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Abstract

Capture and storage of carbon emissions from lpog@ sources (LPS) is assumed to play
a key role in mitigation strategies to reduce carbmissions to the atmosphere in the near
future. This Master’s thesis aims to contributéhe analysis of the potential of carbon cap-
ture and geological storage (CCS) regarding glalodl regional welfare, carbon energy use
and temperature increase in the period 2005-21C%5 6Gas been incorporated as a carbon
mitigation option in the “Regional Dynamic IntegegdtModel of Climate and the Economy”
(RICE). In addition, average CCS costs for theargiincluded in the model have been cal-
culated based on LPS data provided by the IntermaltiEnergy Agency (IEA). First, given
the assumptions of the RICE framework, the reshitsy that global and regional welfare is
not increased due to the implementation of CCSoisccarbon energy use is not considera-
bly affected by the possibility to avoid the copesding carbon emissions by the implemen-
tation of CCS. Third, neither optimal levels of C&fsind in endogenous CCS scenarios nor
exogenously determined levels of emission avoidameesufficient to substantially mitigate
the temperature increase in the period 2005-2148h&rmore, the analysis of the sensitivity
of the RICE model shows that the discounting otifetwelfare and the estimation of ex-
pected levels of market damage due to climate ahangthe most important issues regarding
the economic analysis of CCS. However, whether @@Edeploy at large-scale might

mainly depend on its inclusion in a legally-bindipgst-Kyoto agreement.
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1 Introduction

Climate change is seen as a serious risk to thieoemwent and the world economy. Accord-
ing to the fourth assessment report of the Inteeguwental Panel on Climate Change
(IPCC), it is very likely that most of the increaseglobal mean temperature is due to the ob-
served increase in anthropogenic greenhouse gagbs iatmosphere (IPCC, 2007). In this
context, the global use of carbon energy must k@erfocus of any global policy regarding
the mitigation of climate change. Pacala and Sac¢2D04) state that the fundamental scien-
tific and technical know-how to solve the carbom afimate problem in the next 50 years
today already exists. In this context, carbon diex{CQ) capture and storage (CCS) is seen
as one of the major technologies applicable torarat lower global carbon emissions to the
atmosphere and thus to mitigate climate change. 8@Sotential option to reduce net car-
bon emissions from large point sources of,@&missions (LPS) such as fossil fuel power
plants or large industrial facilities. A CCS systemeludes three major process steps: (1)
separation and capture of €@ flue-gases from power plants or industrial lies with
appropriate technological systems, (2) transpoi€©f to a storage site located close to the
point source and (3), injection of G@ stable geological formations or in the deepante
(IPCC, 2005). The IPCC published a special reportarbon capture and storage (see IPCC,
2005) and the International Energy Agency (IEA)iragtas energy policy advisor for the
OECD members focuses on CCS within its greenhoasergsearch and development pro-
gram (see IEA GHG). According to the IPCC (2009pSLaccount for around 60% of total
global CQ emissions and CCS could provide 15% to 55% ofrautative carbon mitigation
effort up to 2100. Furthermore, the IEA proposesdpture and store up to 10 gigatons (Gt)
CO, per year by the middle of the2gentury (IEA, 2009a).

Since CCS has not yet been implemented on a |laade, ghere is an urgent need for further
research and demonstration projects in order ttyzmavhether the involved technologies can
guarantee economic feasibility and environmentatasnability. To evaluate potential future
benefits due to the implementation of CCS it isc@uto deal with cost-benefit analyses. Lit-

erature reports a wide range of CCS cost estimduesto variability of source- and site-

! Since only geological storage is close to marketunity (IPCC, 2005), it is the only carbon storagmion
considered in this Master’s thesis. Thus, the abatien CCS represents carbon capture gmological storage
in the following sections and excludes any otheragje option.
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specific components (see e.g. Al-Juaied and White#009; Dahowski et al., 2009; Dooley
et al., 2006 and 2008; IPCC, 2005, Wildenborg €t2&l05). Furthermore, the analysis of ex-
pected market damages caused by climate changesatisfy a certain reliability to allow an
assessment of costs and benefits of CCS. Therdfagekey question concerning the future
deployment of CCS is the expected level of clinddgmages in terms of costs per ton of car-
bon emitted to the atmosphere. These costs arerkaswocial or shadow costs of carbon and

are subject to an economic analysis of climate ghan

1.1 Economics of climate change

From an economic view, global climate change isr@lem of the public good. Public
goods are defined &$...) collective consumption goods £X, . . ,%+m) Which all enjoy in
common in the sense that each individual's consompf such a good leads to no subtrac-
tion from any other individual's consumption ofttgaod, so that %; = X'..;, simultaneously
for each and eveny"iindividual and each collective consumptive gog8amuelson, 1954).
Taking Samuelson’s definition, a correlation of mmale greenhouse gas emissions and cli-
mate change as well as the existence of socias @dstarbon as a basis, a certain level of
emission reduction seems to be urgent. Otherwiseltmate system is facing the risk of not
fulfilling Samuelson’s condition for some regionedagenerations in the long-term. This
again leads to the analysis of social costs ofararlhs an example, Nordhaus and Boyer
(2000) focus on the following aspects of vulnei@pilo increasing temperature in order to
estimate expected market damages due to climateyehagricultural production, settlement
and ecosystems, human health, sea-level rise, nallleemarket sectors (amongst others wa-
ter systems, energy systems and fisheries), nokenamenity impacts (e.g. leisure activi-
ties) and catastrophic impacts (amongst othersdhapse of the West Antarctic Ice Sheet or
a sharp rise in sea level). In a further step taeas costs of carbon can be estimated by ap-
plying integrated assessment models including matamages due to climate change and a
certain level of discounting (see sections 1.1d =i.2). Tol (2008) presents a meta-analysis
of 211 estimates of social costs of carbon conoldhat despite a downward trend in the
estimates of the economic impacts of climate chétigee is a fair chance that the annual
climate liability exceeds the annual income of mpagple*

The conclusion of Tol (2008) and the classificatarclimate change and thus social costs

of carbon as a public good problem raise the goestbout global equity and efficient policy.
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The United Nations Framework Convention on Climakange (UNFCCC) notes in article 3
that“The Parties should protect the climate systemtha benefit of present and future gen-
erations of humankind, on the basis of equity anddcordance with their common but dif-
ferentiated responsibilities and respective captbd. Accordingly, the developed country
Parties should take the lead in combating climatange and the adverse effects thereof”
(see UN, 1992). According to Stern (2008), thera tsig difference between a stock and a
flow notion of equity with regard to carbon emisso Taking into account the total contribu-
tion to the atmospheric stock of carbon in the H#kto 200 years, even global equalizing of
per capita carbon flows by the year 2050 would lveeak notion of equity. Proclaiming op-
timal per capita emissions of 2-2.5 tCfer year, Stern postulates a “Global Deal” wita th
currently poor countries at its center. The desifjan efficient policy should be based on a
price mechanism leading to a carbon price followtimg path of the marginal costs of climate
change abatement. In addition Stern’s “Global Dealitains elements in favor of developing
countries such as lower emission reduction targetsompensation for increasing costs of
development due to climate change.

