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ABSTRACT

Carbon Capture and Storage (CCS) has recently received increasing attention in its
feature as a CO, mitigation technology. A number of energy scenarios suggest that
CCS can contribute substantially to achieving ambitious greenhouse gas reduction
targets.

In this thesis the technological and economic potential of CCS to mitigate CO, emis-
sions in the power and industry sector are analyzed. Based on a comprehensive litera-
ture review, the current state and the estimated future development of the technology
are evaluated, examining the three process stages of capture, transport, and storage.
Taking into account the technical restrictions of CCS, the extent to which CCS is theo-
retically and technically capable to contribute to the global mitigation of CO, is as-
sessed. The focal point is the economic performance of CCS, which will eventually play
a crucial role in determining the commercial viability of the technology.

In order to identify regional opportunities the quantitative analysis is carried out globally
but on a regional scale. The CO, reduction potential and abatement costs are evalu-
ated in each of these regions individually. Concerning future developments, a time-
frame spanning the years 2010 1 2050 is regarded. The current and future technologi-
cal and economic parameters are subject to many influencing factors and vary signifi-
cantly. An uncertainty analysis is therefore included to determine realistic cost ranges
by application of a Monte Carlo simulation for all economic modelling.
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1 INTRODUCTION

1.1 Motivation

Climate change is one of the biggest environmental, social, and economic challenges of our
time. In fact, the warming of the climate system is unequivocal and the first environmental
impacts can already be observed. The change in atmospheric concentration of greenhouse
gases alters the energy balance of the global climate system. Caused by human activities,
the concentration of greenhouse gases has increased markedly compared to pre-industrial
levels, resulting in a rise of radiative forcing. Carbon dioxide (CO,) is considered the most
important greenhouse gas, whose emissions account for 77% of all anthropogenic green-
house gas emissions (IPCC, 2007a). In order to mitigate climate change, greenhouse gas
emissions need to be stabilized by achieving a peak and a reduction of emissions thereafter.
For a maximum increase of the surface temperature by 2 °C, greenhouse gas emissions
need to be cut by 50% - 85% until 2050 compared to 2000 levels (Metz et al., 2007).

Various strategies exist in order to abate anthropogenic greenhouse gases (Pacala and So-
colow, 2004). Carbon capture and storage (CCS) is one option which can facilitate the stabi-
lization and reduce costs (Riahi et al., 2004a). CCS is a new CO, mitigation technology that
has recently received considerable attention. Its approach is based on capturing CO, re-
leased from fossil fuel power plants or industrial processes, and storing it in isolation from the
atmosphere for a very long time. The heavy dependence on fossil fuels nowadays and the
compatibility of CCS with existing electricity and industry infrastructure have sparked interest
among researchers, stakeholders, and industry personnel. However, CCS faces technical
difficulties arising during the capture and storage stages and is associated with increased
energy consumption and high costs (Metz et al., 2005).

1.2 Scope of this study

The aim of this thesis is to analyze the technological and economic potential of CCS to miti-
gate CO, in the power and industry sector. Based on a comprehensive literature review, the
current state and the estimated future development of the technology are evaluated, examin-
ing the three process stages of capture, transport, and storage. Taking into account the
technical restrictions of CCS, the extent to which CCS is theoretically and technically capable
to contribute to global mitigation of CO, is assessed. The focal point of the thesis is the eco-
nomic performance of CCS, which will eventually play a crucial role in determining the com-
mercial viability of the technology.

In order to identify regional opportunities, the analysis is carried out globally but on regional
scale. The CO, reduction potential and abatement costs are evaluated in each of the regions
individually. Concerning future developments, a time frame spanning the years 2010 i 2050
is regarded. The current and future technological and economic parameters are subject to



-2- 1 - Introduction

many influencing factors and vary significantly. An uncertainty analysis is therefore included
in order to determine realistic cost ranges by application of a Monte Carlo simulation for all
economic modelling.

While most studies only look into a very specific technology or topic of CCS, this study aims
to summarize relevant findings from all areas related to the potential of CCS. Embedded in a
consistent economic framework, this study is the first of its kind to analyze the technological
and economic potential with a regional focus up to the year 2050. As different technologies
for various sources of CO, are viewed under the same economic assumptions, a consistent
comparison is possible and the most promising technologies are identified.

1.3 Structure

This study is structured as follows: Chapter 2 gives an introduction into the technology and
state of CCS. The key characteristics of the three process stages CO, capture, transport,
and storage are thereby explained in terms of current and future technologies, and functional
principles.

The methodological framework of the present study is determined in chapter 3, including a
definition of the term potential. After a description of the principles for economic calculations
for CCS plants, the basis is laid for the assessment of uncertainty, different regions, and fu-
ture developments.

In chapter 4, CO, transport in pipelines and CO, storage in different geological formations
are analyzed and a regional capacity assessment for CO, storage is carried out. Linking
costs for transport and storage and regional storage capacity, an integrated model is devel-
oped and results are presented. The resulting combined transport and storage costs are em-
ployed for further cost assessments in chapters 5 and 6.

Chapter 5 covers CCS in the power sector. After analyzing current and future CO, emissions
from fossil fuel power plants, the subset of technically capturable emissions is derived. The
subsequent cost assessment examines the current and future costs for generating electricity
with CCS power plants. This chapter ends with a discussion of the topics of a complete life-
cycle balance and an analysis of the potential to retrofit existing power plants with a CO, cap-
ture unit.

The potential of CCS in the industry sector is discussed in chapter 6. Analogous to the ap-
proach in the power sector current and future CO, emissions from different sources in the
industry sector are assessed. For each type of source various capture technologies are de-
scribed and analyzed with respect to their technical performance and costs to avoid CO,.

In chapter 7, results from the previous chapters are discussed. A comparison of the CCS
technology with competitive CO, mitigation options is included, followed by a summarizing
critical analysis. Addition a | | vy, t methodslaogicad apgr@ach is appraised critically and
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an outlook to further related research is given. The study concludes with a summary of key
findings in chapter 8.
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2 STATE OF CCS TECHNOLOGY

CCS is a three stage technology as illustrated in Figure 2-1: In the first step, CO, is captured
from various possible sources, then transported from the capture to the storage location and
in the final step stored and thus isolated from the atmosphere (EPA, 2010). Different techno-
logical options for each step exist comprising additional costs and risks. Regarding the feasi-
bility of CCS, the technological and economical viability has to be fulfilled at all three stages.

~
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Figure 2-1: Division of CCS into three stages: capture, transport, and storage. Source: own illustration.

This chapter outlines the functional principles and status of the different technologies. Before
looking in detail at the technologies of all three stages, sources from which CO, can be cap-
tured will be specified. The current status of CCS in terms of technological maturity and on-
going projects will be discussed in the last section.

2.1 Sources of CO,

CO, emissions arise from different sources in various sectors. CO, emissions from fuel com-
bustion form the bulk of anthropogenic CO, emissions, as shown in Figure 2-2. In theory, the
principle of carbon sequestration i to isolate CO, from the atmosphere so that it cannot con-
tribute to global warming i can be applied to all kinds of CO, sources and even atmospheric
CO,. However, under a techno-economic point of view, only large CO, sources with rea-
sonably high CO, concentrations are amenable for CCS (Metz et al., 2005). These large
sources of CO, can only be found in the power and industry sector. The size of CO, sources
in the transport, residential and other sectors is too small for the direct application of CCS at
the emission source.
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Residential Other Sectors
4,9%

Transport
22,6%

Industry
25,3%

Figure 2-2: CO, emissions from fuel combustion per sector in 2009. Total emissions: 29 Gt CO,. Source: (IEA,
2011a).

