
(businessdictionary , 2008) . 

Finally the new capacity is added to the eXisting capacity (installed capacity). From the 
installed capacity, annual CO2-emissions (Emissions) and annual costs (Costs) are calculated. 

Input Interim results eleclnclty costs needed Results· technology mix 
.dddtonai. CilPK!ty emISSIOns, cost& 

Demand for capacity 

,I Electricity Demand r- Demand for 
I LoadHours r- r+ additional 

l Stock turnover r-
capacity 

I 
~ Emissions I 

I New ~ Installed ~ capacity capacity 

Investment decision 
~ Costs I 

I Capital investment costs ~ 

I O&M costs }- Cost of Investment 
electricity per decision per 

I Fuel costs ~r- teclmology, f+ load level 

I Load Hours r-
per load level 

I Discount rates r-
Figure 4: Overview of the model 

In the remaining of this chapter, the model will be described in more detail. In section 3.1 , the 
basic principles will be explained. The model is refined in section 3.2. How CCS is integrated 
in the model is discussed in section 3.3 and the implementation of policy options is described 
in section 3.4. 
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3.1 Basic principles 
In this section we will describe in detail the basic structure of the model. as outlined in Figure 
4. The core of the model is the decision making rule. This rule is applied for five different 
categories of demand. Those categories are based on the electricity demand structure of the 
Netherlands. The breakdown of those categories is described in section 3.1.1. In addition to 
the demand structure it is determined how much new capacity is needed in every demand 
category based on stock turnover in section 3.1.2. The demand structure and the stock 
turnover together determine the quantity of new capacity that is needed. The decision making 
rule determines with which technologies the needed installed capacity is filled in and is 
described in section 3.1.3. The decision making rule is based on the costs for generating 
electricity. How electricity generation costs are calculated is explained in section 3.1.4. 
Finally it is briefly described how the resulting CO2-emissions are calculated in section 3.1.S. 

3.1.1 Load duration curve 
In this section we define five categories of electricity demand, based on the demand structure 
of the Netherlands. The demand structure is represented by the load duration curve. 
Electricity demand per hour is ordered and plotted as shown in Figure S. The y-axis represents 
the needed capacity to fulfil demand during one hour. The area under the curve represents 
total annual electricity demand in kWh. 
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Figure 5: Load duration curve of the Netherlands 
in 2006 (based on data from UCTE (2008» 
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Figure 6: Discretized load duration curve of the 
Netherlands in 2006 (based on data from UCTE 
(2008» 

Although the level of demand shifts over time, there is always a basic level of demand, 
referred to as base load and shown as load I in Figure 6. Only a small part of the time there is 
peak load demand (Load S in Figure 6). The difference between the load levels causes a 
di fference in the type of plants that are chosen to operate in the different load levels. Base 
load plants operate almost fulltime during a year. Power plants with relative high fixed costs 
but low variable costs are preferred. In the peak, load plants with low fixed costs but 
relatively high variable costs are preferred. 

The data from Figure 6 is used to formulate a normalized load duration curve divided in S 
load levels, representing base load (load I) to peak load (loadS) (Figure 7) . The curve is 
normalized by dividing electricity demand per hour by average electricity demand over the 
whole year. The shape of the load duration curve is assumed to stay constant over time. 
Annual electricity demand figures are divided over the load levels according to this shape. 

The five load levels divide total electricity demand into five categories of demand. Every load 
level has its own need for additional capacity to be built. The decision on which type of power 
plant is built is made in every load level separately. 
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The plants are modelled in the load level in which they are built during their life time. Plants 
do not shift between load levels. 

1.4 ..--------------------------------
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Load 1 (74.7%) 
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Figure 7: Normalized load duration curve of electricity demand in the Netherlands. Hours are 
sorted according to demand. The blocks represent base load (load 1) to peak load (load 5). The 

percentages represent the load level's share in total demand. 

The five load levels described in this section represent five levels in which decisions are 
made. When the decision is made, a power plant is built in a certain load level and generates 
the amount of hours that there is electricity demand in this load level. Energy models usually 
make a distinction between decisions on what types of plants should be built (planning), and 
an operational strategy based on merit order, using operating costs (van Vuuren, 2007). The 
method described in this section, of dividing the load duration curve into five levels combines 
the decision making on installed capacity and merit order. An advantage of this method is a 
reduction in calculation steps done by the model. A disadvantage is that capacity is built 
statically in one load level and cannot shift between them, over time. 

3.1.2 Stock turnover 
How much additional electricity generation capacity is needed in the different load levels 
every year, is determined by electricity demand and stock turnover. Electricity demand is 
adopted from the PRIMES baseline scenario (2007) as an exogenous input. This section 
describes how stock turnover is modelled in more detail. 

Stock turnover represents the gradual retirement of electricity generation capacity and is 
based on assumptions on plant lifetimes. The PLA TIS database provides a global list of 
power plants and their characteristics from 1882 to 2005. This database is used to determine 
the existing installed generation capacity. The stock turnover pattern is based on assumptions 
on the lifetimes of power plants. The sensitivity analysis on those assumptions is discussed in 
section 5.4. The development of the capacity for the Netherlands is shown in Figure 8. From 
2006 onwards the standing capacity from PLATTS database gradually decreases, because of 
retirement (stock turnover). Annually the new required capacity (Capacity to be built) is 
calculated based on the retired capacity and the increase in electricity demand. 
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Figure 8: Demand, total capacity, capacity from PLA TIS and capacity to be built during the 
modeUing period for the Netherlands. 

In order to determine the needed instaJled capacity in every load level. the existing installed 
capacity needs to be divided over the load levels. This division is made according to a 
preference order from typical base load to typical peak load technologies (Table 6). 

Table 6: List of technology categories from PLATTS included in the model (italic technologies 
can be built in the model) ordered by base load vs. peak load preference order. 

Base Load 

Peak load 

Landfill gas' 

Wind on-shore 

Wind off·shore 

Nuclear 
Other renewables' 

Small hydro 

Conventional Coal Normal 

Coal gaSification! CC 

Biomass combustion 

Biomass gasification 
Oi I Steam Elect ric 

CC (gas) 

Solar thermal 

Solar PV 

Geothermal 

Large hydro 

Gas turbines (small) 

Landfi \I gas and other renewables are induded in the historical data for stock turnover, but cannot 
return as new capacity in the model. 
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The installed capacity of those technologies is distributed proportional over the load levels 
according to this preference order. This shows how much electricity generation capacity is 
installed in every load level. 

To determine how much new capacity should be built, also the needed capacity per load level 
should be calculated. Equation 1 shows how needed capacity is calculated. 

Demand * Conv * S 
Equation 1: Cap, = ------- * (I + BC) 

H, 

i = number of load level (I to 5) 
Cap; = Needed Capacity in Load i [MWl 
Demand = Yearly elecu'icity demand from PRIMES [ktoel 
Con v = Conversion factor ktoe to MWh = 11630 [MWhlktoe] 
S = Share of surface of load block i of total LDC surface (Figure 7) [%1 
H; = The amount of hours in load i (the width of the load block) [hours] 
BC = Backup Capacity [%] 

The share of demand in the load level (S) in total demand for capacity (Demand), converted 
to MWh (Conv), represents electricity demand (Demand*Conv*S). Electricity demand is 
converted into capacity demand by dividing by the number of full load hours (H;) in the load 
level. Finally the back-up capacity (BC) is added to the needed capacity per load level. 

The new capacity that should be built is the difference between the installed capacity per load 
level and the needed capacity per load level. 

The Ecofys model does not dynamically simulate changes in the import/export balance. 
Instead we adopt both electricity demand data as import/export figures from the PRIMES 
2007 baseline scenario, in which import/export dynamics are included. The calculations 
presented are based on electricity demand, which is adjusted for import and export. In other 
words, only the electricity demand which is assumed to be produced in the Netherlands is 
taken into account. 

3.1.3 Decision making 
In section 3.1 .2 it is determined how much new electricity generation capacity should be built 
in each load level. In this section we will describe how the decision is made on what type of 
power plants should be built, to meet this demand for additional capacity. 

We determine what type of power plants should be built, based on a decision rule. This rule 
implies that the least expensive technology is adopted. The evaluation of the costs is done 
separately in each of the five load levels (Figure 7). In every load level costs are evaluated for 
three different discount rates. 25% percent of the capacity to be built is evaluated with a 
discount rate of 10%, 50% with a discount rate of 15% and 25% with a discount rate of 20%. 
This division represents the difference in preferences and strategy of different parties. The 
discount rates represent interest rates and risks. In a public owned electricity sector risks are 
low and discount rates are typically 5-6%. In a privatised market, firms have become price 
takers, resulting in higher risks and higher discount rates (Anderson, 2007). 

As in most energy models, the decision rule is based on costs (the same accounts for a.o. 
IEA's MARKAL model (Anderson, 2007) and the PRIMES model (Capros, 2003)). The 
electricity price volatility, induced by market liberalisation is taken into account in the range 
of discount rates used . 
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3.1.4 Costs of electricity production 
The decision making rule described in section 3.1.3 is based on the costs of electricity 
generation. For every technology this cost is calculated and the least expensive technology is 
built. This section discusses how the costs of generating electricity are calculated. 

It is common to use the average annual kWh cost to make investment decisions. This cost 
includes annualised capital costs, operation and maintenance costs, fuel. costs and if applicable 
additional costs like tradable permits (Anderson, 2007). As described in section 3.1.1 , there is 
a difference in full load hours between the load levels and thus a difference in costs 
(Anderson, 2007). The mentioned cost factors are included in Equation 2. 

The costs of electricity (COE) are calculated using the following formulas: 

Equation 2: 
a*Isp+O&M*Isp 

COE= +F 

Equation 3: 

Equation 4: 

loadhours 

r a=----,-
l-(1+r)-L 

F = Fp * CONVCJ lkWh 

17 

COE = Cost of Electricity production [€/kWh] 
r = discount rate 
L = economic lifetime [year] 
Isp = specific Investment costs [€/kW] 
Loadhours = hours that a plant wil.1 be in operation = the minimum of max full load hours of the 
specific technology and the load hours in the specific load level [hours] 

0& M = Operating and maintenance costs [% of Total investment costs] 
(l = annuity factor / annual depreciation 
F = Fuel price [€lkWh] 

11 = conversion efficiency 
Fp = Primary fuel price [€/GJ] 
CONY GJIkWh = Conversion factor of GJ to kWh (=0.0036 GJ/kWh) 

One must realise that, because of a focus on cost of electricity (rather than price) ; the cost 
outcomes represent societal costs, and the scenarios produced are based on finding a (annual) 
societal optimum. The data input for the costs of electricity are shown in Table 7. 
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Table 7: Overview of input data (SERPEC-CC, 2008; PLATTS, 2006; Rafaj and Kypreos, 2007; 
Green-X, 2003; Green-X, 2008; Kahouli-Brahmi, 2008; Messner, 1997; Barreto and Kypreos, 
2004; Rubin et aI., 2006; IPCC, 2006 uranium-stocks.net, 2008) 

Specific O&M 
Full Economic 

Emission Nominal 
Cumulative Share 

Type of plant Erficiency' Progress Investment costs 
load Lifetime 

coefficient Capture 
capaci7 

Inslalled 
of 

Raliob Costs (% of 
hours (year) 

(kgCO,j ernciency~ capacHy cumh 

({fkW) SIC) GJ) 
(MW) 

(MW)' 

Nuclear 35% 96% 2400 3(/() 7500 35 0 11 47 431127 0.1 % 

Large hyd ro 100% 99% 1800 3% 3500 50 0 100 ~03466 0.1 % 

Small hydro 100% 99% 2350 2% 3500 50 0 1 43061 0.1% 

Wind on·shore 100% 93% I I 14 4 % d 20 0 2 42054 1.8% 

Wind o ff- ~hore )00% 91% 
, 

4 % .1500 20 0 5 690 3.0% 

Solar thermal )00% 85% 4336 4% d 30 0 50 390 3.0% 

Solor PV 100% 82% 5271 1% d 25 0 10 179 2.9% 

GooLhennal 100% 95% noo 7% 6500 20 0 22 10276 6.3 % 

Convelllional Coal 
46% 87% 1100 4% 8000 35 95 446 1335759 0,5 % 

Norm <.l l 

Convl:1ltional Coal 
36% 98 % )800 5% 8000 35 95 90% 446 500 0.5% 

Normal CCS 
Conventional Coal 

47% 98 % 1163 4% 8000 35 95 446 500 0.5% 
Advanced 
Conve ntional Coa l 

35% 95% 1600 5% 7000 35 95 95% 446 10000 0.5% 
Advanced ces 
Coal gasificauon/CC 46% 98% 1600 4% 7000 35 95 400 2376 6.6% 

Coal gasificalion/CC 
37% 95% 2350 4% 7000 35 95 90% 400 500 6.6% 

CCS 

Oil Steam Elect..ric 42% 100% 800 3% 3000 30 73 24 558023 0 .2% 

CC (gas) 58% 90% 500 4% 7000 30 56 179 1002506 1.6% 

CC (gas) CCS 50% 98% 920 5% 7000 25 56 90% 179 JO 1.6% 

Gas turbines (small ) 30% 87% 610 40/c 5000 30 56 2 2557 1 2.1% 

G<lS turbines (small) 
28% 9~% 1852 2% 5000 20 56 90% 2 10 2. 1% 

CCS 

Biolllass combust jon 36'7" 95% 1800 5% 7000 30 110 12 27 896 1.5% 

Biomass combustion 
33% 98% 2400 5% 7000 30 110 90% 12 300 1.5% 

CCS 

Biomass gasification 44% 90% 2652 5~c 7000 30 9 1 2 74 1.5% 

Bioll1a ~, .ga"i flcal ion 
38% 92ck 3500 5% 7000 30 9 1 90% 2 50 1.5% 

CCS 

" Efficiency of convertlllg f uel energv Input mto electnclfy. SERPEC proVides figures fo r efficiency, I/lvestment costs and filII load 
hOllrs. Missing data for c01/venrional coal 1/ormal, with and without CCS, oil steam electric and small gas turbines with alld 
without CCS is taken from Greeu-X (2003). 
b Progress ratios are usedfor learning curves (section 3.2.2) 
,. For \Villd off-shore cost sllpply Cllrves are applied to slJecific inveslment costs (see section 3.2.3). 
d For wina oil-shore, solar thermal ana solar PV cost sllpply curves are applied 10 full load hours (see section 3.2.3). 
'Part ~f Ihe COremission that is captured alld stored 
! Nominal capacity represenlS the size of an average plant. The growth limitfrom section 3.2.4 is only applied afterfOllr times Ihe 
nomilwl capacity has been built . 
• The global all-lime cutnlliarive installed capacity is used in the learning curve formula (section 3.2.2) 
'/ The part of cumulative installed capacity which is Dutch. lr is assumed fhatthis part stays cOllstant over time. 
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3.1.5 CO2-emissions 
From the calculations in the previous sections, the new installed capacity is derived. This new 
installed capacity inel udes existing power plants, which are not retired according to the stock 
turnover and power plants that are built as a result of the decision making process. Every load 
level represents an amount of full load hours that its plants should generate electricity. As a 
result the amount of electricity that is produced annualJy and the resulting CO2-emissions are 
found. The model calculates annual COremissions from the installed capacity, using 
Equation 5 and Equation 6. 

