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Abstract

Carbon Capture and Storage - Energy penalties and
their impact on global coal consumption

Anders Thorbjörnsson

Coal has been used as a fuel for electricity generation for centuries. Inexpensive
electricity from coal has been a key component in building large industrial economies
such as USA and China. But in recent decades the negative aspects of coal, mainly
carbon dioxide emissions, has changed the view on the fuel. Carbon capture and
storage (CCS) is a solution to be able to continue using coal as an energy source,
while limiting carbon emissions. One of the drawbacks of CCS is the energy need
associated with the capture process, the energy penalty. This study aims to gather and
analyze the energy penalties for the most developed types of carbon capture
technologies. It also aims to model how the implementation of CCS would affect the
future coal consumption.

The results show that the range of energy penalties for a given type of technology is
wide. Despite obtaining the energy penalty with the same simulation software, the
energy penalty for post- combustion with MEA can range between 10.7% and 39.1%.
Comparing mean energy penalties show that pre-combustion capture is the most
efficient capture method (18.4% ± 4.4%) followed by oxy- fuel (21.6% ± 5.5%) and
post-combustion (24.7% ± 7.9%).

Further on, CCS implementation scenarios were compared and used as a starting
point for coal consumption calculations. Three pathways were constructed in order
to investigate how different distributions of technologies would affect the amount of
needed coal. The pathways describe a implementation with only the most efficient
technology, the least efficient and a middle option.

The results suggest that a large scale implementation of CCS on coal power plant will
have a significant impact on the global coal consumption. Under certain assumptions it
takes up to 35 % more coal to deliver the same amount electricity with CCS in
comparison without CCS. It is also found that certain implementation scenarios
will struggle to produce the amount of coal that is needed to power the plants.

A sensitivity analysis was performed to examine the impact of assumptions made on
for instance plant efficiencies. The analysis shows that optimistic assumptions on
development in plant efficiency and deploying only the best technology, uses less coal
than a development without CCS and with current plant efficiencies.
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Sammanfattning

Kol har använts som bränsle under flera århundraden och var en av de bidragande faktor-
erna till uppkomsten av den industriella revolutionen. Lättillgängligheten på kol gjorde att
bland annat textilindustrier fick tillgång till mekaniskt arbete genom koleldade ångmaskiner.
Senare utvecklades mer effektiva ångmaskiner och tillsammans med generatorer byggdes de
första kolkraftverken. Billig elektricitet från kol har varit viktig för uppbyggandet av stora
industriländer som USA och Kina. Men under senare delen av nittonhundratalet började de
negativa aspekterna av kolkraften att uppmärksammas. Stora utsläpp av koldioxid tillsammans
med föroreningar i form av partiklar har gjort att kolkraftens vara eller icke vara är starkt ifrå-
gasatt. En potentiell lösning på de stora koldioxidutsläppen är Carbon Capture and Storage
(CCS), eller koldioxidinfångning och lagring. Denna lösning förespråkas bland annat av Inter-
national Energy Agency (IEA) och andra framträdande energiorganisationer. En av de stora
nackdelarna med CCS är det faktum att koldioxidinfångningen kräver energi. Denna energi
kallas energy penalty (EP) och är den procentuella nedgången i verkningsgrad på kraftverket
till följd av infångningen.

Syftet med detta arbete är att utreda hur stor energikostnaden är för infångningen. Detta gjordes
genom att granska vetenskapliga artiklar som har modellerat, simulerat eller beräknat EP. Vidare
sammanställdes och jämfördes olika implementationsscenarion för kolkraft med CCS. I den sista
delen beräknades hur mycket extra kol som behövs för att tillgodose det extra energibehovet till
följd av EP:n, vid bibehållen elektrisk effekt.

Det finns tre huvudsakliga metoder för att fånga in koldioxiden från ett kolkraftverk, pre-
combustion, post-combustion och oxy-fuel combustion. Pre-combustion innebär att koldioxiden
infångas före bränslet förbränns. Den teknik som i dagsläget är mest utvecklad är Integrated
Gasification Combined Cycle (IGCC). I ett IGCC-kraftverk förgasas först kolet för att producera
en syntesgas bestående av mestadels H2, CO och CO2. I ett separationssteg skiljs koldioxiden
ut ur syntesgasen medan de övriga gaserna förbränns i en gasturbin. Då det är en kombinerad
cykel tillgodoses spillvärmen och används i en ångturbin.

Den andra tekniken är post-combustion infångning. Här separeras CO2 istället från rökgaserna
efter förbränningen. En av fördelarna med denna teknik att den går att bygga på i efterhand
på existerande kraftverk, så kallad retrofit, då ingen ny utrustning förutom infångningsenheten
krävs.

En annan av de mest utvecklade teknikerna är oxy-fuel combustion, förbränning av kol i rent
syre. Genom att förbränna i syre undviks de stora volymerna av kvävgas som annars följer med
avgaserna. Koldioxiden kan på detta sätt direkt efter rengöring komprimeras och lagras.

Resultaten från utvärderingen av EP visar att minskningen i verkningsgrad är ansenlig. För
pre-combustion är den genomsnittliga minskningen 18.4% ± 4.4%. För post-combustion är
minskningen 24.7% ± 7.9% och för oxy-fuel 21.6% ± 5.5%. Det visar sig också att det finns
stora skillnader mellan EP:s för en och samma teknik. Till exempel kan EP:n sträcka sig mellan
8.4% och 51% för post-combustion. En noggrannare jämförelse mellan EP för samma teknik,
post-combustion med MEA, och samma beräkningsmetod, i detta fallet simulering, visar att
även här finns det stora skillnader mellan individuella studier.

CCS är inkluderat i många framtida energiscenarion. Vissa mer återhållsamma scenarion ut-
nyttjar bara en liten del CCS, medan andra scenarion antar att kolkraftverk med CCS kommer
att stå för majoriteten av framtidens elektricitetsproduktion. Tre av dessa scenarion valdes ut
för att representera en framtida utveckling. Vidare konstruerades tre olika vägskäl (pathways)
med olika fördelningar mellan teknikerna, en med bara den mest effektiva, en med den minst
effektiva och efterpåbyggnad och en med en blandning av tekniker.



Beräkningarna visar att skillnaderna mellan de olika vägskälen kan vara stor. Jämförelse mellan
vägskälen och ett basscenarie som levererar lika mycket elektricitet per år visar att om CCS
används kan kolkonsumtionen öka med upp till 35%. För de mest effektiva vägskälen är skillnaden
mindre, runt 20%.

En känslighetsanalys visar att de antaganden som har gjorts för att beräkna kolkonsumtionen
har stort inflytande på det slutliga resultatet. Om en optimistisk utveckling av den generella
verkningsgraden för kolkraftverken antogs och EPn antogs vara medelvärdet minus standard-
avvikelsen, kan ett vägskäl med CCS konsumera mindre kol än en ett scenario utan CCS med
dagens verkningsgrader.

Vid jämförelse med prognoser av framtida koltillgång från bland annat Höök et al [1] är det
tydligt att i de scenarier som förespråkar omfattande mängder CCS kan det bli svårt att tillgodose
behovet av kol. I sex av de nio beräknade vägskälen finns det inte tillräckligt med kol för att
täcka behovet.

En viktig aspekt av CCS är var den ska implementeras samt hur detta ska ske. Redan stora
kolkonsumenter som Kina och USA kommer att få ta ett stort ansvar för CCS-utbyggnaden,
speciellt när det gäller påbyggnad i efterhand.
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1 Introduction

1.1 Background

Coal has been used as a source of energy for several centuries. In the beginning as a fuel for
heating and cooking and later for producing electricity. Large scale utilization of coal as an
energy source started in earnest with the industrial revolution. England’s abundance of coal
helped develop early industries such as shipyards and textile industries. Coal was also used
to power steam machines in ships and trains. With coal, energy became easily accessed, the
industry grew and the standard of living increased. But the large consumption of coal had
drawbacks. Smog was forming due to emissions from the coal and large cities became covered in
ash and particles. In the late nineteenth century when commercial electricity generation began
to develop, inexpensive and abundant coal was a contributing factor. From the early twentieth
century electricity generation from coal increased and has since then been a key component in
the energy system [2].

In recent years focus has shifted from just producing inexpensive electricity to producing inex-
pensive electricity that is both sustainable and environmentally friendly. This is problematic
for coal power as it is by definition neither sustainable nor environmentally friendly. There are
several studies which establish a future decrease in coal production, called Peak Coal [1] [3],
due to increasing difficulties in extracting the coal from the soil. Since coal is a fossil fuel, even
though it is abundant today, it is a limited resource [1]. And the chemical composition of coal
makes it impossible not to release carbon dioxide and other toxic gases when combusted.

In 1997 a treaty called the Kyoto protocol was signed in order to control and regulate carbon
emissions. The Kyoto protocol together with reports of increasing global temperatures due to
anthropogenic carbon emissions has led to a greater awareness of the global energy supply and
it’s consequences. To be able to limit carbon emissions and increase sustainability, the energy
system has to be converted from a massive fossil fuel dependence to sustainable and renewable
energy sources. Carbon Capture and Storage (CCS) is considered to be a helpful tool in this
conversion. CCS enables continuous use of fossil fuels with little carbon emissions. Important
energy organizations such as International Energy Agency (IEA) and International Institute for
Applied System Analysis (IIASA), recognizes carbon capture’s possibilities and potential and
the technology is included in their scenarios for the future energy supply [4].

Coal power has many advantages: a well built out supply chain, it is inexpensive, there is an
abundance that will continue for decades and it is a proven technology which is easy to deploy
and maintain. But adding a CCS unit to the plant comes with some drawbacks that keeps CCS
from evolving to a mature and widespread carbon dioxide mitigation method. One of them is the
energy requirement of the capture process, called the energy penalty (EP), which can introduce
a substantial drop in plant efficiency and electricity output. Another important issue is how and
where CCS is most efficiently implemented and how this should be carried out.

1.2 Aims of this study

This study aims to investigate the energy penalty of various CCS technologies and model how
these energy costs will affect future global coal consumption.

The main issues to explore and answer are

• How much does the carbon capture reduce plant efficiency?
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• How much extra coal will be needed to compensate the energy penalty for different degrees
of CCS implementations with retained electricity generation?

Other aspects of increased coal consumption, such as availability of coal to power the plants and
regional implications of the increased coal production, will also be discussed.

This report consists of two major parts, the energy penalty assessment and the calculation of
future coal consumption. First section 2 and 3 starts by introducing a theoretical background and
explaining some of the current technologies used for carbon capture. In section 4 the evaluation
of the energy penalties associated the technologies is presented. The evaluation is performed by
a literature study in which values of EP is gathered from relevant sources, for instance scientific
articles. Section 5 compiles and compares CCS-implementation scenarios from a number of
different energy organizations, such as the IEA [5] and IPCC [6]. The implementation scenarios
are then used as a base to calculate coal consumption in section 6. Section 6 also features
a sensitivity analysis of the results. Lastly, section 7 discusses regional aspects of large scale
implementation.

1.3 System boundaries

This study focuses on carbon capture for coal-based electricity generation. Other applications,
such as capture from industrial uses of coal, capture from other fossil fuel electricity generation
and bio energy usage is not considered. The system boundary for efficiency and energy penalty
is the power plant, which includes preparations of the coal and capture and compression of the
carbon dioxide. An overview of the system boundaries can be seen in figure 1. Energy required
to transport and store the carbon dioxide is not included. For the coal consumption calculations
a lifecycle approach is taken, which means that the energy consumption of the mining and
transport of the coal is considered.

Figure 1: System boundaries used in this work.
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2 Theoretical framework

The energy conversion in a coal power plant can be described with the Carnot steam cycle. The
Carnot cycle is an ideal, reversible representation of a heat engine. The efficiency of a Carnot
cycle ηCarnot is the highest achievable efficiency for a heat engine, and is defined as

ηCarnot = 1− T1
T2

(1)

where T1 is the lowest and T2 the highest temperature in the process in Kelvin [7]. This
means that the efficiency of a power plant is limited by the maximum temperature of the steam
leaving the boiler and the condensation temperature of the steam. The maximum obtainable
temperature is limited by material restrictions, such as steel strength, and the condensation
temperature depends on the available condensation medium.

A more practical and accurate description of a coal power plant is the Rankine steam cycle. In
contrast to the Carnot cycle, the Rankine cycle assumes for instance complete condensation, so
the pump can pressurize the water. It also considers that an increase of steam pressure means
an increase of moisture at the turbine, which is potentially harmful to the turbine blades.

In this work efficiency η means net electric efficiency, which is the ratio between thermal input
Hin and net electric output Pelectricity according to equation 2. Net electric output is the actual
power the plant is producing to the grid.

η =
Pelectricity

Hin
(2)

The overall efficiency of a power plant is the product of efficiencies for the individual components,
such as boiler, combustion chamber, turbine and generator. The boiler efficiency depends on
for instance radiation, convection and conduction losses and combustion losses occur in form
of unburnt fuel. Additional heat is lost with the flue gases since it is not possible to fully
condensate the exhaust due to risk of low temperature corrosion [7]. The steam turbine also
generates losses in form of unused kinetic energy in the steam, friction losses between steam and
blade and leakage of steam. Further on, there are ohmic and magnetic losses in the generator.

The energy penalty (EP) is the efficiency decrease due to additional energy consumption by
processes needed to capture the CO2. These processes can be separation of air to make oxygen,
reheating of solvents or compression of the CO2. Figure 2 shows the difference in power output
from a plant without CCS in comparison with a CCS -equipped one, given an equal thermal
input. Both plants have a gross efficiency of 44 % but the net efficiency for the CCS-plant is
lower because of the extra steam and electricity need. The difference in net efficiency is the
energy penalty.