CO; emissions from the power sector result from the combustion of biomass and fossil fuels,
including steam coal, brown coal, oil and natural gasl. In power generation, fossil fuels play
the major role with a share of 97% in electricity generation in 2010 compared to a share of
3% of biomass (Enerdata, 2012). Biomass combustion in combination with CCS has the po-
tential of a negative CO, lifecycle balance: The quantity of CO, consumed during biomass
growth is equal to the quantity emitted during combustion. Hence, CCS applied to biomass
has the potential to effectively reduce atmospheric CO, (IEAGHG, 2011a). For this reason,
biomass plays an important role in many energy scenarios. For example IEA (2010a) pro-
jects a share of 18% for biomass in the electricity generation in 2050 of which 3% are in con-
junction with CCS. However, the future role of biomass is unclear and heavily discussed by
the scientific community, as there is high uncertainty regarding environmental and social co-
impacts of the high deployment of biomass (IEA, 2010a). This is why biomass is excluded in
the analysis of CCS in the power sector in chapter 5 and the focus is placed on CO, capture
of emissions resulting from fossil fuel combustion only.

The industry sector was responsible for approximately 25% of global CO, emissions in 2009
(IEA, 2011a). Here, CO, emissions arise from fuel combustion, but also as a result of various
industrial processes such as the thermal decomposition of limestone in the cement industry,
the reduction of iron ore with reducing agents, or the use of fuels as feedstock in petrochemi-
cal processes (Metz et al., 2005). In this thesis, only sectors with significant CO, emissions
are investigated, including sources in the cement, iron and steel, ammonia, ethylene oxide,
refining, natural gas processing and coal to liquid industry. Although there are also other in-
dustries with lower emission rates, which may play a smaller role in the application of CCS in
the future, such as the pulp and paper industry, these are not investigated separately in

1 with regard to the classification of steam coal and brown coal, the IEA standard is used throughout
the thesis. Anthracite and bituminous coal are subsumed as steam coal. Brown coal consists of lig-
nite and sub-bituminous coal, except in Australia, Belgium, Chile, Finland, France, Iceland, Japan,
Korea, Mexico, New Zealand, Portugal, and the United States where sub-bituminous coal is in-
cluded in the steam coal classification due to its relatively high calorific value (IEA, 2011b).
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chapter 6. Biomass conversion in the ethanol industry is excluded for the same reasons as
mentioned above regarding the power sector.

Emissions from small sources in the transport or residential sector cannot be captured di-
rectly on a large scale. Yet, CCS may play an important role in the decarbonisation of fuels
for these sectors. Through the use of electricity or hydrogen instead of fossil fuels, direct CO,
emissions can be avoided. In order to improve the net carbon balance, hydrogen and elec-
tricity have to be provided carbon neutrally. The application of CCS in power plants for elec-
tricity generation or in reformers for hydrogen production is one option among others (Eden-
hofer et al., 2009).

2.2 CO, Capture

The first stage along the CCS process chain is the capture of CO, from a flue gas stream
containing CO,. Figure 2-3 shows the three general approaches for CO, capture, namely
post-combustion capture, pre-combustion capture and oxyfuel combustion capture.

Post-Combustion Capture

(ofe) co,
Fuel and Ai » . R
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_‘_/' Reduced
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4
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Figure 2-3: General approaches for CO, capture. Source: (Global CCS Institute, 2009).

All approaches differ largely in their general process structure. Post-combustion capture
compromises a separation of CO, and exhaust gases before emissions reach the stack. The
power plant process remains unchanged, but before the exhaust gas is emitted into the at-
mosphere, the post-combustion gas treatment facility separates CO, from the flue gas. Pre-
combustion capture relies on the gasification of fuel with air or oxygen under high pressure,
followed by the separation of CO,. Hydrogen rich syngas is then fed to a H, gas turbine
power block resulting in a CO, free exhaust. Oxygen combustion is based on the combustion
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of the fuel with oxygen instead of air, which contains almost 80% of nitrogen. The formed flue
gas contains a high CO, concentration which facilitates the following CO, separation (Global
CCS Institute, 2011).

Following the CO, separation process, the gas has to be compressed to high pressures in
the range of 14 to 20 MPa. The CO; is transported in the liquid or supercritical state to mini-
mize its density and pressure drop during transport. Combined compression and pumping is
the most energy efficient way to reach the desired pressures. Water is removed from the
captured CO, stream during compression by cooling the stream below the dew point of water
followed by dehydration, where moisture content is further reduced with glycol or solid ab-
sorption systems (Global CCS Institute, 2009).

Each of the approaches requires additional components and process steps, which contribute
to the high investment and operational costs of CCS plants (EPA, 2010). Furthermore, addi-
tional energy for the separation and compression is required in the form of electricity and
steam. In power plants, this results in an efficiency drop, as the net power output decreases
due to reduced volumes of energetic steam contributing to the thermodynamic cycle and
electricity, which is used for internal purposes (Ansolabehere et al., 2007). Industrial facilities
have to compensate the energy penalty with a higher fuel and electricity consumption
(UNIDO, 2010a).

CO, is not removed completely from the flue gases, but a smaller fraction remains in the ex-
haust gas stream and is emitted into the atmosphere. Although it is technically possible to
capture almost the entire CO,, a significant increase in energy consumption and economic
reasons suggest an ideal separation rate of approximately 90% under economic aspects
(Metz et al., 2005).

In the following section, the three different technologies are described in more detail with
focus on technological specifications and the advantages and disadvantages of each tech-
nology.

2.2.1 Post-combustion capture

The conceptual layout of a coal-fired power plant with CCS is depicted in Figure 2-4. Steam
is produced in various possible boiler configurations (sub-critical boiler, super critical boiler,
ultra-supercritical boiler, circulating fluidized bed, natural gas) and afterwards fed to a steam
turbine, which runs an electrical generator. The flue gas passes denitrification, particle re-
moval, sulphur removal, and a cooler before it enters the post-combustion treatment facility
(Ansolabehere et al., 2007).
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Figure 2-4: Layout of a post-combustion capture power plant. Source: (Global CCS Institute, 2009).

There are different post-combustion capture technologies available at different stages of ma-
turity, of which a selection is presented in Table 2-1. CO, capture is a commercially available
technology and has been used for CO, scrubbing in industrial applications since the 1930s.
However the scale of modern plants with annual CO, emissions of up to 10 Mt/year poses
challenges to the scale-up of the technology (EPA, 2010).

Chemical Solvents Physical Solid Membranes Cryogenic

Solvents Adsorbents Separation
SIS Amines (MEAZ, DGA®3, Polymeric Liquefaction
Amine guard, Econamine,
Cansolv), Hindered amines
(KS-1, KS-2, KS-3)

SUTIEES Advanced Amines (e.g. lonic TSA, PSA, Higher-flux and selectiv- | Anti-
AMP4), Potassium Carbon- liquids VSA, VPSA, ity membranes (Ceramic | sublimation
ate (e.g. Benfield), Ad- ESAS facilitated transport Hybrid
vanced mixtures, lonic Lig- membranes, Carbon Process
uids, Chilled Ammonia, molecular sieve mem-

Aqueous Ammonia, Amino branes)
acid salt

Table 2-1: Current and future technologies for post-combustion capture. Sources: (IEA, 2008a; Global CCS Insti-
tute, 2009; Folger, 2010; ZEP, 2011).

