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Carbon capture and storage (CCS) can contribute to the deep CO, cuts which are necessary to achieve
climate change targets. There is, however, a strong public debate whether CCS should be implemented.
In this article we give an overview of the arguments for and against based on the opinion of Dutch stake-
holders. CCS is an umbrella term for a wide range of different configurations of separate technologies.

Some arguments are applicable in general for all CCS chains; some are only valid for a particular con-
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figuration. In this paper we will discuss these arguments in the context of the background of different
CCS configurations. The argument that CCS costs a lot of extra energy, for instance, is valid for the power
sector, not for gas treatment. A good understanding of the CCS debate and the arguments used may
help with developing a better energy policy and may give direction to future research and technology

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

It is widely accepted that burning fossil fuels contributes to
climate change. Governments have agreed that the global tempera-
ture may not rise more than 2 °C compared to pre-industrial levels,
as has recently been reconfirmed in the UN Cancun climate summit
(UNFCCC, 2011). This target implies a maximum concentration of
450 parts per million (ppm) CO; in the atmosphere. This requires
deep cuts in carbon emissions and therefore a transformation of
our energy system towards a low carbon energy system. Carbon
capture and storage (CCS) can be one of the mitigation options to
achieve the necessary deep cuts in CO, emissions.

Unfortunately, CCS is a contested technology; it is highly dis-
cussed in the public media by different societal groups who have
diverse visions and expectations regarding CCS. For some, CCS is
the technology that we need to combat climate change while oth-
ers see it as a technology that prevents a real transformation to
a sustainable energy system. However, for CCS to be applied at a
large scale, public support is necessary, and the lack of public sup-
port severely reduces the chance of success of this new technology
(IEAGHG, 2010). For instance, the public debate on nuclear energy
in the Netherlands and Nordic countries has resulted in a ban on
new nuclear power plants (Arentsen, 2006). In the Netherlands
there has been a strong debate on a CO, storage project under
the Barendrecht town as well. This debate ultimately resulted in
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the cancellation of the project and other CCS onshore plans in the
Netherlands.

When a technology is contested and public debates are taking
place, often a wide variety of arguments in favour of and against the
new technology are used. For the CCS community it is important
to have insight in the arguments that may be used in the public
debate as these arguments influence public opinion. With suffi-
cient information about the arguments used, the CCS community
may influence the public debate more effectively. The CCS tech-
nology is not static and some drawbacks can be overcome with
new technologies and new knowledge. An analysis of the argu-
ments can also aid policy makers to make better founded decisions.
In the scientific papers often only a few arguments are discussed,
e.g. the environmental impact of CCS, costs or public perception.
In the ACCEPT project a more integrated approach was chosen.
Twelve critical questions on CCS were asked and analysed, before
the authors came to the conclusion that the implementation of CCS
would be advisable (De Coninck et al., 2009).

The public debate on CCS is influenced by the fact that CCS does
not represent a single technology. Actually, CCS is an umbrella
term for a wide range of different configurations of separate
technologies which constitute a specific chain when they are
combined with each other. A conceptual diffuseness about what
CCS actually entails might make the discourse on CCS confusing
and sub-optimal, as advocates and opponents of the technology
may implicitly have very different technological configurations in
mind that are partly responsible for their difference in opinion. So
whereas several arguments are applicable in general for all CCS
chains, some are only valid for a particular configuration. In this
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Fig. 1. The different steps, elements and components of CCS. *Non-potable and non-economic water.

study we will discuss the arguments in the context of different CCS
configurations. We will for example show that the debate is differ-
ent when CCS is applied at coal fired power stations compared to
refineries. Arguments on safety, for example, also differ for onshore
versus offshore storage.

In this article we present the arguments pro and con CCS
that are used by stakeholders in the Netherlands. By presenting
these arguments concisely and clearly, we hope to contribute to
a higher quality of the debate. The arguments are visualised in a
so called ‘argument map’ (Argumentenfabriek, 2010a). Experience
with other topics, such as nuclear energy and adaption of the retire-
ment age, has shown that translating complex topics into such a
compact graphical representation helps people to obtain a better-
informed opinion. In general, this results in a more balanced view
for both advocates and opponents as well as in a higher quality of
the debate (Argumentenfabriek, 2010b).

We will therefore identify the arguments used in the societal and
academic discourse and link these views with the different pos-
sible configurations of CCS. Additionally, the scope of arguments
is discussed. First, the scope of the arguments for the different
components of CCS is analysed, as some are generic, whereas
others only apply to specific chains. Second, the applicability for
the Netherlands is examined. In doing so we aim to understand
whether and how the public debate is influenced by implicit ideas
about technological designs and how future public discourses can
be enlightened by a better and shared definition of the debated
technology.

2. Different components in the CCS chain

In the public discourse on CCS arguments are used that refer to
different dimensions of CCS projects. Hence, it is necessary to first
conceptually deconstruct CCS into different components. A critical
follower of CCS once called CCS a many headed monster since each
different configuration has its own disadvantages (De Jong, 2010).
Advocates of CCS may on the other hand claim that CCS resembles
a Swiss army multi-tool with a different CCS configuration for each
specific problem.

It is therefore essential to make this distinction in order to accu-
rately discuss all potential configurations of CCS and the scope of
the arguments. The CCS chain consists of three steps, namely cap-
ture, transport and storage. Each step has one or more elements and
each element contains several components, as presented in Fig. 1.

We define an integrated CCS project as the configuration made up
of all three steps and with at least one component for each element.

For example the capture step in Shell’'s proposed Barendrecht
project in the Netherlands is done with the fuel (natural) gas, in
a hydrogen production application with pre-combustion capture
technology. The CO, is then transported by pipe line. In the final
storage step the CO, is stored in a gas field (field type) at an onshore
location.

First step: capture

Below we will describe the components of the first step in the
CCS chain, the capture of CO,.

Element: fuel

The fuel is the input for the energy conversion process (the appli-
cation). The origin of the carbon in the fuel that needs to be captured
may be either fossil or biomass. The emission of CO, per energy unit
varies depending on its source. The CO, emission factor of natural
gas is about 50kg CO,/GJ, 70kg CO,/G]J for oil and 95 kg CO,/G]
for coal. When coal is burned therefore almost double the CO, per
energy unit is emitted compared to natural gas (IPCC, 2005). Thus,
the effect of CCS greatly depends on the fuel type. When biomass
is used, the net emission towards the atmosphere is close to zero.
In other words, storing CO, after conversion of biomass into useful
energy results in a carbon sink, also labelled as negative carbon
emissions. Waste is often a combination of biomass, like wood,
crop and food residues and fossil fuels that are part of plastics as
feedstock.

Element: application

The focus of CCS is on capturing CO, at large stationary sources
since these are the most suitable for CCS on the short and midterm
(IPCC, 2005). There are many processes that convert primary energy
into useful products. Each process emits CO, in different concen-
trations and at a different pressure. This strongly determines the
possible CO, capture processes and for example the energy needed
to retain high concentrations CO,. The carbon concentration in flue
gases of a gas fired power plant is about 3-7% whereas the concen-
tration for coal fired power plants is much higher (14%), making
CO, capture of coal fired power plants cheaper per tonne of CO5,
compared to gas fired power plants. However, the total CO, emit-
ted by a coal plant per kWh is almost double compared to a gas
fired power plant, and thus it needs to capture almost double the
amount of CO,. The concentration of CO, in flue gases of steel plants
is higher than for power plants (up to 27%) (IPCC, 2005). At facilities
where ammonia and/or hydrogen is made, CO, at high concentra-
tions is produced as a by-product. Natural gas that is produced from
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Table 1
General characteristics of the four field types of storage locations prior to the start of a storage project for Dutch case.
Mainly relevant for Issue (Nearly) empty gas Oil fields Coal layers Aquifers®
fields
Safety Gastight (Virtually) proven on Sometimes proven Sometimes proven Unknown
geological timescale
Safety Existing wells Few Many None-many® None-many4
Safety Pressure compared Much lower? About equal Equal or higher About equal
with surroundings
Safety/economics Geological Large Large Little Medium
knowledge of
location
Economics Extra economic None, in some cases extra Oil production Natural gas production None
benefits natural gas
Economics Economic risk that Low Low Higher Medium

injection does not
go according to
plan

When water can flow in the reservoir the pressure will be equalised. This is seldom the case for the Dutch situation and will be known beforehand from the gas production.

a
b Depending on whether the layer is used for natural gas production (CBM).
¢ Non-potable and non-economic water.

d

Depending on whether oil or gas fields below the aquifer are used for production.

a subsurface reservoir can contain CO,. When the natural CO;, con-
centration is too high, the CO, must be removed to meet the proper
specifications. With this natural-gas sweetening process, it is often
also possible to obtain high concentrations CO, at high pressure.
These high CO, concentration flows do not need expensive and
energy consuming separation techniques and they therefore have
a positive influence on the economics and energy balance of CCS
(IPCC, 2005).