The energy penalty can be defined in several ways according to experts on CCS [8]. But most
common is to define it as the relative decrease in efficiency from a reference plant without CCS,

EP = 1− ηccs
ηref

(3)

where ηccs is the plant efficiency with CCS and ηref the plant efficiency for the reference plant
without CCS. The reference plant is different depending on capture technology.

Other ways of defining EP is actual decrease in plant efficiency

EP = ηccs − ηref (4)
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Figure 2: Comparison of power output from a plant with and one without CCS.

which is used to quantify the losses in some reports. For instance IEA uses both definitions
in their cost and performance analysis of CCS [9]. The first definition is used in this study,
both because it is the preferred definition of experts on the area [8] and because other studies
compiling energy penalty data use this metric [10]. EP calculated according to equation 4 is
often called "efficiency penalty", while "energy penalty" is defined according to equation 3 [11]
[10].

Since the Carnot efficiency improves with higher temperatures it is favorable to increase the
temperatures and pressures of the steam cycle. There are three categories of steam cycles
currently used in coal power plants; sub critical, super critical and ultra super critical. The cycles
are distinguished by the pressure and temperature at which the boiling of water takes place. Sub
critical plants operate at a pressure below waters critical point. The critical point defines the
pressure and temperature at which the boiling stops and there is no longer a difference between
the steam and the fluid [7]. For water, the critical point occurs at 221 bar and a saturation
temperature of 374 °C . If the process temperature in the cycle is above 374 °C, with at least 221
bar pressure, the cycle is said to be super critical. If the temperature is raised further, above
593 °C, the steam cycle is ultra super critical [12]. The trend in power plant development has
been to build super and ultra super critical plants with higher temperatures and efficiencies [12].
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3 Technologies for capturing carbon dioxide

There are three main categories of technologies for capturing carbon dioxide from coal power
plants: post-combustion, oxy-fuel combustion and pre-combustion capture. Some of the key
differences between the technologies are:

• When in the electricity generation process the CO2 is captured.

• How the CO2 is captured.

• Which fuel that is combusted to generate the electricity.

For all three capture methods the aim is to separate gases. The separation can either be
CO2 from synthetic gas or exhaust from the combustion. In the oxy-fuel process there are no
separation of the carbon dioxide but instead a oxygen separation from the air used in the process.
The technologies used in the capture process for gas separation are therefore relatively similar.
As an example, membranes can be used for both capturing CO2 in a post-combustion process
[13], pre-combustion process [14] or for air separation [15]. In all three capture methods the
capture process account for roughly 60% of the energy penalty, the compression of CO2 30%
and electricity for pumps and fans 10% [13]. In the following sections the most common used
capture methods in the reviewed studies will be explained.

3.1 Post-combustion capture

With post-combustion techniques the CO2 is separated and treated after the coal is combusted.
Post-combustion capture plants are similar to most existing plants aside from the capture unit.
Figure 3 displays a basic setup of a post-combustion capture power plant. The separation unit
and compressor are located after the combustion chamber. Steam is required for regenerating
solvents and electricity for compressing the CO2. Before capturing the CO2 the flue gas goes
trough cleansing to remove sulphur, NOx and ashes. The reference plant of a post-combustion
capture plant is an air-fired plant, similar to most existing plants.

Figure 3: Overview of a post-combustion capture power plant [13].

3.1.1 Combustion and flue gas cleaning

Pulverized coal combustion (PCC) has been the dominant solution for combusting coal and
represents 90% of the current installed capacity [16]. Another combustion technology is fluidized
bed combustion (FBC). Both technologies require cleaning of the exhaust from the furnace to
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remove NOx, SOx and particles. How the flue gas is cleaned depend on which combustion
method that is used and can either be done by an external unit or inside the furnace.

Pulverized coal combustion

In a pulverized coal furnace the coal is first pulverized to a fine powder. The powder is blown
into the furnace through a nozzle and combusted. The heat from the flue gas is then transferred
to a boiler where steam is produced. The furnace can be designed in a variety of ways with
different placements of the nozzles and in a wide range of sizes, from 50 to 1300 MWe [17].

Fluidized bed combustion

In a fluidized bed combustor an inert material, typically sand, is kept suspended by a flow of air
from either the bottom or the side. The fuel is then injected to the furnace and mixed with the
sand and combusted. There are two main categories of FBC, circulating fluidized bed combustion
(CFBC) and bubbling fluidized bed combustion (BFBC). The main difference between CFBC
and BFBC is the air flow velocity, which is greater in CFBC. A higher velocity generates a more
evenly distributed fuel mix but it also means that some unburnt fuel will end up at the top of
the combustor. This unburnt fuel is separated from the fuel gas and recirculated to the bottom
of the boiler [18]. Widespread adoption of FBC in the power sector has been held back by lower
efficiencies and smaller boilers compared to PCC, but with the launch of a 600 MW boiler,
CFBC is starting to be an competitive alternative. FBC has two major advantages over PCC:
fuel flexibility and lower NOx and SOx emissions. The flexibility in fuel means that it is possible
to co-fire for instance biomass and coal and the CFB boiler can handle lower rank coal with high
ash and sulphur content. The lower NOx emissions is due to lower combustion temperatures,
around 1100 K for FBC and 1600 for PCC. SOx is more easily captured by injecting limestone
in the boiler, thus eliminating the need of an external unit [19].

3.1.2 Separation methods

Monoethanolamine MEA

For post-combustion capture the most common capture method is monoethanolamine (MEA),
a chemical solvent. MEA chemically binds the CO2 and is regenerated by heat drawn from the
steam cycle. There is ongoing research to improve MEA, which is focused on improving the
capture efficiency, reducing the regeneration energy and limiting the degradation of the MEA
[20]. When MEA degrades the amines react with flue gas components to produce potentially
environmentally harmful substances [21]. The degradation can also lead to corrosion and solid
deposits in the solvent. A more comprehensive review of amine degradation can be found in
Gouedard et al [22].

Chilled ammonia process

Other absorption methods under development are for instance energy and transportation com-
pany Alstom S.A’s chilled ammonia process, which uses ammonium carbonate as a solvent. The
ammonium carbonate is able to capture the CO2 at lower temperatures (up to 20 °C) and then
release it at slightly elevated temperature (up to 80 °C). Alstom S.A has tested the method and
has over 18 000 hours of operating time [23]. In comparison to amine solvents ammonia does
not degrade to the same extent.
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Adsorption

Adsorption is a process in which a molecule sticks to another materials surface, in contrast to
absorption where the molecule is absorbed into the other material. The power plant setup and
equipment of CO2 capture with adsorption is similar to that of absorption. Both processes need
regeneration of the capture medium. The main advantage of capturing CO2 with adsorption
towards absorption is the lower heat requirement for regenerating the CO2. The adsorption
process is under development and there are several types of adsorbents considered for capture.
Among them are different types of zeolites and metallic organic frameworks [24].

Membranes

Membranes are believed to be able to offer a low power CO2 separation from the flue gases. To
separate the CO2 the membranes require a pressure difference between the two surfaces of the
membrane. This difference can be obtained by pressurizing the flue gas on one side or create a
vacuum on the downstream side. The CO2 then travels through the membrane if its permeability
is higher than the gases other components [25]. The efficiency of the membrane is decided by
two factors, the permeability and selectivity. The selectivity is the membrane’s ability to pass
through the desired molecules. The permeability is a measurement on how much molecules that
can pass for a given pressure difference [13]. There are several types of membranes, which are
suitable for different temperature and pressure ranges. Polymeric membranes can be fabricated
from for instance polyimide (PI) or cellulose acetate (CA). Organic materials are not suitable
for high temperatures and pressures so instead inorganic membranes such as different types of
zeolites can be used [26]. The extra energy is consumed to obtain the pressure difference.

3.2 Pre-combustion capture

In pre-combustion capture the CO2 is separated and collected before the combustion of the fuel.
One way of doing this is by employing a integrated gasification combustion cycle (IGCC). IGCC
plants are more complex than regular PC plants and require additional equipment. Figure 4
shows a basic IGCC configuration. An air separation unit (ASU) is needed to deliver oxygen to
the gasification process. Syngas is produced from which the CO2 is captured through a series of
steps. After the capture, the H2 is combusted in a gas turbine to produce electricity and heat.
Together with excess heat from the gasifier a heat recovery steam generator (HRSG) produces
steam for the steam turbine. In comparison with post-combustion and oxy-fuel, IGCC is a more
complicated technology. The reference plant of an IGCC plant with capture, is an IGCC-plant
without capture.

Figure 4: Overview of a pre-combustion (IGCC) power plant [13].
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3.2.1 Gasification

Pure oxygen is needed in the gasification process, which requires an air separation unit (ASU).
The ASU is further explained in section 3.3.1. Gasification of coal is a mature process which
has been used in the industry to produce H2 and biofuels. When coal is gasified the solid coal
is turned into hydrogen, carbon monoxide and carbon dioxide, which makes up the syngas.
Gasification of coal consists of several chemical reactions where two are shown in equation 5 and
6 [27].

C + 2 H2O←→ 2 H2 + CO2 (5)

C + H2O←→ H2 + CO (6)

There are several technical solutions for coal gasification but the two most common in the
reviewed efficiency studies are Shell gasifier and Texaco or GE gasifier. In a Shell gasifier the
coal is crushed, pressurized and fed into the gasifier where the gasification takes place. The
largest difference in a Texaco gasifier from the Shell gasifier is the usage of a wet slurry of coal
instead of dry crushed coal [28].

3.2.2 Syngas cooling and cleanup

The syngas needs to be cooled after the gasification in order for processes downstream to be
efficient. Some solvents used for capturing the carbon dioxide in a pre-combustion plant operates
at low temperatures and the shift reaction is more efficient [29]. Efficient carbon capture also
require relative moist syngas. For the Texaco gasifier the syngas is already moist due to the
wet-slurry coal but the syngas from a Shell gasifier require additional humidification. For a
Shell IGCC without CCS the cooling can take place in high temperature heat exchangers, but
these are not appropriate with CCS since the syngas remain dry. Therefore a partial water
quench system is used for Shell gasifiers that cools the syngas by spraying it with water and
thereby increasing humidity [30]. Cooling of the syngas generates losses and research is focused
on developing separation methods that can handle high temperatures, thus eliminating the need
for syngas cooling. Heat recovered from the syngas cooling can also be used in the steam turbine
[29]. After being cooled down the syngas is cleaned up from sulphur and particles [31].

3.2.3 CO2 shift reaction

To increase the H2 concentration in the syngas a water-gas shift reaction (WGS) is needed. One
of the products from the WGS is CO2 [32].

The water-gas shift reaction:

CO + H2O←→ H2 + CO2 ∆H◦
f = −41 kJ/mol (7)

The WGS reaction is exothermic and conversion to hydrogen and carbon dioxide is favorable
at lower temperatures. The reaction is fed by excess steam to guarantee a high conversion to
hydrogen. Two conversion reactors are often used, one with higher temperature to speed up the
conversion and one with lower temperature to ensure an efficient conversion [29]. A catalyst is
needed and several catalysts are commercially available. Which one that is used depends on the
operating conditions [32]. The shift reaction can take place before or after the sulfur removal.
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3.2.4 Combustion and electricity generation

As shown in figure 4 there are two electricity outputs from an IGCC power plant, a gas turbine
and a steam turbine. Although this can increase the overall efficiency of the plant it also adds
complexity.

The gas turbine is located after the sulfur and CO2 removal. It combusts hydrogen and propel the
generator. Combustion of hydrogen gives higher flame temperatures, which increases formation
of NOx and causes more stress on the turbine blades. Using hydrogen instead of natural gas as
fuel is relatively novel, but research is conducted to improve efficiency and to produce electricity
with near zero emissions. Another goal of the research is to improve fuel flexibility so both pure
hydrogen and syngas can be used. [33].

A heat recovery steam generator (HRSG) is used to recover heat from the gas turbine and
generate steam for the steam turbine . In some configurations heat is also recovered from syngas
cooling. The steam goes through a steam cycle consisting of a number of turbines to produce
electricity. The HRSG can also provide steam to the water gas shift reaction [34].

3.2.5 Separation methods

MDEA

Methyldiethanolamine (MDEA) is a physical solvent used for removing carbon dioxide from the
syngas. The solvent reacts with the syngas and captures the CO2 by absorption. It is then
heated or pressurized to regenerate and release the carbon dioxide [35].

Rectisol

Rectisol is a trade marked solution for cleaning syngas from CO2 and other acid gases. Both
Linde AG and Lurgi AG have independently developed the process. Rectisol is a physical removal
process and commonly uses methanol as solvent. Energy is needed in the process to maintain
the cold working temperatures of the solvent and to regenerate the solvent after the absorption
[36]. The regeneration is mainly done by reducing pressure in stages, so called flashing, instead
of using heat [37].

Selexol

Selexol is a process for removing sulfur and removing CO2 from syngas. Like Rectisol, Selexol
is a physical solvent and is a polyethylene glycol dimethyl ether. Energy is needed to regenerate
the solvent and for keeping high pressures [38]. As with Rectisol the regeneration is done by
pressure reduction [39].

Membranes

The working principle of a membrane for carbon capture was explained in section 3.1.2. Mem-
branes are highly suitable for carbon capture in IGCC plants because of the high pressure of
the syngas, which will act as the driving force. To further increase the pressure a sweep gas, N2
from the air separation unit, can be used. But the higher temperatures and pressures also place
higher demands on the membrane materials [14].