However, based on integrated assessment modek®sgs@ction 1.1.1) many economists
conclude that equity and efficiency with regardte abatement of climate change could be
guaranteed by an emission trading- or alternatigeBigouvian taxation-mechanism (see e.g.
Nordhaus and Boyer, 2000; Manne and Stephan, 200&}haus, 2008; Tol, 2009). If the
costs of climate change are expressed as pure ntak®ges in terms of loss in GDP, equity
would be assured by allocating emission rightsnaividual nations. International trade of
these emission permits then leads to an efficilotation of global emissions. Since the
Pareto-efficient stock of atmospheric carbon ipehdent of the initial allocation of emis-
sion rights, no major changes in the historical emship of labor, capital, and other conven-
tional resources would occur (Manne and Stephad5)2@ Pigouvian tax corresponds to the
marginal damage cost of a unit of carbon emissiBtaced on the carbon price, this tax re-
stores the market to an efficient solution by in&#zing the shadow costs of carbon in the
economy (Tol, 2009).

1.1.1 Integrated assessment modeling (IAM)

In the mid 80s integrated assessment modelingadfadjiclimate change emerged as a para-

digm to combine science and policy with regarddmplex environmental issues. By linking
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mathematical representations of the natural andsti@o-economic system, cause-effect
chains including feedbacks are represented in liated assessment models (Bohringer et al.,
2006). According to Stephan and Muller-Furstenbe(@607), an IAM usually consists of
three sub-models. An economic model representsvitkel economy at different spatial and
temporal resolutions. A simple carbon cycle modaised as a proxy for the development of
climate change and feedbacks from climate changfgeteconomic sub-model are defined by

an ecosystem-impact model (see Figure 1).

> ‘:: - _GHG-E.'nfss."ons_ h i:‘,
) T 3
| Climate Model |
Economic Model """ Concentration - !
b - Temperature . -
g SiGe
| Ecosystem Model |
s I

Figure 1. Schematic structure of an IAM of climate changeHhidger et al., 2006)

These models vary widely in the complexity of tloeromic and climate sectors. In addi-
tion, the treatment of uncertainty which is a caliconcern in climate change policy, and the
responsiveness of agents to climate change poh@gasin IAMs (Bohringer et al., 2006).
Weyant et al. (1996) and Kelly and Kolstad (1999 divide IAMs of climate change into

policy optimization and policy evaluation models:

Policy evaluation IAMs

By applying policy evaluation IAMs the effect ofsangle exogenously specified policy op-
tion on the biosphere, climate and economic sysimansbe analyzed. Actions of agents rep-
resenting the economy are taken as given (basedssumption, observation or expert opin-
ion) in order to estimate costs and benefits oéljikfuture decision paths. Therefore, the
model results are subject to the decision predistiaof the modeler and cannot readily be in-
terpreted by the reader (Kelly and Kolstad, 198#)wever, by avoiding optimization, policy



1 Introduction

evaluation models can contain greater modelingildaabiophysical, geophysical, economic
or social aspects (Bohringer et al., 2006). Examme€ policy evaluation models are the
IMAGE Framework (see Rotmans, 1990) the PAGE-20f#nework (see Hope, 2006) or
the GIM Framework (see Mendelsohn and Williams 2004

Policy optimization IAMs

Policy optimization models cover two different pasges: First, the target can be regulatory
efficiency. This implies that an optimal policyssarched which trades off expected costs of
climate change control and expected climate dam&gxond, it is possible to seek for regu-
latory cost-effectiveness by minimizing the codtachieving a particular goal, e.g. an emis-
sion threshold (Kelly and Kolstad, 1999). Assumiagonally behaving agents, policy opti-
mizing IAMs are typically designed to maximize ttiscounted present value of welfare (see
section 1.1.2) across all time periods and spateds covered by the models. In such models,
emissions are defined as production input and tsedtiver of climate change. Due to in-
creasing abatement costs, climate change redueeprdiduction output available for con-
sumption or capital investment. Since welfare iBngel as a function of consumption, emis-
sion and savings rates are computed in order toagtee optimal levels of production and
abatement in each time period. Whereas the modsggect market damages in terms of GDP
losses, non-market goods such as ecosystems ontheadh are typically not considered for
the optimization of welfare (Stanton et al., 2009).

Based on the spadework of Nordhaus et al. (DICERIGE framework: see e.g. Nordhaus,
1991; Nordhaus and Yang, 1996; Nordhaus and B&@)Q; Nordhaus, 2008) and Manne
and Richels (MERGE framework: see e.g. Manne aruhd®, 1992; Manne and Richels,
2004) a broad variety of top-down and bottom-upgyobptimizing IAMs has been devel-
oped. Bottom-up models focus on a disaggregatediatailed representation of the produc-
tion sector of the economy, whereas the consunmersfgen represented by a single agent. In
top-down models consumers are typically represebtedeveral agents (regions), but the
representation of economic production is simplifledusing a centralized GDP production

function for each region (Stephan and Miller-Fins&rger, 2007).

1.1.2 Discounting

Discounting welfare accredits a current value toirel benefits. A key element of the con-
cept of discounting is the notion of optimalityiaffestments and decisions. A standard first-
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order condition in optimal growth theory denoteattfor each capital good (if there are no
constraints between consumption and accumulatiagheofood in question) the social rate of
return on investment should be equal to the salismiount rate in terms of that good (Stern,
2008). Whereas the social rate of return on investrorresponds to the marginal productiv-
ity of a good at shadow prices, the social discoatd represents the social value of a unit of
consumption at a specific timeelative to a unit of consumption at tirsero(Stern, 2008).

The equation for the social discount rate as ptesehy Ramsey (1928) includes three
components. A pure rate of time preference, the ehgrowth of per capita consumption and
a measure of inequality aversion influence thellet’discounting of future welfare. The pure
rate of time preference represents judgements aheutelative importance of future well-
being relative to the well-being of current genierad. This so called time discounting is hard
to defend regarding ethical considerations and nbgshandled with caution (Nordhaus,
1997). However, as decision processes often rastdvor of present generations it would be
unrealistic to negate the existence of a pure fmederence. Moreover, growth discounting
respects the rate of growth of per capita consuwmpdver time. Since most global change
models project continuing economic growth and iasieg per capita consumption, it seems
to be reasonable that future generations bear a@egreart of the costs related to climate
change abatement. In this context the measureeqliadity aversion represents the decline of
the marginal utility of per capita consumption ese of an increase in consumption. Hence,
growth discounting gives less weight to later arghlthier generations relative to earlier gen-
erations (Nordhaus, 1997).