Element: capture technology

There are three main approaches to CO, capture. The first is
post-combustion, where the CO, is separated from the flue gases.
This is typically done with chemical solvents. With pre-combustion
systems the fuel is transformed into a mixture of H, and CO,_ This
gas is then separated into almost pure hydrogen and CO,.The last
approach is oxy-fuel combustion, which is also referred to as den-
itrogenated combustion. This process uses oxygen instead of air
for combustion of the fuel, producing mainly CO, and H,O. After
condensation of the steam in this oxy-fuel process, a highly con-
centrated CO, stream is obtained (IPCC, 2005). The concentration
of the captured CO, depends on the process; for power plants it
varies between 95 and 99.9% (IPCC, 2005).

For electricity production all of the above combinations of fuel
and capture technology can be made. Ammonia and hydrogen
are produced using technology that is very similar to the pre-
combustion process. With natural gas sweetening no energy is
converted, so no combustion takes place. The process is, however,
comparable with post- combustion capturing, but at high pressures
and under the absence of NOy (IPCC, 2005).

Second step: transport

Before CO, is transported, it is compressed to reduce the vol-
ume and increase the density of CO,. Commercial-scale transport
uses pipelines or ships for gaseous and liquid carbon dioxide. For
transport by ship temporary storage and loading facilities onshore
are needed. Ship transport is seen as more flexible compared to
pipelines as shipping routes can change and pipeline traces cannot.
However, transport by ship is not always possible onshore since
there are not always rivers or canals available close to onshore stor-
age sites. Ship transport becomes cost-competitive with pipeline
transport over a large distance. The breakeven point shifts towards
pipelines at larger quantities (IPCC, 2005).

Third step: storage

Element: field type

CO, can be stored in (nearly) empty gas fields, oil fields, coal lay-
ers or aquifers. The appropriateness of a subsurface storage location
depends on many factors. Each location has its own characteristics

with their pros and cons. At the 10th International Conference on
Greenhouse Gas Control Technologies, GHGT10, the phrase “noth-
ing is as unique as a storage site” was often mentioned (De Vos and
van Egmond, 2010). The Dutch aquifers that might be considered
for CO, storage contain brine, so water in the aquifer is not potable
and has no economic value.

However, we try to make a general comparison between differ-
ent types of reservoirs, as summarised in Table 1. When dealing
with CO, storage we see two types of risks involved for all storage
sites. The first risk entails that the CO, storage capacity or the injec-
tion rate is smaller than expected. This is an economic risk for the
company that wants to store the CO,. For example, if the injectivity
turns out to be lower than forecasted, the CO; injection rate can-
not be achieved. If this situation occurs, it may be possible to drill
extra injection wells. Of course, this will add to the total cost of the
project. It is also possible that the total capacity is lower than esti-
mated in advance, resulting in an economic setback. From Table 1
it becomes clear that gas and oil fields have in general the lowest
economic risk. As gas and oil fields have been used for production,
an enormous amount of data of the reservoirs has been generated.
With this knowledge it is possible to make in depth models of the
reservoir. These models can predict the CO, flow through the reser-
voir and therefore calculate how much CO, can be injected. The
economic risk is therefore smaller than when aquifers or coal layers
are used.

The second risk is a safety risk, and revolves around the possibil-
ity that stored CO, may escape to the surface. The presence of gas
in the reservoir is a strong indication that the reservoir is gastight.
When these fields will be used for CO, storage they will be (almost)
empty. This means, in the Dutch situation, that the pressure inside
the reservoir can be up to hundreds of bars lower than the sur-
rounding rocks. The injected CO, will partly remove this relative
vacuum. Even if there might be a leakage of the reservoir, water
from outside the reservoir will migrate inwards rather than the
CO, outwards. This is a strong advantage of gas fields, as it renders
them relatively safe. In some oil fields also natural gas is found,
giving a strong indication for a good seal. However, there are also
many oil fields that do not contain natural gas (anymore). For those
oil fields it is thus more difficult to prove that they are gastight. This
is also the case for aquifers and coal layers. As said before, these are
some general considerations. A good site characterisation is always
necessary to determine the quality of the seal.

As depleted natural gas and oil fields have been used for produc-
tion, they contain wells. These wells can be reused for injection,
providing an economic advantage. Unfortunately, the injection
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Table 2

A selection of the (proposed) Dutch CCS projects split according to the defined components.
Project Fuel Application Technology Transport Field type Location
Barendrecht (Shell) Oil/gas Refinery Pre combustion By pipe Gas field Onshore
Geleen (DSM Agro) Gas Ammoniac production Pre combustion On own site Aquifer Onshore
MAGNUM NUON Gas and coal Electricity production Pre combustion By pipe Gas field Onshore
K12b Gas Gas treatment Post combustion On own site Gas field EGR? Offshore
ROAD (E.On & Electrabel) Coal + biomass Electricity production Post combustion By pipe Gas field Offshore
Essent/RWE North NL Coal Electricity production Post combustion By pipe Gas field Onshore
SEQ Drachten® Gas Electricity production Oxy fuel By pipe Gas field EGR? Onshore
Tata Steel Coal Steel Oxy fuel
Twence Waste Electricity productiond Post combustion
Air Liquide Rozenburg Gas H, production Pre combustion Pipe/ship EORP Offshore®

CATO (2011).

Open cells indicate that the total configuration has not been decided yet.
2 Enhanced gas recovery.
b Enhanced oil recovery.

¢ Scope and name of the project have changed several times. Currently the project name is Pegasus and it aims to use low caloric natural gas with high CO, concentrations

for power generation. The use of pure oxygen should prevent gas treatment.

d Waste burning with electricity production, this application is not mentioned in Fig. 1 as it is too specific.

¢ Qil fields in Danish territorial part of the North Sea.

wells and abandoned wells are also seen as the most probable
leakage pathways for CO, storage projects (IPCC, 2005).

Old wells therefore need to be abandoned in a proper way, to
avoid potential CO, leakage during future use. A proposed projectin
the Netherlands near the town De Lier was cancelled as no certainty
could be given about the safety of an old abandoned well. Due to
building developments this particular well could not be reached for
inspection or adaptation (FD, 2007). Some aquifers also have wells,
when oil or gas drillings have been carried out in potential fields
below the aquifer. In that case the well penetrates the aquifer. If
that is not the case, all the wells can be designed specifically for
CO, storage.

Finally it is interesting to note that the injection of CO, in oil
fields and coal layers can result in more oil or natural gas respec-
tively. This Enhanced Oil Recovery process is being used in the US
and Canada since many decades.

Element: Location

For the properties of the subsurface reservoir it is not rele-
vant whether it lays onshore or offshore. However, storing CO,
onshore is in general less expensive than offshore. IPCC (2005)
estimates that in Europe the cost for onshore is 1.7 $/tonne CO,
stored, whereas offshore the cost is 6.0$/tonne CO, stored. Another
important difference is the (perceived) risk for humans and the
environment.

3. Dutch CCS chains

Based on Fig. 1, an enormous amount of different CCS configu-
rations can be defined. There are for example 5 different fuel types
for power plants and 3 different capture technologies, resulting in
15 capture configurations for power plants. Moreover, the CO, can
be transported in two different ways and stored in four different
types of reservoirs, both onshore and offshore, resulting in 240 dif-
ferent configurations for CCS in the electricity sector. For the other
sectors the variety is less, since not all configurations are possible
or logical. Natural gas treatment, for example, is done with natu-
ral gas with post-combustion technology. We estimate that there
are around 500 different CCS chains that can be considered logical
based on the components in Fig. 1.

In the Netherlands a dozen CCS projects have been proposed,
as summarised in Table 2. Until now the only one that has been
realised is the offshore gas treatment K12-B project. This project
started injection in 2004 and is operated by Gaz de France-Suez.
As can be seen from the table, many different configurations of CCS
are proposed. Some of the projects have already been withdrawn. In
the Dutch situation the emphasis lies on using gas fields for storage.