Equation 5: CO2 = FF *e*o 

Equation 6: 
Cap*OT 

FF = -----''----
TJ*CONVCW IMIY" 

CO2 = COremissions [ton C02l 
FF = fuel flow [TJ] 
e = emission factor [ton C02rrJ] 
0= oxidation factor 
Cap = power plant capacity [MW] 
OT = operational time of power plant 
T] = conversion efficiency 
CONY GJ/M Wh = Conversion factor of GJ to MWh (=3.6 GJ/kWh) 

The most important factors influencing COremissions are the efficiency, which is plant 
specific (SERPEC-CC, 2008; Table 7) and the emission factor, which is fuel specific (IPCC, 
2006; Table 7). The emission factor reflects the full carbon content of the fuel used. Though, a 
small fraction of carbon is retained in ash, particulates or soot. This is reflected by the 
oxidation factor (IPCC, 2006). The operational time is dependent on the load level (section 
3.1.1) and the maximum time a plant can be in operation annually. 

3.1.6 Summary 
The basic principles as described in section 3.1 form the backbone of the model. Based on the 
basic principles, the model can evaluate how much generation capacity is needed for five 
categories of electricity demand, derived from the load duration curve and referred to as load 
levels (section 3. 1.1). Existing installed capacity and its stock turnover determine how much 
of the needed generation capacity is already standing and how much new capacity should be 
built (section 3.1.2) . Based on the decision rule that the least expensive technology is 
preferable, decisions are made on which type of power plants should be built (section 3.1.3). 
The decisions are based on costs , which are calculated in section 3.1.4. Based on the new 
installed capacity in every load level , the CO2-emissions are calculated. 

Figure 9 shows the emissions calculated by the model, based on the basic principles, for the 
reference period: 1990-2006. For comparison statistical data from CBS and rEA is added. It is 
shown that the model provides a rather good estimate of the COremission. 
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Figure 9: COz-emissions from lEA, CBS and model simulations. 

The model as described so far is able to simulate replacement of capacity in the electricity 
supply sector and calculate the related CO2-emissions and costs. However, some important 
refinements should be made to let the model better reflect the electricity supply sector. These 
refinements are discussed in section 3.2. 
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3.2 Refinements in the model 
This section describes a number of refinements in the model, additional to the basic principles 
discussed in section 3.1 . Although the model is able to simulate replacement of electricity 
generation capacity with the basic principles, some refinements are needed to make the model 
more realistic and to include interesting possible consequences of policies. First the model is 
refined for intermittent energy sources . The load level structure is based on electricity 
generation capacity that can produce electricity whenever there is demand. However, 
intermittent energy sources cannot be planned. Therefore, the decision making procedure is 
adapted for intermittent energy sources in section 3.2.1. In section 3.2.2 the concept of 
technological learning is discussed. As a result of learning the costs of a certain type of plant 
will go down with increased penetration. New technologies with high potential for learning 
are often subject to policies and cost decrease through learning might be an interesting 
consequence of policies . In section 3.2.3 cost supply curves are presented to reflect limitations 
that are faced by certain technologies, and section 3.2.4 describes a limit to growth, which is 
implemented because the general decision rule allows especially new technologies to increase 
at an unrealistic growth rate. 

3.2.1 Solar and wind energy in the load level structure 
Solar and wind energy are intermittent energy sources. The delivery of their electricity is 
dependent on weather conditions and cannot be planned. As a result, they cannot be placed in 
a single load level. Figure 10 shows the average full load hours solar and wind per load level 
and the load duration curve. During hours with high electricity demand (peak load) little solar 
electricity is available, while during hours with low demand, much solar electricity is 
available . Although the availability of wind matches better with the load duration curve, it can 
also not be planned according to the load level structure. Investment decisions for those 
technologies are treated different from other technologies in the model. 
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Figure 10: The average of fuli load sun (left) and wind (right) hours in each load level. 

Instead of evaluating wind and solar in the specific load levels, the costs of new wind/solar 
installations are evaluated against average electricity costs, based on the installed capacity in 
the previous year. If their price is below average, new capacity is installed. The installation of 
new wind/solar capacity is limited by four factors: a limited growth of 30% per year (section 
3.2.4), increasing costs because of depleting potential (cost supply curves, section 3.2.3), 
increasing need for backup capacity and increasing supply-demand mismatch. The 
competitiveness of solar and wind energy is positively influenced by technological learning. 
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Because of technological learning investment costs decrease with increased penetration 
(section 3.2.2). 

Because of the intermittent nature of solar and wind, back-up capacity needs to be installed to 
limit the risk of blackouts during peak load. We use the capacity credit tor reflect this. The 
capacity credit represents the conventional power plant capacity that can be replaced when 
one MW of capacity of wind technology is built. Equation 7 shows how capacity credits for 
wind can be calculated according to Voorspools and D'haeseleer (2006) . For solar PV the 
capacity credit is assumed to be equal to the load factor. 

Equation 7: CC = 23.8 . ~(1 + 3.26· a. e-OI077 (0306+a)(x- I)) 

0.306 + a R srslem 

CC = Capacity Credit in % of installed rated wind power 
x = penetration level of wind as % of peak load 
CF = Capacity factor of wind (average) 
RSY<lcm = Reliability of conventional plants in % (85% (Voorspools and D'haeseleer, 2(06» 
0= dispersion coefficient, 0 < 0 < J (0.56 in the Netherlands (Van Wijk, 1990» 

Equation 7 shows that the capacity credit is influenced by a number of factors. The 
penetration level (x) indicates the share of wind in the total electricity generation mix, as a 
percentage of peak load. Second, the capacity factor (CF) indicates the average share of full 
load wind hours per year. Third, the reliability of conventional plants (R) also influences the 
capacity factor. Fourth, the dispersion coefficient (0) indicates the spread in wind regime in a 
country that is analyzed. A dispersion coefficient of 1, means that the output of all wind 
turbines is perfectly correlated. A dispersion coefficient of 0, means that all turbines provide a 
constant combined output. The lower the dispersion coefficient, the less risk that electricity 
supply cannot be met with wind capacity and the higher the capacity credit. 

Wincl/ solar capacity is built as long as it is profitable. Simultaneously small gas turbines are 
built as back-up capacity for the part of the wind supply that is not covered by the capacity 
credit, according to Equation 8. 

Equation 8: Backup _ Capaciy = (1- CC) * Wind _ Capacity 

Backup_Capacity = Extra back-up capacity needed due to the intermittency of wind [MWl 
CC = Capacity Credit as % of installed rated wind power (Equation 7) 
Wind_Capacity = Installed wind capacity 

We assume that all back-up capacity is implemented as small gas turbines. They are most 
suitable to react fast to fluctuations in wind, and investment costs are relatively low. They 
form a cheap option for capacity that is in principle not used. This capacity can also be used 
in the operational strategy . Therefore, only part (30-50%) of the investment costs are 
allocated to the wind turbines (Hoogwijk et ai., 2007). The remaining part of the investment 
costs is allocated to the overall capacity mix and is divided over the load levels. In the 
comparison between wind electricity costs and average electricity costs, those (high) costs are 
not taken into account. 

The capacity credit for wind decreases with increased penetration rate of wind. As a result 
more backup capacity is needed and costs increase. In addition, costs of wind increase 
because an increasing share of produced wind electricity cannot be supplied to the grid, due to 
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a mismatch between supply and demand , To cover the discarded electricity, we use a 
mismatch coefficient (Hoogwijk et aI" 2007), Holttinen and Pederson (2003) simulated the 
Danish situation and found that discarded electricity is no issue until a penetration rate of 20% 
(consistent with Hoogwijk et aI" 2007), After this penetration rate the discarded electricity 
will increase rapidly to 16% with a penetration rate of 40%, as shown in Figure 11, 
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Figure 11: Mismatch between demand and electricity supplied by wind increases with increasing 
penetration rate (Based on Holttinen and Pederson (2003)) 

The way intermittent energy sources are treated in the model is summarized in Figure 12, 
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Figure 12: The implementation of solar and wind energy. 

Figure 12 shows how five different factors influence costs of wind and solar electricity (Costs 
of electricity solar/wind). Those factors are: Cost supply curves, limited growth, learning 
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curves (explained in section 3.2.3, 3.2.4 and 3.2.2 respectively), Supply demand mismatch 
(Figure II) and Capacity credits (Equation 7). Cost supply curves and limited growth also 
reduce the amount of capacity that can be built annually (Maximum potential of solar/wind). 
For every year, the model first compares the costs of solar and wind to the average cost of 
electricity. Based on this comparison and the maximum potential of solar/wind, new capacity 
is built (Building solar/wind capacity). The capacity credits determine how much back-up 
capacity should be built simultaneously (Building back-up gas turbines). Increased 
penetration of solar and wind influences the first five factors again for the nest year. For 
example costs decrease through learning curves or capacity credits decrease and as a result 
more back-up capacity is needed for wind capacity that is built next year. Finally, because 
wind or solar capacity and backup capacity is built, demand for additional capacity is 
decreased (Decreased demand for capacity). The remaining demand for additional capacity is 
evaluated and built according to the load level structure as described in section 3.1 
(Evaluation and building of technologies according to the load levels structure). 

3.2.2 Learning curves 
We take technological progress into account by applying learning curves 2 on specific 
investment costs in the model. A learning curve describes the cost reduction of power plants 
as a result of increased experience. New technologies will experience a relatively rapid 
decline in investment costs on the right side of the curve in Figure 13, while older 
technologies are on the left side of the curve and experience slower cost reductions. 

_:1 "----
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10 30 50 70 90 110 130 150 

Cumulative units of production 

Figure 13: Example of a 'learning' or 'experience' curve with a progress ratio of 90%, 80% and 
70%. 

The model for 'learning by doing' was introduced by Wright (1936) . He described a learning 
curve by the following equations (Wright, 1936, Riahi et aI., 2004, Junginger, 2005): 

Equation 9: Isp = C = C * Cum b 
cum 0 

2 When applied for cost reductions of technologies, learning curves can also be referred to as 
' experience curves' (Junginger, 2005) 
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Equation 10: 

Isp = specific investment costs 
Ccum = cost per unit = Specific investment cost 
Cum = cumu lative production 
PR = progress ratio , 0 <PR < 1 (this is the cost reduction when the cumulative installed capacity is 

doubled) 
Co = cost of first unit produced 
b = experience index, -1 < b < 0 

Learning curves are derived by fitting a curve (Equation 9) through (cumulative) installed 
capacity and the related cost level at different time intervals. The results (progress ratio and y
axis intercept) are extrapolated into the future. This approach takes all cost reducing factors 
into account and thus no distinction can be made between 'learning by doing', 'learning by 
searching' (RD&D), 'learning by using' or 'learning by interacting ' (Junginger, 2005). The 
methodology of learning curves automatically incorporates scale effects in the concept of 
learning (Neij , 1999; Junginger, 2005). Neij (1999) even finds that the progress ratio for wind 
turbines is only based on upscaling of the turbines . When separate learning curves are derived 
for different turbine sizes progress ratios were about 100% (Neij , 1999). 

We apply the learning curve to investment costs (and implicitly on O&M costs, which are 
represented as a share of investment costs). Technological performance is assumed to stay 
constant. PLA TIS database (which represents power plants from 1882 onwards) provides 
data on (global) initial cumulative installed capacity, needed in the calculations. New 
(modelled) plants are added to the cumulative installed capacity. It is assumed that the share 
of the Netherlands and the EU in global cumulative installed capacity per technology stays 
constant. 

Progress ratios are provided by SERPEC-CC (large hydro, small hydro, wind-onshore, wind 
off-shore, Solar PV), Rafaj and Kypreos, 2007 (conventional coal advanced , coal gasification 
and CC gas , with and without CCS, and nuclear). Green-X, 2008 (biomass combustion, 
biomass gasification), Kahouli-Brahmi, 2008 (small gas turbines, conventional coal normal ), 
Messner, 1997 (solar thermal), and Barreto and Kypreos, 2004 (oil steam electric) . Progress 
ratios of CCS plants and the starting point of the learning curve are calibrated based on data 
from Rubin et al. (2006) and expected future costs from SERPEC-CC (2008). Table 7 
provides an overview of the progress ratios in the model. 

3.2.3 Cost supply curves 
We apply cost supply curves to represent the potential of a technology that is available at a 
certain cost level (Blok, 2007). Cost supply curves are required to indicate costs for renewable 
energy sources. For those technologies there is often limited potential (depending on the 
country and its climate) and the total potential is non-uniform in terms of quality and costs. 
We assume that locations are chosen in order of optimal performance. For instance, locations 
with a highly favourable wind regime will be chosen first , to build wind turbines. Once those 
locations are used, locations with somewhat less wind will be chosen, etc. The decrease in full 
load hours (Figure 14) causes an increase in electricity production costs (Figure 15). 
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Table 8: Characteristics of cost supply curves for different technologies 

Technology Variable through which cost is innuenced 

Wind on-shore Full load hours 

Wind off-shore Specific investment costs 

Solar PY Full load hours 

Solar thermal Full load hours 

Biomass Fuel costs 

Hydropower (large and small) -

Geothermal -

CCS Storage and transport cost 

We apply a discretized cost supply curve (an example is shown in Figure 15) to the 
technologies listed in Table 8, based on data from SERPEC-CC (2008). The variables through 
which electricity costs are influenced vary between technologies and are shown in Table 8. 
For hydropower and geothermal energy the cost supply curves represent maximum annual 
electricity production, at constant cost level. 
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Figure 14: Potential of wind onshore in the Netherlands in 2006 and the related fuiJ load hours 
(Based on data from SERPEC-CC (2008» 
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Figure 15: Cost supply curve of on-shore wind in the Netherlands in 2006 (Discount rate = 15%) 
(Based on data from SERPEC-CC, 2008) 
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The model calculates for each time step the available lowest cost potential. Once this potential 
is fully used, the model withdraws new production potential from the next 'block' on the cost 
supply curve (see Figure 12). An overview of the cost supply curve data as implemented in 
the model is shown in Table 9. 