Chemical solvent based capture technologies are considered the state of the art for post-
combustion capture, as they are more suitable for operating at the relatively low partial pres-
sure of CO, in the flue gas (Global CCS Institute, 2009). CO, scrubbing with chemical sol-
vents is based on the selective absorption of CO, on the solvents. Inside the absorber, the

2 MEA: Monoethanolamine.
3 DGA: Digycolamine.
4 AMP: Aminomethylpropanol.

5 TSA: Temperature Swing Adsorption, PSA: Pressure Swing Adsorption, VSA: Vacuum Swing Ad-
sorption, VPSA: Vacuum Pressure Swing Adsorption, ESA: Electric Swing Adsorption.



2 - State of CCS Technology -9-

CO,-lean solvent binds the CO, while the carbon reduced flue gas passes the absorber and
is emitted through the stack. The circulating solvent is regenerated in the CO, stripper with a
thermal reaction. Low-pressure steam heats the solvent so that the bond between solvent
and CO; is broken and the CO, is released to compression. Heat-exchangers minimize the
energy input, however still up to o "Oulpof steam per tonne of captured CO, are needed for the
regeneration process (Folger, 2010).

Apart from chemical solvents, alternative capture technologies exist as shown in Table 2-1.
In a capture process using physical solvents CO, is physically adsorbed to the liquid solvent
and can be regenerated more easily by reducing pressure. Physical solvents technologies
are not yet suitable to work at low pressure conditions as present in post-combustion flue gas
streams. Adsorption based capture technologies comprise on the selective uptake of CO, on
a solid surface. By temperature or pressure induced regeneration (TSA or PSA), the CO, is
released afterwards. Adsorption based technologies are also not yet suitable for post-
combustion capture, but object of on-going research. Membranes are only permeable for
certain molecules, so that a separation of CO, from the flue gas is possible based on the
selective permeability. However, a high degree of separation is only possible by using multi-
ple stage, which lead to high energy consumption and complex capture facilities. Cryogenic
separation is a capture method which comprises in the chilling of the flue gas to -55 °C at
pressures above 2.1 MPa so that gas components are liquefied. Especially for dilute flue gas
streams, cryogenic separation is very energy and cost intensive (Global CCS Institute, 2011).

The biggest advantage of post-combustion capture is the option of retrofitting to existing
power plants. Without major modifications to the plant cycle, a post-combustion capture facil-
ity can be fitted between boiler and exhaust. Therefore, near-term opportunities for CCS are
expected to arise for post-combustion capture. A high energy penalty and the usage of ex-
pensive solvents are limiting factors. Chemical solvents tend to react with oxygen meaning
that the solvent has to be replaced permanently, imposing further operational costs. In addi-
tion, low CO, concentration, low pressure and large volumes of the flue gas implicate big
facilities and high compression costs (Folger, 2010).

2.2.2 Pre-combustion capture

An Integrated Gasification Combined Cycle (IGCC) plant constitutes the basis of pre-
combustion capture. It involves a conversion of fuel into hydrogen, which then runs a H, tur-
bine. Excess heat from the first turbine cycle is used to produce steam, which drives a steam
turbine in the second cycle. Applying carbon capture to an IGCC plant comprises the re-
moval of CO, from the syngas prior to combustion (EPA, 2010). A typical layout of the gasifi-
cation and CO, capture plant is shown in Figure 2-5.
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Figure 2-5: Layout of a pre-combustion capture power plant. Source: (Global CCS Institute, 2009).

Oxygen-rich air is fed into a gasifier, where under the presence of steam and high pressure
carbon reacts with water and forms syngas, consisting of carbon monoxide and hydrogen
(eq. (2.2)).

0 ‘O0 © 60 (O] (2.1)

Clean-up of the syngas is essential for the success of the process, due to the erosive behav-
iour of particles in the turbine. This step is carried out in the particle and sulphur removal fa-
cility. Existing technologies for gas clean-up operate at low, near-ambient temperatures.
Thus, the syngas has to be cooled with quenching (injection of water into the syngas) or ra-
diant cooling.

Applying CO, capture to IGCC plants requires the oxidisation of carbon monoxide contained
in the syngas, which takes place in the water shift reactor. Here, the carbon monoxide reacts
with vaporous water in the water gas shift reaction (eq. (2.2)). As a result, CO, and additional
hydrogen is formed (Ansolabehere et al., 2007).

o]V} "'O0 © 60 0 (2.2)

High concentrations of CO, (35%- 40%) and a high pressure (~2 MPa) enable the application
of physical solvents for CO, separation. In a physical absorption process, the liquid, mostly
organic solvent absorbs the CO,. The bond between physical solvents and CO, is weaker
than for chemical solvents. Thus, less energy is required for the regeneration, which typically
involves a pressure drop in several stages. The absorption mechanism favours high pres-
sures; a pressure drop results in the weakening of absorption affinity and ultimately in the
release of CO, (Global CCS Institute, 2009).

Alternative separation technologies for pre-combustion capture including current and future
technologies are shown in Table 2-2. Hybrid solvents consist of a mixture of physical and
chemical solvents combining the high treated gas purity of chemical solvents with the ener-
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getic advantages of physical solvents. Moreover, solid adsorbents, membranes, and cryo-
genic separation technologies are optional alternatives.

Chemical

Solvents

Physical
Solvents

Hybrid
Solvents

Solid
Adsorbents

Membranes

Cryogenic
Separation

ORI Amines (MEA, Organic sol- Sulfinol, TSA, PSA Polymeric Liquefaction
MDEAS), Potas- vents (Recti- Amisol,
sium Carbonate sol, Purisol, FlexsorbE
(Benfield) Selexol, Fluor | PS, .

solvent) UcarsolE LE

Advanced lonic Liquids, VSA, VPSA , | Higher-flux and Anti-
Amines (Potas- Glycol, Metha- ESA selectivity mem- | sublimation,
sium Carbonate, nol branes (Ceramic | Hybrid
Advanced mix- Palladium process
tures, lonic Lig- Reactors
uids), AMP, Contactors)
Chilled Ammonia,
Aqueous Ammo-
nia

Table 2-2: Current and future technologies for pre-combustion capture. Sources: (IEA, 2008a; Global CCS Insti-
tute, 2009; ZEP, 2011).

The key advantage of the pre-combustion approach is the high CO, concentration and pres-
sure in the syngas, which offset the highly elaborate and costly fuel conversion steps (Folger,
2010). Due to the smaller energy penalty and less modifications on the plant design, the rela-
tive increase on costs is smaller, compared to the post-combustion approach (EPA, 2010).
Furthermore, IGCC offers an optimised inherent emission control with reduced water usage,
and lower pollutant emissions (Ansolabehere et al., 2007). On the downside, retrofit to exist-
ing power plants is only possible to IGCC plants. Not many of these are nowadays in opera-
tion therefore the retrofit potential of pre-combustion capture is very low (Global CCS Insti-
tute, 2009).

2.2.3 Oxyfuel combustion capture

Oxyfuel combustion is the third approach to capture CO,. Instead of air, high-purity oxygen is
fed into a boiler increasing the CO, concentration in the flue gas stream, as no nitrogen is
carried through the combustion process. A typical plant layout is depicted in Figure 2-6.

In the first step oxygen with a concentration of 95% - 99% is provided by an air separation
unit (ASU). During the subsequent oxyfuel combustion in the boiler, steam is generated to
drive a steam turbine coupled to a generator. As the combustion temperature with oxygen is
much higher than with air, a high rate of exhaust gas is recycled and reinjected into the
boiler. In this way, normal boiler operating conditions are maintained (Folger, 2010). In any
case, particles, sulphur, and nitrogen oxides have to be removed in the air-treatment facility.
Despite oxyfiring, the CO, purity is not sufficient to meet transport and storage specifications
which is why CO, has to be purified prior to compression. The purification step typically in-

6 MDEA: Methyldiethanolamine
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volves cryogenic separation at low temperatures to remove water and inert gases from the
CO; stream (Global CCS Institute, 2011).