Although the concept of discounting is an issuetramersially discussed in climate eco-
nomics (see e.g. Stern, 2006; Weitzman, 2007; Narslh2007Yit is well-known that the
discount rate is crucially important for estimatitige social cost of carbon, a standard indi-
cator for the seriousness of climate change andalae level of climate policy{Anthoff et
al. 2009).

1.2 Economics of CCS

Even though CCS technologies are not yet marketummaiPCC, 2005), Zenghelis and
Stern (2009) propose to scale-up the implementatfd®CS in the medium term as a part of
the “Global Deal” in order to address anthropogesiimate change. However, a growing

body of economic literature points to significambeomic potential of carbon capture and
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storage technologies (Dooley et al., 2003). Onatfe hand, research focuses on future costs
of CCS. Costs of carbon transport and storage bege evaluated respecting regional storage
potential and economies of scale (see e.g. Dahoets&l., 2009; Wildenborg et al., 2005;
Dooley et al., 2004). In addition, carbon captussts have been analyzed depending on the
type of the emission source and the technologipticable to capture CQOduring industrial
processes (see e.g. Al-Juaied and Whitemore, 2D88lgy et al., 2006; IPCC, 2005). On the
other hand, these cost estimates are used in eaeogymic modeling. Economic modeling
has been conducted in order to examine how CC3®y®eints would evolve assuming con-
straints in carbon energy use (IPCC, 2005). Howeakmpresent most economic analyses
based on IAMs including CCS focus on regional epesgctors and on shifts to industrial
technologies which allow the implementation of C(38e e.g. Dooley et al., 2004 for the
USA; Wildenborg et al., 2005 for the European Uion

Even though CCS is included in the MERGE framew@ée Manne and Richels, 2004),
only few studies dealing with global welfare effecf CCS implementation have been found
(see e.g. McFarland, 2002 and 2006). As mentiobetieg Pacala and Socolow (2004) postu-
late to mitigate climate change using current tetdgies. Thus, there seems to be a gap in
the analysis whether CCS, at current cost estim&ean appropriate method to mitigate

harmful impacts of climate change on the globaheoay and the environment.

1.3 Outline of this Master’s thesis

The aim of this Master’s thesis is to examine, gidCS cost and capacity data, whether it
is economically feasible to conduct global largakscCCS. For the analysis of the potential
of CCS the RICE-99 model, a policy optimizing IAN aresented by Nordhaus and Boyer
(2000), has been chosen. CCS has been incorp@sitg@ingle emission mitigation option in
the model framework. Whereas the CCS investmemsracompetition with consumption
and capital investment within the economic sedtwg, emission reduction due to the imple-
mentation of CCS directly lowers the temperaturease by influencing the carbon cycle
representation of the model. In one scenario gib@pagents representing the regions in-
cluded in the RICE-CCS model determine individualhyoptimal amount of carbon captured
and stored with respect to the maximization of glolelfare. A second group of scenarios
analyses exogenously determined (and thus arbit@8 policies whereas all other deci-

sions allowed by the model framework are left te digents.
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On the one hand, the analysis of the scenarioteeshibuld give an answer to the questions
whether a rational agent would implement CCS teldgies and whether exogenous CCS
deployment leads to changes in global or regiorgfare within the next century. On the
other hand, the impacts of the implementation o5Q@@ global carbon energy use and thus,

on the economic and climate systems are the factisaViaster’s thesis.

Chapter 2 gives an overview on the state of th@@a@CS. A description of the RICE-99
model, the incorporation of CCS in the model areldhata used for the computational proce-
dures are provided in Chapter 3. Chapter 4 provatesverview of the exogenous and en-
dogenous CCS scenarios and results are presendedisoussed in Chapter 5. Finally the

conclusions are presented in Chapter 6.



2 State of the Art CCS

A carbon capture and geological storage system JG@&3Budes capturing of CQat the
emission source, transportation to a reservoir iajgttion into onshore or offshore under-
ground geological formations. As an option to rexl@ emissions from large point sources
CCS systems use technologies already applied irmmmindustrial processes. On the one
hand, separation and capture techniques are knmam drdinary gas purification processes.
On the other hand, transport and underground injedystems are used in enhanced oil re-
covery (EOR) or enhanced coalbed methane recode@B#M) processes. Up to 45% of
global fossil fuel C@ emissions are expected to be available for CCShbyyear 2050
(IPCC, 2005). This chapter intends to give an oesvof CCS regarding technological, cost,

environmental and legal issues.

2.1 Large point sources of CQ

Large point sources of GQLPS) are defined as stationary emission souncetiieg more
than 0,1 MtCQ per year. The major types of LPS are power plaased on fossil fuel com-
bustion. Pulverised coal fired plants (PC), intégglacoal gasification combined-cycle plants
(IGCC) and natural gas combined cycle plants (NG&@€&ount for the major part of LPS
emissions. PC and NGCC power plants provide ab0U df total global energy supply and
the IGCC technique is seen to be a key technolodlieé near future. Further, cement manu-
factories and industrial facilities such as irord ateel, bioethanol or ammonia production
factories are LPS with less relevance concerning Gg&total, the power and industry sectors
account for about 60% of total global €@missions and it is expected that this share will
persist at a level of around 50% by the year 20BCQC, 2005). Table 1 gives an overview of
LPS which are theoretically available for CCS (lobse data from the IEA; see IEA, 2009b).
A total of 8'615 emission sources with an averageual emission rate of 1,7 MtG@er
source have been identified. Accounting for 15 Gi@€&r year (see Table 1), the types of
LPS considered in this Master’s thesis cover ard@0% of global LPS C@emissions.