Table 9: Overview of data for cost supply curves for the Netherlands) 

Potential (GWh) 

Full load hours 2000 2005 2010 2015 2020 2025 2030 

2750 0 454 1963 8003 26591 56298 75448 

Wind on-shore 2250 0 842 2364 6524 17179 40503 77691 

1750 0 675 1896 5230 13773 32473 62288 

1250 0 37 103 285 750 1769 3394 

Potential (GWh) 

Fullload hours 2000 2005 2010 2015 2020 2025 2030 

1781 0 0 0 0 0 0 0 

Solar PV J500 0 0 0 0 0 0 0 

1266 0 0 0 0 0 0 0 

1078 0 5 95 347 1165 3098 2369 

Potential (GWh) 

Full load hours 2000 2005 2010 2015 2020 2025 2030 

Solar thermal 5606 0 0 0 0 0 0 0 

2716 0 0 0 0 0 0 0 

Potential (GWh) 

Specific investment costs «() 2000 2005 2010 2015 2020 2025 2030 

1856 0 59 256 1102 4599 1709 1 45648 

Wind ofT-shore 2068 0 0 0 597 3756 23208 129571 

2280 0 0 618 3886 24012 134059 489948 

2546 0 0 2808 2808 2808 2808 2808 

Potential (GWh) 

No cost factor 2000 2005 2010 2015 2020 2025 2030 

Large hydro 0 88 88 88 88 88 88 

Small hydro 0 0 0 0 0 0 0 

Geothermal 0 0 0 0 a 0 a 

Potential (EJ/ earL 

Fuel price (EurolGJ) 2000 2005 2010 2015 2020 2025 2030 

Biomass 3 0.10 0.10 0. 10 0 .12 0.07 0.08 0.08 

6 0.01 0.01 0.01 0.D2 0.02 0.D3 0.D3 

The cost supply curves are derived from SERPEC-CC (2008). Biomass potential is divided in 
two categories: bio-energy crops and residues. The category 'bio-energy crops' includes oil, 
starch and sugar crops (Nikolaou, 2003; de Wit and Faaij , 2008). The category 'residues' 
includes grass, wood, agricultural residues and waste (Nikolaou, 2003). Biomass prices are 
average values derived from Nikolaou (2003) and calibrated with de Wit and Faaij (2008). 
Biomass potentials are derived from SERPEC-CC (2008). 

3 Note that potentials increase over time since they follow an S-curve. Over time a higher share of the 
full technical potential may be used . 
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3.2.4 Growth limit 
Various factors can limit growth of technologies , e.g. shortage in materials or limited 
production capacity. We apply an exogenous growth limit in the model, by raising costs at 
high growth rates. Figure 16 shows the development of electricity generation costs as a 
function of growth rate. The model allows technologies to grow without consequences up to 
an annual growth of 30%. Costs increase linearly when annual growth exceeds 30%, until 
other technologies can compete. 
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Figure 16: Development of the level of specific investment costs as a function of growth rate. 

Growth is limited when installed capacity of a technology exceeds four times its nominal 
capacity. The nominal capacities of renewable energy technologies are provided by SERPEC
CC (2008) and are typically small. For the other technologies the average nominal capacity of 
the PLAITS Europe database is used (see Table 7). 

3.2.5 Summary 
In section 3.2, four refinements to the basic model are discussed. First, intermittent energy 
sources, solar and wind, are evaluated outside the load level structure, because their 
deployment cannot be planned. Instead, the cost of generating electricity through solar or 
wind is evaluated against the average cost of generating electricity. Intermittent energy 
sources cause stability problems to the grid, with high penetration rates. For this reason 
additional back-up capacity is built, when solar or wind capacity is built. For penetration rates 
of over 20% part of the electricity produced through intermittent energy sources cannot be 
deli vered to the grid, because of a supply-demand mismatch (section 3.2.1). Second, 
technological learning is taken into account through learning curves. With increased use of a 
technology investment costs will go down, mainly as a result of increased experience (section 
3.2.2). Third, cost supply curves represent the non-uniformity of the potential of several 
(renewable) technologies, in terms of quality and costs. With increased penetration of a 
technology, less high quality potential will be available for newly installed capacity. There 
will be a shift to potential of lower quality and thereby costs will increase (section 3.2.3). 
Finally, a limit is imposed to the growth of technologies. A growth of over 30% per year is 
considered to be unrealistic and costs will increase for growth rates higher than 30%. 
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3.3 CCS 
So far a model has been developed to simulate the replacement of electricity generation 
capacity. This model will be used in chapter 4 for policy analyses on carbon capture and 
storage. Some specific characteristics of CCS should be taken into account in the model. This 
section describes how the three components of CCS: capture (section 3.3.1), transport (section 
3.3.2) and storage (section 3.3.3), are implemented. 

3.3.1 Capture 
The model includes seven types of plants with CCS (see Table 5). Coal and biomass 
gasification plants are equipped with pre-combustion CCS. All other CCS plants are equipped 
with post-combustion CCS. 

The incremental costs for electricity production related with CCS, are mainly due to the costs 
of capture (IPCC, 2005). Investment costs and operation and maintenance costs are increased 
by the costs of the capture facility. The reduced energy efficiency of a plant (the energy 
penalty) raises the electricity generation costs. CO2 capture can raise the costs of electricity by 
10% to 50% (IPCC, 2005; Damen, 2007). With a discount rate of 10% and 2008 fuel prices, 
capture costs are approximately € 0.02/kWh for natural gas fired plants and € 0.03/kWh for 
coal fired power plants. The cost parameters of CCS and reference plants are shown in Table 
7. The costs of compressing CO2 to a pressure suitable for storage are included in the capture 
costs. Booster stations to retain pressure during transport are included in transport costs. 

3.3.2 Transport 
The costs of COz-transport are primarily determined by transport distance and economies of 
scale. Although some case studies exist on the costs of CO2 transport, most modelling studies 
assume constant transport costs per ton CO2 (McCoy and Rubin , 2008; van den Broek et aI., 
2007). We assume a constant transport distance of 200 krn, which is at the high range of 
Dutch transport distances (Damen, 2007). However, we include price differences as a result of 
economies of scale. Economies of scale decrease transport cost through pipeline diameter and 
decreased pressure losses. With higher annual CO2 flows, pipelines with larger diameters, 
lower pressure losses become feasible. As a result transport costs decrease. Transport costs 
for on-shore pipelines are adopted from Lysen, Jansen and van Egmond (2006) and shown in 
Table 10. The data is consistent with Lako (2006) and Hendriks et at. (2004). According to 
IPCC (2005) offshore pipelines are 40% to 70% more expensive than onshore pipelines 
(IPCC, 2005). An average value of 55% is assumed in the model. 

Table 10: Transport costs of CO2 in the Netherlands (based on data from Lysen, Jansen and van 
E d 2006) ~gmon 

Transport cost: €/ton CO2 (200 km) 

Annual CO2 flow (on-shore and off-shore) On-shore Off-shore 

< I Mton/year 13.6 21. J 

1 t 4 Mton/year 6.8 10.5 

>4 Mton/year 3.4 5.1 

Transport has hardly any impact on the cost of electricity. The kWh-cost are at most 
€0.002IkWh (Model calculations; Damen, 2007). 
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3.3.3 Storage 
The Dutch annual CO2 emission was about 180 Mt CO2/year in 2007, of which 100 Mt by the 
energy and industry sectors (Damen, 2007). The total Dutch storage potential is estimated to 
be between 3500 and 4000 Mt CO2 . This is enough to store 35 years of emissions from energy 
and industry (by constant emission levels). The Dutch storage potential consists mainly of gas 
fields, but also other types of storage are available. In our model we make a distinction 
between 12 types of reservoirs. Storage potential and costs differ between those types of 
reservoirs . We use the cost supply curve approach (section 3.2.3) to take the range of storage 
potentials and costs into account. The different types of reservoirs are used in order of 
increasing costs. 

The storage potential for the Netherlands is based on data from TNO (Simmelink et al. 2007). 
The 12 different types of reservoirs become available in different years. We do not include the 
Groningen gas field, since it is expected to become available after 2040, and reservoirs with a 
capacity smaller than 4 Mt CO2 (Simmelink et aI., 2007 ; Damen, 2007). The annual available 
storage potential is shown in Figure 17. 

The total storage potential included in the model is 3910 Mt CO2• Including the Groningen 
gas field would add another 7350 Mt CO2 to the Dutch storage potential. 
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Figure 17: CO2 storage potential subdivided into types of storage for the Netherlands (based on 
Simmelink et al. (2007) 

We assume that a CCS power plant will store its emissions in the same reservoir during its 
lifetime. This implies that the model assigns the CO2-emissions that will be stored over the 
whole lifetime of the plant to one reservoir. The available storage capacity is reduced 
accordingly. 

The costs of storage are provided by Hendriks et al. (2004) for different storage depths (see 
Table 11). In the Netherlands most storage locations are at a depth of 2000-3000 m 
(Simmelink et aI. , 2004). We assume all CO2 will be stored at 2000 m depth. The costs of 
storage in coal seams are based on Hamelinck et al. (2002) and Wildenborg and van der Meer 
(2002). Storage costs increase electricity costs by approximately € 0.00 IIkWh. 
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Table 11: Costs of CO2-storage (Hendriks et aI., 2004; Costs of storage in coal seams is based on 
data from Hamelinck et ai., 2002 and Wildenborg and van der Meer, 2002) 

€/tonne CO2 Depth of storage (m) 
1000 2000 3000 

Aquifer onshore 1.8 2.7 5.9 
Aquifer offshore 4.5 7.3 11.4 
Gas field onshore 1.1 1.6 3.6 
Gas field offshore 3.6 5.7 7.7 
Oil field onshore 1.1 1.6 3.6 
Oil field offshore 3.6 5.7 7.7 
Coal seams IS 

3.3.4 Summary 
CCS is included in the model by making a distinction between capture. transport and storage. 
The model takes seven different types of CCS plants into account. In those plants the costs of 
cap turing CO2 and reduced efficiencies are integrated. The costs of generating electricity are 
increased by the costs for transport and storage of CO2. Transport costs are initially high. but 
decrease as a result of scale advantages. Storage costs vary between different types of storage 
potential. The storage potentials are used in order of costs. 

3.4 Implementation of policies in the model 
The last step in model development is the implementation of policy options. for the policy 
analyses. This section describes the policy options that are implemented in the model; COr 
price. subsidies, feed-in tariffs. CCS standards. regulations on storage options and variable 
discount rates. An overview of the different policy options and how they are implemented in 
the model is shown in Figure 18. 
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Figure 18: Schematic overview of the basic model structures and of policy options and their 
positioning relative to the basic structure. 

3.4.1 COrprice 
As described in section 2.2.1, the EU ETS is an important policy instrument in the EU and 
Dutch climate policy portfolio. The model includes the COrprice as a price per tonne CO2 

emitted, with which the costs of electricity are increased. The initial value of the COz-price, as 
well as its annual growth can be varied. The value of the CO2-price is assumed to be €25,-1 
ton CO2 in 2008, which is the actual CO2-price in 2008 (PointCarbon, 2008). In specific COr 
price scenarios, many different annual growth rates are implemented between 0% and 10%. In 
combination scenarios a default annual CO2-price growth is assumed of 2%. This results in a 
COrprice of €39,-/ton in 2030. This reflects estimates of CO2-price development (i.e. 
Vosbeek and Warmenhoven, 2007). 

3.4.2 Subsidies 
The model includes subsidies to all renewable and CCS technologies in two different ways; 
demonstration subsidies and investment subsidies. Both subsidies are implemented as a share 
of total investment costs. Demonstration subsidies are specifically aimed at financing CCS 
demonstration plants, and have a limited budget. Investment subsidies are in general lower 
and run for a specified time period, without budget limitations. 

The limited budget for the CCS demonstration subsidy is based on the EU target of 10-12 
CCS demonstration plants running by 2015 and the Dutch ambition to contribute with 2 plants 
(Eemshaven and Rijnmond: Schoon en winig, 2007) , with a size of 1200 MW each (Didde, 
2008). The public (inc. EU and national government budget) expenditure available to finance 
CCS is estimated to be in the order of 250 millions € for a 400 MW plant (EC, 2oo8c). Based 
on those estimates we use the Dutch demonstration budget of €1500 million. The EC 
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investment estimates are based on a 50/50 distribution of public and private sources. Another 
€ 1500 mil lion is assumed to be spent by private parties. This leads to a scenario in which 
€3000 million is available to finance investment costs for CCS plants between 2008 and 2020. 
The demonstration subsidy provides at the most the full investment costs of the CCS part of 
the plant (approximately 40% of the total plant investment costs). 

3.4.3 Feed-in tariffs 
In the Dutch policy scheme feed-in tariffs are used to stimulate renewable energy. The MEP 
subsidy scheme wa~ terminated in 2006, because expenditure had become too high. Provided 
the success of the policy, it was expected that the target of 9% renew abIes in 2010 would be 
easily reached. In 2008 the MEP subsidy scheme is replaced by a comparable feed-in tariff 
scheme, the SDE (Stimulation of sustainable energy production). The Netherlands does not 
consider the use of feed-in tariffs for the stimulation of CCS yet. However its effectiveness 
and its usability for the demonstration as well as the up-scaling phase, make it a potential 
policy option for CCS stimulation (Groenenberg and de Coninck, 2008). 