Boler

Figure 2-6: Layout of an oxyfuel combustion capture power plant. Source: (Global CCS Institute, 2009).

Up to three times more oxygen has to be supplied for oxyfuel combustion compared to pre-
combustion. The energy penalty imposed by the ASU is therefore pivotal for the efficiency
drop. Cryogenic distillation is the state-of-the-art technology for air separation. Refrigeration
to low temperatures is necessary for the separation process resulting in a high energy con-
sumption. New air separation technologies, hamely solid adsorbents or membranes, may in
future decrease energy requirement. Chemical looping may also play an interesting role.
Here, the ASU is replaced by a limestone based carrier system which selectively transports
oxygen into the boiler where it is released from the carrier due to high temperatures (Global
CCS Institute, 2009). An overview over current and future trends for oxyfuel combustion
technologies is given in Table 2-3.

Cryogenic Solid Membranes Chemical Looping
Separation Adsorbents

Current Distillation Zeolites activated

Polymeric

carbon
Future Advanced cryogenic | Carbonates lon-transport  facili- | Limestone-based chemi-
distillation Hydrotalcites tated membranes, | cal looping
Oxygen  transport
membranes

Table 2-3: Current and future technologies for oxyfuel combustion capture. Sources: (IEA, 2008a; Global CCS
Institute, 2009; ZEP, 2011).

Oxyfuel combustion offers a high potential for future developments. Due to an improved CO,
purification process, the costly CO, separation process can be avoided compared to post-
combustion capture. Other advantages include enhanced air pollution control and improved
boiler efficiency (EPA, 2010). Oxyfuel combustion constitutes a good option for retrofitting
existing power plants, as the boiler design is not affected by the oxygen rich combustion (An-
solabehere et al., 2007). However, next to the high energy consumption of the ASU, there
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are also unresolved technical difficulties regarding leakage of air into the boiler, infiltration of
nitrogen, and scale-up (EPA, 2010; Folger, 2010).

2.3 CO; transport

The second step in the process chain of CCS is the transport of CO, from the point of cap-
ture to the storage sink. Only in rare cases, for example in natural gas processing, can CO,
be injected in-situ without further transport. In all other cases one of the technologies detailed
in the following section has to be employed for transport. As depicted in Figure 2-1, three
general approaches to transport CO; can be found in the literature: road or rail transport, ship
tankers, and pipeline transport.

CO; transportation via road or rail is only an option for small-scale projects in the pilot stage,
given the little volume of a truck or rail transport vessel. To achieve dense conditions in the
liquid state, CO, has to be pressurised and refrigerated to conditions around Y  umld and
N ¢®0 O ¢resulting in a capacity of 6t of CO, for a standard cargo vessel (Global CCS
Institute, 2009).

Seaborne CO, transportation using ship tankers is an alternative option. Similar to transport
of liquefied natural gas in semi-refrigerated tanks, CO, can be transported at conditions
around”Y v T andn T O O (For the dispatch special liquefaction and buffer storage
facilities have to be installed in port terminals (ZEP, 2011). Carrier ships typically have a ca-
pacity of 20 i 50 kt of CO,, which makes them suitable to service small and medium scale
capture plants. Large scale plants can also profit from the flexibility of tanker transportation if
the CO, delivery has to be adapted to flexible storage specifications (IEA, 2008a). Compared
to pipeline transport, the operation of ship tankers is more costly for small and mid distances.
However, the break-even point for ship transportation lies at a transport distance of 1000 -
1500 km, depending on the transported volumes of CO, (Metz et al., 2005).

A cost-effective and large-scale transport infrastructure can only be achieved with pipelines.
Similar to pipeline transport of natural gas, CO, can be liquefied and then transported in the
super-critical state at around | p 1T p W 0 ¢and ambient temperatures (Heddle et al.,
2003). Due to pressure drop over large distances, recompression is required to maintain CO,
in the super-critical state above i} p 1™ 0 &Steel pipelines are non-corrosive if CO, is prop-
erly dehydrated so that expensive anti-corrosion layers can be avoided (Global CCS Insti-
tute, 2009). As with any transport system, pipeline transport involves the risks of failure and
leakage. Regular internal and external monitoring of cracks and leakage is therefore obliga-
tory. Despite public concerns, pipeline transport is assumed the safest way of transporting
CO; with the least hazards to the environment (Metz et al., 2005). There already exists a
dedicated CO, pipeline network in the USA with a total length of 5800 km. Knowledge from
these pipelines combined with the expertise gained from the construction of natural gas pipe-
lines makes pipeline transport a commercial and mature technology (EPA, 2010).
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2.4 CO, storage

The last step of the CCS chain entails the storage of CO,. In order to achieve safe and per-
manent storage on a large scale, criteria regarding leakage, safety, availability in close prox-
imity to sources, sufficient storage capacity, and low costs have to be fulfilled. Geological
storage, explained in the first section, is the only storage method considered capable of
meeting above mentioned criteria (Cooper et al., 2009). After a short presentation of alterna-
tive storage technologies, safety and leakage issues in conjunction with CO, storage are
discussed.

2.4.1 Geological storage

All geological storage options take advantage of the compression of CO, with depth of injec-
tion. Below a critical depth of approximately 800m, CO, takes on the supercritical state with a
high density and a low viscosity. Thus, CO, can be stored at a density 350 times higher than
under ambient conditions (Global CCS Institute, 2009). Various geological storage technolo-
gies are illustrated in Figure 2-7 and explained in the following sections.

Produced oll or gas
Injected CO,
§ Stored CO,

Figure 2-7: Methods for geological storage: [1]: Depleted oil and gas fields. [2]: Use of CO; in enhanced oil and
gas recovery. [3]: Deep saline aquifer formations i (a): offshore, (b): onshore. [4]: Use of CO; in
enhanced coal bed methane recovery. Source: (Cooper et al., 2009, courtesy of CO,CRC).

Depleted oil and gas fields (DOGF)

The first storage method illustrated in this figure is located in depleted oil and gas fields
(DOGF). Formerly the reservoir of hydrocarbons for millions of years, the pore space can be
employed as CO, storage basin after the depletion of the original oil and gas in place.
Chances are high that CO, will remain in the basin for a long time, as it was a proved seal for
the oil and gas. Due to oil and gas exploration, DOGF are generally well explored geological
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formations. Furthermore, legacy drillings from oil and gas extraction may be reused for the
CO; injection. For these reasons, storage in DOGF is a favourable storage method. Yet,
storage capacity is limited to regions with oil and gas deposits. Some depleted oil and gas
fields are already in use as natural gas or as compressed-air reservoirs, so that these tech-
nologies compete for the same resource (IEAGHG, 2009a, 2009b).

Saline aquifers (SA)

Saline aquifers (SA, cf. Figure 2-7, [3]) offer the highest storage potential owing to the global
abundance and broad regional distribution of these formations. Pore spaces in porous sand-
stone and carbonate rock formations bear large amounts of salty water. CO, injected into
these formations replaces the water and is trapped beneath the caprock via hydrodynamic
trapping. After passing a certain time frame, secondary trapping mechanisms increase stor-
age security via dissolution and mineralization (Bachu, 2008). In some cases, saline aquifers
bear hot water suitable for geothermal energy production, which could result in a conflict of
interests (Metz et al., 2005).