In order to assess the potential of CCS as anmoptiaeduce global COemissions, the

geographical distribution of LPS and their amengbto CO, capture and storage must be
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evaluated (IPCC, 2005). As shown in Figure 2, LRSnaainly clustered in the USA, Europe,

Japan, India and eastern Asia. However, since eathese emission sources represents a

substantial amount of carbon dioxide emitted todtmosphere, CCS is an option to mitigate

CO, emissions significantly in all regions of the wbrl

Table 1: Types and number of large point sources of €Rission (data provided by the IEA, 2009b)

Emission Source Number of | Emissions | Emissions/Source | Emissions | Emissions/Source
Sources [MtCO, [[MtCO ,/ Source] |[MtC] [MtC / Source]
Ammonia Production 232 151 0.65 41 0.18
Cement Production 1'316 1'042 0.79 284 0.22
Hydrogen Production 106 25 0.24 7 0.07
Iron&Steel Production 504 705 1.40 192 0.38
Power Generation 5217 11'833 2.27 3227 0.62
Power Coal 2'138 9'198 4.30 2'508 1.17
Power Gas 1'875 1'560 0.83 425 0.23
Power Oil 1'120 977 0.87 266 0.24
Power div. 84 99.10 1.18 27. 0.32
Ethanol Production 587 534 0.91 146 0.25
Refineries 653 733 1.12 200 0.31
Total 8'615 15'025 1.74 4'097 0.48

® Power Plants
[ ]

Industrial Facilities

Figure 2: Geographical distribution of LPS of G@missions (this figure has been plotted using dedaided
by the IEA, 2009b)
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2.2 CO, capture

In general, CQ@ capture can be defined as gas purification by ratipg CQ from other
components in a flue gas (Kohl and Nielsen, 19B&sed on pre treatment of fossil fuels or
air before and on chemical and physical separatiooesses after combustion, £@m LPS
can be captured using complex technological systévieereas the basic pre treatment and
separation processes are well known and understoost, of the capture systems are not yet
market-mature. Since capture of £&®an energy-intensive procedure, the differeretevéen
CO, emissions captured and €@missions avoided must be considered. In additidfgerent
processes could be applied to the same type of TR&s, a detailed cost and performance
analysis is required to determine an optimal sdjmargrocess (IPCC, 2005). However, the
separation processes and capture systems, desuritiesl section, are of high relevance con-

cerning a worldwide deployment of CCS.

2.2.1 Separation processes

CO, can be separated from hydrocarbons before conadou§bre treatment) or from flue
gases after combustion (post treatment). Anotherageh is to remove nitrogen from air
used for combustion which results in a flue gaarobptimal composition with regard to €O
separation processes. The following treatmentdeatistinguished:

a) Fossil fuel pre treatment processes

Basically fossil fuel pre treatment correspondsdaverting the fossil fuel to GCand hy-
drogen oxide (k). First, the fuel must be gasified. In a next psxstep the gasified fuel is
oxidised by water vapour. Second, as a result @fotkidation, fixed carbon is converted to
volatile CQ and thus available for separation whereas therfgeatlue is available from
pure H (Rostrup-Nielsen, 2001). The advantage of thicgse called CO-shift is the low
energy demand for CGseparation because of the high concentration of iE6@he resulting
gas (Lyngfeldt et al., 1999).

b) Post treatment processes — separating €a@n flue gas

Capturing CQ from flue gases represents the removal of a vapbase impurity from gas
streams (Kohl and Nielsen, 1997). The main procetsaseparate GOrom flue gas are ab-
sorption with chemical solvents, separation withmheanes and cryogenic distillation (see

Figure 3). It depends on the mixture of the flue gdnich processes are preferred to separate

11
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CO, from other components in a gas. According to Kaid Nielsen (1997), absorption with
chemical solvents (see Figure 3a) refers to thesfes of a component of a gas phase to a
liquid phase in which it is soluble. The separai®achieved by passing the flue gas through
a liquid absorbent capable of capturing I a so-called regeneration process the absorbent
releases the Cfafter being heated or compressed. The pure €@ be captured and the
absorbent is available for recycling (IPCC, 200Agcording to Wallquist et al. (2008),
monoethanolamin (MEA) is an appropriate absorbenCiO,. Another possibility to separate
CO, from flue gases is the permeation of the gas titraimembrane (see Figure 3b). In this
process polymeric membranes are used to separs¢s §a selective permeation from one
side of a membrane to the other driven by a presgradient (Kohl and Nielsen, 1997). As
noticed by the IPCC (2005) membrane separatiombaget been applied to capture £ a
large scale. Furthermore, cryogenic distillatioag($-igure 3c) is a process to separate CO
accomplishable for liquids. By compression or aoglithe phase of the flue gas is changed
from gaseous to liquid. In the liquid phase the ponents can be separated in a distillation
column and the C&s available for capture (IPCC, 2005).

co,
Sorbent
+CO, T

Sorbent : make-up
Regeneration

Sorbent i
Co,

a) Separation with sorbants/solvenis

Eas A
Gas B > Gas A

CO; Caplure

E Distillation
v
. |="> :D =) GasB
Gas Gas
(A+B) Membrane (A+B)
b} Separatfon with a membrane ¢) Separalfon by crycgenic distifation

Figure 3: General schemes of post treatment processes refevalO, capture from flue gases (IPCC, 2005)
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c) Removal of nitrogen from air

Instead of separating G@&om a flue gas containing mainly nitrogen aftembustion with
air, pure oxygen (& is used for the combustion process to deternheemixture of the re-
sulting flue gas. This implies that nitrogen mustdeparated from air in a first process step
before combustion. The flue gas of this so calleCO,-firing consists solely of water va-
pour and C@ The separation can be executed by simple contlensand thus is signifi-
cantly less energy intensive compared to commomaraépn processes dealing with flue
gases of a more complex structure (Lyngfeldt etl®99).

2.2.2 Capture systems

Regarding fossil fuel combustion, the three basi® Capture systems applying the proc-
esses described in the previous section are knewreacombustion capture, oxy-fuel com-
bustion capture and post combustion capture systEms 2007). Slightly different systems
using the same technologies allow capturing €@m industrial production processes such as
ammonia or steel production (IPCC, 2005). Figugevés an overview of the capture systems

and their basic functionality described in thistset

a) Pre combustion capture

A pre combustion capture system is based on thesl@fDprocess. After the GQOs sepa-
rated by physical or chemical absorption it is Elde for storage and the pure hydrogen can
be used e.g. in gas turbines (see Figure 4). Teveambustion capture technologies could be
applied tolGCC power plants (Wallquist et al., 2008). It igected that IGCC technologies
will be deployed on a large scale in the late 20T0wis, the importance of pre-combustion

capture is supposed to increase substantially (E2A4).

b) Post combustion capture

At present “post combustion” is seen as the mosureaCQ capture system. The G@s
separated from oxygen and nitrogen oxide by chdraigsorption in a liquid amino solution
after burning of fossil fuel (see Figure 4). As frection of CQ in the flue gas typically ac-
counts for about 12-14% only, a huge amount ofestlNs needed for the separation process.
Recycling of the solvent is very energy intensiVbus, it reduces the efficiency of a power
plant considerably and increases the total enezgyirement of a plant respectively. How-

ever, post-combustion technology has the advaritaajeit can be implemented to existing

13
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power plants without influence on the productiongasses. The additional facilities for such
a capture system are of a considerable size. Tdrerghe availability of sufficient space next
to an LPS is a preconditigiVallquist et al., 2008). The post-combustion ceptechnology
could be applied to NGCC and PC power plants (IPZDO5).