10



3.3 Oxy-fuel combustion capture

One of the techniques used for capturing CO2 from power plants is oxy-fuel combustion capture.
In short this technology aims to increase the CO2 concentration in the flue gases by reducing
the N2 in the gas used for combustion [40]. Figure 5 shows the basic working principle of an
oxy-fuel coal power plant. The first step is to separate the oxygen from the air. This is done
with an air separation unit (ASU). The coal is then fired with the oxygen which generates heat
that is used in a steam cycle. Some of the generated electricity will be used to compress the
CO2 and power the ASU and auxiliary equipment like pumps. Around 70% of the flue gas,
which contains mostly CO2 and water, is recycled to the furnace. This is done to control the
combustion temperature and prevent damage to heat exchangers and other components [41].
The reference plant of an oxy-fuel plant is an air-fired plant, the same as for post-combustion
capture.

Figure 5: Overview of an oxy-fuel power plant [13].

3.3.1 Air separation

The first process in oxy-fuel combustion is the separation of air to produce oxygen. Pure oxygen
has long been produced for other types of industries where oxygen is desirable, for instance in
the steel and chemical industry [42]. An oxy-fuel plant needs approximately three times more
oxygen than a comparable IGCC plant [13]. The dominating technique for producing oxygen
is cryogenic separation but research is carried out to develop other more efficient techniques.
One of these techniques is ionic transport membranes (ITM) which is considered to have a high
suitability for CCS [15].

Cryogenic separation

Cryogenic separation of air is based on the principle that different components of air have
different boiling points. The first step in the separation process is that the air is cooled and
compressed so it reaches its condensation point and liquefies. The temperature where liquefaction
occurs is different depending on the pressure but lies in the range of -192 °C for pressures below
1 bar [43]. The liquefied air is then heated to the components boiling points. Because of the
lower boiling point of N2, it will boil at a lower temperature which means that the vapor will
have a higher concentration of N2 and the condensate a higher concentration of O2. Energy is
consumed to cool the air to the low temperature and for compressing it. Cryogenic separation
is also the only current technology which is able to produce the quantities of oxygen needed for
a large scale oxy-fuel plant [15].
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The cryogenic separation is well developed and there are several companies offering complete
solutions for producing pure oxygen. Among these are Linde [44], Praxair [45] and Air Liquid
[46]. These companies can deliver systems which can produce oxygen with a 99.5% purity level
[47].

Separation by membranes

Membranes can not only be used for separating CO2 but also producing oxygen from air. There
are two types of membranes that are considered for air separation, polymeric membranes and
ionic transport membranes (ITM). Polymeric membranes is a mature technology but is not
suitable for producing oxygen because of the capability to only produce lower oxygen purities
of 40%. The ITMs are membranes built out of dense ceramics. One of the compounds used is a
doped perovskite material. Perovskites are crystalline compounds with a cubic structure which
consists of three different elements, such as barium strontium cobalt iron mixed oxides (BSCF)
[15].

3.3.2 Combustion and flue gas cleaning

The same methods for combusting coal in air can be used for oxy-fuel combustion, such as
circulating fluidized bed. The different technologies for combusting coal were explained in section
3.1.1. When coal is combusted in oxygen the flame temperature increases because there is no
nitrogen to dilute. To compensate the high temperatures approximately 70% of the flue gas is
recycled into the boiler.

Because there is no nitrogen in the combustion, the flue gas exiting the furnace consists mainly
of CO2 and water. In Kakaras et al [48] simulations of an oxy-fuel plant, the flue gases exiting
the boiler contained 66% CO2, 19% water and 8% NOx and Argon. The reference plant’s, in
this case an air-fired plant, flue gas consisted of 64% NOx and Argon, 22% CO2 and 7% water.
As seen, oxy-fuel combustion means a substantial increase in carbon dioxide concentration.

To reduce emissions to the atmosphere the flue gas will first go trough a cleaning step to desul-
phur and remove ash and particles. The water vapor can be removed by cooling and compressing
the exhaust gases [13].

3.4 Pilot plants and technological progress

According to the Global CCS Institute (GCCSI) there are no commercial-scale CCS in the power
sector [49]. GCCSI defines a commercial-scale CCS facility as a plant with a capture capacity
of 800 000 ton CO2 annually1. There are 30 commercial scale projects in the planning and
executing state. Of those 30 are 13 post-combustion, 11 pre-combustion, 5 oxy-fuel and 1 is
undecided. GCCSI also lists large scale pilot facilities, although the list is not comprehensive.
Many smaller pilot facilities are not included. The list also includes CCS for other fuels, such
as oil and natural gas.

There are four large scale oxy-fuel pilot plants currently operating with another one starting
in 2014. The largest plant is Lacq pilot CCS project which annually collects 75 000 tonnes
carbon dioxide from natural gas combustion [50]. Another project is Callide oxy-fuel project
[51] which is located in Queensland, Australia and uses coal as a feedstock. The project is a
collaboration between several global partners and has received funding from both the Japanese

1Denoted as Large-scale integrated Project (LSIP) by GCCSI [49]
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and Queensland government. In august of 2013 the plant had operated for 3500 hours using
oxy-fuel combustion.

GCCSI lists three operational power plants with pre-combustion CCS and another two under
construction. The current largest facility is the Puertollano IGCC plant which captures 35 000
tones using coal as a feedstock . By 2017 Osaki CoolGen is planning to complete a facility able
to collect 200 000 ton CO2 per year which will be the highest capacity CCS-plant [49]. Most
operating large scale CCS-facilities are used in the natural gas processing industry where acid
gases, such as CO2, are removed with pre-combustion technologies [49].

Twelve large post-combustion capture pilot facilities are operating or under construction. Plant
Barry (USA) and Shanghai Shidongkoy (China) are the largest facilities capturing CO2 from
coal power generation with 120 000 and 167 000 tones/year respectively. Post-combustion is
currently the only technique that is evaluated at a large scale in the US [49].

3.5 CCS-retrofit

Retrofit of CCS is a procedure in which CCS-units are mounted onto existing power plants. Since
the majority of today’s installed coal power plant fleet is based on air-fired coal combustion, this
is the type of plant that is considered for retrofit. The aforementioned technologies, pre, post and
oxy-fuel are not equally suitable for retrofit. Post-combustion is eligible for retrofit because it
does not require any extra infrastructure apart from the capture unit. It is also possible to install
the capture unit without interfering too much with the existing plant setup. No alterations have
to be made to the boiler, but the steam cycle of modern plants must be reconfigured so that
low pressure steam can be extracted and used in the solvent regeneration [52]. Pre combustion
capture is not as suitable for retrofitting. The reason for this is the additional equipment, such
as an air separation unit, a shift reactor, a hydrogen gas turbine and a gasifier, needed for an
IGCC plant. Only the steam turbine can be used in the retrofitted plant. If the existing plant
is an IGCC plant the alteration is considerable smaller. Retrofitting an existing air-fired power
plant with oxy combustion and CCS is possible without altering the existing boiler. Oxy-fuel
combustion capture requires an ASU and a rebuild of the flue gas system in order to enable flue
gas recycling. A problem with oxy-fuel retrofit is to minimize the air leakage into the boiler [52].
Although it is possible to retrofit existing power plants oxy-fuel combustion is mainly considered
to be used on new power plants [8].

IEA discuss the term "capture ready" which is the measures that can be made when building a
new plant to be prepared for a future retrofit [52]. Suitable measures are for instance to leave
enough space when building the plant to house the extra equipment and to build the plant
in connection with possible storage sites. Installing turbines with the highest efficiencies for
the steam conditions used when capturing and not the initial conditions is also an option [53].
Building a capture ready plant will initially be more expensive due to larger investments cost
and non-optimal operation of the steam cycle. But the aim with capture readiness is to be more
efficient and economical during the whole lifetime. And by making the plant capture ready
the downtime from implementation can be reduced and the efficiency after the retrofit may be
higher. It is not only the investments cost of the "capture readiness" that matter for economic
feasibility, but also the age of power plant at the time of retrofit and future fuel costs.
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4 Assessment of CCS energy penalties

The statistical assessment is based on data from mainly scientific articles. But energy penalty
evaluations from other relevant organizations as US Department of energy [54] were also included.
In many cases the results in the studies were not presented in the terms of energy penalty, so the
EPs were calculated from the reported net efficiencies according to equation 3. The data were
then compiled and categorized and is presented in section 4.3. The complete data set consists
of table 18, 19 and 16 for the three different types of capture methods.

4.1 Differences in input data

To be able to compare results from different studies it is essential to know the input data used
in the studies to calculate the EPs. Variations in input data in simulations and calculations
will give different result even though the same simulation method is used, which is illustrated
in section 4.3.7. In the following sections some of the most notable input parameters and their
variations are discussed.

4.1.1 Capture process

There are differences in capture processes for pre, post an oxy-fuel combustion capture. Post-
combustion capture can for instance use membranes, chemical solvents or physical solvents.
Likewise for pre-combustion. The reviewed studies have different capture processes but some are
more common than others. For post-combustion the most common is MEA (monoethanolamine)
and for pre-combustion SELEXOL. The efficiency of the capture processes is different between
pre-combustion and post-combustion. For instance membranes are more suitable for IGCC than
for post-combustion due to the higher pressures in the IGCC process [13].

4.1.2 Coal properties

Different coal types have different properties, like heating value and ash and moisture content.
Moisture and heating value affects the needed fuel feed for a certain electrical output but studies
show that there is no significant impact on energy penalty between different coal types [11]. But
there are differences in heating values and some studies uses the higher heating value (HHV)
whilst other uses the lower one (LHV).

4.1.3 Capture efficiency

The capture efficiency has a significant impact on the energy penalty. Cau et al [31] shows in their
simulations that a capture efficiency of 90% gives a penalty of 19,5% whilst it is 16,8% for 70%
capture. This is due to the extra energy needed for cleaning and compressing the additional
volume. The capture efficiency also affects the amount of captured CO2 per produced kWh
electricity. In most cases it is of course desirable to capture as much CO2 as possible. In the
majority of studies a capture efficiency of 90% was used [55][56] but 70% [31] and 50% [57]
capture also occurs.

Dave et al [56] examines which affect the operation of the capture unit has on efficiency and the
results show that continuous capture is more efficient than flexible operation.
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4.1.4 Plant configurations

Most of the reviewed studies define the plant steam cycle as sub critical, super critical or ultra
super critical. It is the authors’ definition that has been used in the results. Apart from steam
temperatures and pressures, several of the studies simulate or calculate the efficiencies for a
number of different plant configurations [56] [58]. For example in Dave et al [56] five different
configurations are used. The first one is a basic subcritical power plant without reheating of the
steam and the fifth is an ultra-super critical with 2 reheating steps. The ultra-super critical is
more technologically advanced which shows in the peak efficiency without CCS, 41.2% against
36,7% but not so much in energy penalty, 26,5% and 27.2% respectively2. Castillio [59] calculates
the EP for a cryogenic 600 °C super critical plant to be 20.7% and for an ultra super critical
operating at 700 °C it is 20.4%. The results indicate that in these cases the plant characteristics
have low influence on the EP. But in all cases a higher temperature gives a higher total efficiency,
which is desirable.

4.1.5 CO2 compression

Compression of the captured carbon dioxide is included in the majority of the reviewed studies,
for example in [60] [31] and [34]. Although the studies assumes different final pressures for the
compressed CO2. Linnenberg et al [61] assumes 110 bar while Harkin et al [60] assumes 100
bar. Beside the final pressures there are also differences in assumed compressor efficiencies as
well as in compressor design. As a comparison, Liang et al [62] uses a compressor with five
compression stages and a final pressure of 110 bar while Sanpasertparnich et al [63] calculates
with nine compression stages and the same final pressure.

4.1.6 Size of power plant

All of the reviewed studies examine regular sized power plant, i.e between 100 and 1000 MW
electrical output. Including only regular sized plants in the evaluation is reasonable because
comparing a small laboratory scale capture system with a 600 MW full scale plant is not ideal,
as there may be scaling advantages.

4.1.7 Method of obtaining efficiency

Since there are no commercial3 power plants with CCS and only a few full scale pilot plants, no
measured efficiency data were found. All of the included efficiencies and EPs are therefore based
on simulations and calculations. Possible explanations to the lack of data may be that there are
no representative data because of few operational hours or because of corporate secrecy.

4.1.8 Reference plant

One of the input parameters for calculating the energy penalty is the reference plant, the plant
without CCS. For post-combustion capture this plant is an air-fired plant, PC or CFB, and
for pre-combustion it is an IGCC plant without capture. In the oxy-fuel case there are some
differences. Certain oxy-fuel studies choose to compare the oxy-fuel plant with capture to another
oxy-fuel plant without [37], while other choose to compare to a regular air fired plant [58]. The

2Values for HHV from a water cooled plant with continuous capture, table 6 Dave et al [56]
3"Commercial" in this case is based on the Global CCS Institute’s definition of commercial and only power

generation CCS is considered. [49].
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first option generally gives a lower energy penalty since there is a smaller difference between an
oxy-fuel with and without capture, than for an air-fired and an oxy-fuel with capture. However,
oxy-fuel plants are generally not built if the intention is not to capture the carbon dioxide since
the separation of air demand energy. The oxy-fuel EPs included in this study therefore all have
regular air-fired power plant as reference plants.

4.1.9 Derated output

CCS lowers the efficiency and thus the power output for the same amount of fuel. But in some
of the studies this has been taken into account and the power output is at a constant value. For
example Dave et al [56] compare a constant net output to a derated. The result from the study
shows that the energy penalty is generally lower for flexible operation.