Enhanced Oil Recovery (EOR)

For over 35 years, CO, has been used for enhanced oil recovery (EOR, cf. Figure 2-7, [2]).
The entire amount of oil cannot be extracted from oil reservoirs by the application of conven-
tional production methods, but a significant rest remains in the reservoir. By injecting CO,,
the pressure in the reservoir is raised. Thus, the oil is moved to another well, where it is ex-
tracted. Together with the oil, a small amount of CO, is also extracted, which is first recycled
and then reinjected. EOR is a commercially attractive technology due to its benefits in the oil
sale. Therefore, early opportunities for CO, storage arise from EOR (Metz et al., 2005). De-
spite the wide application of EOR, not much knowledge could be gained regarding long-term
CO, storage characteristics. Critics also argue whether EOR can be considered a large scale
option for CO, storage as the time frame of injection is short and EOR projects are not well
instrumented (Ansolabehere et al., 2007). Enhanced gas recovery (EGR) offers further stor-
age potential, but is commercially less attractive than EOR (Metz et al., 2005).

Enhanced Coal Bed Methane Recovery (ECBM)

Enhanced Coal Bed Methane Recovery (ECBM, cf. Figure 2-7, [4]) is another storage tech-
nology with a beneficial side product. Coal contains small pore spaces, where methane
molecules are attached. The basis for the storage of CO, is the fact that CO, attaches
stronger to coal than methane. After the injection of CO,, it replaces methane and is ad-
sorbed in the coal pores instead. In doing so, methane is released and can be extracted in a
production well (Dooley et al., 2006). It is important, that the released methane is captured,
as methane is even more harmful than CO, with a global warming potential of 25 (Metz et al.,
2007). Only deep unmineable coal seams are suitable for CO, storage: subsequent mining
would result in a pressure drop followed by a desorption of the stored CO, (Bachu, 2008).
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Although being a promising emerging technology, the suitability of ECBM as a long- term
storage technology has not yet been proved. It is still an interesting technology offering future
commercial opportunities (Ansolabehere et al., 2007).

Other geological storage technologies

Basalt formations, salt caverns, and shale formation are additional potential geological for-
mations suitable for CO, storage. Storage in basalt formations is based on hydrodynamic
trapping in water filled porous layers, similar to storage in saline aquifers. Water in these lay-
ers is rich in minerals, which allows mineralization (Dooley et al., 2006). However, kinetics of
mineralization are very slow, injectivity is unproven and the risk of leakage is assumed to be
high. Early commercial CO, storage is therefore unlikely (Ansolabehere et al., 2007). Salt
caverns are used for temporary storage for natural gas, which makes them potentially attrac-
tive to CO, storage. Yet, the long-term permanency of CO, in salt caverns is a problem as
they tend to deform and move under the influence of pressure. Storage in shale formations
follows similar storage characteristics as coal beds, but is restricted in its injection rate
(Global CCS Institute, 2009). These technologies are all connected with technical difficulties,
which is why they are not included in the analysis in chapter 4.2.

Trapping mechanism

Bachu (2008) differentiates between various trapping mechanisms which are responsible for
the long-term storage security as shown in Figure 2-8. During the injection period, which
lasts a few decades, mostly hydrodynamic trapping retains the CO, in place. Afterwards, one
or several trapping mechanisms are activated in different timeframes (IEA, 2008a). Each of
these increases storage security: by increasing the time of successful storage, risk of failure
decreases (Bachu, 2008).
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Figure 2-8: Different trapping mechanism including time frames and storage security. Source: (Bachu, 2008).
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Adsorption occurs when CO, adsorbs onto organic materials contained in coal and shale.
Physical trapping appears as structural, stratigraphic, and residual trapping and occurs when
CO, is immobilized due to physical limitations. Hydrodynamic trapping describes the trapping
of CO, under a caprock layer with little or no permeability, so that CO, cannot pass the
caprock and remains trapped. Solubility trapping occurs when CO, dissolves into the forma-
tion fluids such as water, oil, or gas. Mineral trapping is the longest and most permanent
trapping mechanism involving the mineralization of CO, when reacting with other minerals.

Table 2-4 gives an overview of the available storage technologies and their principal trapping
mechanisms.

Abbrevia- Storage technology Principal Trapping Mechanism
tion
SA Saline Aquifers Hydrodynamic trapping, dissolution, mineralization
DOGF Depleted Oil and Gas Fields | Hydrodynamic trapping, dissolution, mineralization
EOR Enhanced Oil Recovery Hydrodynamic trapping, dissolution, mineralization
ECBM Enhanced Coal Bed Methane | Adsorption

Recovery
Basalt Basalt formations Hydrodynamic trapping, dissolution, mineralization
Other Salt caverns, shale forma- | various

tions

Table 2-4: Overview of storage technologies and their principal trapping mechanism. Source: (Dooley et al.,
2006).

2.4.2 Beneficial reuse of CO, and non-geologic storage technologies

Next to geological storage, other methods can serve as potential CO, storage. Industrial re-
use in food, beverage, horticulture, welding, and safety devices is an option already applied.
However, the market is limited with a global annual demand of approximately 100 i 200 Mt
of CO, (IEA, 2008a). Ocean storage is an option which was discussed in the past. CO, is
injected into deep ocean basins, where it dissolves and CO, lakes with a high CO, concen-
tration are formed. However, carbonic acids can be built that lower the pH value of the ocean
which has a considerable impact on the marine ecosystem (Metz et al., 2005). Mineral car-
bonation involves the reaction of CO, with energy bearing oxide metals, such as magnesium
or calcium. The resulting carbonate minerals ultimately store CO,; however the process
needs huge amounts of energy and is very costly. Therefore a large scale deployment
seems unlikely (Global CCS Institute, 2009). CO, storage in biomass is a natural process of
plants performing photosynthesis. A technical utilisation of this process in algae and plants is
under investigation yet meeting technical difficulties (Viebahn et al., 2007a).

2.4.3 Safety, leakage, and legislation

The long-term permanency of CO, in its dedicated storage reservoir is a key factor to the
success of CCS. A potential leakage of CO, to the atmosphere would result in a contribution
to the greenhouse effect. Thus, the additional expenses and energetic input from capture,
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transport, and storage of the leaked CO, would be made practically undone and useless. On
a local scale, leakage can impose potential hazards to people and the environment. Firstly,
migration of CO, from the original storage location to groundwater bearing layers may lead to
a contamination of the latter by dissolution and alteration of the pH value. Secondly, risks for
humans may arise from high concentration of CO; in the near-ground atmosphere. As CO; is
heavier than air, it remains near the ground once leaked from the geological storage. Re-
garding terrestrial and marine ecosystems, leaked CO, may lead to another hazard: once in
contact with flora and fauna, CO, may affect especially microbes and plants and animals in
shallower soils due to alteration of the pH value in their habitat (Metz et al., 2005).

To avoid leakage in the first place, a comprehensive risk assessment has to be carried out
prior to the commissioning of a storage site. As each storage site is subject to specific char-
acteristics, a risk assessment has to be performed for each location individually. This as-
sessment involves a thorough investigation of the geological features (caprock permeability,
characteristics of the sedimentary layers), possible events (seismic activities, well blow-outs),
and processes (chemical reactions, trapping mechanism) (Metz et al., 2005). During opera-
tion and also after the closing of an injection well, monitoring and verification of CO, activity
have to be guaranteed to identify possible leakage. Injection rates, pressure distribution,
subsurface distribution of CO,, and detection of fractures are of particular interest (Global
CCS Institute, 2009).

Over time, the likelihood of leakage diminishes as more trapping mechanisms gradually im-
mobilise the stored CO, and increase storage safety (cf. Figure 2-8). Metz et al. (2005) ana-
lysed the overall risk of leakage of storage projects. They found that under the precondition
of an appropriately selected, designed, and managed geological site, the likelihood of leak-
age of less than 1% of the cumulated amount of CO, stored over 1000 years is between 60%
and 90%. For the time frame of 100 years, the likelihood lies between 90% and 99%.