N.'I‘
o, 4 t
Coal
co
. istii Gas Powat & Hoat i 3
Biomass T | Sepasation \
Alr \CO,
Cosl ;:f"?‘ co, '
Biomass ‘ { I \
Pre combustion |Gasification Reformer | My —mouo o
+CO, Sop. [ 7| Power & Heat it co,
Gus, O / Compression
Air | & Dehydration
Coal [ 1 Co, }
Oxyfuel | Gas sy Power & Heat
Biomass e e —
4o, . I
Ar — |Air Separation 2
AdriQy
, Cosl co.
Industrial processes Gas Process +CO, Sep.
Biomass [ 1
Raw material Gas, Nm:m,&lul

Figure 4: Overview of CQ Capture systems IPCC (2005)

c) Oxyfuel combustion capture

As shown in Figure 4, this capture system is basethe Q/CO,-firing process. The flue
gas resulting resulting from this process consi$tapproximately 80% water vapour and
20% CQ. Hence, water vapour can be separated from BOcondensation without high
energy input. Since the flame temperature of fughbin pure oxygen is very high, parts of
the CQ and water vapour rich flue gas must be recycletthéocombustor. The main disad-
vantage of oxy-fuel combustion is the energy intengroduction of pure oxygeiWallquist
et al., 2008). Oxy-fuel combustion capture systemdd be implemented in NGCC and PC
power plants (IPCC, 2005).

d) CQO, capture from industrial processes
Systems capturing CQluring industrial process streams, like purifioatof natural gas or

the production of hydrogen-containing synthesisfgashe production of ammonia, alcohols

14
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and synthetic liquid fuels, are already in operatioday. However, mostly the GQ@s re-

leased to the atmosphere again since the aim @@eseparation is solely the purification of
industrial gas streams. These current separatstersggnclude similar techniques as applied
for pre combustion capture. In addition, the impbatation of post combustion capture sys-
tems in industrial process streams would allow wapg CG from cement and steel produc-

tion as well as from fermentation processes duieog and drink production (IPCC, 2005).

2.2.3 Capture costs

CO, capture costs consist of capital and of operationsts. Capital costs include invest-
ments for capture facilities while operational sogtainly represent energy costs (IPCC,
2005). The total costs of G@apture are subject to the type and size of an pR&luction
technology and the concentration of £ the flue gases (Hendricks et al., 2004). Thits,
erature shows a wide range of £€pture costs from LPS (see e.g. IPCC, (2005)]dyoet
al., (2006); Al-Juaied and Whitemore, 2009; Herldiet al., 2004).

Table 2 shows cost estimates of £&@ptured from different types of power plantshe t
range of US$13 to US$74 per ton of £ @spectively 20% to 69% increase in costs of-elec
tricity production. For other industrial facilitiegich as refineries, cement, steel or ammonia
production the estimated capture costs are rarfgimy US$6 to US$55 per ton of GCFor
this Master’s thesis the cost estimates of the IRZID5) and Dooley et al. (2006) were con-

sidered in all computational experiments.

Table 2: Cost estimates and calculations for &@nissions avoided

Source Low |High |Point Source Type |Details
Range| Range

Costs per ton Coavoided [US$/t CQ).
Representative value $23.

Costs of CQcapture & compression
[US$/t CO).

Increase in costs of electricity production.

IPCC (2005) $13 | $37 | IGCC

Dooley et al. (2006) $25 $40 IGCC

0, 0,
IPCC (2005) 20% | 55% | IGCC Representative value 33%.
Costs per ton Coavoided [US$/t Cg).
IPCC (2005) $29 $51 | PC Representative value $41.
IPCC (2005) 22% | 66% | PC Increase in costs of electricity production.

Representative value 57%.

Steam rankine Costs of CQcapture & compression

Dooley et al. (2006) $25 $60 nower plants [USS$/t COJ.
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Source Low |[High |Point Source Type | Details
Range| Range

Costs per ton Coavoided [US$/t Cg).
Representative value $53.

Increase in costs of electricity production.
Representative value 46%.

IPCC (2005) $37 | $74 | NGCC

IPCC (2005) 37% | 69% | NGCC

Costs of CQcapture & compression

Dooley et al. (2006) $35 $55 Refineries [US$/t COJ.

Costs of CQcapture & compression
Yssi cqy.
Costs of CQcapture & compression
[US$/t CO).

Ammonia and ethar Compression costs only; no capture costs fq
nol production. pure CQ stream [US$/t Cg).

Dooley et al. (2006) $35 $55 Cement producti

Dooley et al. (2006) $20 $35  Steel production

-

Dooley et al. (2006) $6 $12

2.3 CO,transport

If an LPS is not located directly above a geologgtarage site, captured G@nust be
transported to a geological storage reservoir. yodammercial scale transport of gaseous
and liquid CQ for EOR is conducted using pipelines (IPCC, 20@%)other possibility is
transportation of C@in road or rail tankers and ships. However, adogydo the economic
analysis of Svensson et al. (2004), only pipelipgetesns and water carriers remain as eco-
nomically feasibleransportsystems. Railway or road carriers are to experancelack ca-
pacity for large-scale transportation of @ CC, 2005).

2.3.1 Pipeline transportation

Since pipeline transportation of G@& a market mature technology, this method is seen
the major option for large-scale @@ansport. The design of a pipeline system isrdeteed
by many different factors: mechanical design, optiohoice of the pipeline route considering
topography, characteristics of the product mixtwessported and challenges of very deep
water or uneven seabed for offshore pipelines have considered (IPCC, 2005). Pipelines
applicable for CQ transportation operate at ambient temperaturehagid pressure. COIs
transported in a phase near “triple point” corregpog to a phase with continuous progres-
sion from gaseous to liquid without a distinct ph&see Figure 5). Using a booster, gaseous
CO, must be compressed to a pressure above 8baren torthcrease the density of the £0

The flow of CQ in the pipeline system is driven by pumps (IPCG0%). To ensure long
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term safety and economic feasibility of a pipelaystem the removal of water from the trans-
ported fluid is crucial. Otherwise corrosion caubgdhe combination of C{and free water

might damage the pipeline system substantially. &l if the carbon dioxide stream is dry,
pipelines can be constructed from materials alressyl for high-pressure pipelines in the oll

and gas industries (Coleman, 2009).
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Figure 5: Phase diagram for GQIPCC, 2005)