4. Argument map

Thus, different configurations of CCS chains have different
advantages and disadvantages. Each concrete CCS project therefore
has its own set of arguments pro and contra. However, when dis-
cussing a single argument without reference to a concrete project,
generally there is no interaction between the several elements. For
instance, the origin of CO,, the application and the capture process
are not relevant for an argument on the safety of transport. That
is why we have constructed a general map with all relevant argu-
ments for all foreseeable Dutch cases. A similar map designed for a
concrete CCS project would contain fewer arguments.

To generate an inventory of all possible arguments we com-
bined several sources of information. These included the analysis
of the arguments used in the Dutch media (Kliest, 2010). The list
was completed with opinions of both opponents and advocates
of CCS (Greenpeace, 2008; Nackenhorst et al., 2009; Vosbeek and
Warmenhoven, 2007). This background material was given to a
consultant company specialised in gathering and grouping argu-
ments. They led two workshops with eight different experts to
complete the list even further. The choice was made to work with
independent but well informed outsiders (who did not belong to
the CCS community) to ensure extra openness and objectivity.

Before the workshop first the central question was defined:
“What are the arguments for or against CCS in the Netherlands?”
Due to the focus on the Netherlands, several CCS options were left
out. For instance, deep ocean storage is not considered, as the North
Sea is too shallow for storage of CO, in the sea water. Secondly we
took climate objectives for granted. For example, CO, emissions
must be 80% lower in 2050 compared to 1990. Therefore arguments
questioning climate change and/or the necessity for CO, reductions
were not considered.

During the first expert workshop two brainstorm sessions,
one collecting arguments for and the other gathering arguments
against, were held to generate as many arguments as possible. Each
participant had to write down all the arguments they could think
of. The opinion of the participants of the workshops varied from
against to neutral to in favour of CCS. The participants were quite
capable of mentioning arguments that did not necessarily support
their own opinion. Thus, advocates of CCS also referred to argu-
ments against CCS, and vice versa.

When the participants had finished their own inventory, argu-
ments were collected during several rounds. Each person was only
allowed to give one new argument during each round, to ensure
that all participants could contribute equally. Furthermore, since
arguments were projected on a screen, the other participants could
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improve upon the argument if they were of the opinion that the
argument was factually incorrect. However, they were not allowed
to discuss or refute an argument simply because of disagreement.
After a dozen rounds all the arguments had been collected.

After this workshop the arguments were grouped into themes
and checked for completeness with the original list. During the sec-
ond workshop the different themes were discussed as well as the
relevance of the arguments and their completeness.

This resulted in 57 arguments, 31 con and 26 pro (see Fig. 2).
The arguments were divided into six themes:

e Climate

e Energy

e Environment
e Ethics

o Safety

e Economics

As werefer to an argument ‘map’, the different themes are called
districts. Each district has pros and cons, and within districts argu-
ments are grouped into a total of 21 neighbourhoods. An individual
argument is referred to as a street.

Itisimportant to note that the presented arguments do not cover
the whole CCS debate. The arguments presented are seen as valid by
the experts. A statement of a worried inhabitant “I just do not want
CO, under my backyard”, is a valid opinion, but not an argument.
In the map this example is transformed to the ethical argument: “A
solution that has little public support is not acceptable.”

Nomenclature for arguments of Fig. 2.

1-2-3-4

1st themes: climate, energy, environment, ethics, safety or eco-
nomics (district).

2nd attitude: for or against.

3rd group of arguments (A, B or C) (neighbourhood).

4th individual specific argument (street).

Example Climate-For-A: refers to the neighbourhood “CCS is
good for the climate”, thus a group of arguments Climate-For-A-
1: refers to the street “Together with renewable energy and energy
saving, CCS reduces CO, emissions fast enough to avoid danger-
ous climate change.” Climate-against-B-2: refers to the street “CCS
can make us lose sight of the urgent need for energy saving and
renewable energy.”

5. Reflection on the arguments

In this section we will reflect on the arguments that are men-
tioned in Fig. 2 from the top to the bottom, starting on the left side.
Unfortunately it is not possible to address all 57 arguments in detail
in one paper. Therefore we will discuss the arguments grouped on
the neighbourhood level and discuss only a few arguments individu-
ally. We end each argument with the conclusion whether it is valid
and for which configurations.

5.1. Climate-related arguments

CCS is good for the climate (climate-For-A)

This is a key argument for CCS. Although it represents a generic
argument and is therefore valid for all different CCS chains, multi-
ple configurations are needed to contribute significantly to climate
mitigation. For example, when Dutch onshore storage locations
remain excluded for storage, the potential contribution of CCS is
reduced by more than 50% (Vosbeek and Warmenhoven, 2007).
Supporters of this argument state that renewable energy and/or
energy efficiency alone are not capable of realising a reliable and
economic energy system that will meet the necessary CO, cuts

before 2050. They do not exclude renewable energy or energy effi-
ciency, but consider CCS as an “and-and” solution rather than an
“or-or” solution.

In addition to using this argument in a general manner, it is
often also referred to in specific applications for industries that do
not have access to suitable alternatives, such as the iron and steel
industry.

A special configuration of CCS is related to biomass, as this com-
bination gives an option for a negative emission, or in other words
enables the extraction of CO, from the atmosphere. Some scientists
consider the agreed 2 °Cincrease in comparison with pre-industrial
levels insufficient to avoid dangerous climate change. They also
point out that a 450 ppm concentration of CO, in the atmosphere is
still too high. They therefore share the opinion that not only deeper
cuts in emissions are required, but that CO, should also be retracted
from the atmosphere to stay within safe limits of climate change
(Azar et al., 2010). The combination of biomass and CCS is one of
the few technologies that can extract CO, from the atmosphere.

Conclusion: Valid for all different CCS configurations.

CCS makes international climate agreements (more) feasible
(climate-For-B)

CCS supports the prospect that the climate target can perhaps
be reached without major changes in the energy system for the
short- and midterm time horizons. Consequently, this seems an
easy way out for countries that are very dependent on fossil fuels.
Even though they have to pay for CCS, it will still be easier and
more economic than transforming their whole economy and energy
system.

For countries like China, US, Russia and Australia that are fossil
fuel producers with extensive coal reserves, CCS is a more attrac-
tive option than a ban on coal. With this approach they do not
have to depreciate their fossil fuel reserves. Interestingly, some
environmentalists condemn this as a doom scenario for extending
the fossil fuel era. They therefore interpret this pro argument as a
strong argument against CCS (see Section 5.2 where energy-related
arguments are discussed).

Conclusion: Valid for all different CCS configurations.

CCS is unnecessary for the climate problem (Climate-Against-A)

CCS opponents often point at the enormous potential for energy
saving and renewable energy. They state that CCS is therefore
unnecessary: renewable energy and energy saving can contribute
enough to avoid dangerous climate change. IPCC (2012) compared
over 164 different scenarios in more than 1000 pages. The range of
CO, emissions is enormous form virtual zero to over 80 Gtonne
CO,/year. So discussing this argument is at least worth a paper
itself. We refer only to two scenarios, from both sides of the range.
The first one is from the IEA, representing the argument that CCS
is needed. The other one is commissioned by WWEF as a provoca-
tive scenario to show that 100% renewable energy is possible in
2050.

In the reference scenario of the IEA (2010) CO, emissions grow
to 57 Gtonne in 2050, which is about double the current emission.
Their blue map scenario aims to halve off the current CO, emis-
sions in a cost effective way, to 14 Gtonne CO,/year in 2050. CCS
contributes 8 Gtonne CO>, to this reduction. When CCS is excluded
they report an emission of 18 Gtonne CO,/year. In other words, the
use of other technologies can only partly fill in the gap that the
exclusion of CCS caused. They are clear about the need for CCS in
the industrial sector. “Without CCS, direct emissions in 2050 could
only be brought back to current levels. Urgent action is needed to
develop and demonstrate CCS applications in industry.”