We include a feed-in system in the model, based on the Dutch SDE system. A fixed subsidy 
per kWh is donated to renewable electricity. We adopted the tariffs of the SDE for renewables: 
wind on-shore: €0.028 IkWh, solar PV: €0.33 IkWh and biomass: €0.053 /kWh. Tariffs for 
wind off-shore are not yet determined. We assume a tariff of €0.047 /kWh, which is the sum 
of the wind on-shore tariff and the cost-difference between off-shore and on-shore wind by a 
discount rate of 10%. Apart from the sensitivity analyses we implement a feed-in tariff for 
CCS of €0.02 IkWh. Feed-in tariffs run either until 2020 or 2030. When a feed-in tariff is 
implemented in combination with a COz-price, no feed-in tariff is assigned to biomass CCS 
options, since the negative emissions already provide a kind of feed-in tariff under the ETS. 

3.4.4 CCS standards 
One of the policy options mentioned in the CCS discussion is the obliged implementation of 
CCS in new coal and/or gas fired power plants (EC, 2008b; Schoon en Zuinig, 2007). We 
include scenarios in which CCS is obliged on three levels of stringency. CCS standards is 
applied to: new coal fired power plants; new coal and gas fired power plants ; or new coal, gas 
and biomass fired power plants. CCS standards runs for the period 2020-2030. Intermittent 
energy sources are usually evaluated against the average cost of electricity that is actually 
delivered to the grid in the previous year. Since CCS standards inhibits that some cheap 
technologies cannot be built anymore, renewables suddenly compete with more expensive 
technologies . This is not reflected in the average electricity price, and thus in case of CCS 
standards wind and solar energy are evaluated against the price of the cheapest CCS 
technology (in the base load). 

3.4.5 Regulations on storage options 
Different types of storage options are subject to discussion. For instance the risks of leakage 
can be a reason for governments to regulate the types of storage allowed for CCS. In the 
model each of the 12 types of storage might be prohibited. In this case the storage potential is 
decreased . 

3.4.6 Variable discount rates 
A variety of discount rates is used , as described in section 3.1.3. The three discount rates 
according to which costs are evaluated reflect different preferences and different perceived 
risks. It is possible to reduce or increase the discount rates of certain technologies relative to 
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the three standard levels. This reflects the difference in risk between technologies. Normally, 
for renewable technologies like wind turbines, risks are perceived higher and as a result, 
discount rates tend to be higher (De Jager and Rahtmann, 2008; Wiser and Kahn, 1996). This 
might also have influence on CCS technologies. Fossil technologies might encounter 
increased risks in the future due to insecurity about CO2-prices and climate policy. 

3.4.7 Emission cap 
In the EU ETS an emission cap is set in different periods, working towards a target in 2020. 
In the model the target can be chosen as a percentage reduction relative to 1990. This is 
converted to an absolute cap, which can be defined for different points in time. Iterative runs 
wilJ be performed, in which the value of a key parameter, like the COrprice, is adapted until 
the target that has been set is reached. 

3.4.8 Summary 
Section 3.4 described how the different policy options are implemented in the model. Figure 
18 provides a general overview. A COrprice increases the costs of electricity by making 
power plants pay for emitting CO2. A feed-in tariff is a subsidy on the total electricity 
generation costs by a fixed amount per technology. Subsidies apply to investment costs 
specificalJy. CCS standards prohibit the construction of new coal and/or gas fired power 
plants. Furthermore, one might exclude the possibility to use certain types of CO2-storage. In 
this case, storage potential is decreased accordingly. In addition, discount rates can be varied 
and a limit on CO2-emissions (a COr cap) can be imposed. 
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4 Results on CCS stimulation policies 

The second aim of this project is to explore the role of CCS under different policy options. 
The analyses for this exploration are based on the model that is developed in this research 
project and is discussed in chapter 3.The results of those analyses are described in this chapter. 

A baseline scenario, without policies is produced as a reference to the policy scenarios 
(section 4.1). We analyze four policy options separately, to make clear what the effect is of 
those single policy options. A number of scenarios with CO2-prices is produced in section 4.2, 
with different boundary conditions. Different rates of subsidies for CCS are applied in 
addition to a COrprice in section 3.4.2. Section 3.4.3 describes different scenarios with feed
in tariffs for renewables and CCS. Section 4.5 discusses scenarios with CCS standards. 
Different policies are combined in section 4.7, to explore what the role of CCS might be when 
policies are combined. The cost effectiveness of policies is discussed in section 4.8. In this 
chapter we present among others the societal costs of a number of scenarios. Societal costs 
represent the total costs of generating electricity with the installed capacity that is a result of 
the model calculations. To calculate the societal costs we use a societal discount rate of 6% 
(Based on Joode et aI., 2004 and internal communication). Note that our analysis does not 
include the possibility to retrofit or early retire a power plant. The results reflect the effect of 
policies on new to be built power plants. 

4.1 Baseline 
We compare the results of the policy scenarios to a baseline scenario. The baseline scenario is 
a scenario without any policy options, also no existing policies like the ED ETS. Without any 
policy, the Dutch electricity generation mix would shift from a natural gas dominated sector 
to a coal dominated sector. In this scenario gas fired power plants are strictly built to be used 
in the peak load hours and renewable technology is not competitive. The competitive 
advantage of coal can be explained by the low coal price and the high natural gas price. 
Figure 19 shows the development over time of the electricity generation mix in this scenario. 
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Figure 19: The development of the electricity generation mix according to the baseline scenario. 
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The COz-emissions in this scenario gradually rise from 47 Mton CO2 in 1990 to 76 Mton CO2 

in 2020 to 93 Mton CO2 in 2030. While the target for 2020 is 37.6 Mton. 

4.2 COrprice 
The COz-price is implemented in eleven scenarios with the same initial (2008) COr price of 
€25,-/ton CO2. The pace at which the COz-price grows annually is varied between 0% and 
10%. Figure 20 shows the resulting technology mix in 2030 for the different scenarios. Each 
bar represents one of the scenarios. The range of COrprices in the scenarios is shown under 
the graph . In every scenario, the share of nuclear energy is large, showing that nuclear energy 
plays a large role with increasing CO2-prices. As a result, the share of CCS is limited. CCS is 
first implemented with a CO2-price of €53,-/ton CO2• With higher prices the share of CCS still 
remains small. The same phenomenon is described by Van den Broek et al. (2007) who found 
that CCS doesn't playa major role up to 2030 when nuclear is not restricted. We should make 
two remarks . First, the price estimates for nuclear energy are very diverse and uncertain . 
Electricity generation costs range typically from €0.02/kWh to €0.08/kWh (Graus and 
Hendriks, 2006). The price estimates for the Netherlands are usually considerably higher than 
in other OECD countries (NEA et a!. , 2005; Scheepers et a!., 2007). We adopted price 
estimates from NEA et al. (2005), resulting in €0.05/kWh with 10% discount rate, in the base 
load. This might be an optimistic estimate. Second, the political discussion on nuclear energy 
is ongoing in the Netherlands, although the current government has stated that it will not 
allow the start of construction of new nuclear plants during their government period. Anyhow, 
there is a large chance that the Netherlands will not accept large scale deployment of nuclear 
energy up to 2030. We repeat the analysis for scenarios in which building new nuclear power 
plants is not allowed. 
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Figure 20: The electricity generation mix in 2030 for different rates of CO2-price increase. 

The electricity generation mix in 2030 when nuclear is excluded. is shown in Figure 21. 
Every column shows a scenario with a different annual increase in CO2-price. Without 
nuclear energy, gas remains an important fuel and the share of renewables increases in all the 
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scenarios with increasing CO2-price. When nuclear is excluded, CCS is first implemented 
with a COr price of €38,-/ton CO2• The share of CCS gradually increases. If the increase in 
COrprice is higher than 7% per year (increasing from €25,- in 2008 to €111 ,- in 2030), its 
share decreases again. With high COr prices, the patt of the emissions that is not captured and 
has to be paid through a COrprice (about 10% - 15% of the total emissions) increases the 
costs so that CCS is less competitive to renewables. 
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Figure 21: The electricity generation mix in 2030 for different rates of CO2-price increase when 
nuclear energy is not aUowed. 

Figure 22 shows the shares of different types of CCS in the different COrprice scenarios. It 
can be seen that a COr price is favourable for CCS biomass. Emissions from biomass 
combu stion or gasification are reported as zero in the ETS, because the biomass has captured 
the CO2 while growing. If the CO2 emitted by a biomass plant is captured through CCS, over 
the whole CO2 cycle CO2 is actually abstracted from the atmosphere. This means that the 
emissions from a biomass plant with CCS, as reported in the ETS system become below zero. 
In other words, a biomass plant can produce European Emission Allowances (EUA's; IPCC, 
2006). The costs of generating electricity, using this technology might become below zero, 
when the COrprice is high enough. However, biomass potential is limited, by the cost supply 
curve (section 3.2.3). 
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Figure 22: The share of different types of CCS in total installed capacity for different rates of 
CO2-price increase. 

Since there is no system yet to let power plants produce EUA's, the same analysis is repeated 
without the acknowledgement of CO2 captured by biomass CCS plants (again not including 
nuclear). The results are shown in Figure 23. In the scenarios where CO2 captured by CCS is 
not acknowledged, CCS coal is first implemented at a higher COrprice than in scenarios with 
biomass CCS plants. In a scenario where the CO2-price increases from €25,- in 2008 to €60,
in 2030 and emissions captured in biomass plants are acknowledge, 4% of the installed 
capacity in 2030 is CCS coal (see Figure 22). In a scenario with the same price range, but 
without the acknowledgement of COz-ernissions stored by biomass plants, there are no CCS 
plants built at all. This can be explained by the scale advantages in transport cost that biomass 
CCS imposed in the scenarios from Figure 21. The first Mtons to transport are much more 
expensive (see section 3.3.2) and the CO2-price has to be relatively high to take this hurdle. 
Since biomass had already done this in the scenarios where it could produce EUA's, the costs 
of generating electricity from CCS coal and gas were smaller and they became competitive 
sooner. In the scenarios where biomass CCS could not produce EUA's, the hurdle of the first 
transport costs still had to be taken and a much higher COz-price was needed to make CCS 
(coal and gas) competitive. 
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Figure 23: The electricity generation mix in 2030 for different rates of CO2-price increase when 
nuclear is not allowed and negative emissions are not acknowledged. 

Figure 24 shows the same scenarios for a case in which nuclear is not allowed, biomass CCS 
cannot produce EUA's and COz-transporl costs are from the start at the (low) level of large 
scale transport Figure 24 shows the electricity generation nUx for different rates of CO2-price 
increase, CCS is now first implemented with a COrprice of €37,-/ton CO2 , This implies that 
initial support/funding for transport facilities is a very effective option to stimulate CCS, 
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Figure 24: The electricity generation mix in 2030 for different rates of CO2-price increase when 
nuclear is not allowed, biomass CCS cannot produce EVA's and initial transport costs are 

assumed to be low. 

In Figure 24 the share of CCS is slightly oscillating. This is caused by the annual differences 
in demand for new capacity and the different years in which CCS implementation peaks, 
before declining due to increased COz-costs, Although electricity demand rises gradually, in 
some years many plants are retired, whereas in other years only little new capacity is needed. 
In the scenarios where the COrprice increases rapidly, at some point the competitiveness of 
CCS declines, due to the costs of the remaining emissions. As a result, the installed capacity 
declines. 
Figure 25 shows the share of CCS in the capacity that is built over time, The yellow bars in 
the figure represent the total capacity in MW that is built every year. If the peak in the share 
of CCS that is to be built overlaps with years with high level of capacity that is built, the share 
of CCS can be higher than in other scenarios, even if the COz-price is that high that CCS 
becomes less competitive, The peak in the building of new CCS capacity differs between the 
scenarios and the fluctuations in demand for new capacity cause the oscillations in the share 
of CCS in Figure 24, If the peak in to be built CCS capacity, overlaps with high demand for 
new capacity, the scenarios will have relatively more CCS. 

46 



Results on CCS stimulation policies 

80ct 

'0"" 

2010 20 15 2020 2025 2030 

2000 

1800 

1600 

1400 ~ 
~ 

1200 1 
G 

1000 j 
SOO .l! 

.9 

600 ~ 

4(l0 

200 

Inral hui1l capac-cry 

~51fL 

--Ifl 
~7'li 

~ 8'" 

• 9t;f, 

~ IO% 

Figure 25: The annual share of CCS capacity in total built capacity for different rates of CO2-

price increase and the annual capacity to be built. 

Figure 20 through Figure 24 show that the penetration of CCS is moderate in scenarios with a 
CO2-price. The COrprice increases gradually from the current (2008) price level , €25/ton 
CO2 . Since CCS only becomes competitive at 08/ton CO2 (when nuclear is allowed) , much 
capacity has been built before CCS is implemented. Fossil fuels can still compete with 
renewables at current COz-price levels. Unless the COr price experiences a sudden rapid 
increase, there is a lock-in of fossil fuel technology. Groenenberg and de Coninck (2008) state 
that the ETS forms a weak incentive, in the current form with short time periods and high 
uncertainty, and additional policy is needed to stimulate CCS. If an energy supplier would 
expect COz-prices to increase in the future, he would probably invest sooner in CCS than 
when there was high uncertainty, about whether the price would rise as well. In the model 
analysis there is no foresight mechanism with respect to expected COz-prices. This reflects a 
situation with uncertainty . Our findings support the conclusion of Groenenberg and de 
Coninck (2008), that additional policy is needed to the ETS system to implement CCS. 

We compare the results to three target levels. First the 20% share of renewables in 2020, 
second a COz-emission reduction of 20% compared to the 1990 level in 2020, which is equal 
to 37.6 Mton for the centralized power sector as defined in this report, third a calculated target 
for 2030, based on the target set for 2050 by the EU The reduction target for 2050 is 50% 
reduction. We make a rather rough estimate for the 2030 target by assuming a linear 
development from the 20% reduction target in 2020 to the 50% reduction target in 2050, 
resulting in a 30% reduction target in 2030. This implies that the Netherlands is on schedule 
to reach the 2050 targets, if COremissions in 2030 are below 32.9 Mton CO2. Most of the 
scenarios analysed in this section are not effective in reaching the targets imposed by the 
European commission and the Dutch government. This is illustrated by Table 12, which 
shows the rates of CO2-price increase required to meet the targets . In non of those scenarios 
the renewables targets were reached and the 2020 emission targets were only reached when 
nuclear was allowed and COr price grew from €25 ,-/ton CO2 in 2008 to €90,-/ton CO2 in 
2030. The calculated target for 2030 was reached when the COrprice increased from €25,- in 
2008 to minimal €90,- in 2030 in the scenarios with and without nuclear. In the scenario 
where biomass CCS could not produce EUA's, also the 2030 target was not reached, unless 
the initial transport costs were kept low. In this case a COr price increase of 9% was enough 
to reach the target (from €25,-/ton CO2 in 2008 to €166,-/ton CO2 in 2030). 
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Table 12: Minimum levels of COz-price increase, required to reach mitigation targets for the four 
I d cases analyse 

Case 2020 renew abIes 2020 emission Calculated 2030 
target target emission target 

No restrictions - 6% 6% 

No nuclear - - 6% 

No nuclear and no production of - - -

EUA's by biomass CCS 

No nuclear, no production ofEUA's - - 9% 
and low inititial transport costs 

The assumption that the CO2-price rises gradually from the current level has significant effect 
on the achievement of emission targets. A sudden increase in COrprice would impose earlier 
abatement and higher likelihood that targets will be reached. It should be emphasized that we 
do not include possibilities for early retirement of power plants or retrofit. Both possibilities 
are expected to become feasible at a high CO2-price. 