2.3.2 Transportation by ship

In case of overseas transport, or generally if, ®@s to be moved over large distances,
transportation by ship is economically more attv@cthan using a pipeline system (IPCC,
2005). Large-scale transport of €0y ship could be realized using established design
LPG (liquefied petroleum gas) carrier ships. Dpressure near “triple point” (see Figure 5)
could be transported in vessels of around 20'080Lmading and unloading systems would
be required to load the G@t the required temperature and pressure on dntheoicarrier
ships (Aspelund et al., 2006). The main disadvaniaigCQ transportation by ship is that
CO, has to be stored temporarily after capture dutaeomismatch of continuous capture at
the LPS and a discrete cycle of transportationhiyy @PCC, 2005).
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2.3.3 Transport costs

Transport costs consist of three main componentsehaconstruction costs, operation &
maintenance costs and administrative costs. Catigtnucosts account for the major part of
transport costs depending on the size of the pipedystem and on the amount of Qfans-
ported. Operation & maintenance costs include esg®rior monitoring, maintenance and
energy whereas all other costs (design, projectagement, regulatory filling fees etc.) are
summarized as administrative costs. In additieelstosts contribute substantially to the total
costs of a pipeline system. Thus, fluctuationshim $teel price have a significant impact on
total pipeline costs. Further, it must be considdreat, compared to offshore transportation,
an onshore pipeline system leads to lower costaqreCQ transported since construction
and maintenance is considerably less cost incefiR@C, 2005). Table 3 shows cost esti-
mates of C@transport ranging from US$0.2 to US$10 per tol€6%. The cost estimates of
the IPCC (2005) and Wildenborg et al. (2004) argebeon transport distance and mass flow
rate whereas those of Dooley et al. (2006) and Hekslet al. (2004) are based on transport

distance and emission source only.

Table 3: Cost estimates and calculations for G@nsport

Source Low Range High Range Details

($or £1CO,"Y) | ($ or €£tCOM)

250 km pipeline or shipping with a

IPCC (2005 $1 $8 mass flow rate of 5 to 40 MtG@Qr.
Dooley et al. $0.2 $10 Distance, type and size of the emission
(2006) ' source are the cost determining factors.
Wildenborg et <e1 €25 200 km pipeline transportation includ
al. (2005) ' ing booster stations.
Hendricks et I .
al. (2004) €1 €5 50 - 500 km pipeline transportation.

2.4 CO, storage

Geological storage is the most mature,3rage method with a number of commercial
projects in operation (IPCC, 2007b). £€€an be stored and onshore and offshore in difteren
geological formations in the deeper underground {Sgure 6). Storage and monitoring tech-
niques are similar to those routinely used by tharal gas industries today. Being injected in

geological formations at depths greater than 800@; is compressed to the supercritical
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state (see Figure 5: “triple point”). This impliggat the CQ has a liquid-like density and a
gas-like viscosity (Dooley et al., 2006). Injectidenotes that COis pumped into a well
which infiltrates the storage zone in a deep gaodddormation. Perforations in the well or a
permeable screen allow the €@ enter the storage reservoirs. Since the pressear the
well is raised locally due to the injection of ¢@he pore space between grains and minerals
is occupied and the in situ fluids in the storagenfation are displaced. Storage is most effec-
tive if CO;, is trapped either under a low permeable cap romhyerted to solid minerals, ad-
sorbed on the surface of coal micro pores or thioplgysical and chemical mechanisms
(IPCC, 2005).

2.4.1 Principal trapping mechanisms

According to Dooley et al. (2006), the principahdping mechanisms of deep geological
CO, storage are hydrodynamic trapping, dissolutiopgnag, mineralization trapping and

chemical adsorption in coals. They can be descrisddllows:

a) Hydrodynamic trapping

Hydrodynamic trappingan occur if CQis injected below a caprock layer into geological
formations. After having occupied the pore spacéhenformation CQ starts to migrate up-
wards due to its lower density in comparison toithsitu fluids. At the top of the geological
storage formation CQis trapped due to residual @@aturation or in stratigraphic traps
within the sealing formation (IPCC, 2005).

b) Dissolution trapping

If CO, dissolves in formation water, a process calledaligion or solubility trapping oc-
curs. Dissolved C@does not exist as a separate phase anymore wtaghrs it from mi-
grating upwards due to buoyant forces. If salimityg temperature increase, the solubility of
CGO; in formation water decreases. Thus, the dissalutade slows down and is controlled by
diffusion and convection rates if the formationidlis saturated with C&IPCC, 2005). Sig-
nificant quantities of dissolved GGstart to migrate upwards through the low-permeable
caprock with the groundwater. Since a caprock lagast have a thickness of several hun-
dreds of meters the time to reach the surface eanilions of years for a fluid (Bachu et,al
1994 in IPCC, 2005).
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c) Mineralization-based trapping

Mineralization-based trapping includes dissolved, @acting with minerals in the rock of
the storage layer. lonic species are formed duke@ecomposition of the rock causing a rise
in the pH value. In the end of this process pafrth® dissolved C@are trapped in stable car-
bonate minerals (IPCC, 2005). These chemical mastproduce non-reactive minerals and
are not reversible without a change in externabdd@ns. Thus, CQis trapped permanently

and cannot be released to the atmosphere (Doobdy 2006).

d) Chemical adsorption in coals

Methane molecules are attached to the surfaceadfbgochemical bonding. The surface of
the coal molecules has a chemical preference for Tus, methane is replaced after injec-
tion of CQ in a coaly geological formation. The @@dsorption capacity varies depending on
the chemical composition of the coal. However, sadla specific chemical composition are
able to adsorb multiple GOmolecules for each methane molecule released éyost al.,
2006).

2.4.2 Geological storage locations

Figure 6 shows the different man-made geologicabgke sites and the geological structures
applicable to the storage of GOn general, most C{torage reservoirs are porous layers in
the deep underground which are separated fromutti@ce or from sources of fresh water by

layered rock. The following geological formatiorende discriminated:

a) Deep saline formations

Deep saline formations are underground, waterdfiliyers and are distributed widely be-
low all continents and oceanseg Figure 6: 3 and 4Jhey consist mainly of sandstone and
carbonate rocks and the void spaces between therahigrains are occupied by large
amounts of saline water. This saline water carelaeily replaced by injected GCHowever,
it is crucial that a caprock layer prevents the,@Om migrating to the surface and prohibits
its release to the atmosphere. The injection of @Guch geological structures seems to be
technically feasible since storage of waste fluidsaline formations is already a common

practice today (Dooley et al., 2006).
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qi Geological Storage Options for CO, " —— 0odyced il oF gas
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Figure 6: Geological reservoirs available for @&torage (Dooley et al., 2006, by courtesy of COCLR

b) Depleted oil and natural gas reservoirs

Once the fossil resources in an oil or natural gagrvoir have been exploited, £€an be
stored in the pore space which has been occupighdyr oil before extraction. Injection of
liquids insuch formations is already in operation in curiedustries. Whereas depleted natu-
ral gas formations are used as storage reservoiratoiral gas, injection of Gs a common
procedure to increase the pressure in depletags®lvoirs with the aim to extract additional
oil. This so called enhanced oil recovery (EOR, Bigire 6: 2) is in operation for more than
30 years in Northern America and provides valuagirical knowledge of CQinjection
into depleted oil fields. However, there has betie focus on long term storage of gé@nd

prevention from leakage out of the storage reses\@ooley et al., 2006).