At the other end of the spectrum, the 100% renewable scenario of
WWEF (2011) is probably the most ambitious one for CO, reduction.
They report a worldwide reduction of emissions from fossil fuels
to 2 Gtonne CO,/year. CCS is excluded because, according to the
report, by the time CCS could be deployed on a large scale, the use

Control (2012), http://dx.doi.org/10.1016/j.ijggc.2012.08.010

Please cite this article in press as: van Egmond, S., Hekkert, M.P., Argument map for carbon capture and storage. Int. J. Greenhouse Gas



dx.doi.org/10.1016/j.ijggc.2012.08.010

‘(q‘eQ 10T YR1IqejuIUAWINSIY) SPUBLIDYIAN Y3 Ul SO Joj dew juswndly g “Sig

oz

e EF c:; [r— % p——

100 13U J0J SBT3 3] JUDL) A “SUOISSSIP 152X3 PUD YIS BAMOIY| 0 SISDG 2 UO PAONPOIT SDM winbay siyL
0661 Ul 2Kam Ay} UDWYY 050 AQ Jam0] JUaNIad AYBIR 2G 1SNLU SUDISSIA 70)) 104} BLIDXD 10}
“(sjuawaabo) sampalgo ajowp o) Aoy Apod sjuawnbuo ) wajgosd ajowp 0 J0 HUSKE ay) sawnsso dow juawnbry ayy
(ss2j/nbo uy

Jou) spiay sob ydwa u) paiays 1207 PIMO0I 3y *ASNPUI U] PUD SUKD}S pauy sDB 0 0SJ0 pun ‘suonojs 13mod paty-|001 J0 A0} 0} pNom mU_I._.m 2|qouInisns Jou si §3)
aumydoy) “spubpBYIBN 3y ul pabosiaua uononys 3y} uo dow JuAWNBIY sy} P3sDY SA0Y 3p "0 A.0]5 PUD 3IMdDD 0} SADM JUSIBIP 310 BIaY |
*3I91 SN $1 ) UL} AL AUM S1EIM UIDLD DU Jo spBd [J0 0] A10j31 SUIWNGID 3y

*,2b0103s 70D, 50 03 pauijas Appndod ‘20 jo 3b0igys pup podsung ‘3in3do 3y :260.0)5 PUD ANAD) UOGID) 10} SPUBIS §)) . |

©Q "aiqoidano Jou 5| Loddns jqnd j) SOY 30U UDUN|OS ¥
suinbn o © Hui06 walsAs ajgounisns-uou o sdaay 33
© wagoid 2u3 buiuasap 5| 30y} 1aA104 punoib 2yl uj }npoad [DNPISaI D Ind 10U PNOYS SPUDIAYIAN YL

10} o © a1aydsouno ay) oju) pabioyasip g Jou pinoys yiym uonosauab A2 jo Prpaid jonpisal o $1 0D
0D 2103 0} pahiyjqo S SPUDpIAYIAN YL

'$3740 3SN033G A1 S| K3 Oy

*u0iN|0s AIDI0dW3) 0 UO PIISOM 310 SIUNDSI PUD A} A|GONIOA 'S I) Yl O

*saouad Asnoy [030] U0 Paya aAEBAU 0 ADY N0 53 ‘|DISIBA0AU0 $1 )1 S0 Buoj Sy O

11 10} Ajiqo1) Y3 pup 8601015 J0 uoIsuIadns Joj - Jaraic) - skod (s1akod Xo1) WswIEN0H ByL Qe
*S3IP|SqNS JO W0} 33 U} 53 Jo asoyd Juawdolaaap auyy seaupuy. (s1aknd xo}) Juawuianob ay) Oy

.‘&55_39_UE_EaEmE__Q_EmQ:u:nw._w__ssmg_eS_;_EE__m,muug—%u_oo:omw:uRB._E_
E [ B=0 ‘(se)1ojnond puo uoyodyipoo) suoissiwa bunnjod-1o 3:0w 03 spos| $3) ‘vondwnsuod ABiaue vipx@ 0} ang
O 'paMposd 210 ‘SBUILD SD L3RS ‘B1S0M [BAWSY3 J0 sannupnb abin] ‘2imdny 203 yum

INIW
-NOYIANT

JUBWUOIIAUA 3L} 10 PO 5| S2)

S. van Egmond, M.P. Hekkert / International Journal of Greenhouse Gas Control xxx (2012) XxX—XXx

No.of Pages 12

1JGGC-701;

G Model

| fiouow suazp ying 51503 50 ) ,_.\._u_.__an.uf_

\
—

i d “AB) d
u.\ “BAPOIRD 210W 3q APD3I|0 ||IM UGHINPAI 1) JO SPOYIBL BANDWIBYD ‘3|Ds 3BID] D U0 |qissod §| 537 Joy) 3w ayy Ag OH“J.. [ P=0O ‘siouow puo 230ds Jo Swj uj Juapyga 51 533 ABiaua puim pup Jojos of paiodwo) u
a1 Jo @ ay} ul papnpul 3q uoy s350 bunosado ybiy ayy sayiaym aunsun 51 O 4 rEuE._E__Eu ay 10) poob s1§) &
\ “4o Aiod jm 2anpnysoiu) puo ABOjOUYI} Ul SHuALuIsanuL oIl YBIY 3y JyIaymM ansun 5| 3| Qe
fauow ssauisnq LPINg 53502 53 - —— ) © “196u0j asn u A3 jjim A3L SUDAWI YIIYM ‘SUOKDYS J3MO PaIY-|DOD UL JUBLSEAUL SPUDWSD D)
Be==d 5 B @ O "A613us 8jqnUIDISNS Ul JUSWISAAU JO asuadxa AU 10 3PDL 5157 Ul JUBLSIAL]
P& “ABOjouYa} §7) 4O ayul o soy ay} ‘aimpnasoigul sob sy o) syuoyl Ok - | E AB13ua ?|qouioisns Jo Juawdojanap ay) spanjal muuL
L *suoiols samod 03 asop Aodod 36010)s 3610) 0 ylm SpjBY OB HOYNS SDY SPUDBYISN BYL OU{i SJIWONOT ]
e J dd 3
_,« $32 J0 35N 34 u) PoA| 3ARIRCWO) D SDY SPUDLIAYIAN Y} ‘S2ARUN0) 1Yo 0) paindwio) | RO 124503 satcdns sb pun 19> Sisnowpa Jouy *ABIBuB 10uoIPRO ua1iad Loy o) U} 5502 $) u
. 2 F AB13ua D13 51507 §1) ‘
F “(Inq ABusua s1y o) Aod sspnjod sy) saxow §33 Aojopunyy OU, — .
\ “PAIIS ED UnS1U04 LIRSS Lot i3y EE.EE 34 ut 13003 51 §3) i suoois amod woy ApuRsls O AD¥INI O “puim pun uns woy Addns A13ua BURDNTNY 34} 0} UOKIPPD 3IGD3S D 310 ) UM SUODS ;3MO4
| 2|q1503) A]|DJIWOU0ID 310 SIALPIGO A0WII ‘S YUM A 130005 ajqeiyoid saiwaxaq ABIAUA 3[q0MAURI 1DY] SUDAL JaIYM L33 Jo 3)1id 3U) $3sDaUUI §) AIolDpUD
— ABiaua NJ$$320Ns aij) 0} )
( ‘uaboipAy Jo uonanpoid 3y 1o} pasn aq U3 Joyy 3Bpamouy saj01auab ABojouyay ainido) Qe H ooy i S = 5 M
“suon)s 1amod sob puo |po> bul JO AYINULUO) SS3UISNG 535031501 53 s o — y - .
{ 0o 60,035 pu ABOJOULIE ‘ABPSMOLY FIow UomDUIEL) UD? J012S 2y 2L Qe g [ P=O ‘seouanbasucd 3owp 3yl 0} anp 3ygosnun & oad §1 Ajddns (0o 3jqopoue Adoays pup aBio| 3y 'S oYUM u
f == £SPUDLIRYISN rﬂa_mﬁse SaMIBSAI [3N) 1550 50093 muu&
F juawAojdwa pajiiys J0 UORDALI 3y Joj puD ssaujsng Joj poob si 537 J

U3 10} (+52J)
abniojs pup ainydpd

° z0) Jsunbo pup o
10} sjuawinbun 3y}

(3suipfio 21D JOYM

*abUDY? 3}owi)p> snCI3buDp PIOAD 0} YBNoUa Buo| PUNCIBIBPUN UIDLRY ||IM 20 3y} JAYI3YM AINSUN S1 3|
2007 YW 0} ANUKUO? ‘§7) AIOJOPUDLY JNOYIIM 1Dy} SUoIs Jamod paly-sob pup 0od mau sasiuyBa) S0
“ABI3ua 3jqomaual pun bulaps ABI3uA Joj paau Juabin ayy Jo JyBis 350 SN DL UD )