4.1.10 Retrofit

A number of studies investigate the energy penalty of retrofitted plants with both post-combustion
capture [64] and oxy-fuel combustion [65]. Xu et al [64] calculates the performance for a plant
for two cases. In the first case the existing plant’s constraints are taken in consideration but
not in the second one. This means that in the second case it is possible to optimize the process
with gives a higher efficiency. Whether or not retrofit cases should be included when calculating
the aggregated EP with new plants is questionable, but in this study they are. The argument
behind this is that the restrictions of the plant could be design choices in another study. And
since the plants already differ quite much this would not be an exception.

4.2 Descriptive statistics calculations

MATLAB’s built in tool std was used to calculate the standard deviation σ and is defined
according to equation 8

σ =
1

N − 1

N∑
i=1

(xi − x)2 (8)

where x is the mean value

x =
1

N

N∑
i=1

(xi) (9)

and N is the number of data samples.

4.3 Results

All data over energy penalties are located in appendix I. The data are sorted from highest to
lowest value and the first value in the plot corresponds to the first value in the table in appendix
I. In case of plots with plant sizes the values are sorted in order of largest plant to smallest.
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4.3.1 Post-combustion capture

Figure 6 shows a plot over all EPs when using post-combustion techniques. This includes all
different solvents and membranes. As shown in the figure there is a significant dispersion of the
values. The maximum value is 51.6% and the minimum is 8.4%. This large difference can to an
extent be explained by the difference in the methodology and assumptions used in the studies.
51.6% is derived from a reference efficiency of 28.45% and a efficiency with CCS of 13.78%, which
is both a significant absolute drop of 14.46 percentage points and a low reference efficiency [63].
The 8.4% efficiency drop is from Paul H.M Feron [66] and is obtained by estimating future
improvements in capture solvents.

Figure 6: Plot of EPs for post-combustion capture. Data can be found in table 16.

Mean (%) Min (%) Max (%)
24.7 8.4 51.6

Table 1: Statistics summarizing post-combustion capture.

4.3.2 Pre-combustion capture

Figure 7 shows a plot over all EPs when using pre-combustion techniques. The data includes all
different separation methods as Selexol and Rectisol and different gasifiers. The minimum EP
is 7.7% and the maximum is 25.9%. The smallest value is derived from Le Moullec [35] and the
largest from US Department of Energy [54]. In comparison with post composition the spread of
values is smaller.
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Figure 7: Plot of EPs for pre-combustion capture. Data can be found in table 19.

Mean (%) Min (%) Max (%)
18.4 7.7 25.9

Table 2: Statistics summarizing pre-combustion capture.

4.3.3 Oxy-fuel combustion capture

Figure 8 shows EPs for oxy-fuel combustion capture. For oxy-fuel the maximum EP is 30.7%
from Shah et al [67] and the minimum is 9.6% from Le Moullec [35]. The smallest value is from
the same study as pre-combustion. In that study Le Moullec [35] assesses carbon capture from
a thermodynamic limitation, which can explain the low values. The EPs from the same study
are also among the low ones for post-combustion. The spread of values for oxy-fuel combustion
in between post and pre-combustion capture.
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Figure 8: Plot of EPs for oxy-fuel combustion. Data can be found in table 18.

Mean (%) Min (%) Max (%)
21.6 9.6 30.7

Table 3: Statistics summarizing oxy-fuel combustion capture.

4.3.4 EP plotted against plant size

Figure 9, 10 and 11 show EPs plotted against the net electrical power output in MW from the
plants. The red line in the graphs is the mean value. The plots illustrate that there is no clear
trend between plant size and energy penalties. In figure 11 it can be seen that a plant with
336 MW electrical output has roughly the same EP as a plant with 935 MW, 24.1% and 24.8%
respectively. The plots also show that most focus is targeted at power plants with a net output
of 600 MW and below. This is not unreasonable as 600 MW is a common size for generators
and turbines and most studies only consider one steam cycle per plant.
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Figure 9: Pre-combustion EPs plotted against plant size. Data can be found in table 15.

Figure 10: Oxy-fuel combustion EPs plotted against plant size. Data can be found in table 17.

For oxy-fuel the most common plant size is 550 MW as seen in figure 10. But all of these EPs
are gathered from the same study where the power output is constant across several different
plant configurations [58].
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Figure 11: Post-combustion EPs plotted against plant size. Data can be found in table 14

4.3.5 EP depending on the plant’s steam characteristics

Figure 12 shows a box plot comparing post-combustion EPs for different steam conditions. The
red line is the median, the whiskers represent maximum and minimum values, red crosses display
outliers and the edges of the box the 25th and 75th percentile of the values. The definition of
sub, super and ultra super critic can be found in section 2. Figure 13 shows the raw data.
According to figure 12 super critical have the smallest middle quantile, thus being the least
uncertain EP. However, there are three outliers which are not considered. An explanation to
why the super critical is the least uncertain could be that a majority of the reviewed studies
focus on super critical plants so more data points are included. For sub critical the median is
located in the upper part of the middle quantile at around 27%. This is because five out of ten
values are ranging between 27 and 28.8%.
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Figure 12: Box plot of EPs based on the plant characteristics. Data can be found in table 21,
22 and 23. The outliers (red + ) are excluded from the box plot calculations but included in mean
efficiency calculations.

Figure 13: Plot of EPs based on the plants characteristics. Data can be found in table 21, 22
and 23.
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4.3.6 Comparison between technologies

Figure 14 shows a comparison between the technologies. The calculations are based on the data
in table 16, 19 and 18. Post-combustion has the largest EP, oxy-fuel the second largest and pre-
combustion the smallest. This is consistent with the general perception and for instance IEA
[5] has the same ranking, although with different values. In a cost and performance analysis
from 2011 [9] IEA states a average net energy penalty of 25% for post-combustion, 20% for
pre-combustion and 23% for oxy-fuel.

Figure 14: Mean EP with standard deviation across technologies.

Figure 15 shows the comparison in the form of box plots. According to this plot the pre-
combustion results have the smallest distribution of values and also the smallest spread between
the highest and the lowest value. One explanation to this is that the studies on pre-combustion
are more homogenous, both in methodology and assumptions. Post-combustion has the widest
middle quantile despite having the largest data set. For post-combustion there are also two
outliers which are not considered.
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Figure 15: Box plots and comparison of capture methods. The outliers (red + ) are excluded
from the box plot calculations but included in mean efficiency calculations.

4.3.7 Simulation of MEA capture with Aspen Plus

Despite simulating the same capture technology, post-combustion with MEA, with the same
simulation software there are significant differences in obtained energy penalties. Presumably
because every study makes different assumptions and uses different values on variables. In this
section a comparison will be made of studies that simulates post-combustion capture with the
Aspen Plus software.

The Aspen Plus suite is a common simulation tool and is developed by Aspentech and lets the
user simulate entire CO2 capture systems [68]. In some cases additional simulation was done in
other tools to simulate the power generation but the capture system was made in Aspen [29].
MEA is the capture solvent in all the included studies. The data used in the plot can be found
in table 24 in appendix I.

Figure 16 shows the range of energy penalties for the post-combustion simulated with Aspen.
There is a significant difference between the largest and the lowest energy penalty, but interest-
ingly both EPs originate from the same study [60].

MEA with Aspen has a slightly lower mean EP than all post-combustion technologies, 24.6%
compared to 24.7 %. The standard deviation is also smaller, 5.6 compared to 7.9. If the first
and last values in figure 16 are considered as outliers and removed, the mean is 26.0% and the
standard deviation 2.3%. This is considerably smaller than when including the outliers.
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Figure 16: Plot over post-combustion efficiencies simulated with Aspen. Data can be found in
table 24.

Mean (%) Standard deviation (%) Min (%) Max (%)
24.6 5.6 10.7 39.1

Table 4: Table of descriptive statistics of studies using Aspen.

4.3.8 Simulated capture with Selexol

Figure 17 show a plot of EPs obtained by simulation of pre-combustion capture with Selexol.
Only studies which have used a software, mainly Aspen [68] and Honeywell UniSim Design R400
[69], for simulation are included in this section. Studies which have used other models based on
thermodynamic or physical relations are not. Examples on such studies are Descamps et al [34]
and Le Moullec [35]. The mean EP is 19.5% and the standard deviation 5.3%. But if the outlier
with a value of 7.7 is left out, the standard deviation will drop to 4.3 and the mean increase to
20.3%.

Mean (%) Standard deviation (%) Min (%) Max (%)
19.5 5.3 7.7 25.9

Table 5: Table of descriptive statistics of simulated pre-combustion energy penalties.
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Figure 17: Pre combustion EPs obtained by simulation. Data can be found in table 20.

4.3.9 Comparison with experts’ estimation

Jenni et al [8] have conducted a survey in which 15 experts on CCS were interviewed regarding
energy penalties for carbon capture. The experts gave a verdict on seven different capture
technologies under three policy scenarios. Jenni et al provides results in form of mean values
for the technologies and scenarios. These were then aggregated into post, pre and oxy, and the
standard deviation was calculated. Figure 18 shows the calculated mean efficiency for pre, post
and oxy-fuel compared with the experts estimations. As the figure shows the experts estimates
similar EPs as the values gathered from simulations and calculations. The plot also shows
larger standard deviations for the calculated values than for the experts. This is due to larger
ranges on values between the calculated vales than for the experts. The standard deviations also
tend to grow if outliers are included in the calculations, which they in this case are. Another
consideration is that the expert values are a mean of already calculated means and thus have
already been smoothed.
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Figure 18: Comparison of mean energy penalties with expert opinions gathered from [8].

4.3.10 Summary

Table 6 summarizes the most important results from the energy penalty evaluation. Post-
combustion capture has the highest energy penalty and is also most uncertain. Pre combustion
has the lowest EP and smallest standard deviation and oxy-fuel is in between. These results will
later be used in the coal consumption modeling.

Technology Mean EP (%) Standard deviation (%) Note
Post-combustion 24.7 7.9 All efficiencies
Pre combustion 18.4 4.4 All efficiencies
Oxy-fuel combustion 21.6 5.5 All efficiencies

Table 6: Table of results from statistical evaluation.
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5 Review of CCS implementation scenarios

CCS is considered to be an important part in the climate change mitigation. Important energy
organizations such as the International Energy Agency (IEA) [5] and Intergovernmental Panel
on Climate Change (IPCC) [6] include CCS in their scenarios for future energy supply. In the
following section studies have been reviewed in order to assess how much CCS is considered
for future implementation. Data were extracted from the scenarios with a digitizer software,
Engauge Digitizer [70]. An image was imported to the program and by setting up a coordinate
system it was possible to measure values from the axis. Because the measurements are dependent
on the users ability to correctly place out the coordinate system and the data points, there are
uncertainties in the measurements.

5.1 Results

5.1.1 Azar et al

Azar et al [71] describes two scenarios for future energy supply in which coal power with CCS
plays an important role. The scenarios are developed with an integrated energy climate model
(GET-climate) which aims to produce scenarios based on cost optimization under certain climate
targets. The first scenario aims to meet the target of less than 2 °C increase in global temperature
set by the UN [72]. CCS with coal is assumed to be widely used in the latter part of the century
with a peak around 2080, contributing with around 400 EJ primary energy per year. The second
scenario aims at a 1.5 °C overshoot of the climate goal. This scenario is more moderate with the
coal CCS and relies heavily on solar power. The peak is at 2070 and is about 260 EJ per year.
The focus of the study is bio energy with CCS, however the scenarios include a large portion of
coal CCS. A more detailed description of the scenarios and methods can be found in Azar et al
[71]. The study does not explicit mention energy penalties or efficiencies the coal power plants.

5.1.2 Intergovernmental Panel on Climate Change

In a Special Report for IPCC Working Group III, IPCC presents two scenarios for future global
primary energy use [6]. The scenarios are based on two integrated assessment models, MiniCAM
and MESSAGE and both scenarios extend until 2095. Both models use harmonized assumptions
according to the IPCC SRES B2 scenario family [73] and derive scenarios that achieve econom-
ically efficient, least-cost technology paths to stabilization of atmospheric CO2 concentrations
of 550 ppm. IPCC recognize the energy penalty and states an increased energy demand of 24
to 40% for PC plants and 14-25 % for IGCC with both capture and storage included. It is
reasonable to assume that the EP is considered in the scenarios. As shown in figure 19 both
scenarios are in the lower range. A reason for this is that the B2 scenario family is focused on
local solutions to environmental sustainability and environmental protection. Hence the signifi-
cant share of biomass and solar in the MESSAGE scenario. The overall fossil fuel usage is also
low, except for gas.

5.1.3 International Energy Agency

In the Energy Technology Perspectives 2014 [74] International Energy Agency (IEA) presents
three scenarios which describe possible developments of the future energy system. A coal power
CCS development is also presented for the 2DS and 4DS scenario, which aims at reducing the
global temperature increase to 4 and 2°C respectively. The scenarios are derived using the
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MARKAL based ETP-TIMES model, which finds least-cost technology mixes needed to meet
final demand.

Coal with CCS is presented as GW installed capacity, which is converted to primary energy with
a plant efficiency of 46% and a capacity factor of 0.9. The 2DS scenario has the highest amount
of implemented CCS technology reaching 37 EJ in 2050. In ETP2014 no detailed information on
energy penalties is given. However, IEA mentions the energy penalty several times in the 2012
ETP [75] and reduction of the EP is included in their suggested actions for future development
of CCS. ETP 2012 also includes a cost performance analysis in which IEA uses an energy penalty
of 20% for pre-combustion, 25 for post and 23% for oxy-fuel. It is possible to assume this figures
are also included in the ETP2014 scenarios.