c) Deep unmineable coal seams
After injection of CQ in coal seams, methane is replaced due to theipienof chemical
adsorption of C@on coal molecules. Enhanced coalbed methane ngc(lz€BM see Figure

6: 5) including simultaneous storage of £6 seen as an upcoming technology for the pre-

21



2 State of the Art CCS

sent. Hence, the large-scale adsorption of [é@ds to a release of methane which is available

for industrial purpose (Dooley et al., 2006).

d) Deep saline-filled basalt formations:

Dooley et al. (2006) propose that £€€puld be injected into porous zones in basalt &rm
tions. Impermeable layers must prohibit £fBom migrating upwards. Since basalt forma-
tions are rich in elements that allow for the isatun of CQ, their potential for mineraliza-

tion- based trapping and permanent,G@@rage is supposed to be high.

2.4.3 Potential geological storage capacity

Estimates of worldwide geological storage capaaity of high relevance for governments
and the industry. The actors need this data tosasdability of geological storage in their
jurisdictions and as an input for business decssisuch as site selection and development.
Existing capacity estimates are of high variabibtyeven contradictory. Thus, it is crucial to
clearly state limitations concerning data, time &ndwledge with the aim to prevent negative

impacts on future scientific work based on capae#tymates (Bradshaw et al., 2007).
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Figure 7: Geological storage potential in GtC (Dooley et 2006)

Figure 7 shows the global geological storage p@kstmmed up from all types of storage

reservoirs. According to Dooley et al. (2006), sherage capacity in deep saline formations is
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estimated to be around 9’500 Gtg@epleted oil and gas reservoirs account for 82005
and deep unminable coal seems for 140 GtG&{@ndricks et al. (2004) contend that the po-
tential storage capacity won't be entirely avakabdr CQ storage. As more research and a
more consistent methodology will be applied glopathpacity estimates are expected to ma-
ture over time. Howevefthere is more than enough theoretical €€lorage capacity in the
world to meet likely storage needs for at leaseatary, and in many key regions the storage
capacity is in the right places to meet current dndire demand from nearby LP@Dooley

et al., 2006).

2.4.4 Storage costs

Storage costs include capital as well as operdtmosis and depend on site-specific charac-
teristics. Capital costs consist of site developnoests, drilling costs and in case of offshore
storage expenses for ocean platform facilities. r@pmnal costs are returning and include
maintenance and monitoring costs (Wildenborg et28l05). As technologies and equipment
required for CQ storage are already applied in the oil and gaastigs, the cost estimates
are of a high reliability. However, there is a sigant variability in storage costs due to site-
specific aspects (IPCC, 2005). If €@ injected for EOR or ECBM purposes, the profits
gained due to the extraction of gas or oil mussibletracted from total storage costs. Hypo-
thetically, this could result in very low or eveagative net storage costs depending on fossil
fuel prices (Hendricks et al., 2004). Table 4 shalifferent cost estimates of GQtorage
including capital and operational costs in the eaaff-18to €11.4per ton of CQ.

Table 4: Cost estimates and calculations forGrage

Source Low Range High Range Details
($or £1COY) | ($ or £tCOM

Cost estimates for carbon storage in salipe
IPCC (2005) $06 $83 formations or depleted oil and gas fields
Dooley et al. i Cost estimates for carbon storage includ|ng
(2006) $-18 $12 EOR.
Wildenborg et €06 €6 Cost estimates for carbon storage in salipe
al. (2005) ' formations(onshore and offshore).
Hendricks et | € 2.7 (onshore) | € 2.7 (onshore) | Cost estimates for carbon storage in saline
al. (2004) € 7.3 (offshore) | € 11.4 (offshore)| formations(onshore and offshore).
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2.5 Environmental impacts and risks

Leakage from storage sites is the major risk aféd with CCS and might have impacts on
a local or on a global scale. On a global scalskdge of CQcontributes to climate change in
the same way as any other carbon emission. Appatadyiselected and managed reservoirs
are expected to retain a fraction of 99% of theestdCQ over 1000 years. In addition, exist-
ing pipelines and marine transportation systemsgés and oil show a good safety record.
Thus, the global risk of CCS is considered to bg \@v (IPCC, 2005).

On a local scale, impacts of leakage might be rsexere especially in the case of leakage
from an onshore storage reservoir. Humans and stayag would be affected directly by €O
leaking out of a storage reservoir or a pipeline.t@e one hand, a sudden release of Q@@
to a failure in a pipeline or injection system @bohuse dangers to human health as a conse-
guence of a local concentration greater than 7-60@0; in the air. However, such an inci-
dent is likely to be detected and could be resolwedpplying techniques which are in opera-
tion to stop containing well blow-outs in the oficagas industries today. On the other hand,
CO; released by constant and undetected leakage wmaildy threaten drinking water aqui-
fers and underground ecosystems. In this contagifigation of soils and displacement of
oxygen are possible risks. If leakage to the atmespwere to occur in areas with a geomor-
phology promoting an accumulation of g@earby the surface, all live in this area would be
threatened. However, such hazards from constakadeacould be avoided by an accurate
design of the CCS system and the implementaticappfopriate monitoring systems (IPCC,
2005).

2.6 Legal aspects concerning CCS

According to Robertson et al. (2006), the main llega regulatory issues critical to the fu-
ture success of CCS development and deploymentegrdation of CQ storage, property
rights and the regulation of CCS monitoring andility. CO, storage is supposed to be the
main new legal issue within the CCS framework whsreapture and transport are subject to
regulatory requirements designed for analogue ge®=in current industries. Thus, interna-
tional legal frameworks are relevant primarily faffshore storage whereas onshore storage
must be subject to national legal frameworks (I2805). As a consequence, legal aspects of
CCS have to be regarded as a concern of natiodahgrnational legal policy.
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2.6.1 CCS subject to national legal frameworks

Only few countries have developed legal and regoyarameworks for onshore GQtor-
age at present (IPCC, 2005). The IEA report onllagpects of storing C{2005) includes,
an analysis of five countries (USA, UK, Japan, GCanand Australia) of which solely the
USA and the UK have a substantial regulatory frapr&wegulating or at least partly cover-
ing the legal aspects of CCS. In Japan, CanadaAasttalia additional regulations would
have to be adopted to create a legal basis foe I&QS projects. In general, legal and regula-
tory conditions vary considerably from one counttryanother. Therefore, a detailed analysis

would be beyond the scope of this Master’s thesis.