"$70 UMM UAD ‘50 HUI3 O} BNURUOD [[1M 513N 115504 BUISN SUORD}S JamOg

E IBWIP 3y) 10 P S1 53)

O "ainynubo pup A1S340) SO LPNS SI0ES 1B1C U PAAIOSE) 84 UDD WS|GOIT SIBLI3 By |
O ‘#b1aua 10apnu pup AB1aua ajqomaual ‘Bulans ABIBua Ypm paajosal aq und wajqosd sy ayp
O “uonnidopn ybnoiyy yim Hpap aq un3 wWajqoid apowip ay) Jo sauanbasue ayL

waqoad ajowip 3y} J0) AIDSSIIAUUN §I muu¥

‘SBHUOISGNS AUBBOUIND3 0 UCISSILB 35ND LD UMADI 20) UORSNWOs0d )

“uondDIa sob wouy 3soy) ypm 3qoIndwos 'SI0WaI] YDA [|DWS JO YsL au) 0} spoa) 360105 20)

“1DMPUNOIB By} APPIID uDI S1y) ‘$10A1BSa1 puncuBiapun mojoys ojul dn sadosa 1) palols i €)

“PUIM 2| 51 BI3UY UBYM UOIDIOYNS BSND3 U0 Y ‘3BDIYs pun Lodsuniy Bupnp anssaid moj o 3o sadosa r0d 4 Q)

\_ 3uswuoinua ay; puo suowny o) 3josun s $7

*s1ayddns uo Axuapuadap saspaiu) uogdwnsuod ABIAUA DI J| AUIPAP LD AXINDFS | odoan ©
“spadxe 243 35} Jou op ajdoad puo ‘AI0}IpORL SAWRAWOS Pup XA|dWO: 5151 Uo uenowioul ignd ayy 104 O
“umouy A]ny JOU 310 SYS14 i) 2104313y) ‘81035 ABID| D U PASN UAQ JAAIU SO PUD MU 5157 O

ra...uu_vu..._:_._ 210 53 Jo saxuanbasuod ay)

O “soapalqo ajowip aa314a0 0} 553) AISa) sH aBubyd 0} spaau gnd Ayl ‘ST UM
O 0)|0} 0} A|3X1] 210L 3.0 DUILY 31| SUCHOIS J1amOd PaI-DO) AUDLL UPM S3IUNOY ‘3|dLUDXa U4} 5385 SPUDJAYIAN U3}
QO "biaua ajgomaual jo uonojuawa)duwi 3jois-afip) ‘uaidy)a Joj Aipssazau awn ay) sing $3)

/01509 (310u) $JUWBIBD OWIP [DUOIOUIY SHYOW ) &

ALYWIT

*s131|ddns s0b uo Kuapuadap seanpal UCRAWINSUDS |00) BSNDJEY S350 AINJES [DYjedoa) ©
“3josun so papiofias uayo st yaym ‘ABI3ua 03N Joj pAaL 3y} NP 51 O
"2)UAPISYNS PUD] SHILLI| YIIYM ‘uorIona sob Jayo adunjog ainssaid ay) saiojsal Ajod 533 ©Q

\_ swajqoud A5ayns 1ayyo uo paya anisod o soy 533

e N N

N N N T

S SIGaR AR5 IO P Laes sani) Spefid WoIGieD SD0IH 03 O O ‘[onndu-) podsuni a3 puo uoipnposd usbouphy 31025 36| oW uo2 §33
w 10y sob jounjou pauiojuo Aayy ‘o Jayo ‘ybi-50b aq 0} uanoud Aoy spjay sod Q) ® O . Sk wox =0 posx puo ‘S50UI0N] WK uORaIU3D AB1aua i 20 Anjdo? uv3 §3)
-SpJaIA 110 BUISDAIU 10} NBIULHE) UAAQIE D 51 SPI3LIIO OW! 207 6UN3IL] Crllag O "UOIINPaI UOISSILIE 10 JO SPOYIBW BADLIBYD OU BADY DY} SBUISNPUL U payddn aq uo3 §3)
«piagdto A5 waaq ApDAD ;_Bn_&mw 2‘5__ 0 mm;&o.m puncuBsapun ?5 o Q:E_r w‘_t a © “a6uniyp 330w sno1abuop pioao o} yBNoua 150} SUDISSILA 1)) SINPa 537 ‘Buians Abiaua pup ABIAUA 3jgomauas ypm ayjahoy
230wy ayj Joj poob 51 533

\_2i0s2q 0 uznosd anay uioy> 3 a3 jo 0

(xS2J) 3IDVYOLS ANV F¥NLdYI 20D dVIN INTFWNDYY

van Egmond, S., Hekkert, M.P., Argument map for carbon capture and storage. Int. ]. Greenhouse Gas

//dx.doi.org/10.1016/j.ijggc.2012.08.010

Please cite this article in press as

Control (2012), http



dx.doi.org/10.1016/j.ijggc.2012.08.010

G Model
IJGGC-701; No.of Pages 12

S. van Egmond, M.P. Hekkert / International Journal of Greenhouse Gas Control xxx (2012) XxX—XXx 7

of fossil fuels will have declined so heavily that investments would
not be likely to yield the required returns.

In the Netherlands several NGOs including WWF and Green-
peace made a low carbon energy scenario. Their scenario included
CCS (Green4sure, 2007).

Conclusion: Some scenarios indicate that CCS is superfluous to
reach large reductions in carbon emissions, most scenarios indicate
that CCS is necessary, especially in the industrial sector.

CCS is bad for the climate (Climate-Against-B)

This neigbourhood of arguments states that CCS will not help
to reduce CO,. In this line of reasoning Greenpeace (2008) calls
CCS false hope. The individual streets of this neighbourhood are
discussed below.

Power stations using fossil fuels will continue to emit CO,, even
with CCS (Climate-Against-B-1)

When CO, needs to be captured from a diluted source, often
not all CO, is captured. This varies between technologies and the
willingness to pay. Systems are generally economically optimised
for the lowest cost per avoided tonne CO,, not for the removal of
all CO; in the flue gas. Since high costs are needed to capture the
remaining last part, the capture ratio in practice is around 80-90%
for power plants (IPCC, 2005). IEAGHG, 2006 showed that the cost
for capturing the last remnants of CO, reaches exponential heights
for post combustion, whereas the incremental costs for oxy-fuel
applications are only moderate. New approaches to reach higher
capture rates have been proposed. Kunze and Spliethoff (2012), for
example, claim that it should be possible to reach 99% capture at
coal gasification power plants with new technology for reasonable
prices. For industrial processes, a range has been reported from
60% to 80% (IPCC, 2005). For high concentration sources, there are
no extra steps required to capture CO,, making it quite feasible.
However, for most other cases, even with CCS, CO is still emitted.
Another issue is the indirect emission caused by the extra energy
needed for capture. This life cycle approach is discussed in Section
5.3. The ROAD project has a capture rate of 90% (Haskoning, 2011).

Conclusion: Valid for the application ‘electricity’ with current
capture technology.

CCS legitimises new coal and gas-fired power stations that, without
mandatory CCS, continue to emit CO, (Climate-Against-B-3)

Around 2007 several plans for new coal-fired power plants were
presented in the Netherlands. The Dutch government did not deem
it possible to make CCS mandatory for these power plants. How-
ever, they did state that the new coal-fired power plants should be
“captureready”. The minister also pointed out that the power plants
fall under the European Emission trade scheme and that companies
therefore have an economic incentive to emit less CO,. She there-
fore concluded that the new power plants were not in contradiction
with the ambitious climate policy (TK, 2007). This leads to the argu-
ment that CCS technology provides developers of coal-fired power
plants with the argument that low carbon electricity production is
possible but that the actual sequestration of CO5 is uncertain.

Conclusion: Valid for the application ‘electricity’.