5.1.4 International Institute for Applied System Analysis

In the report Global Energy Assessment, IIASA provides several future energy scenarios. The
scenarios are based on three different branching points for the future energy supply; efficiency,
transportation and supply. IIASA uses two model frameworks from IPCC called MESSAGE
and IMAGE to derive scenarios which fulfill certain climate change mitigations. The study only
present three different scenarios for both model frameworks in detail, GEA-Efficiency, GEA-
Mix and GEA-Supply. For this study, only the results derived from the IMAGE framework
are presented since MESSAGE results are qualitatively similar. In the IMAGE case total global
primary energy use varies from around 760 EJ/year in Efficiency to 1560 EJ/year in Supply, with
coal CCS constituting 83 and 334 EJ/year respectively. IIASA also states that these scenarios
are in no way representative or central cases for the study [76].

In chapter 13 [77] on page 1037 IIASA recognizes and states that the EP is between 20 and
40% relative increase in primary energy demand. It is therefore likely that the EP is taken into
account in the scenarios. The method and the scenarios can be studied further in IIASA’s report
[76].

5.1.5 Shell

In the New Lens Scenario, oil and gas company Shell provides two scenarios, Mountains and
Ocean, for the future energy system, The model used to create the scenarios is not presented
in detail, but a combination of qualitative scenario analysis and quantitative energy system
modeling is used. In the Mountains Scenario the economic growth is limited and polices play
an important role. Gas becomes the backbone of the energy system and CCS is widely used. In
the Oceans scenario the economic growth is larger and the market shapes the energy landscape.
Coal is the main energy carrier but lack of support for CCS means that the emissions will be
25% greater than for the Mountains scenario. By the end of the century solar power becomes
an important energy source.

Shell only provides data for three years 2040, 2070 and 2100. The scenario is also presented in
amount of captured carbon dioxide from the electricity generation sector. To know how much
coal CCS primary energy this corresponds to the ratio of the fuels in the electricity sector must
be known. The distribution is taken from IEA’s New Policy scenario which predicts electricity
generation in 20354 [78]. Table 7 presents the distribution of the fuels and how much this
corresponds to emissions. The total emissions are multiplied with the coal fraction in order to
get coal powers contribution. Carbon dioxide is converted into primary energy with a capture

4See table 5.3 in World Energy Outlook [78]
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rate of 90% and emission factor of 0.97 Mton CO2/TWh5 produced electricity and an plant
efficiency of 46%.

Fuel Electricity Electricity Emissions 6 Total emissions Emissions
(TWh) (%) (Tton/TWh) (Gton) (%)

Oil 556 2.7 0.76 0.42 2.4
Coal 8313 39.2 0.55 4.6 27.1
Gas 12312 58.1 0.97 11.95 70.4

Table 7: Table of conversion factors for amount of captured carbon without fuel distribution.

5.1.6 World Energy Council

World Energy Council (WEC) publishes World Energy Scenarios, in which two energy scenarios
are provided. The scenarios are derived from a qualitative, multi stakeholder, store line approach
with quantification of outcomes using a MARKAL based model called Global Multi-Regional
MARKAL (GMM) maintained by the Paul Scherrar Institute. WEC established that the sce-
narios are exploratory and does not aim to reach a specific climate or energy target. Jazz is a
consumer focused scenario in which the best energy sources, based on availability and affordabil-
ity, are used and the main stakeholders are multi-national companies, venture capitalists and
price conscious consumers. Symphony is a more centralized scenario in which governments have
a large impact on which technologies are used. Other influential parties are non governmental
organizations and environmentally minded voters.

In the Symphony scenario the expansion of CCS starts at 2030 and ends at 2050. The growth
of CCS is slower in the Jazz scenario which starts later, at 2040. The scenarios have been
recalculated from produced electricity to primary energy with an efficiency of 46%.

On page 89 in World Energy Scenarios the impact of energy efficiency of power generation is
discussed. WEC identifies the importance of efficiency for the scenarios and states that use
of more advanced technologies could raise the average efficiency of the world’s power plants.
However, there is no mention of an energy penalty for CCS. Neither does the chapter about
CCS on page 129-130 mention anything about a lowered efficiency. The scenarios are further
explained in World Energy Scenarios [80].

5.1.7 Retrofit cases

Apart from building new plants with integrated CCS- units a portion of retrofitted plants is also
considered [81]. IEA has defined the global potential for retrofitting power plants and lists some
constraints for retrofitting:

• Availability of transport and storage.

• Size of plant.

• Public acceptance and regulatory frameworks.

EIA also presents three cases for how many plants that are eligible for retrofitting. The plants
are categorized by age and size and the tree cases are:

1. Younger than 30 years and a power greater than 100 MWe, which equals to 1036 GWe or
63% of the total plant fleet.

5The emission factor is an average of three types of coal; bituminous, sub-bituminous and lignite [79].
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2. Younger than 20 years and a power greater than 300 MWe, which equals to 665 GWe or
41% of the total plant fleet.

3. Younger than 10 years and a power greater than 300 MWe, which equals to 471 GWe or
29% of the total plant fleet.

Together with no retrofit and retrofitting of all available power these three cases will be used in
the calculations of coal consumptions scenarios.

5.1.8 Summary of implementation scenarios

Table 8 displays the most important parameters of the implementation scenarios. There are
large differences between the scenarios in terms of total amount of primary energy supply from
coal with CCS, delivered electricity and amount of released carbon dioxide. For example, Azar
et al [71] utilizes 422 EJ coal with CCS and WEC only 7 EJ, but the 2 °C ceiling has over 200
EJ more primary energy in total. The total primary energy depend on which energy sources
that are chosen, energy efficiency and consumer habits.

There are also differences when it comes to economic and legislative incentives for development
of coal CCS. For instance in WEC’s World Energy Scenarios where Symphony has a orientation
towards a strong government, in contrast to the Jazz scenario. This means stronger climate
policies and subsidized energy sources. Shell’s Mountains scenario also has a strong government
in comparison with the Oceans scenario which is more market influenced. As a result the
Mountains scenario utilizes more CCS and Oceans more solar power.

Another aspect is the objective of the scenario. The Azar et al scenarios are focused on a specific
temperature increase (2 °C) and so is the 2DS scenario from IEA. Shell’s Mountains and Oceans
scenarios on the other hand exceeds the 2°C increase trajectory. Scenarios also have different
focuses. IIASA’s scenarios are for instance divided into demand side efficiency improvements or
supply side transformations to other energy sources.

Total global Coal No Coal CCS
Year of primary CCS primary primary
max CCS energy at energy energy coal Explicit EP

Author Year Study Scenario name Time frame power max (EJ) at max (EJ) at max (EJ) information
Azar et al. 2012 [71] 2 degree ceiling 2100 2080 1113 35 422 No
Azar et al. 2012 [71] 1.5 degree overshoot 2100 2070 978 29 259 No
IEA 2014 [74] 2DS 2050 2050 687 27 37* Yes
IIASA 2012 [76] IMAGE Supply 2100 2100 1556 0 334 Yes
IIASA 2012 [76] IMAGE Mix 2100 2090 1094 0 314 Yes
IIASA 2012 [76] IMAGE Efficiency 2100 2100 758 0 83 Yes
IPCC 2005 [6] MiniCAM 2095 2095 1032 27 108 Yes
IPCC 2005 [6] MESSAGE 2095 2095 1211 19 49 Yes
Shell 2013 [82] Mountains 2100 2070 992 103* No
Shell 2013 [82] Oceans 2100 2070 1056 16* No
WEC 2013 [80] Symphony 2050 2050 700 56* No
WEC 2013 [80] Jazz 2050 2050 877 7* No
*Calculated values

Table 8: Summary of CCS implementation scenarios.

Figure 19 illustrates table 8 and the graph displays amount of coal CCS in primary energy
(EJ). Figure 20 displays the three scenarios chosen for coal consumption calculations. The 2
°C scenario by Azar et al [71] is chosen because it is the most extreme with a rapid expansion
and the highest peak. It also has a substantial decrease of energy after 2080. Mountains is
selected to get range between the scenarios. The mix image from IIASA is selected because it
is a midrange scenario. The data points from figure 19 have been reduced and the development
have been linearized for simplification. This mean that the scenarios used in the modeling is
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Figure 19: Summary of all reviewed implementation scenarios. Includes all extracted data
points.

inspired by the actual scenarios, but should not be seen as replicas. However, the scenarios will
keep their names throughout the report.

Figure 20: Scenarios used for calculation of coal consumption
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6 Modeling of global coal consumption

A model was developed to calculate coal consumption from the CCS-scenarios. Figure 21 shows
the structure of the model. The following sections will explain the parameters of the calculations
and important assumptions.

Figure 21: Overview of the model used for calculating coal consumption.

6.1 Pathways

Three different pathways were used for each scenario, one with most efficient technology, one
with the least efficient and a mixture of two technologies. For each pathway there are three
possible retrofitting options as described in section 5.1.7. The chosen pathways are:

• Only the best technology (pre-combustion) with no retrofit.

• The least efficient technology (post-combustion) with the first retrofit case7.

• 50% of post and pre-combustion and the second retrofit case8.

These represent a minimum, maximum and middle development.

To be able to compare different pathways with respect to primary energy and coal consumption,
all pathways have to produce equal amount of electricity over the whole year. This means that
when a technique with a higher EP is used, additional power is required. The extra power is
provided by post-combustion reference plants without CCS. The efficiency for these plants is
developed according to figure 22.

6.2 Varying reference plant efficiencies

The overall global efficiency of coal plants has over time increased as older plants have been
replaced with newer more efficient ones. The maximum plant efficiency has also increased over
time. Increasing the maximum efficiency is as important as lowering the energy demand of the
capture for the total fuel consumption of the plant [12].

71036 GW net power.
8665 GW net power.
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In this study it is assumed that all newly built plants will have the highest possible base efficiency
without CCS. The efficiency for new plants is assumed to increase over time through research
and future investments in CCS.

Pre combustion and post-combustion reference plant efficiency

van den Broek et al [83] have modeled future efficiencies for coal power plants with learning
curves. The growth in efficiency is relatively low in comparison with other studies with a
maximum efficiency of 51% in 2050. For instance EIA estimates an efficiency of 50-55% as early
as 2020 [83]. The growth is then extrapolated from 2050 to 2100. The efficiency progress for the
pre- and post-combustion reference plants is illustrated in figure 22.

Retrofit reference plant efficiency

IEA reports that the average net efficiency for existing coal plants was 32.6% in 2007. However,
this efficiency is corrected for heat supply so the true electrical efficiency is lower [12]. An
approximation of the future global efficiency progress was done using the current most efficient
plants and interpolate a growth curve. The assumed efficiency growth is shown in figure 22.
The curve shows a steeper growth in the beginning when older plants is replaced with the most
efficient. By 2090 the growth is decreasing and converging to 50%. This is because the maximum
efficiency is assumed to be 50% for a post-combustion reference plant according to figure 22.
The global efficiency is converging to this number either by building new plants or by removing
older plants. By 2100 most plants built prior to 2030 will have been decommissioned.

Figure 22: Future efficiency growth for post-combustion, pre-combustion and retrofit reference
plants.

6.3 Primary energy factor

The primary energy factor, PEF, is used when converting primary energy to produced electricity.
The primary energy is the total amount of energy needed for producing the final product. For
coal power this primary energy includes energy losses in mining, transportation and energy
conversion from coal to electricity. Equation 10 shows the definition of primary energy factor.
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PEF =
Primary energy
Useful energy

(10)

A literature study was conducted to find suitable PEFs. These can be found in appendix II. For
coal power the PEF is 3.3 with a included plant efficiency of 35%.

In this study the PEF vary over time because of the increase in plant efficiencies. The PEF
must also include the CCS energy penalty which is not included to begin with. A factor ηaux is
calculated with equation 11 and represent the efficiency for the transportation etc, without the
included plant efficiency.

ηaux =
1

PEFlitt ∗ ηlitt
=

1

0.35 ∗ 3.3
= 0.87 (11)

PEFlitt is the primary energy factor found in literature and ηlitt the included efficiency, in this
case 3.3 and 35% respectively.

The primary energy factor for each technology and efficiency is then calculated with equation
12

PEFccs =
1

ηref plant ∗ ηaux ∗ (1− EP )
(12)

where ηrefplant is the efficiency of the reference plan, EP the energy penalty and ηaux is 0.87.

The energy penalties that will be used is the mean EPs according to table 6. It is also assumed
in this study that all retrofit CCS will have an energy penalty equal to post-combustion capture.
The reason behind this is that the majority of the current plant fleet is regular air-fired plants
and that post-combustion is most suitable for retrofit

For each year, new plant efficiency and capture technology there will be a different PEF. The
PEF for each type of power plant and year used in the coal consumption calculations can be
found in appendix II.

6.4 Implementation procedure

Assumptions were made for the implementation procedure in order to simplify. All of the
implementation scenarios have a maximum, called the peak, amount of primary energy produced
by coal power with CCS. After this peak the energy is decreased, if the peak occurs before the
time span for the scenario. The reason for the decrease can either be improved energy efficiency
or a transition to other energy sources, like solar or wind. The expansion of CCS is governed
by the available amount of retrofit power. A set of rules which is the same for all scenarios was
created and used for all pathways.