Figure 26 shows the range of CO2-emissions for the different cases. For every case, the 
scenario with a constant COrprice of €25,- is shown, and the scenario with the highest COr 
price increase from €25,- in 2008 to €204,- in 2030. The arrows on the left side point out the 
range of the different cases. The case in which nuclear is not excluded, results in the lowest 
COremissions. The CO2-emissions are on average highest when emissions stored by biomass 
CCS are not acknowledged. 
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Figure 26: COz-emissions for scenarios where nuclear is not allowed and different rates of CO2-

price increase. 

Figure 27 shows the annual societal costs of generating electricity for the four cases discussed 
in this section and a COrprice increase of 6% per year. At this level, the CO2-price increases 
from €25,-/ton CO2 in 2008 to €90,-/ton CO2. The case in which nuclear is allowed imposes 

48 



Results on CCS stimulation policies 

the least societal costs. The case in which nuclear is not allowed but biomass CCS can 
produce emissions allowances, imposes the highest societal costs, since it is beneficial for 
biomass CCS, which has very high costs of generating electricity. From the cases in which 
nuclear is not allowed and biomass CCS cannot produce emission allowances, the case with 
low initial transport costs is most expensive, since more CCS capacity is built in this scenario. 
Figure 27 shows the costs for a COrP rice increase from €25,- in 2008 to €90,- in 2030. Other 
scenarios show a similar picture. Costs for lower annual COrprice increases are lower and the 
different cases start to deviate later. Higher CO2-price increases have the opposite effect. 
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Figure 27: Annual societal costs (C02-price not included) for the four cases with a CO2"price 
increase of 6% per year. 

4.3 Subsidies 
We created four scenarios, with different demonstration subsidies. In those scenarios , the 
CCS part of the capital investment costs of a plant is subsidized, at different rates. The 
amount of money spent on subsidies is restricted at € 3.000.000.000,- (derived from EC, 
2008c, see section 3.4.2). In those scenarios we assume a COrprice of €25,-/ton CO2, which 
gradually rises with 2% per year to €39,-/ton CO2 in 2030. The subsidy is available from 2010 
onwards, however CCS does only become competitive later, depending on the height of the 
subsidy. Figure 28 shows the share of CCS in 2030 for those scenarios. 
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Figure 28: The share in total installed capacity in 2030 of different types of CCS for different 
investment subsidies. 

In combination with a COr price which increases with 2% per year, 10% investment subsidy, 
imposes enough incentive to introduce CCS. This percentage is based on total plant 
investment costs, and is equivalent to about 25% of capture investment costs . CCS is 
introduced in 2025 at a CO2-price of €35,-/ton CO2. In this scenario gas fired CCS plants form 
the largest share of CCS. With increased investment subsidies, coal fired and biomass fired 
power plants gain momentum, since investment costs for those plants are relatively high . 
When all CCS investment costs are subsidized (40% of total investment costs), CCS is 
introduced in 2016 at a COyprice of €29,-/ton CO2 . Figure 29 shows the COremissions for 
the different CCS investment subsidies scenarios. A higher subsidy advances the date at 
which CCS becomes competitive and imposes higher shares of CCS and lower COremissions. 
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Figure 29: COz-emissions for different CCS investment subsidies scenarios. 

Figure 30 shows the societal costs for the different CCS subsidy scenarios. Increased 
penetration of CCS induces increased costs of electricity generation. 
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Figure 30: Annual societal costs for different CCS subsidies. In all scenarios the CO2-price rises 
linearly from €25,- in 2008 to €39,- in 2030. 
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4.4 Feed-in tariffs 
Figure 31 shows the electricity generation mix of five scenarios with feed-in tariffs from 2010 
onwards. In all scenarios the tariffs for renewables are kept constant at the level of the Dutch 
SDE scheme, as described in section 3.4.3. The feed-in tariff of CCS is respectively 
€O.02/kWh, €0.03/kWh, €O.04/kWh or €0.05lkWh. Those scenarios do not include a CO2-

price. We find that a feed-in tariff for CCS of €O.025lkWh is not sufficient to stimulate CCS. 
A feed-in tariff of €O.03lkWh or more does stimulate CCS. 
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Figure 31: The electricity generation mix in 2030 according to the baseline scenario and four 
feed-in tariff scenarios. Renewables receive feed-in tariffs in all feed-in scenarios. 

Figure 31 shows that CCS competes mainly with coal and a little with gas, when the feed-in 
tariff is €O.03/kWh, but not with renewables. With an increased feed-in tariff CCS competes 
with renewables as well and gains large market shares. In 2020 the CO2-emissions are 32 
Mton. with a feed-in tariff for CCS of €0.04lkWh, whereas the target is 37,6 Mton. In this 
scenario. the 2030 CO2-emissions are only 18 Mton, which is under the 2050 target of 23,5 
Mton. A feed-in tariff of €O.03/kWh would be sufficient to be on schedule for the 2050 target 
in 2030, with a COremission of 30 Mton CO2• Note that we assumed that CCS can be 
implemented on a large scale from 201 0 on. This is a very optimistic assumption. however. 

Figure 32 shows the COremissions for the different feed-in tariff scenarios. Increasing the 
feed-in tariff decreases the CO2-emissions considerably. However a too high feed-in tariff can 
be considered as over-subsidizing. In this case the subsidy turns out to be extra profit on the 
power plant. This is not desired, since it reduces the incentive to invest in R&D and increase 
technological performance. In addition, it imposes a large burden on government budget 
(ECN, 2007). With a feed-in tariff of €O.04/kWh, that largest part of CCS capacity is 
subsidized with a higher amount than needed to become competitive. As a result, renew abIes 
become less competitive. We consider a feed-in tariff of €O.04lkWh as over-subsidizing. The 
societal costs are shown in Figure 33. For feed-in tariffs that impose large scale 
implementation of CCS, societal costs are high. 
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Figure 32: CO2-emissions for the different feed-in tariff scenarios. 
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Figure 33: Annual societal costs for different CCS feed-in tariffs. 

A remarkable phenomenon is observed: with increasing feed-in tariffs, CCS can increasingly 
compete at higher load levels. As a result, more capacity is built, but the amount of CO2 

stored is actually reduced. The growth of new technologies is restricted proportionally over 
the load levels . Because of this, increasing competitiveness at higher load levels (e.g . peak 
load) induces a shift from capacity to higher load levels. As a result the average number of 
hours a CCS plant is in operation is reduced . However, this problem occurs only in extreme 
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cases, for instance with high feed-in tariffs. The conclusions are based on the scenario with a 
feed-in tariff of € 0.03/kWh in which this problem is not relevant. To avoid this problem, 
future versions of the model should treat planning of new power plants and operational 
strategy separately. 

4.5 CCS standards 
Obliging CCS in newly built power plants from 2020 onwards is considered by both the 
European Commission and the Dutch government. We developed three scenarios with this 
policy option, CCS standards, from 2020 onwards: a CCS obligation for coal power plants, 
for coal and gas power plants and for coal, gas and biomass plants. Figure 34 shows the 
technology mix in 2030 for those scenarios. CCS standards for coal plants does not lead to the 
implementation of CCS. Gas fired power plant are installed instead of coal fired power plants. 
When gas fired plants are imposed to CCS standards as well, CCS becomes a competitive 
option. Adding biomass to the CCS standards legislation has no effect, since biomass was not 
competitive in the baseline scenario. 
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Figure 34: Electricity generation mix in 2030, in the baseline scenario, and two CCS standards 
scenarios 

CCS standards is also applied in combination with a CO2-price (increasing from €25,- in 2008 
to €39,- in 2030). Figure 35 shows the CO2-emissions for the different CCS standards 
scenarios, with and without a COrprice. CCS standards is very effective in reducing CO2-

emissions. However, this option cannot be implemented before 2020, because of the condition 
that CCS should be considered 'state of the art' (Schoon en Zuinig, 2007) to implement this 
policy. Emissions rise tremendously in the period up to 2020. In this period other policy 
options should be implemented. Since CCS standards starts in 2020, obviously, the 2020 
targets cannot be reached with this policy option alone. Since much coal capacity is built 
before 2030, also the 2030 targets are not reached. 
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Figure 35: CO2"emissions for the CCS standards scenarios. 

Figure 36 shows the annual societal costs for the CCS standards scenarios. The costs of CCS 
standards coal are moderate, since coal is replaced with the relatively cheap gas technology . 
When both coal and gas technology are not allowed costs ri se fast. since only expensive 
technologies are allowed to be built. 
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Figure 36: Annual societal costs for different CCS standards scenarios. 
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4.6 Effects of policies on types of CCS 
The model analysis includes 7 types of CCS technologies, Different policies that stimulate 
CCS adoption impose incentives for different types of technology. In this section we will 
make the distinction between the three fuel types only to analyse the effect of policies on the 
types of CCS adopted. 

In most scenarios different types of CCS are adopted. This shows that there is not one most 
favourable technology and there are no CCS technologies significant less feasible than others 
(Biomass CCS is only a feasible option if it can produce emission allowances). Figure 37 
shows the fuel mix of CCS capacity adopted for a selection of scenarios. 
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Figure 37: Shares of different types of CCS in 2030 for different policy scenarios 

Biomass CCS is only adopted when a COz-price is imposed, The high costs of biomass CCS 
make it a less feasible option, but the possibility for biomass CCS to produce emission 
allowances in the ETS system make biomass competitive. Investment subsidies are beneficial 
to coal technology, for which investment costs form the larger share of the electricity 
generation costs. When combined with a COz-price investment subsidies also stimulate 
biomass. Figure 28 shows that a small subsidy (10% on total investment costs), combined 
with a COz-price, is rather beneficial for CCS gas. With higher subsidies gas looses 
momentum. A feed-in tariff is beneficial for both gas and coal technology, CCS standards for 
coal and gas is beneficial for both gas and coal power plants. The share of CCS gas is slightly 
higher. Feed-in tariffs and CCS standards stimulate both gas and coal. Both technologies have 
different characteristics and different cost structures, In different load levels and for different 
discount rates either gas or coal is more competitive, Another factor that plays a role is the 
rising gas price (adopted from PRIMES 2007 baseline), With stimulation options that provide 
strong incentives for CCS early in the modelling period, gas is more competitive than with 
stimulation options that provide incentives later in the modelling period, In policy design the 
type of CCS that is stimulated is an important factor to take into account. 
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4.7 Policy combinations 
Figure 38 shows scenarios in which a COrprice is combined with one other policy option. 
Combining a CO2-price with a demonstration subsidy is very beneficial for CCS, but the 
share of renew abies stays relatively small. A feed-in tariff for both renewables and CCS is 
very effective (and expensive). Note that the feed-in tariff starts in 2010. 
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Figure 38: The electricity generation mix in 2030 for different policies, combined with a CO2-

price. 

The COremissions and annual societal costs from scenarios that combine a COr price with 
one other policy are shown in Figure 39 and Figure 40 respectivel y. Since the feed-in tariff on 
RE starts in 2010, emissions are reduced from thi s year onwards. CCS is imposed from 2015 
onwards. 
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Figure 39: COz-emissions for different scenarios with a CO2"price and one additional policy. 
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Figure 40: Annual societal costs of generating electricity in 2030, for different policy scenarios. 

We also analyze a policy package. We assume the CO2-price to grow from its 2008 level of 
€25,-/ton CO2 with 2% to €39,-/ton CO2 in 2030. Renewables are stimulated through the 
existing SDB feed-in tariff scheme. CCS demonstration plants are stimulated through a CCS 
demonstration subsidy of the capture part of the investment costs. This policy option is 
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considered by the Dutch government and therefore this scenario represents a possible policy 
mix. 
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Figure 41: The electricity generation mix over time, for a policy package, including a CO2-price 
with an annual increase of 2%, a demonstration subsidy for CCS and a feed-in tariff for 

renew abies. 

Figure 41 shows the electricity generation mix for this policy package. The 2020 target is met 
with 30 Mton CO2, and the target for 2050 is already met in 2030, with 18 Mton CO2. In this 
scenario the target for renewables is met as well. Note that we assume the feed-in tariffs for 
renewables to stay constant up to 2030. It may be expected that the feed-in tariffs wil.l be 
terminated at some point or that the tariffs will be reduced. The scenario presented in Figure 
41 represents a policy mix with a very strong incentive for renewables. 

Because CCS standards is considered by the Dutch government as well, we create a scenario 
in which CCS standards is added to the mix. Because the share of CCS is already 
considerable in the first policy package, CCS standards show little additional effect. The 
development of the technology mix is equal in both scenarios until 2020. In 2030 the share of 
CCS is higher for the scenario with CCS standards (28% vs. 24%), at the expense of gas. The 
share of renewables stays equal. When we create a scenario with a CO2-price, CCS subsidies 
and CCS standards, but without renewable policies the 2020 emission targets are not reached. 
The CCS adopted in this scenario is sufficient to reach the 2030 targets. 

The policy packages presented here show that CCS can play a considerable role in CO2 

emission reduction. Without renewables the 2020 target is not met, but the 2030 can still be 
met. The COremissions for the three policy packages discussed in this section are shown in 
Figure 42. In the first policy package no separate policies on renewables are implemented. 
The share of renewables is considerably smaller than in the other policy packages. As a result, 
the CO2-emissions are higher in this scenario, 
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2010 2015 2020 2025 2030 

- Baseline scenario 

- C02-price, CCS subsidy and 
CCS sHlndards coal and gas 

-C02-price, feed-in iClriffs for 
rcnewnblcs <.Ind CCS subsidy 

- C02-price, feed-in tariffs for 
renewables, CCS subsidy and 
CCS sumdards coal and gas 

Figure 42: CO2-emissions for three different policy packages. 