It is unsure whether the CO, will remain underground long enough
to avoid dangerous climate change (climate-against-B-4)

This is more or less a generic argument on the step of CO, stor-
age. However, there are differences per reservoir type. From Table 1
it becomes clear that, in general, empty gas fields have the lowest
risk of CO, leakage. The vast majority of studies on potential leak-
age deal with environmental and human risk rather than climate
risk. Although there is a preference for storage sites with charac-
teristics that will not allow any leakage, no guarantees can be given
that the stored CO, cannot ever enter the atmosphere again.

van der Zwaan and Smekens (2009) have calculated the max-
imum allowable leakage of the total CO, storage portfolio from a
climate perspective. They conclude that a leakage rate at or below
0.5% per year is needed for CO, storage being an economically

competitive carbon-free energy option. IPCC (2005) states that for
geological storage sites that are selected, designed and managed
well, itis very likely that the leakage will be below 1% per 100 years,
and likely to be below 1% over 1000 years. The maximum expected
leakage will thus be at least a factor 50 lower than needed from a
climate perspective. These leakage rates are based on expert opin-
ions. Due to the novelty of underground CO, storage, itis impossible
to validate the models behind expert opinions for long time scales
empirically. However, a margin of error of a factor 50 is very large.

Conclusion: This argument is unlikely to be valid for the field
types that are being considered in the Netherlands.

5.2. Energy-related arguments

CCS keeps fossil fuel reserves accessible (Energy-For-A)

This neighbourhood states that climate is the limiting factor for
fossil fuel use instead of the availability of fossil fuels, since the
amount of carbon available in fossil fuels outnumbers the amount
of carbon that the climate can deal with.

Meinshausen et al. (2009) argue that there is a 50% chance that
the 2 °C temperature rise target may not be met when cumulative
worldwide CO, emissions over 2000-2050 are 1440 Gt CO,. A con-
siderable part of this ‘carbon budget’ has already been used. The
current worldwide CO, emissions due to the use of fossil fuels are
over 30 Gt CO, per year, approximately 280Gt CO, was emitted
during the first decade (Friedlingstein et al., 2010). The remaining
carbon budget is thus 1160 Gt CO,.

At the end of 2010, proven oil reserves constituted 1383 billion
barrels, representing a potential release of 570 Gtonne of CO,. For
natural gas and coal this is 350 Gt CO;, and 2300 Gt CO5, respectively.
The current total proven fossil fuel reserves represent over 3200 Gt
CO, (World Energy Council, 2010a). Furthermore, this is an under-
estimation of the total amount of fossil fuels in the earth crust.
The total amount of resources includes fuels that are less certain
to be geologically present and/or have doubtful economic feasibil-
ity. With new technology it may become possible to extract these
fossil fuels in an economic way as well. A recent example is the
development of shale gas. It is estimated that the shale gas poten-
tial is two and a halve times larger than the current proven gas
reserves, resulting in an extra 870 Gt CO, (World Energy Council,
2010b). IPCC (2012) estimates that the carbon in the coal resources
is about 8000 Gt CO,.BGR (2009) even report a carbon stock of over
40,000 Gt CO, in coal resources.

These numbers show that there is an enormous amount of fossil
fuels, especially coal. This is a factor 3-40 times higher than can be
burned from a climate perspective. CCS can therefore prolong the
use of fossil fuels.

Conclusion: This neighbourhood is valid, especially for the fuel
type coal.

CCS contributes to the successful implementation of sustainable
energy (Energy-For-B)

This argument assumes that fossil fuels are needed in the tran-
sition period towards a (non-fossil) sustainable energy system, not
only on the short term but also on the longer term when the share of
renewable energy becomes large. Energy security (energy demand
meeting energy supply, also at peak moments without wind or
sun) requires the development of large, efficient and cheap energy
storage solutions. Furthermore, the electricity network must be
adjusted to cope with the intermittent supply of wind or solar
energy. Fossil fuels combined with CCS are not seen as sustainable,
but they can buy us some time to solve these current technologi-
cal challenges. In the literature several authors propose a flexible
power supply with CCS. Ludig et al. (2011) show that an electric-
ity system with a large amount of renewable energy and fossil fuel
power plant equipped with CCS is flexible enough for a reliable
system. Davison (2009) proposes a system of hydrogen production

Control (2012), http://dx.doi.org/10.1016/j.ijggc.2012.08.010

Please cite this article in press as: van Egmond, S., Hekkert, M.P., Argument map for carbon capture and storage. Int. J. Greenhouse Gas



dx.doi.org/10.1016/j.ijggc.2012.08.010

G Model
IJGGC-701; No.of Pages 12

8 S. van Egmond, M.P. Hekkert / International Journal of Greenhouse Gas Control xxx (2012) XxX—XXx

with CCS for coal gasification with temporary underground hydro-
gen storage to increase flexibility. The hydrogen will be used in
a flexible gas turbine. Meerman et al. (2011) propose a polygen-
eration gasification facility with CCS that can produce electricity
during peak demand and switches to production of carbon liquids,
methanol and urea during non peak demand periods. In a not very
strict climate regime, it could also be a strategy to turn off the cap-
ture unit during peak demand periods and thus emit extra CO, for
a limited period.

Conclusion: This neighbourhood is valid for the application
‘electricity’.

CCS requires extra energy (Energy-Against-A)

This argument assumes that (fossil) fuels should be used in an
efficient way. The capture part is the most energy intensity part of
the CCS chain. The energy needed to capture CO, depends mainly
on the concentration and pressure of the CO, in the gas stream.
IPCC (2005) gave a range of the so-called energy penalty for post
combustion at coal fired power plants of 24-40% for the technol-
ogy of that time. In the ROAD project it is estimated that 23% extra
energy is needed to capture the CO, from the new pulverised coal
fired power plant. This is just outside the low end of the range
(Haskoning, 2011). The CCS energy penalty for new coal power
plants based on gasification is lower (about 19%) according to IPCC
(2005), and for new gas fired plants it is about 16%. When CO,
capture is applied at existing power plants, the energy penalty is
significantly higher.

The CO, concentration in flue gases in the steel and cement
industry is higher than for power plants, hence the energy penalty
will probably be lower. We observed that the methodology of the
extra energy needed for the same output is not common in these
sectors. Often only the amount of energy needed per tonne cap-
ture CO, is reported. In a workshop organised by IEAGHG (2011)
for example, many presentations were given on CO, capture at
the steel industry. Several participants reported extra energy con-
sumption in the range 2-3 GJ/tonne CO, for blast furnace. They
however did not translate this to the extra energy needed for the
same amount of produced steel. It is therefore difficult to compare
the extra energy needed between these different applications (steel
industry and electricity).

For high concentration CO, sources, e.g. from hydrogen and
ammonia plants, the CO, only has to be compressed. In the pro-
posed Barendrecht case only 5% extra CO, was needed for the
compression and the transport of the CO,. This means that the net
stored CO, would be 95% of the CO, that is captured from the refin-
ery in Pernis (Shell, 2008). A special case is the treatment of natural
gas, for instance the K12-B project. This process is already at high
pressure and therefore needs even less energy for the whole CCS
chain.

Conclusion: This neighbourhood is valid, in particular for the
application ‘electricity’. It is not true for CCS from high con-
centration CO, sources: there, the extra energy needed is quite
small.

CCS retards the development of sustainable energy (Energy-
Against-B)

This argument can be discussed in several ways. The first
approach is to look at it from a general perspective on climate tar-
gets. When CCS contributes to lower emissions, there obviously is
less need for renewable energy to meet the same targets, and in this
way CCS retards the development of renewable energy. This argu-
mentation is valid under the assumption that renewable energy can
reduce enough CO, from a climate perceptive without CCS. How-
ever, the validity of this assumption is still debated especially in the
industry applications (see the argument CCS is unnecessary for the
climate problem).

The second approach is to describe where CCS is in direct com-
petition with renewable energy.

CCS and renewable energy, such as solar and wind energy,
compete with each other mainly in the application electricity.
There, both options can deliver low carbon electricity. However,
for several industrial processes feedstock is needed, e.g. in the steel
industry. In that case CCS does not compete with solar or wind
energy. Biomass could be a renewable alternative in this case.

Conclusion: Valid, in particular for the application ‘electricity’.
For other applications, it is also valid for the fuel type biomass.

5.3. Environment-related arguments

CCS is good for the environment (Environment-For-A)

CCS is bad for the environment (Environment-Against-A)

In this section we discuss the impact of CCS on the environ-
ment for the non greenhouse gas emissions. Many studies have
conducted Life Cycle Analyses (LCA) of CCS in the power sector
(Koornneef et al., 2008; Singh et al., 2011; Zapp et al., 2012). These
studies compare the direct en indirect emissions of power plants
with and without CCS. The results are more or less similar: almost
all emissions, except naturally CO,, increase with CCS during the
whole life cycle. The main cause for the extra indirect emissions
is the extra energy needed for capture, and therefore the environ-
mental impact of CCS is the biggest in the power sector and other
relatively low concentration CO, streams. The amount of these
extra indirect emissions depends on the energy penalty for capture,
on the technology used and on the choice of fuel.