• It is possible to implement retrofit power in several ways. One option is to only use
retrofit in the first 40 years, until the plants built in 2030 and earlier are too old, and then
decommission all retrofit power. This is a realistic scenario, but the downside is that all
available retrofit power may not be utilized because of restriction from the scenario. It
is also possible that only retrofit will be used during the first decades without any other
capture technology.

Another possibility is to decide a distribution between retrofit and the other technologies
and decommission after 40 years. This is also a realistic approach but it may in some cases

35



mean, as with the first option, that the whole available power is not utilized during the 40
years.

The third way is to allow retrofit during whole timespan and let it grow linearly. In
this case the potential of retrofit is clearly demonstrated but the downside is that some
assumptions has to be made. For instance that plants built at present time are available
for retrofit 80 years later, long after their estimated lifetime or that new plants without
CCS are constantly built alongside CCS plants with a increasing efficiency. This is the
chosen way of implementation.

• If there is a decline after the peak the retrofitted power will be decommissioned first. The
reason behind this is the lower total efficiency of the retrofitted power plant and it is easier
to remove the CCS-equipment.

• If the retrofit primary energy is unable to deliver the needed energy for that scenario other
techniques will be used to meet the demand. It can be a single technique or a mixture of
two.

• If there is a peak with a decrease in energy the technique with the highest EP will be
decommissioned first.

6.5 Results

The coal consumption pathways calculated with the assumptions in section 5.1.7 and 6.4 and
the constants in appendix II. In each scenario three possible pathways were calculated and
compared:

• Only the best technology (pre-combustion) with no retrofit.

• The least efficient technology (post-combustion) with the first retrofit case9.

• 50% of post and pre-combustion and the second retrofit case10.

In each scenario the first pathway is the most efficient, then comes the 50/50 mixture and the
third is always the least efficient.

In the following sections the results will be presented in Mtce where tce is a coal equivalent and
corresponds to a heating value of 29.3 MJ/kg. The charts for the individual pathways display
the net electrical power and coal consumption for the different technologies. The total is an
aggregation of the other technologies. For the net electric power the total power will be the
same for all pathways within a scenario bur for coal consumption the total consumption will be
different for the pathways. The supplementary electric power is the needed additional net power
for the second and third pathway to be equal to the first. The supplementary coal is the coal
consumption from the supplementary power.

For comparison, the current coal consumption based on a net power output of 1621 GW [81]
with an efficiency of 32.6% [12] is included. The coal consumption is calculated based on the
same constants as the pathways and is approximately 5200 Mtce. The base case is a case
which delivers as much net electricity as the pathways but without CCS. It is assumed that
the efficiency for the base case plants is the same as that for a post-combustion reference plant
without CCS, according to figure 22.

To better illustrate the difference between the pathways and base case without CCS, the dif-
ference in coal is presented as additional coal mines and plants required in the pathways. The

91036 GW net power.
10665 GW net power.
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production per year of a coal mine is based on the average production from an American coal
mine. In total the US is producing approximately 921 million metric ton from 1229 mines per
year [84]. Assuming a conversion factor of 0.692 tce/ton [1] gives an average of 0.51 Mtce per
year and mine. The power plant size of new plants in the future is assumed to be 500 MW of
thermal input. As a comparison there are approximately 7000 individual coal power units in the
world [85].

6.5.1 Shell’s Mountain scenario

The first pathway has only one technology, pre-combustion and no retrofitting and can be seen
in figure 23.

Figure 23: Coal consumption and net power for the first pathway.

The second pathway, figure 24, uses post-combustion and retrofit. But in this case the available
primary energy from the retrofit is greater than the available primary energy in the Mountains
scenario which eliminates the need for post-combustion capture. There is however need for
supplementary coal and net power because of the higher energy penalty compared to the first
pathway.

Figure 24: Coal consumption and net electric power for the second pathway.

Figure 25 shows the coal consumption and net electric power for the third pathway. The retrofit
power is linearly developed and pre and post-combustion are contributing with the remaining
power. In the right chart in figure 25 post-combustion and pre-combustion capture are using the
same amount of coal and the lines overlap. But due to different EPs the net power is smaller for
post-combustion as shown in the left chart. The plot also shows that post and pre-combustion
are not used until 2040, because retrofit is able to supply the needed energy, and the retrofit is
decommissioned first after the peak at 2070.
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Figure 25: Coal consumption and net electric power for the third pathway.

6.5.2 Comparison of pathways

As expected the first pathway is the most efficient and the second one the least. Figure 26 also
shows that the coal consumption from coal with CCS is approximately two thirds of the current
consumption.

Figure 26: Coal consumption for all pathways in the Mountains scenario.

Pathway Technology Retrofit case Coal consumption (%) Plants Mines
1 Pre None 120 1049 1131
2 Post 1036 GW 135 1803 1943
3 Post and Pre 665 GW 131 1684 1751
Base 100

Table 9: Comparison of the pathways with the base case for Shell’s scenario.

The key results are presented in table 9. If the second pathway is used the consumption will
be 35% greater than the base case without CCS. The second pathway is also around 11% more
coal consuming than the first one.
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6.5.3 Azar et al 2 °C ceiling scenario

The first pathway has only one technology, pre-combustion and no retrofit as shown by figure
27.

Figure 27: Coal consumption and net electric power for the first pathway.

Figure 28 displays the second pathway which uses post-combustion and retrofit. The retrofit
grows linear until 2080 and the post-combustion provides additional power. By 2090 all of the
retrofitted power has been decommissioned and since the decline after the peak is steep, most
of the post-combustion also have to be decommissioned.

Figure 28: Coal consumption and net electric power for the second pathway.

The third pathway, figure 29, uses the middle retrofit case together with a equal split between
post and pre-combustion. All technologies grow linear between 2030 and 2070. After the peak
at 2080 the retrofitted plants are decommissioned along with all of the post-combustion and
almost all pre-combustion capture.

Figure 29: Coal consumption and net electric power for the third pathway.
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6.5.4 Comparison of pathways

As with the other scenarios the first pathway the most efficient and the second one the least.
When comparing to the calculated consumption of today the pathways are consuming more than
double the amount of coal equivalents, which can bee seen in figure 30.

Figure 30: Coal consumption for all pathways in the 2 °C ceiling scenario.

Pathway Technology Retrofit case Coal consumption (%) Plants Mines
1 Pre None 120 4326 4662
2 Post 1036 GW 130 6533 7004
3 Post and Pre 665 GW 126 5614 6050
Base 100

Table 10: Comparison of the pathways with the base case for Azar et al’s scenario.

In this scenario the first pathway is 8.3% better than the second and least efficient one. The least
efficient pathway uses 30% more coal than the base case. In comparison to the Shell scenario the
percentage difference between the worst pathway and the base case is smaller, which to some
extent can be explained by the larger share of retrofit in the Shell scenario.

6.5.5 IIASA mix image scenario

The first pathway has only one technology, pre-combustion and no retrofitting and is shown in
figure 31.

40



Figure 31: Coal consumption and net electric power for the first pathway.

The second pathway uses post-combustion and retrofit and is shown in figure 32. As with the
other scenarios the retrofit is decommissioned after the peak.

Figure 32: Coal consumption and net electric power for the second pathway.

Figure 33 shows the third pathway where the middle retrofit case is used together with a 50/50 di-
vision between post and pre capture. The retrofit is linearly developed with the other techniques
is contributing with half of the needed energy. After 2090 the retrofit will be decommissioned
and the other technologies are kept constant.

Figure 33: Coal consumption and net electric power for the third pathway.

6.5.6 Comparison of pathways

As shown in table 34 the first pathway is the most efficient and is 7% better than the second
pathway. This scenario consumes nearly twice the current amount of coal at the peak.
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Figure 34: Coal consumption for all pathways in the mix image scenario

Pathway Technology Retrofit case Coal consumption (%) Plants Mines
1 Pre None 120 2823 3440
2 Post 1036 GW 129 4264 5033
3 Post and Pre 665 GW 126 3613 4406
Base 100

Table 11: Comparison of the pathways with the base case at the peak for IIASA’s scenario.

The second pathway is more efficient than the second pathway in the Azar scenario. A possible
explanation is that the peak for the IIASA scenario occurs at 2090 when the retrofit plant
efficiency is better than at 2080.

6.6 Comparison between scenarios

There is a significant difference in actual coal consumption between the scenarios, which of
course depends on how much primary energy the different scenarios contain. But the relative
differences from the different pathways to the base case are similar in the three cases. The first
pathway is around 120% of the base case in all the scenarios. There is a larger difference between
the Mountains scenario and the other two in the second and third pathways. This is due to the
retrofit, which has a larger relative share in the Mountains scenario. A larger share of retrofit
means a larger efficiency difference between the base case and the CCS-case.

6.7 Comparison with other production scenarios

The calculated value of today’s consumption, approximately 5200 Mtce, is comparable to the
global production in 2011 of 5391 Mtce [78], although IEA includes coal usage from other sectors.
Höök et al has conducted a study in which two future production scenarios has been calculated.
As seen in figure 35 the scenarios are presented in Mton coal so a conversion factor of 0.692
tce/ton is used. The peak production is then approximately 5500 Mtce for the standard case
and 8000 Mtce for the high case [1].

The peaks from the three scenarios and nine pathways are presented in table 12. It is evident

42



Figure 35: Coal production outlook from Höök et al [1].

that the Azar et al 2 °C ceiling scenario will struggle to produce the amount of coal that is
needed to fulfill the scenario. Even the mix image exceeds the estimated production.

Scenario Pathway Peak Coal consumption (Mtce)
Shell Mountain 1 2070 3505
Shell Mountain 2 2070 3923
Shell Mountain 3 2070 3824
IIASA Mix image 1 2090 10651
IIASA Mix image 2 2090 11478
IIASA Mix image 3 2090 11152
Azar et al 2 °C ceiling 1 2080 14432
Azar et al 2 °C ceiling 2 2080 15667
Azar et al 2 °C ceiling 3 2080 15153

Table 12: Coal consumption at the peaks for the pathways.

Another forecast until 2100 was conducted by Mohr and Evans [3]. Three possible scenarios
are presented where the R+C scenario is the maximum scenario. In the R+C scenario the
production peaks at 2048 with a global production of 9919 Mt/year or 6864 Mtce/year. Also in
comparison with this scenario Azar et al 2 °C and the mix image pathways fall short.

6.8 Sensitivity analysis

IPCC defines scenarios as an "image of the future" which represent one possible development
of the future. A scenario is not a prediction or a forecast, which aims to be more certain.
Scenarios can be seen as a middle ground between stories and models, where models are a more
quantitative approach and stories more qualitative. Scenarios are suitable for assessing complex
systems, e.g climate change or oil production, which contains large uncertainties and are difficult
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to predict [86]. However, governments and other planners need an understanding of probabilities
and uncertainties to make strategic decisions about the future.

The implementation scenarios reviewed in this report have uncertainties and in some cases
sensitivity analysis are carried out [71] [82]. The pathways described in this study can be seen
as scenarios that contains a max, min and a middle ground for a certain implementation based
on some assumptions. Since assumptions has been made on important parameters, as future
efficiencies, a sensitivity analysis will be carried out to see the effects of the assumptions.

6.8.1 Parameters to analyze

As shown in figure 21 two of the input parameters in the model are the growing efficiency of
the reference power plants and the energy penalty from capturing the carbon dioxide. Since
the first part of this study is an evaluation of potential energy penalties, this parameter will be
varied with the standard deviation. The assumed plant efficiencies can have a large impact on
the future coal production and future emissions and will therefore also be varied.

In the sensitivity analysis the net electrical power output will be kept constant across two cases,
one high and one low. The high case is a maximum consumption case and the low a minimum.
Because the power is kept constant and the EP and efficiencies are changed, the needed primary
energy and associated coal consumption will change.

The efficiency developments are the upper and lower boundaries from van den Broek et al’s [83]
efficiency estimations. The efficiency developments are presented in figure 36 for the high case
and 37 for the low. Table 13 summarizes the EPs used in the sensitivity analysis.

Figure 36: Plant efficiencies for the high sensitivity case.

Technology EP low case (%) EP high case (%)
Post-combustion 16.8 32.6
Pre combustion 14.0 22.8

Table 13: Table of used EPs in sensitivity analysis.
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Figure 37: Plant efficiencies for the low sensitivity case.

6.8.2 Results of sensitivity analysis

The sensitivity analysis was carried out on IIASA’s mix image scenario and the result from the
sensitivity analysis is shown in figure 38. It is clear that the assumptions on plant efficiency
and EPs can have a significant impact on the final results. The best pathways in the low case
consumes around 8700 Mtce coal-equivalents at 2090 and the worst pathway in the high case
over 13500 Mtce. This is a difference of over 50%. The pathways are also almost equal in the low
case. This is due to the almost equal EPs which together with the one percentage point lower
efficiency of pre-combustion makes the total efficiency almost the same. All pathways in the low
case are also slightly more efficient than the base case for the high case sensitivity analysis. This
is reasonable as the 14% and 16.8% drop from a efficiency of 57% is almost 47%, which is the
efficiency for the high case without CCS.

Figure 38: Mix image scenario in sensitivity analysis.
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7 Regional coal production and implications

The global coal market differentiates it self from the other fossil markets in that the largest coal
producers are also the largest consumers. For example China, the largest producer in the world
with a 45% market share, is not even among the top ten exporters in the world. China became
a net importer of coal in 2009 [87] and is currently the largest importer with roughly 278 Mton
annually [88]. China’s coal imports are expected to increase to meet future demand [87]. Imports
are also estimated to increase for other non self-sufficient coal consumers, for instance India [87].
The other large producer, the US, is exporting around 10% of its yearly coal production. In the
oil market there are a few countries, Saudi Arabia and Russia, which are large producers but
also large exporters and exports most oil to the rest of the world [88].