The societal costs are shown in Figure 43. The costs for the policy package without 
renewables policy, increase gradually with increasing share of CCS , The costs of the policy 
package with renewables policy increase rapidly from the start of the scenario, as a result of 
the feed-in tariffs for renewables, In 2030, the costs for the policy package with renewables 
policy end up less expensive than policy package one, Renewables provide greater 
opportunities for technological learning than CCS and their potentials (in the cost supply 
curve) for low cost generation increases over time, As a result the increase in societal costs 
decreases over time, whereas the growth rate of low carbon technologies (CCS and 
renewables) stays relatively constant. 

60 



16.000 

14.000 

12,000 

~ 10,000 
0 

'" g 
a 8,000 
0 
u 

'3 
" g 6,000 
tI) 

4,000 

2.000 

0 

2005 

Results on CCS stimulation policies 

- C0 2-price, CCS subsidy and 
CCS standards coal and gas 

- C0 2-price, feed-in tariffs for 
renewables, CCS subsidy 
and CCS Slandards coal and 
gas 

- C0 2-price. feed- in tariffs for 
rencwables and CCS subsidy 

---.J.~::::::::~:::::'------------ -Baseline scenario 

2010 20 15 2020 2025 2030 

Figure 43: Annual societal costs for three different policy packages_ 

4.8 Cost effectiveness of policies 
An important factor in policy evaluation is the cost effectiveness. We calculated the costs of 
COr abatement in €/ton CO2 avoided for the policy options analyzed in this chapter, based on 
societal costs with a discount rate of 6%. The difference in costs with the baseline scenario 
(no policy options) in 2030 is divided by the difference in cumulative CO2-emissions. Figure 
44 shows the results of this calculation for different scenarios with di fferent final CO2-

emissions. Single policy options are represented with the green circle. They save little COr 
emissions. From those policy options the CO2-price reduces the most emissions for the lowest 
price. CCS standards for coal and gas plants and feed-in tariffs for renewabJes are expensive 
options, since they stimulate expensive technologies_ Subsidies for CCS are not included, 
since they do not reduce CO2-emissions if not combined with a CO2-price. The blue area 
represents policy scenarios with a considerable share of CCS as result, but a small role for 
renew abies. The pink area shows policy scenarios with a large role for both CCS and 
renewables. The scenarios including renewables lie slightl y below the trend line in Figure 44. 
Policy scenarios in which renewables are stimulated from the start of the modelling period are 
relati vely less expensive , since this provides the opportunity for extensive learning (as also 
observed in section 4.7). 
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Figure 44: The costs/ton CO2 avoided (between 2006 and 2030) and COre missions in 2030 for a 
selection of policy scenarios (RE = renewables) 

In Figure 45 the societal costs and COremissions in 2030 are shown for the scenarios from 
Figure 44. The scenarios with a large role for CCS and renewables are most effective and the 
costs are comparable to the most effective policy options with a large role for CCS only. This 
is a result of the rapid cost reductions for renewables. The costs of renew abies in those 
scenarios will decrease further after 2030, although with decreasing pace as a result of the 
shape of the learning curve (section 3.2.2). As a result, those scenarios will become most cost
effective in the long-term. 
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Figure 45: The societal costs in 2030 and CO2-emissions in 2030 for a selection of policy scenarios 
(RE = renewables). 

We conclude that renewables should be stimulated in addition to CCS. In our scenarios, 
renewables are stimulated through feed-in tariffs. A large disadvantage of the Dutch feed-in 
tariffs is that they impose a heavy burden on government budget (ECN, 2007). The German 
system, in which the costs for the feed-in tariff are charged on to the consumer as a tax on 
electricity consumption, might be a feasible option. 

4.9 Summary and conclusions 
A range of scenarios is produced to explore the potential role of CCS under different policy 
options. Four policy options were analyzed in separate scenarios: a CO2-price (section 4.2), 
subsidies (section 4.3), feed-in tariffs (section 4.4) and CCS standards (section 4.5). The 
analyses on COrprice showed that there is hardly any role for CCS if nuclear is not restricted. 
It must be noted that the price of nuclear energy is very uncertain. Nevertheless, this result 
shows that possible competition between CCS and nuclear energy should be considered in 
formulating policies on CCS and nuclear energy. We found that the role of CCS is moderate 
when nuclear energy is excluded. A gradual increase in CO2-price locks-in conventional 
technologies before CCS becomes competitive. Biomass with CCS plays a role in scenarios 
with a CO2-price. It advances the moment of first implementation and, by inducing scale 
effects in CO2-transport, also the introduction of other types of CCS. Removing the hurdle of 
expensive low scale transport in initial CCS projects, considerably increases the 
competitiveness as well. The moderate role of CCS and the incapacity of the scenarios to 
reach emission targets indicate that additional policy to a CO2-price is desired to stimulate 
CCS. In section 4.3 we produced scenarios with CCS investment subsidies, which were 
restricted at a maximum amount. A COz-price with a gradual increase from (25,- in 2008 to 
09,- in 2008 is imposed in combination with CCS investment subsidies at a rate of 10%, 
20%, 30% and 40%. A subsidy of 10% was sufficient to implement a small share of CCS. 
Higher subsidies advanced the moment of implementation of CCS, and increased the share of 
CCS. Feed-in tariffs were analyzed in section 3.4.3. It was found that a feed-in tariff of €0.03 
is enough to stimulate CCS (without other policies). In section 3.4.4 it was shown that CCS 
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standards for coal fired power plants alone does not lead to the implementation of CCS. CCS 
is implemented when CCS standards are imposed on both coal and gas fired power plants. 
The analyses have shown that different types of policies stimulate different types of CCS. 
This is discussed in section 4.6. A COTprice is beneficial for CCS biomass, when emissions 
subtracted from the atmosphere are acknowledged in the ETS, and CCS coal. High initial 
transport prices are beneficial for CCS gas because they have less CO2 to transport than CCS 
coal. Subsidies are advantageous for CCS coal and feed-in tariffs and CCS standards for both 
CCS coal as CCS gas. The policy combinations discussed in 4.7 show a considerable share of 
CCS and, when a feed-in tariff for renewables is included, emission targets were reached. 
Finally section 4.8 shows that scenarios with a combination of renewables and CCS are more 
effective and in the long run (2030) more cost-effective, than scenarios with only CCS). This 
implies that the stimulation of renewables is recommended. 
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5 Sensitivity analysis 
In chapter 4 we have analyzed policy scenarios. The results are based on assumptions done in 
the model. In order to test the robustness of the results we will perform a sensitivity analysis 
to the most important or uncertain assumptions . The fuel prices are discussed in section 5.1. 
Because this is an uncertain assumption the results of a number of fuel price scenarios is 
presented. The impacts of the assumptions on which the costs of electricity are based are 
assessed in section 5.2. The sensitivity analysis for discount rates is discussed in section 5.3. 
Operational lifetime and the maximum level of growth are assessed in section 5.4 and 5.5 
respectively. In addition , we performed sensitivity analyses on progress ratios and more 
detailed sensitivity analysis on specific investment costs. Those analyses showed no 
significant impact on the results and are not presented in this report. 

5.1 Fuel prices 
The model uses fuel prices from the PRIMES 2007 baseline scenario. The future development 
of fuel prices is very hard to predict, which is illustrated by Figure 46. In this graph, the oil 
prices from the previous PRIMES (2003) version are shown together with the PRIMES 2007 
oil prices and the actual oil price. PRlMES 2003 didn't foresee the high oil price rise after 
2003. PRIMES 2007 oil prices are higher, but the oil price in the first half of 2008 has again 
been almost twice the PRIMES oil price. Since fuel price is a very important parameter in the 
model we investigate the sensitivity of fuel prices on the electricity generation mix. 
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Figure 46: Actual oil prices in contrast with oil prices from PRIMES 2003 and PRIMES 2007 
(Actual oil price 1990 -2007: WTRG Economics, 2008; Actual oil price 2008: lEA, 2008) 

We tested the model with 8 fuel price scenarios (Table 13). Except for the PRIMES fuel price 
scenarios, five fuel price scenarios based on current fuel prices (average over the first half of 
2008) were used (EIA, 2008). In one scenario fuel prices stay constant at 2008 levels, the 
other scenarios show constant annual increase or decrease of the fuel prices (coal, gas and oil 
simultaneously) from 2008 on. Fuel prices before 2008 are based on historic values. The 
PRIMES 2007 scenario was used as input for electricity demand. The only exception is one 
run with the PRIMES 2003 fuel price scenario. This scenario is run with both its own demand 
scenario and the (higher) PRIMES 2007 demand scenario. The difference in demand between 
PRIMES 2003 and PRIMES 2007 is small and does not change the results significantly. 
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T bl 13 S a e : cenanos use d' h lOt I . f f I e sensitivity analysIs 0 ue prices 
Scenario: Fuel prices Demand 

I. PRIMES 2007 PRlMES 2007 

2. PRIMES 2003 PRlMES 2007 

3. PRlMES 2003 fuel prices and demand PRlMES 2003 

4. Constant level of 2008 fuel prices PRlMES 2007 

5. 2008 fuel prices with a decrease of 2% / year PRlMES 2007 

6. 2008 fuel prices with a decrease of 4% / year PRlMES 2007 

7. 2008 fuel prices with an increase of 2% /year PRlMES 2007 

8. 2008 fuel prices with an increase of 4% /year PRlMES 2007 

The coal, gas and oil prices for the different scenarios are shown in Figure 47. 
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Figure 47: Fuel prices for the scenarios used in the sensitivity analysis 

The results of the sensitivity analysis are shown in Figure 48 and Figure 49. The oil (and 
natural gas) price is very low in the PRIMES 2003 scenario, as illustrated in Figure 46. This 
results in a better position for gas fired power plants and thus a higher share of gas, relative to 
the baseline scenario. The current fuel prices show less difference with the baseline scenario. 
Even more coal is built at the expense of gas. The scenarios in which fuel prices gradually 
decline are favourable for natural gas, since the share of fuel costs is high for natural gas. The 
scenarios in which the fuel price gradually increases are favourable for renewables, at the 
expense of coal. 
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The gas price in the PRIMES 2003 scenarios is very low and coal fired power plants are 
replaced with gas fired power plants, resulting in low emissions. The scenarios with PRIMES 
2003 fuel prices combined with PRIMES 2003 demand and PRIMES 2007 demand show 
little difference. 
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When the fuel prices increase, renewables substitute part of the coal capacity. The share of 
gas also increases slightly, while fuel costs are dominant in the electricity costs of gas. This is 
caused by the backup capacity needed for wind, which is formed by small gas turbines. Thus, 
both an annual increase in fuel prices as an annual decrease in fuel prices reduces COr 
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emissions. Decline is positive for gas technology, while very high fuel prices are positive to 
the share of renew abIes. 

5.2 Electricity generation costs 
Electricity generation costs have a number of different input variables. To asses the sensitivity 
of the electricity generation costs to different parameters, all parameters are increased and 
decreased with 10% and 20%, while the other parameters stay constant at their default value. 
We present the results of four technologies, which are representative to the complete list of 
technologies included in the model. In Figure 50 and Figure 51 the increase in cost of 
electricity is presented as a function of increase in different cost parameters for conventional 
coal normal, conventional coal normal CCS, CC (gas) and wind on-shore. 

Conventional coal normal Conventional coal normal CCS 
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- Economic lifetime - Specific investment costs basic plant - Investment costs for capture ~Transport and storage cost 

- O&M costs - Fuel price -111- Full load hours - Efficiency 

Figure 50: Sensitivity of the cost of electricity from a conventional coal normal plant (left) and 
the same plant with CCS (right) to different input parameters. The results are representative to 
other coal tired power plants (without CCS). 
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Wind on-shore CC (gas) 
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Figure 51: Sensitivity of the cost of electricity from a wind on-shore facility (left) and a CC gas 
plant (right) to different input parameters_ 

Coal plants, with and without CCS, are mainly sensitive to full load hours and specific 
investment costs. This shows that that they are typical base load plants. Those parameters are 
also important to wind, because the full load hours of wind are relatively small . Gas fired 
plants are much more sensitive to fuel prices. For CCS plants transport and storage costs are 
combined, but their influence on electricity costs is still quite small. The cost of electricity is 
much more sensitive to capture (investment) costs. The most important parameters, 
investment costs and fuel prices were subject to more extensive analysis. The sensitivity of 
model results on investment costs didn't show large deviations or changed conclusions. 
Therefore, they are not presented here. The sensitivity analysis of fuel prices is discussed in 
section 5.1 . 

5.3 Discount rates 
We include three different discount rates in the model, each representing part of the 
investment decisions. The effect of the discount rate assumptions is explored by running the 
model several times using one, instead of three, discount rate, being one of the default 
discount rates in the model; 10%, 15% and 20%. The model is also run for a discount rate of 
5%, to represent a societal di scount rate. 
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Figure 52: CO2"emissions in 2030 for five cases: the baseline scenario in which the costs are 
assigned according to three different discount rates, one single discount rate of 5%,10%,15% 

and 20%. 

Figure 52 shows the CO2-emissions in 2030 for the different scenarios. A low discount rate of 
5% is especially favourable for wind , at the expense of gas and coal power plants. whereas 
with a discount rate of 10% or 15% the wind capacity shifts towards coal capacity. With a 
discount rate of 20% the share of gas increases, because of the low investment costs . In Figure 
53 the share in installed capacity of wind, gas and coal capacity is shown for the different 
discount rates scenarios. It shows that the model results are quite robust to discount rates 
within the commercial spectrum. A societal discount rate increases the share of renew abies 
considerably. This shows that the electricity generation mix in state owned electricity sector 
would be very different. 
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Figure 53: The share of the three largest technology categories: gas, wind and coal, in 2030, for 
four different discount rate scenarios. 

5.4 Operational lifetime 
To estimate the stock turnover of existing capacity, we made assumptions on operational 
lifetimes. We divided the assumptions on lifetimes into two periods, since operational 
lifetimes tend to increase, as a result of liberalisation trends . Liberalisation made profit 
maximization more important and as a result power plants were retired later. 