Some comments can be made about this LCA methodology. The
first is that the total emissions with and without CCS are compared.
However, they do not calculate the actual environmental impact
since that is not usually taken into account in a LCA. The impact
of greenhouse gasses is global, but the impact of human toxic-
ity, for example, strongly depends on the location of the emission.
Manuilova et al. (2009) compared the LCA and an Environmental
Impact Assessment (EIA) for a CCS case study in Canada. Even when
the impacts are known it remains a matter of taste which topic is
more important: for example climate change, ozone depletion or
acidification.

A second comment is that local decision makers and inhabi-
tants are often more interested in the local environmental impact
rather than in the complete life cycle. An environmental impact
assessment has been carried out for the ROAD project (Haskoning,
2011). In this assessment the direct emissions from the capture
plant are analysed. In the ROAD project about a quarter of the
flue gasses of the coal fired power plant are treated in the cap-
ture plant. The capture process results in a CO, reduction of 90%.
At the same time no SO, is emitted, and the emission of particle
matters is reduced by half. However, the emission of ammonia and
hydrocarbons increased. Also a large amount of amines (MEA) is
emitted. The emission of nitrosamines is discussed in Section 5.5.
In other words, there are both positive and negative effects on the
local environment.

Conclusion: Valid for many applications. Apart from CO,, CCS
generally causes more emissions during the whole life cycle. From
a local perspective some environmental benefits are possible but
there may also be higher environmental impacts on other topics.
The impact is small when high concentration CO, streams are used.

5.4. Ethics-related arguments

The Netherlands is obliged to store CO, (Ethics-pro-A)

It is difficult to judge ethical arguments since they can be
analysed for internal consistency, but they cannot be verified
or falsified empirically. The background of this argument is the
assumption that CO, needs to be stored in order to avoid dangerous
climate change. This is the flipside of the debated argument (men-
tioned earlier in Section 5.1) that CCS is unnecessary for the climate
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problem (Climate-Against-A). There, we concluded that most scenar-
ios show that CCS is indeed required to make deep CO2 emissions
cuts.

Conclusion: Valid

CCS is not sustainable (Ethics-against-A)

Even its advocates regard CCS with fossil fuels as a tempo-
rary measure to reduce CO, emissions until renewable energy and
energy saving can fulfil our low carbon energy needs without CCS.
Since fossil fuel reserves are limited, although their total amount is
debated (see Section 5.2), the time span for CCS with fossil fuels is
limited to centuries. From this perspective CCS with fossil fuels is
not sustainable. It is more difficult to classify CCS combined with
biomass.

Conclusion: Valid for all CCS configurations, but perhaps not
when the fuel type biomass is used.

A solution that has little public support is not acceptable (ethics-
against-A-3)

This is an opinion masquerading as an argument and therefore
more difficult to test in terms of validity. However, it is interest-
ing to examine public support in order to assess the scope of this
argument. Literature points out that it may be necessary to distin-
guish between general support and local support in order to assess
the validity of this argument. Paukovic et al. (2011) asked the Dutch
publicin a survey to rate several energy options on a ten point scale.
Energy saving and wind energy were evaluated best with a 7.5. The
option “Large power plants where coal or gas is converted into elec-
tricity with CCS” was graded with a 5.0. The other CCS option “Large
plants where natural gas is converted into hydrogen with CCS” got
a slightly better mark of 5.9. The first CCS option was called unac-
ceptable by 15%, the latter by 5%. CCS applied at gas treatment and
steel industry were not included as options in the survey. During
this survey the storage location was not mentioned. The general
public is thus not enthusiastic about CCS. Their opinion depends in
some part on the application where CCS is carried out.

Daamen et al. (2010) did a survey among the population of
Barendrecht during the heat of debate on the CO, project that
planned onshore storage in that area. 86% of the respondents said
that the project was unacceptable. Although the layout of this sur-
vey and the above surveys were not identical, it is clear that there
is a major difference between the verdict ‘unacceptable’ by around
10% of the general public and the same verdict by almost 90% of
the local Barendrecht population. The CO, storage at the offshore
location K12b in the Dutch North Sea met no public resistance at
all. The actual support or lack of support thus depends strongly on
the location and is also influenced slightly by the application. This
makes it difficult to assess local support before the start of a project.

Conclusion: Even when local public support for a project is min-
imal, there may be important reasons that outweigh lack of local
support, like meeting climate targets. In that case it is possible that
general support, represented by national politics, can outweigh the
lack of local support. More generally, the argument is hard to refute
or support with facts because the argument expresses an opinion.

5.5. Safety-related arguments

The parts of the CCS chains have proven to be safe (Safety-for-A)

The consequences of CCS are unpredictable (Safety-Against-A)

Opponents and advocates of CCS often discuss whether CCS is
proven technology or not and link this to the safety of CCS. Apart
from the safety risk, unproven technology is of course also an eco-
nomic risk. To a large extent this is a semantic discussion since
CCSis an umbrella term for many technologies. Almost all different
components of CCS have been demonstrated, although on different
scales and circumstances. On the other hand only a few complete

CCS chains have been demonstrated on industrial scale. It is there-
fore more useful to discuss the track record of the components.

Capture

CO, has been captured at industrial processes for almost a cen-
tury. In most cases this is done to meet process demands and not
for storage purposes (IPCC, 2005). Natural gas purification is done
on a commercial basis, with various amines solvents that are com-
parable to those foreseen for post combustion capture. However,
the process circumstances for natural gas sweetening are different.
That process is under high pressure and with no NOy or SO, present.
There have been no applications for CO, capture at large-scale
power plants of several hundred megawatts. Other gas cleaning
technologies for power plants are common practice, for instance
for NOy and SO,. For the production of hydrogen, similar processes
to pre combustion are widely used and this is considered proven
technology. The use of oxy fuel combustion has been demonstrated
on pilot scale.

Transport

CO, has been transported for decades to EOR projects, mainly
in the US and Canada. There are more than 2500 km of pipelines
transporting CO, from natural and industrial sources (IPCC, 2005).
The Netherlands has over 200 km of CO, pipelines for greenhouses
(OCAP, 2007). The experience with CO, transport by ship is limited.
Worldwide there are only a few small ships in use to transport
liquefied foodgrade CO, (IPCC, 2005). CO, transport by ship has a
number of similarities to commercial liquefied petroleum gas (LPG)
transportation by ship, but there are also some differences due to
the properties of CO,.

Storage

The injection of CO, in oil fields for EOR has been done for
decades in USA. Apart from the injection in oil fields there are
three industrial scale projects operational today, two in Norway
and one in Algeria. These projects all store the CO, in deep
subsurface aquifers (GCCSI, 2011a,b). In the Netherlands Gaz de
France-Suez has been injecting CO, in an offshore gas reservoir
since 2004. Worldwide, there are other smaller storage projects like
the Recopol-project where CO> is injected in coal layers in Poland.

Underground natural gas storage projects have been operated
successfully for almost 100 years (IPCC, 2005). There is also experi-
ence with the seasonal storage of town gas, for example at Ketzin,
Germany where no CO, is stored (Co2sink, 2012). With these
projects a knowledge base has been developed for geological mod-
els with injection rates and storage capacity. This also created a lot
of experience in operating the injection of a gas. There is a chemical
difference between natural gas and CO,. The latter can react with
minerals in the reservoir, as well as with the cement that is used to
fill the injection well when this is abandoned.

Conclusion: Many different components of the CCS chain have
been demonstrated on different scales. Also, some similarities
with other processes are known. However, the experience with
complete CCS chains in the electricity sector is very limited. The
experience and also the occurrence of unexpected situations are
thus depending on the specific CCS chain. So, both arguments are
valid depending on the specific CCS chain.

CCS has a positive effect on other safety problems (Safety-For-B)

CCSclears the way to use more coal under a strict climate regime.
The geographical distribution of coal is larger than for oil and gas
(World Energy Council, 2010a). When more coal is used, this could
lead to less dependence on for example the Middle-East and Russia,
thus increasing geopolitical security. For the midterm, the substi-
tution of coal is limited to the power sector as the transport sector
is based on oil and heating is based on natural gas. On the longer
term, one could propose the conversion of coal to liquids and/or gas
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combined with CCS, making the application broader than the elec-
tricity sector. Coal combined with CSS could also be an alternative
for nuclear power that is sometimes regarded as unsafe.