7.1 USA

Coal is the base of American electricity production and accounted for 42% of the fuel supply
between 2009 and 2013. In 2011 the US produced 1875 TWh from coal and peat[88]. Because
coal has been so widely used in the US, the infrastructure for mining, transportation and utilizing
coal is well-developed and the supply chain of coal is contributing to 7% of the American GDP
[89]. Coal has been a key part in keeping American electricity prices at a low level and electricity
prices and coal prices are strongly correlated [89].

The US is currently self sufficient in coal supply and exported around 106 Mton coal in 2012 [89].
Being self sufficient and possessing approximately 27% of the worlds coal reserves [89] means
that the US has almost ideal conditions for large scale CCS implementation.

The coal power plant fleet in the US is quite old and the majority of plants are between 25 and
45 years old. Only 4% or 14 GW of the American plants meet the criteria in retrofit case 311

and only 6% or 20 GW case 212. Because the fleet is older most CCS in the US will have to be
deployed on new plants.

7.2 China

China is currently the largest coal producer, consumer and importer in the world and produces
around 3723 TWh electricity from coal and peat per year [88]. As with the US, China’s electricity
production is heavily based on coal and accounted for 76.5% of the Chinese production in 2010.
Coal production is assumed to increase in the nearest decades to continue to supply the rapid
expansion of coal power [90].

In the past, coal and electricity prices in China were set by the government, but a shift to
decontrolled coal prices were made in the 1990s [91]. Since the shift, the price on coal has
steadily increased. Electricity prices in China are still adjusted by the government and are
largely based on coal prices [92].

According to Höök et al [1] China will be the largest coal producer to around 2045 where Russia
and the US will pass. Wang et al [90] suggest that the peak may occur as early as 2024. The
decline of domestic coal production will mean that if China decides to continue the expansion of
coal power with CCS, their import dependence will grow. A proper knowledge of the production
peak is necessary for taking strategic decisions regarding future CCS development.

11Includes plants younger than 10 years and larger than 300 MW.
12Includes plants younger than 20 years and larger than 300 MW.
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Since China’s coal power plant fleet is relatively young, a large share of the plants that IEA
believe are suitable for retrofit is located in China. In retrofit case 3 China contributes with
83% or 390 GW of the suitable global generating capacity [81]. This capacity however, is not
enough to fulfill the Azar 2 °ceiling case which has a net power demand of roughly 5000 GW.
So even though the potential for retrofitting is good in China, new plants are needed to fulfill
the most optimistic scenarios.

7.3 Europe

Coal contributes to 15% of the electricity generation in Europe [89]. The three largest producers
of electricity from coal are Germany (272 TWh), Poland (141 TWh) and Russia (164 TWh).
European countries are relatively small coal consumers in comparison with China and USA.
Germany’s power plant fleet is the fourth largest in the world but the retrofit potential is
relatively small according to the IEA [81]. Approximately half of the plants, or 24 GW, are
included in the third case but only 2% or 1 GW in the first case. In Russia the possibilities of
retrofit is even smaller with 24% or 12 GW being suitable according to case three. For Poland
this number is 10%.

So if Europe were to implement all of the planned coal with CCS in the Azar 2 °C ceiling case,
it would mean an increase of electricity production from 577 TWh13 to approximately 42 000
TWh14. Such a substantial increase in coal power would require large investments in coal and a
focus shift from renewables to coal, which is highly doubtful.

Another issue is the lack of coal reserves in Europe. As shown by Höök et al [1] the coal
production from Europe 15 is less then 10% of the global production at the peak. The outcome
of this may be that if European countries invest to deeply in coal with CCS they will develop a
fuel dependency on Russia, China and the US in similar ways as the current dependency on oil.
Another option would be to start up mining again, which seems unacceptable.

7.4 Mining

Coal mining is associated with several environmental issues and is considered to be one of the
most negative aspects of coal power. There are two types of mining techniques used in the
coal sector, underground mining and surface mining, where underground mines account for
approximately 60% of the global mining. Which type of mining that is used depends on the
geology and at which depth the coal is located. The environmental impacts between the to types
of mining are largely the same but the severity can differ. The main impacts of mining are:

1. Air pollution in form of particles and gases. The particles arise from drilling and blasting.
The gases are for instance sulphur dioxide and nitrogen oxides. Another problematic gas is
methane, which is not only a potent green house gas but also highly explosive. A possible
mitigation measure to the methane problem would be to capture the methane from the
ventilation air [93].

2. Mining affects the ground water by lowering the water table, pollution and redirection
ground water streams. Another concern is the formation of acid mine discharge (AMD),
which occurs when pyrite FeS2 reacts with water and air to produce sulfuric acid and
dissolved iron. The acid is capable of dissolving other metals, like lead and mercury, which
can spread into the ground water [93].

13Electricity production from the largest countries, Germany, Poland and Russia [88]
14Based on calculations from pathway 1 in the Azar 2 °ceiling case
15Europe and Eurasia but excluding Russia
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3. Mining also changes the local landscape by building of infrastructure, dumps for the mining
waste and by land subsidence. The subsidence can impact future land use, as lower yields
in future crop production or cause accidents if the land is used for housing or roads [93].
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8 Discussion

The following section will discuss the two main parts of this work, the energy penalty assessment
and the coal consumption calculations. Focus will be on the results and which strategical impact
on future CCS development these will have. The methodology used for calculating future coal
consumption will also be discussed.

8.1 Energy penalty assessment

The results from the statistical evaluation show that there is a considerable dispersion between
the reported EP values. In some cases the difference is several hundred percent, 54% to 8.4% for
post-combustion, as illustrated by figure 6. Since there is such a large difference, even between
the same category of technology simulated with the same software, it is not really appropriate
to bundle the EP into one single value. The EP for a certain plant depends greatly on other
factors and not only the capture technology. So when considering a single plant it is best to
calculate a specific EP based on local conditions.

A mean value of the EP can however be suitable when discussing strategy of large scale im-
plementation of CCS, because then the distribution of the technologies and the exact plant
configurations may not be known. The mean is also suitable when politicians and other policy-
makers plan and make policies for the future. If a nation were to invest in large scale CCS it is
important to realize that the electricity generation will decrease. Here can the mean EP act as
guidance so an expansion of the generation capacity can be planned.

8.2 Coal consumption calculations

As shown in section 6.5 there are differences in coal consumption depending on pathway. Using
the best technology, pre-combustion capture in pathway 1, means the lowest coal consumption
as shown by figure 26, 30 and 34. Figure 38 shows that the assumed efficiencies will have an
impact on the final coal consumption. It also shows that by using the best technology and
raising the reference plant efficiency it is possible to be more efficient than the base case with
the current plant efficiencies. Increasing plant efficiency up to 57% is however not trivial and
requires large investments in research and development.

The cumulative difference of coal consumption between the base case (without CCS) and the
pathways (with CCS) over the entire scenario time span can be substantial. For instance for
the second pathway of the 2 °C ceiling scenario the cumulative difference corresponds to more
than 20 times the current global coal consumption. A large scale implementation of CCS will
certainly have a impact on the availability and life span of coal.

As discussed in section 6.4, development of retrofit power and new plants with CCS can be
modeled in several ways. The pace of retrofit depends greatly on economic profitability. CCS-
economics are associated with assumptions about future coal prices, carbon prices and plant
investments cost. The assumptions give rise to uncertainties [94]. The pace at which the
technologies expand also depends on the level of incentives. As Simbeck and Meecy [95] show, a
lower carbon tax will promote new plants with CCS, since retrofitting is not profitable because
of the higher CO2-avoidance cost. The complexity of CCS-economics makes a more detailed
implementation procedure difficult to model, and is beyond the scope of this work.

Another simplification is the decommissioning. In reality it is not fair to demand one type of
capture technology to shut down its capture and electricity generation. One option could be to
pay the plant owners to decommission.
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In the calculations it is assumed that coal will produce the extra amount of energy, roughly 13%,
for mining and transportation of the coal, since the primary energy factor from the literature
includes these steps. In reality this is not likely as the transportation is mainly fueled by oil,
which has a lower primary energy factor. Another option could be to use a factor that only
includes the efficiency of the plant, but then extra calculations must be made regarding the
transportation to keep a lifecycle perspective.

CCS is currently not commercial and is not expected to be within the nearest decade. So one
issue is how to best proceed until it is. One option is to build plants to be capture ready. But
calculations made by Rolfhs and Madlener [53] suggest that this may not be the best economical
solution. Rolfhs and Madlener’s results show that in most cases it is more profitable to shut
down the existing plant and build a new one from scratch. Even with a newly build plant,
capture ready or not, it is better to replace it with a newly build plant with integrated CCS
instead of retrofit.

As indicated in section 6.7 the production of coal may not be able to supply the demand. This
is a general problem when using emissions or energy as a starting point and not the actual
available fuel. A more suitable approach could be to estimate the future supply and from there
calculate how much coal with CCS that can be implemented.

One contradiction surrounding coal with CCS is the fact that to capture the carbon dioxide and
maintain the current electrical power more coal must be produced, which means more mines. In
the most coal intensive pathway there is need for over 7000 more mines with CCS in comparison
to the base case without CCS. As a comparison the US currently utilizes 1229 mines. The
actual number of required mines of course depends greatly the assumed production capacity of
the mines. This means that governments and energy associations must also allow an expansion
of mining if they want large scale CCS, to avoid a shortage of electricity. Getting the publics
approval of new mines can also be many times harder than getting approval for CCS.

An option to large scale investment in CCS is to focus solely on efficiency improvement. With
efficiency improvement is possible to attack the problem of CO2 from both ways, since an
improvement in efficiency means both a reduction in fuel demand and a reduction in emissions.
It will however be difficult to lower the emissions to the same levels as with CCS.

8.3 Barriers for implementation

The fact that inexpensive coal means inexpensive electricity is a key barrier in large scale CCS
implementation. A large scale implementation could lead to increased electricity price due to
initial investments cost of CCS and a fuel price increase due to a higher coal demand. United
States Environmental Protection Agency (EPA) considers the lack of climate legislation as an-
other key barrier for CCS in the US. Because the carbon is free and there are no economic
incentives means that investments in low carbon technologies are expensive and uncertain. An-
other barrier is uncertainties in law and regulations. The risk of changes in regulations make
long term investments uncertain . The third key barrier is public awareness and support. EPA
means that public participation is critical for development of a new energy technology [96].
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9 Conclusion

Applying CCS on coal power plants will have a significant effect on the plant efficiency. The
energy used for capturing the carbon dioxide will lower the efficiency with 24.7% ± 7.9% for
post-combustion, 18.4% ± 4.4% for pre-combustion and 21.6% ± 5.5% for oxy-fuel. The results
imply that pre-combustion capture may be the most efficient capturing method. It is also the
technology with the smallest deviation.

Determine a single value for EP for a CCS-technology is not appropriate. The value of EP
depends greatly on the design of the plant as a whole. There is a significant spread even
between EPs for the same technology obtained by the same method. For post-combustion with
MEA simulated in Aspen the EP ranges between 10.7 and 39.1% as shown in figure 16.

The lowered plant efficiency from the carbon capture mean that more coal is needed to deliver
the same amount of electricity. Three implementation pathways were constructed for each CCS
scenario to demonstrate this. The pathways show that the coal consumption with CCS may
increase between 20 and 35% in comparison to no CCS. The increase depends greatly on plant
efficiency and CCS technology. To compensate the power loss, more coal power plant and mines
are needed. The energy penalty of carbon capture will be an important factor in planning future
CCS expansion.

In comparison with future coal production scenarios from Höök et al [1] and Mohr and Evans
[3], the results suggest that is may be difficult to produce the amount of coal needed to fulfill
the scenarios.

9.1 Future work

Capturing the carbon dioxide is only the first part of CCS. When it is captured it must also be
transported and stored. The transportation will mainly be done in pipelines. Using pipelines
for transportation is a mature and commercial technology and has been used in the fossil fuel
industry for a long time for transporting natural gas and oil. Another application is for trans-
porting hot water in district heating systems [97]. Geological reservoirs in the earth’s upper
crust are considered to have the largest potential for long term carbon dioxide storage. There
are several potential storage sites including:

• Depleted oil and gas reservoirs.

• Saline aquifers.

Transport and storage also need energy to pump the carbon dioxide in the pipelines and to
inject the CO2 into the storage.