According to Pietzner et al (2011) pu bl i ¢ i <Opgpgenerally weak, built on a low

base of awarenesso. A hi gh Issanlerdise public aceeptaneen e s s d
but the opinion on CCS is more based on socio-demographics and pre-existing attitudes on

energy issues. In most countries, CO, storage is regulated and subject to national legislation.

Large differences in national legislation can be observed which is also influenced by the pub-

lic acceptance of geological CO, storage (Global CCS Institute, 2011). In the European Un-

ion the legal basis for CO, sequestration is formed by the EU directive 2009/31/EG. In Ger-

many however the directive has not yet been implemented due to resistance in the Bundes-

rat (Global CCS Institute, 2012).

2.5 Status of CCS technology

This chapter summarizes the status of the technologies introduced in the earlier chapters. A
selection of key projects in each field of technology is given in Table 2-5. Most projects are
located in Europe, North America, and Australia. A smaller number of projects can also be



2 - State of CCS Technology -19-

found in China, Middle East, Algeria, and Asia. While all commercial capture plants nowa-
days are in the industrial sector, new projects are mainly planned for CO, capture in power
plants. In energy-intensive industries such as the cement and iron and steel sector there is a
paucity for capture projects (Global CCS Institute, 2011). Most currently operating storage
projects are related to EOR. However, first large-scale projects for CO, storage in saline ag-
uifers and depleted oil and gas fields are in operation both onshore and offshore (IEAGHG,

2012).

Process Technol- Key Project Description

Step ogy

Capture Post- Operating projects: AEP Mountaineer, USA (30 MW), Brindsi, IT
Power combustion (48 MW).

capture Planned projects: Mongstad, NO (350 MW).

Pre- Operating pilot projects: Puertollano, ES (14 MW), Buggenum, NL

combustion (20 MW), Nakosa, JP (250 MW).

capture Planned projects: Kemper County IGCC Project, USA (582 MW).

Oxyfuel Operating pilot projects: Schwarze Pumpe, DE (30 MW), Callide A,

combustion AUS (30 MW), Lacq, FR (35 MW).

capture Planned projects: Compostilla, ES (323 MW), Daging, CN (350 MW).

Capture Gas process- | Operating commercial projects: Shute Creek, USA (7 Mtpa), Century
Industry ing plant, USA (5 Mtpa), Great Plains, USA (3 Mtpa), Sleipner, NO
(1 Mtpa), In-Salah, DZ (1 Mtpa).
Fertiliser Operating commercial projects: Enid Fertilizer Plant, USA (0.7 Mtpa).
Iron & Steel Planned projects: Masdar iron and steel plant, AE.
Transport Pipeline 5800 km of existing onshore pipeline network in the USA.
Storage DOGF Demonstration projects: Gorgon, AU (3.4 Mtpa, offshore).

SA Ongoing commercial projects: In-Salah, DZ (1.3 Mtpa, onshore). Sleip-
ner (1 Mtpa, offshore), Snohvit (0.7 Mtpa, offshore).

EOR Ongoing activity since the 1980s with current injection rates ~58 Mtpa
globally. Total volume of 655 Mt injected CO,. Weyburn, USA: com-
mercial scale research project including monitoring and verification.

ECBM CO,-Enhanced Coal Bed Methane Recovery Project (Alberta ECBM,
CA): Testing of CO, ECBM on multi-well pilots for research purpose.

Table 2-5: Current activities and projects of different CCS technologies. Sources: (Global CCS Institute, 2011,

2012; IEAGHG, 2012; MIT, 2012).

The stages of development of various capture, transport and storage technologies are de-
picted in Figure 2-9. Capture in the power sector is still in the demonstration phase. With
some medium-scale projects under construction, the feasibility on a large scale has not yet
been proven commercially (Global CCS Institute, 2011). EOR is already applied commer-
cially, yet still surrounded by uncertainty regarding the long-term permanence in conjunction
with CO, storage (Ansolabehere et al., 2007). CO, transport in pipelines is considered a fully
mature technology thanks to knowledge from natural gas pipelines (Nauclér et al., 2008).
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Figure 2-9: Overview of stages of development for different capture, transport, and storage technologies. Source:

own illustration in adaption of (Nauclér et al., 2008).
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3 METHODOLOGICAL FRAMEWORK

High elaborateness has been put into the development of a clear and consistent methodol-

ogy. In the following chapter the methodical framework is outlined upon which the study is

based. This includes a definition of the term i
this study. Then the principles of economic calculations are explained and assumptions and

formulas used for the economic calculations are explained. Subsequently, the methods for

the assessment of the development and deployment of CCS in the future and in different

regions are detailed. Finally the Monte Carlo approach is presented, with which the high un-

certainties regarding current and future costs are treated.

3.1 Definition of potential categories

While the term Apotential d is a commonly wused te
renewable energy technologies (RET), ho common approach can be found to define poten-

tials for CCS. Therefore, a definition of thetermfipot ent i al of CCSO0 iI-s dedu

nition of potentials for renewable energy technologies in the following chapter.

3.1.1 Potential categories for Renewable Energy Technologies

Resch et al. (2008) and Held (2010) differentiate between theoretical, technical, realisable,
and economic potential categories. These will be explained in the following section and are
depicted in Figure 3-1.

For renewable energy technologies, the theoretical potential includes the entire energy of the
investigated system. This is considered to be the maximum energy which could be extracted
from the system, if neither technical nor economic restrictions applied. The total energy con-
tent of wind per year in a specific country is an example for the theoretical potential.

The technical potential is a subset of the theoretical potential where technical and geographi-
cal limitations are also taken into account (Held, 2010). Applied to the wind energy example,
the energy conversion efficiency is a technical limitation and the available land area to install
wind turbines is a geographical limitation. In contrast to the static theoretical potential, the
technical potential can be enhanced through progress in research and development.

The realisable potential is again a subset of the technical potential when taken limitations
due to a dynamic realisation process into consideration. Planning constraints and other non-
economic factors lead to a slowed down growth. Thus, the realisable potential is considered
the maximum potential that can be achieved at a certain time.

The economic potential is the last potential category. It is defined as the potential that can be
explored without political or societal support mechanisms.
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Figure 3-1: Illustration of potential categories. Source: own illustration based on (Resch et al., 2008).

3.1.2 Potential categories for Carbon Capture and Storage

Although there are already several studies investigating the potential of CCS (Dooley, 2004;
Stangeland, 2007; Harland et al., 2010; IEAGHG, 2011a) no consistent methodology could
be established. A direct transfer of the RET potential categories to CCS is not possible.
Firstly, there exists no physical limitation for CCS: with new power plants, more CO, can be
captured. The only factor limiting CCS is the storage restriction. However this has to be seen
as an economic restriction: the global storage capacity is large enough to accommodate all
CO; emissions until 2050 easily (IEA, 2010a); regional shortage of storage capacity could be
compensated by transport over long distances to far storage locations at high costs. Sec-
ondly, the potential of CCS has to be solely seen as a potential to reduce CO, and not to
generate electricity. Unlike RET, CCS does not generate electricity by itself, but is always
dependent on an accessory power plant. The only benefit of CCS is thus the mitigation of
CO, emissions.

The different potential categories of CCS are now defined for this thesis building up on Doo-
ley (2004) and being consistent with the potential categories of RET.

The theoretical potential is defined as the sum of all CO, emissions from anthropogenic
sources. As anthropogenic emissions change over the years, the theoretical potential of CCS
is a dynamic value, in contrast to the static theoretical potential of RET. For a further level of
detail the theoretical potential is broken down into the investigated sectors and countries in-
dividually.