Conclusion: Valid for the application ‘electricity’.

CCS is unsafe for humans and the environment (Safety-Against-B)

The risks of CCS to humans and the environment is often used
as an argument against CCS. We discuss some of these arguments
in detail.

If CO, escapes at a low pressure during transport and storage, it
can cause suffocation when there is little wind (Safety-Against-B-1).

CO; can cause suffocation at high concentrations. The impact
depends on the duration and concentration of the exposure. For
example concentrations above 10% can cause death when one is
exposed for 10 min (IEAGHG, 2009). The worst case scenario is a
CO; blanket that enters a village. This image was used during the
debate on the Barendrecht project (ZEMBLA, 2010). The assessment
of the risks of CO, transport by pipelines is very complicated, see
e.g. Koornneef et al. (2010). An important issue is whether the CO,
will mix with the air. When the CO, is released at a higher pressure
it will mix with the air due to its own release velocity. However,
when the CO, is expanded in a closed area, e.g. a tunnel, danger-
ous concentrations might occur. In the absence of wind, and at the
same time the presence of an uneven landscape with hills, ditches
etc., there is a minute possibility that a CO, cloud is formed. These
improbable conditions can only occur onshore.

Conclusion: Valid for onshore storage locations only.

Post-combustion CO, capture can cause emission of carcinogenic
substances (Safety-Against-B-4)

A very technology specific debate is on nitrosamines.
Nitrosamines are organic compounds that can be released during
post combustion processes when amines are used. Nitrosamines
have a short lifetime in the atmosphere as they disintegrate after
exposure to sunlight. The current debate in literature focuses on
the impact of nitrosamines and the lifetime of nitrosamines (ZEP,
2012). In the ROAD project nitrosamines will be formed as well.
According to the environmental impact assessment of the project
there are “sufficient safeguards to ensure that there will not be any
harmful effects” (Haskoning, 2011).

Conclusion: Valid for specific post-combustion capture tech-
nologies.

5.6. Economy-related arguments

CCS is good for business and for the creation of skilled employment
(Economy-For-A)

Compared to other countries, the Netherlands has a competitive
lead in the use of CCS (Economy-For-C)

In this section we discuss these two neighbourhoods together
since they both argue that CCS will be beneficial to the Dutch econ-
omy. The Netherlands has a long tradition on CCS research and is
among the word leaders in this field (van Egmond et al., in press).
It is difficult to judge whether this knowledge base will have a
large impact on the Dutch economy. The Netherlands is also well
located for becoming a CO, hub. Half of the emissions of large sta-
tionary sources are within a 500 km range. The Netherlands and
the neighbouring North Sea, especially in the Norwegian waters,
have large CO, storage capacity. Combined with the long Dutch
tradition in gas transport and trading, as well as in offshore activ-
ities, this puts the Netherlands in a good position to become the
CO, hub of North West Europe (Platform Nieuw Gas, 2007). So
one may indeed argue that CCS could generate business for the
Netherlands, but the claim “competitive lead” is exaggerated since
very few businesses have intentions to make money with CCS
(van Alphen, 2011). A good starting position is perhaps a better
description.

Conclusion: Partially true. The starting position of the
Netherlands is good. However, the economic benefits can only
materialise if these advantages are put to good use.

With CCS, climate objectives are economically feasible (Economy-
For-B)

The background of this argument is that alow carbon economy is
cheaper with CCS than without CCS. ECN/MNP (2007) confirm that
the cost for meeting the Dutch climate goals in 2020 for the whole
energy system with CCS is €3.5 billion versus €8 billion when CCS
is excluded. The scenarios of IEA that reduce CO, emissions for the
power sector in 2050 by 90% also establish that excluding CCS will
lead to higher prices electricity prices, 38% without versus 18% with
CCS compared to the baseline (IEA, 2010). On the other hand, WWF
(2011) report that their low carbon scenario without CCS is cost-
effective and will provide energy that is affordable for all. They
do not compare the cost of the energy system with and without
CCS.

Conclusion: This neighbourhood of arguments is debated.

CCS costs Dutch business money (Economy-Against-A)

CCS costs Dutch citizens money (Economy-Against-B)

The previous argument stated that a low carbon economy with
CCSis less expensive than a low carbon economy without CCS. This
may be true, but CCS costs money as well. As capture is the most
expensive step of the CCS chain, the cost of CCS will to a large extent
be determined by the application. GCCSI (2011b) gives very wide
cost ranges. Capture costs from ammonia production and natural
gas sweetening are about 20 $/tonne CO,. For steel and cement
54 $/tonne CO, is reported, whereas for power plants a range of
44-107 $/tonne CO, is given. The wide spread of the range for
power plants can be explained by the lack of large scale examples
for CO, capture at power plants. The price of an EU allowance is cur-
rently below 10<€ /tonne (Point Carbon, 2012). The Deutsche Bank
expects that the price could rise in 2020 towards 20-25 € /tonne
(Reuters, 2011), still far below the cost of CCS.

In other words: CCS costs money. An important question is who
is going to pay for this: either the tax payer or the polluter. NGOs
are against government subsidy for CCS (e.g. Greenpeace, 2008). If
the polluter has to pay for CCS, he will pass on the extra cost to his
end users, for instance by raising the electricity prices. In both cases
the Dutch citizens will have to pay for CCS.

An exception to this may be the case where CO, is used to
produce extra oil or gas. Enhanced oil recovery has been done com-
mercially for decades. However, the Netherlands has only 10 oil
fields in production (TNO, 2011). Enhanced gas recovery might also
be interesting. An example is the offshore demonstration project at
the K12b field.

On the other hand, climate change costs money as well. Stern
(2006) for example estimated that a 2-3 °C temperature rise will
result in a loss of 0-3% of the world’s output. A temperature rise of
5-6°C could even lead to a loss of 5-10% global GDP. However this
paper assumes that there is a climate change policy with strict tar-
gets. So doing nothing does not lie within the scope of the inventory
and analysis of the arguments.

Conclusion: Valid, with some exceptions for EOR and EGR.

6. Discussion and conclusion

In the previous section we have analysed the arguments for
and against CCS. We concluded that most of these arguments are
valid but often only apply to specific configurations. Some of the
arguments are controversial.

Obviously some arguments are stronger and more relevant than
others. However, it is almost impossible to rank the arguments
since the importance of an argument will differ from one person to
another. For example the argument “CCS retards the development
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of sustainable energy” is crucial for people who want to end the
fossil era as quickly as possible. For those who are of the opinion
that climate and environmental targets should be met, regardless
the route, this is an irrelevant argument.

6.1. Interaction between arguments

The arguments have been discussed separately in this paper;
however in a debate arguments are interrelated. We will give one
example of the interaction between several energy arguments. As
shown in Section 5.2, the argument against CCS because of the
extra amount of energy that is necessary for several CCS chains
is legitimate for certain configurations. However, one may wonder
whether it is a relevant argument, as it is set against the argument
for CCS that there is no other way for fossil fuels to be used due to
the global carbon budget. In other words, the climate is the limiting
factor for the use of fossil fuels and not the supply of fossil fuels. The
use of extra energy has other impacts on cost and environmental
effects as well, but those are different arguments.

6.2. Applicability of the presented arguments

The presented categorisation of arguments and their scope may
contribute to a better informed debate. However, we realise that the
presented arguments are still rather technical and far away from
the perception of a local resident of a storage location. He may for
example use the phrase “I just do not want CO, under my backyard”.
This legitimate statement is more an opinion than a proposition
for debate. Perhaps the reasons for his statement are based on the
presented arguments and/or other (true or false) facts. The map
presented here is therefore more useful for the CCS community and
policy makers as a tool to improve their considerations on future
energy systems.

A next step in using these arguments is to relate the arguments
to the world views of people, organisations and political parties
since opinions consist of a coherent set of arguments. For exam-
ple, a person with great trust in science and technology would use
another set of arguments to come to a conclusion on CCS than a
person with great distrust in science. Also, it seems logical that a
person who, for example, is in favour of nuclear energy and accepts
safety models on nuclear risks, will also accept comparable analyses
on CO, storage.

In reality, discussions are of course not always based on facts.
Arguments may also be used strategically or opportunistically, orin
a combination of arguments. The set of arguments presented in this
paper may also be used to analyse the consistency and quality of
the arguments used and thereby improve the quality of the societal
debate on CCS.
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