To get a better overview of the EPs, additional technologies may be included in the review.
Besides the previously described technologies there are a number of technologies in development.
One of these is a pre-combustion technique called chemical looping combustion (CLC). CLC is
considered to have the potential to be more efficient and cost effective than current capture
technologies. In short, CLC is an indirect combustion where the coal is burnt without direct
contact with the air, but instead by the help of a solid oxygen carrier. More about the technology
can be found in [98] and [99]. Erlach et al [99] and Mantripragada and Rubin [98] have also
calculated the efficiency of the CLC. Erlach et al found that the best CLC was approximately
3 percentage points better, 39 to 36.2%, than the best conventional IGCC. Mantripragada and
Rubin calculate an efficiency of 38.9% for a CLC compared to close to 31% for a conventional
IGCC plant with Selexol capture.
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Since retrofitting is an option for future CCS implementation the EPs for retrofit should be
examined closer. An EP for a post-combustion retrofit would likely be higher than a newly built
optimized plant [64].
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I Appendix I

Source Energy penalty (%) Net power (MWe)
[35] 11.3 1065
[35] 12.9 1046
[35] 14.0 1031
[100] 16.8 1031
[35] 14.7 1025
[35] 15.1 1020
[100] 24.8 935
[101] 20.1 808
[102] 24.0 695
[9] 20.9 676
[9] 19.8 666
[63] 28.2 626
[63] 30.9 562
[103] 28.6 559
[104] 28.2 550
[104] 25.6 550
[54] 28.8 550
[54] 27.7 550
[9] 28.1 550
[9] 27.6 550
[9] 27.3 550
[105] 26.6 549
[103] 30.4 546
[63] 35.9 524
[62] 15.3 509
[62] 16.3 504
[9] 24.0 500
[106] 17.9 498
[107] 16.4 480
[108] 13.5 478
[108] 17.1 465
[63] 45.3 453
[107] 21.1 453
[62] 25.1 451
[106] 25.6 450
[62] 29.1 441
[106] 28.2 438
[60] 10.7 436
[64] 23.9 435
[60] 14.3 420
[63] 51.6 405
[109] 22.4 405
[110] 31.1 399
[9] 23.0 399
[37] 21.8 386
[64] 34.3 375
[60] 28.6 352
[29] 23.6 347
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[29] 24.1 336
[37] 34.4 323
[37] 39.9 296
[60] 13.0 178
[60] 21.7 158
[60] 39.1 125

Table 14: Post ccombustion EPs depending on size

Source Energy penalty (%) Net power (MWe)
[111] 14.5 1082
[35] 10.2 1078
[35] 12.9 1045
[35] 13.8 1034
[35] 14.0 1032
[112] 17.1 730
[113] 19.8 720
[113] 24.0 709
[112] 20.0 676
[55] 16.2 547
[54] 16.4 543
[114] 16.4 539
[54] 21.9 513
[9] 21.6 507
[55] 24.1 504
[9] 18.9 500
[54] 25.9 496
[9] 21.2 482
[115] 17.0 450
[115] 19.1 439
[115] 19.1 438
[37] 14.0 393
[116] 18.2 393
[105] 23.3 383
[116] 23.6 379
[28] 25.4 374
[31] 16.8 364
[31] 19.7 353
[29] 19.6 352
[28] 24.5 352
[14] 12.8 322
[57] 13.0 300
[57] 7.7 300
[14] 18.7 296
[34] 20.5 293
[14] 22.2 287

Table 15: Pre combustion EPs based on size

Data sample Source Energy penalty (%)
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1 [63] 51.6
2 [63] 45.3
3 [37] 39.9
4 [66] 39.4
5 [60] 39.1
6 [63] 35.9
7 [37] 34.4
8 [64] 34.3
9 [117] 31.1
10 [110] 31.1
11 [63] 30.9
12 [103] 30.4
13 [62] 29.1
14 [54] 28.8
15 [103] 28.6
16 [56] 28.6
17 [60] 28.6
18 [56] 28.5
19 [106] 28.2
20 [63] 28.2
21 [104] 28.2
22 [9] 28.1
23 [54] 27.7
24 [9] 27.6
25 [9] 27.3
26 [56] 27.2
27 [56] 27.0
28 [56] 26.7
29 [105] 26.6
30 [56] 26.5
31 [56] 26.4
32 [56] 26.2
33 [56] 25.8
34 [56] 25.7
35 [106] 25.6
36 [104] 25.6
37 [56] 25.3
38 [62] 25.1
39 [100] 24.8
40 [56] 24.5
41 [29] 24.1
42 [9] 24.0
43 [102] 24.0
44 [64] 23.9
45 [29] 23.6
46 [61] 23.4
47 [61] 23.4
48 [9] 23.0
49 [66] 22.9
50 [109] 22.4
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51 [37] 21.8
52 [60] 21.7
53 [107] 21.1
54 [9] 20.9
55 [101] 20.1
56 [9] 19.8
57 [106] 17.9
58 [108] 17.1
59 [100] 16.8
60 [107] 16.4
61 [62] 16.3
62 [62] 15.3
63 [35] 15.1
64 [35] 14.7
65 [60] 14.3
66 [35] 14.0
67 [66] 13.7
68 [108] 13.5
69 [60] 13.0
70 [35] 12.9
71 [35] 11.3
72 [60] 10.7
73 [66] 8.4

Table 16: EPs used for calculating aggregated EP for post-combustion.
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Source Energy penalty (%) Net power (MWe)
[35] 9.6 1085
[35] 10.7 1071
[118] 18.8 670
[119] 21.3 600
[119] 16.3 600
[119] 15.4 600
[58] 19.9 550
[58] 20.3 550
[58] 18.8 550
[58] 19.3 550
[58] 22.6 550
[58] 23.8 550
[104] 25.6 550
[104] 26.0 550
[104] 25.6 550
[112] 19.5 532
[59] 15.8 510
[120] 11.1 493
[59] 20.4 483
[59] 13.7 479
[120] 20.3 443
[59] 20.7 440
[120] 20.7 440
[120] 21.4 437
[65] 29.0 410
[65] 27.0 410
[65] 28.0 408
[65] 27.0 405
[65] 28.0 403
[65] 29.0 397
[67] 27.2 305
[67] 28.5 301
[121] 20.6 244
[48] 20.9 238
[121] 30.7 212

Table 17: Oxy-fuelcombustion EPs based on size
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Data sample Source Energy penalty (%)
1 [121] 30.7
2 [65] 29.0
3 [65] 29.0
4 [67] 28.5
5 [65] 28.0
6 [65] 28.0
7 [67] 27.2
8 [65] 27.0
9 [65] 27.0
10 [104] 26.0
11 [104] 25.6
12 [104] 25.6
13 [122] 24.7
14 [58] 23.8
15 [58] 22.6
16 [120] 21.4
17 [119] 21.3
18 [48] 20.9
19 [59] 20.7
20 [120] 20.7
21 [121] 20.6
22 [59] 20.4
23 [58] 20.3
24 [120] 20.3
25 [58] 19.9
26 [112] 19.5
27 [58] 19.3
28 [118] 18.8
29 [58] 18.8
30 [119] 16.3
31 [59] 15.8
32 [119] 15.4
33 [59] 13.7
34 [120] 11.1
35 [35] 10.7
36 [35] 9.6

Table 18: EPs used for calculating aggregated EP for oxy-fuel plants
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Data sample Source Energy penalty (%)
1 [54] 25.9
2 [28] 25.4
3 [28] 24.5
4 [55] 24.1
5 [113] 24.0
6 [116] 23.6
7 [105] 23.3
8 [14] 22.2
9 [54] 21.9
10 [9] 21.6
11 [9] 21.2
12 [34] 20.5
13 [112] 20.0
14 [113] 19.8
15 [31] 19.7
16 [29] 19.6
17 [115] 19.1
18 [115] 19.1
19 [9] 18.9
20 [14] 18.7
21 [116] 18.2
22 [112] 17.1
23 [115] 17.0
24 [31] 16.8
25 [54] 16.4
26 [114] 16.4
27 [55] 16.2
28 [111] 14.5
29 [37] 14.0
30 [35] 14.0
31 [35] 13.8
32 [57] 13.0
33 [35] 12.9
34 [14] 12.8
35 [35] 10.2
36 [57] 7.7

Table 19: EPs used for calculating aggregated EP for pre-combustion
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Data sample Source Energy penalty (%)
1 [54] 25.9
2 [28] 25.4
3 [28] 24.5
4 [55] 24.1
5 [116] 23.6
6 [105] 23.3
7 [14] 22.2
8 [54] 21.9
9 [112] 20.0
10 [112] 17.1
11 [54] 16.4
12 [114] 16.4
13 [55] 16.2
14 [37] 14.0
15 [57] 13.0
16 [57] 7.7

Table 20: EPs used for calculating EP from simulation of pre-combustion

Data sample Source Steam properties Energy penalty (%)
1 [60] Sub critical 39.1
2 [54] Sub critical 28.8
3 [60] Sub critical 28.6
4 [56] Sub critical 28.5
5 [56] Sub critical 27.2
6 [56] Sub critical 27.0
7 [60] Sub critical 21.7
8 [60] Sub critical 14.3
9 [60] Sub critical 13.0
10 [60] Sub critical 10.7

Table 21: EPs for sub critical combustion.
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Data sample Source Steam properties Energy penalty (%)
1 [63] Super critical 51.6
2 [63] Super critical 45.3
3 [63] Super critical 35.9
4 [63] Super critical 30.9
5 [103] Super critical 30.4
6 [62] Super critical 29.1
7 [103] Super critical 28.6
8 [56] Super critical 28.6
9 [106] Super critical 28.2
10 [63] Super critical 28.2
11 [9] Super critical 28.1
12 [54] Super critical 27.7
13 [9] Super critical 27.3
14 [56] Super critical 26.7
15 [105] Super critical 26.6
16 [56] Super critical 26.2
17 [56] Super critical 25.8
18 [56] Super critical 25.7
19 [106] Super critical 25.6
20 [62] Super critical 25.1
21 [9] Super critical 24.0
22 [61] Super critical 23.4
23 [61] Super critical 23.4
24 [109] Super critical 22.4
25 [107] Super critical 21.1
26 [106] Super critical 17.9
27 [108] Super critical 17.1
28 [107] Super critical 16.4
29 [62] Super critical 16.3
30 [62] Super critical 15.3
31 [108] Super critical 13.5

Table 22: EPs for super critical combustion.
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Data sample Source Steam properties Energy penalty (%)
1 [64] Ultra super critical 34.3
2 [117] Ultra super critical 31.1
3 [110] Ultra super critical 31.1
4 [9] Ultra super critical 27.6
5 [56] Ultra super critical 26.5
6 [56] Ultra super critical 26.4
7 [56] Ultra super critical 24.5
8 [56] Ultra super critical 25.3
9 [29] Ultra super critical 24.1
10 [102] Ultra super critical 24.0
11 [64] Ultra super critical 23.9
12 [29] Ultra super critical 23.6
13 [101] Ultra super critical 20.1
13 [35] Ultra super critical 15.1
14 [35] Ultra super critical 14.7
15 [35] Ultra super critical 14.0
16 [35] Ultra super critical 12.9
17 [35] Ultra super critical 11.3

Table 23: EPs for ultra super critical post-combustion capture.
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Data sample Source Energy penalty (%)
1 [60] 39.1
2 [110] 31.1
3 [62] 29.1
4 [54] 28.8
5 [56] 28.6
6 [60] 28.6
7 [56] 28.5
8 [54] 27.7
9 [56] 27.2
10 [56] 27.0
11 [56] 26.7
12 [105] 26.6
13 [56] 26.5
14 [56] 26.4
15 [56] 26.2
16 [56] 25.8
17 [56] 25.7
18 [56] 25.3
19 [62] 25.1
20 [56] 24.5
21 [29] 24.1
22 [29] 23.6
23 [61] 23.4
24 [37] 21.8
25 [60] 21.7
26 [107] 21.1
27 [107] 16.4
28 [62] 16.3
29 [62] 15.3
30 [60] 14.3
31 [60] 10.7

Table 24: EPs from simulating MEA post-combustion capture with Aspen
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II Appendix II

Constant Unit Other comments
0.0036 Conversion TWh to EJ
0.97 Mton CO2 /TWh Emission factor. CO2 from coal.
90 % Capture rate
90 % Utilization of plant
8.36 ∗ 106 TWh/ton Heating value
29.3 MJ/kg Heating value

Table 25: Constants used in calculations of coal production

Year Pre combustion Post-combustion Retrofit plant Supplementary Base case
plant efficiency plant efficiency efficiency plant efficiency plant efficiency

2010 0,42 0,47 0,32 0,47 0,47
2020 0,47 0,49 0,35 0,49 0,49
2030 0,49 0,49 0,38 0,49 0,49
2040 0,5 0,5 0,41 0,5 0,5
2050 0,51 0,5 0,43 0,5 0,5
2060 0,51 0,5 0,44 0,5 0,5
2070 0,51 0,5 0,45 0,5 0,5
2080 0,51 0,5 0,46 0,5 0,5
2090 0,51 0,5 0,47 0,5 0,5
2100 0,51 0,5 0,47 0,5 0,5

Table 26: Efficiencies used for calculating PEFs.

Year PEF Base case PEF Post-combustion CCS PEF Pre combustion CCS PEF Retro CCS
2010 2,46 3,24 3,37 4,75
2020 2,36 3,11 3,01 4,31
2030 2,36 3,11 2,89 3,99
2040 2,31 3,05 2,83 3,75
2050 2,31 3,05 2,78 3,58
2060 2,31 3,05 2,78 3,44
2070 2,31 3,05 2,78 3,35
2080 2,31 3,05 2,78 3,29
2090 2,31 3,05 2,78 3,26
2100 2,31 3,05 2,78 3,26

Table 27: Calculated PEFs used for calculating coal consumption

Reference PEF Plant type
[123] 2,2 Combined gas
[124] 2,2 Combined gas condensate
[125] 1,96 Combined gas
Average 2,1

Table 28: Table over found primary energy factors for gas.
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Reference PEF Plant type
[123] 3 Coal condensate
[124] 3,65 Coal condensate
[126] 3,04 Coal condensate
[125] 3,3 Coal condensate
Average 3,3

Table 29: Table over found primary energy factors for coal.

Reference PEF Plant type
[125] 2,19 Oill condensate
Average 2,2

Table 30: Table over found primary energy factors for oil.

PEF Fuel Base efficiency
2,2 Oil 0,44
3,3 Coal 0,35
2,1 Gas 0,5

Table 31: Summary of PEFs and the included efficiency
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