We make the shift between two lifetime periods in 2000 (based on calibration with CBS data). 
We assume pre-2000 operational lifetimes of 35 years for coal fired power plants, 40 years for 
nuclear plants, an infinite lifetime for large hydro and geothermal and 30 years for all other 
power plants. Post-2000 operational lifetimes are 40 years for nuclear and 35 years for all 
other power plants. Plants that are not retired before 2000, based on the pre-2000 lifetimes, 
were assigned a post-2000 lifetime. 

The assumption on operational lifetime is uncertain and therefore we performed a sensitivity 
analysis. The post-2000 lifetime was varied between 35 and 70 years. Figure 54 shows the 
total existing capacity, during the model period for those different lifetime scenarios. From a 
lifetime of 60 years on, the existing capacity stays constant (excluding model-built capacity). 
This indicates that no power plants retire after 2006. With a lifetime of 50 or 40 years power 
plants start retiring after 2022 or 2013 respectively. Note that CBS data in Figure 55 is higher 
than PLATTS data in 2006 because PLATTS represents plants that started operation before or 
in 2005. From 2006 on the capacity is completed by model results. 
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Figure 54: Installed capacity (including industrial plants) according to CBS and PLA TIS with 
lifetimes of 30 years for plants that are retired before 2000 and lifetimes of respectively 60,50,40 

and 35 years for plants that are retired after 2000, 

5.5 Growth limit 
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Figure 55: CO2-emissions for different maximum growth rates. Maximum growth in the baseline 
is 30%. The curves of the baseline scenario and max growth of 20% and 50% overlap. 
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We limited the annual growth of technologies by increasing the costs when annual growth 
exceeds 30% (see section 3.2.4). A sensitivity analysis is done by varying the 'growth limit' 
between 5% and 50%. The corresponding CO2-emissions are shown in Figure 55. Very low 
growth rates of 5% and 10% cause an increased variety in the energy portfolio. Because of its 
stringent character all technologies, including conventional plants are limited and this 
provides opportunities to cleaner alternatives. With a growth limit above 20% COremissions 
stay relatively constant. Above 40% the technology mix does not change anymore. With the 
default option, 30% growth limit coal is still slightly restricted. In a scenario with a growth 
limit exceeding 40%, additional coal capacity is built. 

5.6 Summary and conclusions 
This section has discussed the sensitivity of the model to key parameters. Because of their 
uncertainty fuel prices were analyzed in section 5.L The results showed to be relative robust 
to different fuel price scenarios. Section 5.2 discussed which parameters are most important in 
cost calculations for a selection of technologies. It was found that investment costs and fuel 
prices are specifically important. The results are robust to those assumptions. The sensitivity 
analysis for discount rates illustrated that the impact on results was low. It is striking that 
decisions based on a societal discount rates impose significant lower COz-emissions. Because 
the Dutch electricity sector is privatized, we consider a discount rate of 5% not representative. 
The model is robust to the range of risk-adjusted discount rates presented here. The 
operational lifetime of standing stock is an uncertain assumption and has considerable effect 
on the additional capacity that is needed (section 5.4). Although the relative mix in new to be 
built capacity is robust to this assumption, it has effect on the quantity of new installed 
capacity. As a result, longer operational lifetimes may slow down the pace of CO2-abatement. 
This should be kept in mind in interpretation of the results. Finally, a limit to growth of 30%, 
which is an uncertain assumption, has limited effect on model results. Only when very low 
maximum growth rates are applied results change significantly. However, those are 
considered to be unrealistic. 
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6 Discussion 

This report has described the development of the Ecofys model and policy analyses 
performed to explore the potential role of Carbon Capture and Storage. In this chapter we 
compare some of our results with literature in section 6.1 and discuss our approach in section 
6.2. 

6.1 Comparison with literature 
In this section we compare our results to results from Van de Broek et al. (2007), Uyterlinde 
et al. (2006) and Darnen (2007). 

Nuclear energy 
We find that nuclear energy provides competition for CCS in mitigating climate change. 
Those findings are in accordance with van den Broek et al. (2007) and Graus and Hendriks 
(2006). In the Netherlands, the political climate and public opinion have made large scale 
deployment of nuclear energy unlikely so far. In the other analyses we assume that no nuclear 
power plants will be built in the Netherlands. Provided the competitiveness of nuclear energy, 
indicated by our results, and the recent political and public discussions, it is however not 
unlikely that some nuclear generation capacity is installed until 2030. When new nuclear 
power plants indeed become acceptable, our results from section 4.2 indicate that nuclear 
becomes a serious competitor for CCS. The application of nuclear energy would considerably 
reduce the potential for CCS. As a result CCS will have considerable less opportunity for cost 
reductions by technological learning and scale advantages and stay an expensive mitigation 
option. However, the costs of nuclear energy are uncertain, and we might have 
underestimated them (see section 4.2). Nevertheless our results imply that policy makers 
should consider the competition between CCS and nuclear energy in the assessment of 
nuclear energy and CCS policies, but that further research is needed. 

CO2-price 
Our results with regard to CO2-prices differ from the results of van den Broek et al. (2007). 
Our results show that a gradually rising CO2-price does not provide an incentive to large scale 
deployment of CCS or any other CO2-mitigation potential, even when the annual increase in 
CO2-price is high. The moderate prices in the start of the modelling period are not high 
enough to prevent fossil power plants to be built. Van den Broek et al. (2007) perform a 
scenario analysis with a perfect foresight optimisation model, which adjusts the CO2-price 
until the targets are met. Their findings indicate that a COrprice of €50,-1 ton CO2 up to 2015 
is needed to reach direct action (2020) targets. In a postponed action scenario in which only 
2050 targets have to be reached, only €30,-/ton CO2 is needed. In both cases CCS (new and 
retrofit) plays an important role in CO2 mitigation. The results of van den Broek et al. (2007) 
are not conform our results, since they indicate a much more rapid expansion of CCS than in 
our scenarios and emission targets are reached at a much lower CO2-price. This can be 
explained by two differences in modelling. First, the MARKAL model, used by van den 
Broek et al. (2007) is a perfect foresight model, in which decisions are optimized in the 
electricity supply sector, based on knowledge over the whole modelling period. In other 
words: increase in COz-price is foreseen, in contrast with the Ecofys model. Groenenberg and 
de Coninck (2008) refer to an ETS with good foresight possibilities as strong incentive ETS. 
A strong incentive ETS is effective in stimulating CCS. ETS with limited foresight 
possibilities is referred to as weak incentive ETS and needs additional policy to stimulate 
CCS. We interpret the ETS as modelled by van den Broek et al. (2007) as strong incentive 
ETS and the ETS in the Ecofys model as weak incentive ETS. The current ETS system 
corresponds to a weak incentive ETS, but proposals have been made and the discussion is 
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ongoing to improve the ETS system (ECN, 2007). Additional policy will probably still be 
needed to stimulate innovation (ECN, 2007). 

The second difference between the two studies is that van den Broek et al. (2007), in contrary 
to our model, do include the possibility of retrofitting power plants with CCS and of early 
retirement. It is a limitation of our model that retrofit and early retirement are not included, 
the model should be extended with this and the analysis should be repeated. The implication 
of this difference is that the possibility of retrofit and early retirement are very important to 
CO2 mitigation possibilities. New coal plants should already be built 'capture ready' in the 
Netherlands, however no satisfactory definition of 'capture ready' is available 
(EnergieCentrum, 2008). Moreover, the costs of building a conventional plant plus retrofitting 
it in a later stage are higher than for plants that are directly built with CCS (Vosbeek and 
Warmenhoven, 2007). Critics place question marks at the possibilities of retrofitting power 
plants with CCS. Our results indicate that including this option makes large differences in the 
results. A policy implication might be that the construction of new power plants should be 
limited in an early stage, or that retrofit should be enforced. Possible options are developing a 
stringent definition on 'capture ready', investing in research on CCS retrofitting or imposing 
an obligation to retrofit at some point in time. All those possibilities should be further 
investigated. It should be stated that reliance on the possibilities of specifically retrofit is risky, 
since disappointing development and performance of this technological option can lead to a 
lock-in of fossil fuel technologies. 

Biomass CCS 
We find that biomass CCS, although expensive, is a feasible climate change mitigation option 
with a CO2-price, if it can produce emission allowances in the ED ETS. Rhodes and Keith (i.e. 
2002) describe in their work the technological opportunities of biomass CCS. Other 
modelling exercises do not include biomass CCS (i.e. van den Broek et al. 2007; Otto and 
Reilly, 2007). A number of remarks should be made about biomass CCS. First, building a 
biomass CCS plant imposes very high risks, which might limit the competitiveness of the 
technology. We did not correct for this in our analysis. Second, sustainability discussions with 
regard to biomass, and the limited available potential of 'sustainable' biomass make large 
scale deployment of biomass CCS a less feasible option. Limited potentials are included in 
our analysis, and they do indeed limit the role of biomass CCS. Third, the ETS does not 
include a system yet to let power plants produce emission allowances. Among others the 
sustainability discussion related to biomass might make producing emission allowances by 
biomass CCS plants politically not acceptable. In addition it might drive the CO2-price down 
and thereby reduce the incentive for other COT mitigation options. Fourth, biomass CCS is an 
expensive option, compared to other CCS and renewable options, and deployment of this 
option increases the societal costs of generating electricity considerably. Therefore, it is 
questionable whether stimulation of this technology is desired. In spite of those limitations, 
our findings make visible an interesting but underexposed research area. With respect to all 
the issues raised further research is needed. 

CO2 transport costs 
We find that support in the field of CO2 transport costs in an early phase of CCS deployment, 
when there are no economies of scale yet, can significantly increase competitiveness and 
advance CCS adoption. How this support best is designed is outside the scope of this research 
and further research is recommended. Several authors make suggestions on possible transport 
support mechanisms, like government or ED construction of a pipeline network (Vosbeek and 
Warmenhoven, 2007), spatial planning of new power plants (Damen, 2007) or reusing 
infrastructure (Darnen, 2007). 

CCS standards 
Imposing a CCS obligation coal plants only does not lead to the implementation of CCS. 
When natural gas is still competitive there will be a shift to natural gas technology. 
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hnplementing CCS standards is only effective in stimulating CCS if it is imposed on both 
coal and natural gas power plants, Our results are in line with the results from the 
CASCADE-MINTS project (Uyterlinde et aI., 2006). CCS standards (coal and gas) in 
combination with other policy options, particularly a COTprice and a demonstration subsidy, 
has little additional effect on the implementation of CCS. However, it reaches its goal, to 
phase out conventional fossil fuelled power plants. 

Storage potential 
In our scenarios the deployment of CCS is not restricted by available CO2 storage potential. 
Our results indicate that the Dutch storage potential does not impose any restrictions on CCS 
up to 2030. This is in accordance with findings from Damen (2007), van den Broek et aI. 
(2007) and Uyterlinde et aI (2006). We assumed that all potential storage potential will be 
available, including aquifers for instance, about which discussion exists with respect to 
leakage risk etc. Excluding the high-risk potential has little influence, since by far the largest 
share of the Dutch potential is formed by gas fields. There is insecurity about the time that 
they come available and gas fields are potentially used for gas storage, to become less 
vulnerable to fluctuations in mainly Russian gas supply. This could reduce the available 
potential considerably and form a restriction to CCS deployment. 

6.2 Discussion of the approach 
The Ecofys model is able to simulate the replacement of electricity generation capacity in the 
Dutch electricity sector for different policy option. It takes among others into account limited 
potentials for renew abies and CCS and technological learning. The model is specifically 
suitable for policy analyses, since there are a wide variety of policy variants possible and an 
extensive list of power plant types is included. The model does provide insight in what effects 
policy options might have in reality. In order to assess the suitability of the model for certain 
analyses and to interpret the results it is important to make clear the boundaries of the model's 
possibilities. This section describes a number of aspects that are not included in the model and 
the consequences for the model outcomes. Also other aspects are discussed that are included 
in the model, but that need some remarks. 

The model is mainly based on technological opportunities and economic decision making. 
Macro-economic influences, public opinion, future perspectives and so on are not integrated. 
The model assumes that macro-economic conditions stay constant and public opinion and 
future perspectives are of no influence. Those aspects are of influence to the electricity supply 
sector. The model does not provide a perfect forecast into the future. However, the policy 
analyses in the model provide insight in how policy options change the main conditions in the 
electricity supply sector, which are included. 

Electricity demand 
Electricity demand as well as import/export assumptions are adopted exogenously from the 
PRIMES 2007 baseline scenario. This implies that any intemction between electricity costs 
and demand is neglected. The elasticity between electricity price and demand is rather low for 
the scenarios taken from PRIMES (see section 5.1) and thus it imposes no large bias on the 
results. Future version of the Ecofys model will include electricity demand. The demand data 
taken from PRIMES are derived by making some assumptions about climate change. A 
constant weather pattern was assumed at 2000 levels (National Technical University of 
Athens, 2003). Weather patterns influence energy use. Weather patterns influence energy use 
but changes in climate and the effects it has on energy demand are very hard to predict. 
Climate change responds to increases in CO:z-concentration with delays long beyond the 
scope of our analyses (!PCC, 2007), and the Netherlands contributes to global emissions only 
by 0.5% (Schoon en Zuinig, 2007). By adopting data from PRIMES we adopt the assumption 
that the climate stays constant and does not enforce changes in demand. However, it must be 
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noted that in reality climate change and electricity demand associated with it do not stay 
constant. (National Technical University of Athens, 2003). 

Delay 
The planning and construction of new power plants can take up to several years. The model 
assumes that capacity is built one year after the need for new capacity is observed. By this 
assumption planning and construction periods are neglected. This results in disruptive patterns, 
for example in Figure 26 in chapter 4. The trend of COremissions show a sudden change in 
2010. From the start of the modelling period in 2006, to 2010 the emissions decline since the 
overcapacity of the electricity park reduces as a result of liberalisation. In this period mainly 
polluting coal plants are retired. As a result the average electricity mix improves and 
emissions decline. From 2010 onwards, additional capacity is built to meet demand and 
emissions suddenly rise again. In reality this turning point would not be this abrupt. Including 
delays for planning and construction of power plants could smoothen this development. The 
limitation of no delays implies that the model is not suitable to reflect disruptive changes and 
specific events in a single year. However, it is suitable to visualize general trends over a 
longer period. Furthermore this limitation implies that the model does not include foresight of 
actors into (near) future developments. since the investment decisions are based exclusively 
on data from the present year. The model reflects a situation with large uncertainty with 
regard to future events. An EU ETS, that provides insight into future developments of CO2-

prices (for instance by announcing emission targets long periods in advance), which is 
referred to by Groenenberg and de Coninck (2008) as strong incentive ETS, cannot be 
appropriately analyzed. Running the model with time steps of five years would provide a 
solution for the disruptive character of the results and would represent a situation in which 
people have some foresight over a period of maximum five years. 