The technical potential is defined as the subset of the theoretical potential which can be cap-
tured with the available capture technologies. Being coupled to the theoretical potential, also
the technical potential changes over time. Several restrictions depending on the type of
source and capture technology apply: Residual CO, emissions due to the imperfect separa-
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tion of CO, from the flue gas stream have to be excluded. The size of the source, i.e. the
annual emission rate, has to be sufficiently large to allow CO, capture. Large-scale emission
sources are defined by Global CCS Institute (2010) as sources with annual emission rates
higher than 1 Mtco, for coal fired power plants and higher than 0.5 Mtco, for natural gas fired
power plants and industrial facilities. For industrial facilities a further restriction applies: Only
a specific subset of the sectoral emissions can be actually addressed by CCS. These restric-
tions are evaluated per capture technology individually in chapters 5.2 and 6.

The realisable and the economic potential are defined as the extent of realisation of CCS
given the interplay of different technologies in a market place (Coninck, 2010). Thus, a quan-
tification of the realisable and economic potential is strongly dependent on the techno-
economic performance of competitive CO, abatement technologies and the carbon restrictive
policy of each country. An analysis at this scale can only be carried out with most complex
energy market simulations. As an alternative, CO, abatement costs of CCS projects are de-
termined. The realisable and economic potential can then be derived from the abatement
costs in comparison with competitive technologies.

In summary, the potential of CO, capture and storage in this thesis is analysed by investigat-
ing the options of CO, abatement under the following aspects: from which sources, how
much, where, when, and at which costs can CO, be avoided by the application of carbon
capture and storage.

3.2 Principles of economic calculations

To understand the rationales of economic calculations and cost estimations, it is important to
know the background of the calculation method and underlying assumptions. In the field of
CCS there are various measures of costs, on whose basis economic assessment and com-
parison with competitive technologies is possible (IEAGHG, 2011b). The following chapter
allows a transparent insight into the economic principles and economic model this study is
based on.

3.21 Basics of corporate financing

The discounted cash flow analysis is the standard tool in corporate finance, with which capi-
tal budgeting is carried out and investment decisions are made. Present values are used
rather than nominal cash flows as capital

account for that loss in value future cash flows are multiplied with a discount factor. For the
appraisal of the entire project during its lifetime, the net present value (NPV) is calculated by

summi ng the present val u(@reateyandMyerd 1988.ar 6 s cash

The interest rate that underlies these economic calculations is of great relevance to the re-
sults of corporate budgeting. Hence it has to be chosen with great care (Nauclér et al., 2008).
A widely used approach for calculating the interest rate is the weighted average cost of capi-

t

h €

fl
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tal (WACC), which takes into account the individual interest rates for equity "Q and debt "Q,
the capital structure in terms of equity / debt ratioi andi as well as the corporate tax rate
0 "Y'{Konstantin, 2009).

w6001 €0 1 €Q¢ép O67YY (3.1)

The interest rate for borrowed capital "Q is given by the institution which lends the money.
The interest rate for equity “Q is subject to corporate policy and the investment risk of a pro-
ject. Both interest rates "Q and "Q as well as the corporate tax rate are subject to regional
characteristics and are further detailed in chapter 3.3.

All costs are expressed as constant US Dollars with the reference year being 2010. This al-
lows the comparison of present and future investments on a real basis neglecting inflation
effects. Cost estimations from reference years other than 2010 are converted into constant
2010 dollars using the Consumer Price Index of the U.S. Bureau of Labor Statistics (BLS,
2012). Cost estimations from other currencies than US Dollars are converted using aver-
aged, historic ex change r at e ss raefence year previded by GANDA (2012).
Subsequently, these costs are likewise adjusted with the Consumer Price Index. The US
Dollar as reference currency has been chosen owing to the dominance of the US dollar in the
area of CCS and to allow a better comparability with other cost studies. All cost flgures in this
study can be converted into constant U, using the exchange rate of — P XUV

(OANDA, 2012).

3.2.2 Allocation of costs in a CCS plant

For an economic evaluation of the application of CCS in power plants and industrial facilities
the cash flow of a project has to be analysed. The following chapter serves as an overview
over types of costs in a CCS plant and how these costs are included into economic calcula-
tions.

Costs in the energy and industry sector are divided into capital expenditure (capex) incurred
at the beginning of the venture and operational expenditure (opex) during the time of opera-
tion (Konstantin, 2009). Figure 3-2 gives an overview over all costs that incur at a CCS
power plant during construction and operation.
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Figure 3-2: Allocation of costs in a CCS plant. Source: own illustration.

The main capex components are the engineering, procurement and construction costs
(EPC). These include all material, labour, equipment, land, building, and indirect costs during
the construction of the plant (Ekstrdm, 2011). Additionall vy, t he awner 6s
sidered, which include planning, designing, and commissioning of the plant. Contingencies
take into account that CCS ventures involve a chance of failure and thus high risks. At this
early stage of maturity of CCS, contingencies range between 5% and 30% of the EPC de-
pending on the o wWRirken@ath, 2@l2).] Forutheaetonamit svaluation in
chapters 5 and 6, a rate of 15% is assumed for studies where no contingencies are included
in the original cost calculation of the overnight capital costs. Most studies publish the over-
night capital costs ONCC assuming that a plant is built overnight and do not include interest
during construction. Power plant construction is a time and capital intensive venture and its
interest during construction can add more than 20% of the overnight capital costs (Metz et
al., 2005). Regarding the calculation of interest during construction IDC, an even distribution
of cash outflow over the construction time 6 "¥ assumed. The resulting formula for the inter-
est during construction is shown in eq. (3.2) (Konstantin, 2009):
0 0V0600p w006
YY" w6 0606

(3.2)

0606 p
6"Y¢ p w066 p gp w0606 0GOOGO

‘006
Additionally, decommissioning costs ‘OO @f the plant have to be considered. Finkenrath
(2012) assumes a decommissioning rate of Qi vb of the overnight capital costs to be paid
at the end of the lifetime €. Decommissioning costs enter the costs calculation as present
value using eq. (3.3):

Qigd 0 0 O
'O'Oé ¢— (3'3)

p wOoO0O
The operational expenditure includes all costs related to operation and maintenance of the
plant during the time in operation and are divided into fixed and variable opex. While variable
operating costs only occur when the plant is in operation, fixed operating costs are inde-
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pendent from operation and are accounted for on an annual basis. Apart from the fuel costs
"O6as a main cost driver in a power plant, other variable operation costs w 0 ¢thave to be
considered, which include costs for consumables, disposals, and maintenance of parts di-
rectly connected to operation. In countries with a carbon restrictive legislation, CO, emission
certificates have to be purchased for every ton of GHG equivalent emitted by the plant. CCS
plants do not capture the entire amount of produced greenhouse gases, which is why also for
CCS plants costs for emission certificates have to be taken into consideration. However,
emission certificates are not included in this study as comparison with other technologies is
easier in terms of costs of CO, mitigation when neglecting emission certificates. Costs for
CO, transport and storage "Y"Yonly occur for CCS plants and can have a huge impact on the
total costs. Fixed operation costs "O0 @nclude administration, personnel but also insurance
and general maintenance costs (Ekstrém, 2011). In this study, fixed operating costs are as-
sumed constant over the economic life of plant.