Decentral electricity production 
The model assumes central electricity production. Decentral energy sources (for instance 
building integrated PV or CHP) cannot be taken into account in the model structure. The 
scope of the study is explicitly one of central electricity production. CCS technologies are 
only applicable to centralized electricity production and therefore this assumption is suitable 
to the research project. However. a rapid expansion of decentralized generation options like 
CHP and building integrated PV is possible. In future versions of the model, the current 
model will be connected to a separate module simulating heat and CHP supply. 

Intermittent energy sources 
We implemented solar and wind energy differently in the model than the other electricity 
generating technologies. Because of their intermittent character, they are not fitted into the 
load level structure. Instead they are evaluated against the average cost of electricity 
generation. Besides costs, many aspects playa role. Image issues (towards the consumer as 
well as showing good will to the authorities) play here a role as well. What exactly the price is 
with which renewables compete is not clear. Letting sun and wind compete with average 
electricity costs is considered the most realistic approach. Letting wind and sun compete 
before using the load level structure is a practical solution for the mismatch between 
fluctuating energy sources and the load level structure. It may provide a small competitive 
advantage for wind and sun, reflecting additional (image) advantages of renewables. 

Wind and solar energy need back-up capacity in order to assure stability of the grid. In the 
current energy system, this is necessary. since large scale implementation of intermittent 
energy sources reflects on the stability of the grid. Activities have been employed to adjust the 
electricity grid better to fluctuating sources and increase its stability. EU research is done in 
this field under the name 'smart grids'. One of the possibilities to make grids 'smarter' is to 
develop facilities for large scale storage of electricity. The model does not take into account 
possible developments in the field of 'smart grids' and/or electricity storage. We assume that 
the conditions of the present-day grid stay constant over time. Improvement in the field of 
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'smart grids' will have severe implications on the validity of the model. Electricity storage for 
instance would make the load level structure obsolete and change the competition structure 
completely. Large scale implementation of renewable energy sources will become more 
feasible with improvement in the stability of the grid. A modest increase in stability of the 
grid would increase the competitiveness of intermittent energy sources. The insights derived 
from the analyses are still valid in this situation. 

Deployment strategy 
The model combines investment decisions on new power plants with the strategy on 
deployment of power plants, by making the investment decisions per load level and 
classifying power plants built in a certain load level accordingly. This impHes that a plant 
built in the base load will stay in this load level during the modelling period and will run the 
same amount of full load hours every year. As a result the model cannot simulate shifts in 
deployment strategies as a result of policy or changing external conditions. In extreme policy 
cases, where the growth limit imposes a limit on implementation of a technology, the 
technology may end up divided over several load levels, while one load level is preferred. 
Therefore, we recommend expansion of the model with a separate deployment decision step. 

Policies 
Although the model can simulate many poHcy variants, it cannot simulate the development of 
the CO2-price according to the EU ETS. There are no interaction effects taken into account 
between COTabatement, fuel prices or any other variable and the CO2-price. Instead the COz
price is an exogenous assumption. This implies that the model is not suitable for extensive 
analyses on the EU-ETS. In future version of the model the dynamics related to the EU ETS 
will be included. The results on investment subsidies are based on the assumption, that 
electricity generating companies only make purely economic decisions. The demonstration of 
CCS is probably perceived as strategic and investment for future possibilities and power 
companies are willing to take a loss on those plants. The subsidy needed reflects the sum of 
the actual subsidy needed and the money power companies are willing to invest in a CCS 
demonstration plant. Further research is needed to specify this division. With respect to CCS 
seven different options for new power plants are included. It is not possible to retrofit existing 
power plants with a CCS facility or simulate early retirement of existing power plant, as a 
consequence of policies or price developments. Also Enhanced Oil Recovery (EOR) and 
Enhanced Gas Recovery (EGR) were not taken into account. With EOR and EGR, CO2 is 
injected in a not empty oil or gas field, thereby improving the conditions for oil and gas 
winning. Those possibilities might increase the competitiveness of CCS. EOR is a mature 
technology, which has been applied for many years. EGR is still in an explorative phase, and 
it is still insecure whether it actually improves gas winning conditions. Since the Netherlands 
has hardly any potential for EOR and EGR is still very immature, it can be neglected in the 
analysis. 

Data assumptions and sensitivity analyses 
Although large effort has been made to collect reliable data on costs and technologies, they 
are based on assumptions. Important assumptions have been subject to sensitivity analysis in 
chapter 5. Fuel prices are important input to the modeL The future development of fuel prices 
is very uncertain, but the sensitivity analysis has shown that our results are relatively robust to 
fuel prices. Other important and uncertain parameters are operational lifetimes of power 
plants. In our analyses we rather underestimated then overestimated them. Longer lifetimes 
would enforce the lock-in of fossil fuel technology, as we found in our analyses. 

In addition to the above it should be mentioned that there are many issues related to CCS that 
cannot be addressed by a model, like public legal and regulatory issues, public acceptance and 
its future position within the Kyoto or post-Kyoto mechanisms (Uyterlinde et al., 2006). The 
actual deployment of CCS depends on those issues and those are very important to be studied 
simultaneously. 
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Finally, one model run takes 1,5 to 5 hours, depending on the scenario, In the future 
calculation time should be reduced to increase the usability of the model. 

Implications for further research 
Based on the model limitations described in this chapter, we recommend and plan to improve 
the Ecofys model by: 

• Connecting the model to a heatlCHP module and an electricity demand module 
• Including a separate deployment strategy 
• Including EU ETS dynamics in the model. 
• Including possibilities for retrofit and early retirement. 
• Including a delay for planning and construction of power plants 
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7 Conclusions 

The purpose of this study is twofold. First a bottom-up model of the electricity supply sector, 
including CCS, is developed. Second, the potential role of CCS under different policy options 
is explored. The model that is developed in this project, is found to be a useful tool for policy 
analysis at the level of centralized electricity generation in the Netherlands. The model is used 
to explore the potential role of CCS in the Dutch electricity market. The results show that 
there are effective policy options available to stimulate the implementation of CCS. In 
addition, implications of different policy options have been found that should be considered in 
policy design. This section presents the conclusions regarding the two main research topics of 
this report: 

A. How can replacement of electricity generation capacity in the power supply sector 
(including CCS) be modelled? 

B. What is the potential role of CO2 Capture and Storage in the Netherlands under 
ditTerent policy options on the mid term (2030)? 

Section 7.1 presents the conclusions and discussion on A, and section 7.2 presents 
conclusions and discussion on B. 

7.1 Conclusions on the Ecofys model 
The result of this research project is a new bottom-up simulation model of the Dutch 
electricity supply sector. With this model the replacement of electricity generation capacity 
and the resulting societal costs and CO2-emissions under different policy options can be 
simulated. During model development four problems were addressed to develop the Ecofys 
model. In this section we will briefly describe the conclusions on each sub-problem. 

• 

• 

The basic principles of a model simulating the replacement of electricity generation 
capacity in the power supply sector. 
First, the time varying character of electricity demand should be taken into account. 
This is modelled by using a discretized load duration curve, and thereby 
differentiating between peak load demand, base load demand and intermediate levels 
of demand. Second, decision making is based on costs of electricity generation. Third, 
stock-turnover is determined by existing capacity and assumptions on their 
operational lifetime. 

Refinements to include the most important dynamics of electricity generation . 
The load level structure is not applicable to the intermittent character of solar and 
wind energy. We conclude that wind and solar energy should be modelled as 
competing to the average electricity generation costs. Thereby, additional back-up 
capacity is required for grid stability. An increase in discarded electricity with 
increasing wind or solar penetration rate influences the electricity generation costs of 
solar and wind energy as well. For all technologies, technological learning should be 
taken into account, by using learning curves. Some technologies have a non-uniform 
potential in terms of quality and costs. This is taken into account through cost supply 
curves. Unlimited growth of the share of technologies is not considered to be realistic 
and thus the annual growth of technologies should be limited. 
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• The modelling of CCS. 
In the modelling of CCS three components are important: capture, transport and 
storage. Those three components influence costs in a different way. Capture increases 
investment costs and reduce plant efficiency. Transport adds to total electricity 
generation costs and decreases with increasing economies of scale. Storage adds to 
total electricity generation costs as well and increases when CCS is applied on a 
larger scale, as a result of depletion of storage capacity. 

• The modelling of policy options. 
Four policy options are used in the analyses on CCS. The COrprice should be based 
on COremissions. CO2 captured and stored should not be penalized with a COrprice. 
Demonstration subsidies should reduce the CCS part of investment costs. The amount 
spent on investment costs is limited. Feed-in tariffs reduce total electricity costs. CCS 
standards exclude the possibility of building coal and/or gas plants without CCS. 

The model can easily be converted to the ED electricity supply sector or the electricity supply 
sector with similar mechanisms as the Dutch electricity supply sector. The analyses done in 
this report with respect to CCS are exclusively valid for the Netherlands, since specific data 
on the Dutch situation is used. Especially the data on potentials is very specific to the Dutch 
situation. However, with appropriate data input the model is able to simulate electricity 
supply markets which have similar characteristics as the Dutch market; a (for a large part) 
centralized and privatized electricity supply market, which is connected through a connected 
grid. 

7.2 Conclusions on the potential role of CCS 
The second part of this research project consists of exploring policy options to stimulate CCS 
in the Dutch electricity sector. The analyses, presented in this report show that CCS can 
provide an important contribution to COr mitigation. The policy options analysed all playa 
role in a CCS stimulation strategy. We derive a number of conclusions, from the analyses 
performed in chapter 4. 

Four policy instruments were analyzed: a COrprice, a demonstration subsidy, CCS standards 
and a feed-in tariff for CCS and renewables. Three policy mix scenarios, showed the 
combined effects of the policies. From the analyses we conclude that: 

• The role for CCS is very limited when large scale implementation of nuclear energy is 
an option. The political climate in the Netherlands has not been in favour of nuclear 
energy. However, recently the possibility of nuclear plants has come on the political 
agenda again. Because nuclear energy is relatively cheap and has no COremissions, 
it is a direct competitor to CCS. 

• A COrprice alone is not sufficient to stimulate CCS or to reach COrmitigation 
targets, provided the current characteristics of the ED ETS. The shares of CCS 
remain modest with gradually increasing CO2-prices. When nuclear plants are not 
allowed, a CO2-price of €166,-/ton CO2 is needed to reach COr mitigation targets. 

• The level of transport costs in the initial phase, when there are no scale advantages, 
reduce the competitiveness of CCS considerably. Reducing the transport costs of CCS 
to scale advantage levels, makes CCS competitive at lower CO2-prices and advances 
the moment of CCS adoption. 
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Biomass plants with CCS might playa role in COz-mitigation under the ETS, if 
biomass CCS can produce emission allowances. 

Different types of policies stimulate different types of CCS. A CO2-price is stimulating 
biomass CCS, if it can produce emission allowances. Investment subsidies are 
stimulating technologies with high investment costs; biomass and coal. A feed-in 
tariff is suitable for the implementation of CCS gas, which is relatively cheap, but 
sensitive to the gas price. CCS standards stimulates both coal and gas fired CCS 
plants. 

A considerable share of renewables in the electricity generation mix reduces societal 
costs in the long-term. Scenarios in which renewables were stimulated experienced 
declining growth in societal costs, since the learning potential of renew abies is higher 
than the learning potential of CCS. 

From those conclusions we derive the following recommendations: 

For researchers: 
• Further research is needed on the costs of nuclear energy in the Netherlands and the 

competition between nuclear and CCS. 
• Further research is needed on how initial transport costs can be reduced 
• Our findings suggest that there is potential for biomass CCS. There are additional 

issues related to biomass, which might temper the potential of biomass CCS. 
Additional research is needed on the potential of biomass CCS, taking those issues 
into account. 

• Our results show that different types of policies stimulate different types of CCS. 
Additional research is desired to determine which types of CCS are preferred, and 
what are the advantages and disadvantages of every CCS type, with respect to 
technological characteristics, security of energy supply, competition with other Car 
mitigation measures etc. 

• We find that in scenarios with high shares of renewable energy, learning reduces 
costs considerably over time. Our analyses do not include decentralized electricity 
generation. Since renewables have large potential in this field, further research is 
needed on whether our results are applicable to decentralized electricity generation of 
renewables. 

For policy makers: 
• In decisions with respect to the implementation of new nuclear power plants, the 

potential competition with CCS should be considered. CCS in combination with 
nuclear energy will most probably imply continuous high costs. Therefore, it is 
recommended to consider this competition in the political discussion on nuclear 
energy. 

• Policies additional to the ETS are needed to reach COz-mitigation targets and 
stimulate CCS and renewables. 

• Support should be provided on CO2 transport costs in an early phase of CCS 
deployment. 

• The possibility of production of allowances by biomass CCS plants in the ETS should 
be considered. 

• In policy design, a consideration taken into account should be the type of CCS which 
is stimulated. 

• Stimulation of renewables, e.g. through feed-in tariffs is recommended in addition to 
the ETS and specific CCS stimulation policies, to increase cost-effectiveness in the 
long-term. 
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In this research project a bottom-up simulation model of the Dutch electricity supply sector is 
developed and policy analyses are performed on CCS stimulation policies. The result is a 
model capable of extensive policy analyses. With regard to the analyses we have shown that a 
COrprice is not sufficient for CO2-mitigation or for stimulating CCS. But there are policy 
options available which are effective in addition to a CO2-price. This report not only brought 
answers but also raised questions, for both researchers and policy makers. In the design of 
CO2-mitigation policy, questions have to be answered like; how to deal with nuclear energy? 
And which types of CCS are preferred? This report is just a start with respect to CCS 
stimulation policies and their effects. More research is needed on more policy options. 
Extensive research, together with considerations of policy makers will influence what policies 
should be used to stimulate CCS and indirectly what role CCS will play in future electricity 
supply. 
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Appendix - Control panel of the Ecofys model 
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