3.2.3 Levelized costs of electricity and levelized costs of product

While planning a new power plant, the owner is especially interested in the expected profit-
ability and the fulfilment of internal economic criteria. This assessment can be performed by
a discounted cash flow analysis as described in section 3.2.1, where all costs and benefits
per year are discounted with an anticipated rate of return. If the resulting net present value
exceeds 0, the investment is assumed profitable (Brealey and Myers, 1988). A measure
most commonly used for energy projects to compare different options is the costs of electric-
ity 6 U ‘©r the costs of product & U Gor industry projects respectively?. With this measure, a
notion regarding the overall economic performance can be obtained. Moreover, when com-
paring power plants with and without carbon capture, the incremental electricity costs can be
deducted. The 6 U ‘©an also be seen as the minimum price at which the produced electricity
has to be sold on average, to achieve a positive NPV (Ekstrém, 2011). For the calculation of
the 0 U Qall costs are discounted on an annual basis and divided by the discounted amount
of produced el ectricity &dRnkenrath,2082):pl ant 6s economi
B WO Qn Qdp b 66 (3.4)

6000 T e e
B QaQwoipQu®d @

Eq. (3.4) has to be evaluated for every year separately, since costs can vary from year to
year. A simpler formulation for the 0 U ‘@ obtained using an engineering economic approach.
Here, all costs are levelized on an annual basis without the NPV being changed, so that
costs can be treated as constant (Metz et al., 2005).

One-off capital investments have to multiplied with the fixed charge factor "O0 ,’®o that capi-
tal costs are allocated over the economic life:

7 From here on it is not differentiated between 6 6 ‘@nd 6 § pfor simplification reasons. Formulas
apply likewise for 6 0 @s for6 6 'O
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w0 06 W00 P w0006 (3.5)

"06 'O —— = =
P p w0060 p w066 p

A plant is not in operation during the whole year, but it is shut down for scheduled and non-
scheduled maintenance or economic reasons. Consequently, less energy is produced per
year, which is considered by the capacity factor ¢ "@n the calculation of the 0 6 0 &

Fuel Costs are also subject to change. Assuming a certain fuel price "Qr) levelized fuel costs
0 "Oare calculated by discounting every years fuel price and then allocate on all years with
the "00 @O

000 O0® "B eégp wO600 (3.6)

All other costs and the electricity output are assumed constant over the economic life. Eq.

(3.7) shows the resulting formula for the calculation of the O ¢ 0: 'O
e v . D00 000000GF00 Q0006 , ., ., 00 . . vu .
0600 — "¢ 66 — "YVYE L6 (3.7)
0 @Y x ¢ -

with

0 0 U: Cevelized costs of electricity ($/kWh)

0 0 6:@vernight capital costs ($/kW.)

"O'O.dnterest during construction ($/kW,)

'O'0 bDecommissioning costs ($/kW)

"00 ®ixed charge factor (%)

"O0 DFixed operational costs ($/yr)

0 "OCapacity Factor (%)

w U DVariable operational costs ($/MWh)

"O0 Fuel Costs on a lower heating value (LHV) basis ($/kJ)
—: Net efficiency of the power plant on a LHV basis (%)
"Y"Y.Costs for transport and storage of captured CO, ($/tcoz)
0 o: Tonnes of CO, captured per MWh of electricity (tco,/MWh).

3.24 Costs of CO, avoided

While the cost measure 0 0 Uf@ a CCS plant delivers a good notion about the incremental
costs of the electricity compared to a power plant without CCS, it is not practical for the
analysis of the potential to reduce CO, emissions. The reason for this lies in the differences
between the produced, emitted, and avoided CO, (cf. Figure 3-3). Resulting from the effi-
ciency penalty, more energy is needed and more fuel has to be burnt to generate the same
amount of electricity and consequently more CO, is produced per MWh in the first place.
Secondly, not the entire produced CO, can be captured from the gas stream but only a
smaller fraction resulting from the separation rate "Y'Y p mht Thus, a CCS plant is not en-
tirely carbon free but still emits residual volumes of CO, (cf. chapter 2.2).



- 28 - 3 - Methodological Framework

=
I

=
N

=

o
o]
1

m Captured
m Emitted

©
[ep)
|

CQ produced
|

ProducedCQ (t/ MWh)
o
»

o
N
|

Reference plant CCS plant
Figure 3-3: CO, emissions from a typical steam coal plant with and without CCS. Source: own illustration

These two effects necessitate a new cost measure which reflects the actual costs for reduc-
ing CO, emissions: the costs of CO, avoided 6 ¢ © . For that purpose the 0 6 0 &d
the volume of emitted CO, of a CCS plant (subscript CCS) are put into relation with a refer-
ence power plant (subscript REF). The definition of the costs of CO, avoided is shown in eq.
(3.8) (Metz et al., 2005):

060 060 YO 6060
000 5& 5 6& & 6G =
with
000 : Costs of CO, avoided ($/icoz.avoided)
0 (g : Volume of emitted CO; (tcoz,emited/ MWh)

Y0 6 0: Mcremental levelized costs of electricity ($/MWh)
0 (I : Volume of CO,; avoided (tcoo/MWh).

Consistency is very important for the calculation of the costs of avoided CO, as the cost
measure is very sensitive towards the choice of the reference plant (Rubin, 2011). This is
why the reference plant always has to be a plant of the same type and design. Only when
using this type of reference power plant, a common reporting methodology and consistency
is achieved (Ekstrom, 2011).

The costs of CO, avoided are generally used to compare different CCS technologies with
competitive CO, mitigation technologies. It can be also used to analyse whether a CCS tech-
nology is economically viable: only if the costs of CO, avoided drop below the carbon allow-
ance price there are economic incentives to invest in CCS technologies without government
subsidies or emission restrictions in place.
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3.3 Regional assessment

Potentials of CCS vary significantly between different regions of the world. Not only the theo-
retical and technical potential but also the costs for CO, capture, transport and storage are
subject to regional differences (IEA, 2010a). Therefore, a global assessment of the potential
is performed on a regionally disaggregated level. For that purpose, country groups are
formed so that different regional aspects can be considered. Figure 3-4 depicts the division
of all countries of the world into the 33 resulting country groups.

Figure 3-4: Regional groups and numbering. Source: own illustration based on the world map courtesy of Wiki-
media Commons. 1: USA, 2: Canada, 3: Mexico, 4: Brazil, 5: Argentina, 6: Other South America, 7:
Germany, 8: France, 9: UK & Ireland, 10: Italy, 11: Spain & Portugal, 12: Benelux, 13: Austria &
Switzerland, 14: Scandinavia, 15: Czech Republic, 16: Poland, 17: Greece, 18: Ukraine, 19: Other
Europe, 20: North Africa, 21: Sub-Saharan Africa, 22: South Africa, 23: China, 24: India, 25: Rus-
sia, 26: Japan, 27: South Korea, 28: Turkey, 29: Caspian countries, 30: Other Asia, 31: Middle
East, 32: Australia, 33: New Zealand.

The methodology for the selection and forming of country groups is presented now. On the
basis of country groups in various IEA publications (IEA, 2008a, 2010a, 2011c) OECD and
non-OECD are grouped separately as well as Annex | and Non-Annex | countries. Further-
more the largest CO, emitting countries are investigated individually. With a regional focus
on Europe, the resolution of country groups is higher there. Countries with a similar economy
and similar energy markets can be grouped in the same group while geographically discon-
nected countries are separated. The latter point is particularly relevant with regard to CO,
transport and storage. In order to identify regional shortage of storage capacity accompanied
with high transport costs, disconnected countries have to be grouped independently. For
many countries, especially small and developing countries, there is only poor and insufficient
data available. These countries cannot be viewed independently but are grouped in larger
country groups per continent. CO, emission rates of countries in these continent groups are
low compared to individual countries, which is why this simplification is acceptable. A break
















































































































































































































































































































































































































































































































