2.6.2 CCS subject to international legal frameworks

The main international legal frameworks relevamttfe remaining offshore carbon storage
activities are the United Nations Convention on Liaav of the Seas (UNCLOS, see UN
1958), the marine environmental protection framdéwand the climate change framework
(see Table 5). The UNCLOS is an overarching legalvention not containing detailed opera-
tive provisions on most maritime issues. Howevecopading to the IEA (2005), it provides a
basis for regulations and specified agreementseraimg all aspects of marine protection.
Furthermore, the purpose of the London Convensee (MO, 2007) is to prevent the marine
environment from pollution through dumping of wadte principle, the London Convention
would only prohibit carbon storage in the wateruooh if CQ, is considered as an industrial
waste (IEA, 2005). Since the year 2007 carbon gtoina sub-seabed geological formations is

allowedwithin the London Convention if permitted by a wathl authority.

Table 5: International conventions concerning CCS (IEA, 200

Convention Subject Signature

UNCLOS M_arlne Jurisdictions and_ de_ep Ocean 1982
mineral Resource Exploitation

London Convention | Marine Environmental Protection 972

OSPAR Convention| Marine Environmental Protection 929

UNFCCC Climate Change 1992

Kyoto Protocol Climate Change 1997
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Concerning the Convention for the Protection of Mexine Environment of the North-East
Atlantic (OSPAR, see UN 1992a), the emphasis megilaced on methods and intentions of
CO, storage. The use of G@aptured from offshore oil or natural gas ext@ctwould be
allowed, since Coinjection for industrial purposes is not considedeimping of waste. Fur-
thermore, the storage of G@aptured on land and transported by pipeline toftshore stor-
age site would not be subject to the OSPAR (Wadl.e2005).

CCS is neither clearly included nor excluded asoation to reduce emissions in the
UNFCCC (see UN, 1992) as well as in the Kyoto Rrotgsee UN, 1997). Concerning CCS,
the crucial question to answer for a post-Kyoto gomment is whether CCS emission reduc-
tions are entitled to provide emission rights inamission trading system. In this context
greenhouse gas accounting issues must be addrbes$ad CCS activities can be included in
the portfolio of climate change mitigation mechamss(IEA, 2005).

2.6.3 Outlook on legal aspects

Wall et al. (2005) summarize that the internatiolegial rules surrounding the concept of
CO, storage are fragmentary. The conclusion of the (E205) is that national and interna-
tional regulations are not fitted to large-scaleSC@rojects and urgent legislative work is
needed to keep pace with technological progressiaPy, governments should ensure a na-
tional legal and regulatory framework for storagendnstration projects in the short-term to
achieve empirical knowledge of conditions and risldated to CCS. Based on these experi-
ences, legal frameworks for CCS must be developeghsure a basis for worldwide CCS
deployment (IEA, 2005).

2.7 Worldwide CCS projects

According to the IEA (2009), only four large-sc&€S Projects are in commercial opera-
tion today (see Table 6). The ‘Sleipner and ‘Snthwojects in Norway and the ‘In Salah’-
project in Algeria inject C@deriving from natural gas production in undergrsandstone
formations. The ‘Weyburn-Midale’-project in Canaidgcts CQ captured from a coal gasi-
fication plant in North Dakota, USA in undergroundrbonate formations. Besides these
commercial projects an increasing number of sntallesdemonstration projects are in opera-

tion or at least planed at present (IPCC, 2005edtaaction concerning CCS was taken at the
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G8 summit in Hokkaido Toyako in Japan (July 2009e G8 leaders announced the aim of

20 large-scale CCS demonstration projects by 20tDthe beginning of worldwide CCS

deployment by 2020. Besides the International comtpumost of the major economies have

focused on CCS and set it on the political ageAdestralia, Brazil, Canada, the European

Union, Norway, South Africa, the United Arab Emést the USA and a consortium of com-

panies in China are developing national CCS prej@&A, 2009).

However, if CCS should be the key option to redG€® emissions to the atmosphere con-

siderably there are hundreds, and perhaps evesahds, of large-scale commercial geologi-

cal storage projects required (IPCC, 2005).

Table 6: Current large-scale CCS projects according to E#e(R009) and théPCC (2005)

n

Country | Project Average daily | Total Storage | Storage Reservoir
Injection Rate | Capacity
[KtCO ,/day] | [MtCO 5
. Deep Saline Formation
Norway Sleipner 2 20 (offshore) - Sandstones
. Deep Saline Formation
Norway Snohvit 3 N/A (offshore) - Sandstones
Algeria In Salah 3-4 17 Depleteq Hydrocarbon
Reservoirs - Sandstone
. Depleted Oil Field
Canada Weyburn-Midale 3-5 20 (EOR) - Carbonates

27
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3.1 The RICE framework

The “Regional Dynamic Integrated Model of Climatelahe Economy” (RICE) is a policy
optimizing IAM developed by Nordhaus and Boyer (@00n the version of the RICE model
used for this Master’s thesis (RICE-99), the wasldlivided in 13 sovereign regidhd'hese
regions are classified as high-, middle- or loweime regions based on GDP per capita. Each
region is represented by a single agent acting @ntal planner. Covering a period of 200
years, with a temporal resolution of 10 years, pinmal path of carbon energy input, capital
investment and consumption is sought in order taimiae welfare net of climate damage
within each region and time period. In the RICE+88del, welfare is subject to the dis-
counted present value of per capita consumptiothigncontext, a discount factor determines
the weight of future generation’s welfare. On time tvand, the input of carbon energy in the
production function of the model leads to outputarms of GDP available for consumption
or capital investment. On the other hand, marketadges due to increasing climate change
reduce the possibilities of consumption or cagiakstment and thus lead to a decrease in
welfare. Therefore, an “optimal” level of econontigdharmful climate change is determined
in order to guarantee certain equity between génesand regions (Nordhaus and Boyer,
2000).

3.1.1 Description of the RICE model including CCS

The mathematical structure of the RICE model casuimlivided in an economic and a cli-
mate-related sector with a damage function reptegpthe impacts from climate change on
the economic sector. To incorporate CCS in the Ri@mework, the model has been ex-

tended by a possibility to invest in the impleméota of CCS. Whereas the only option to

2 High-income regionsUSA (United States of America), EUROPE (OECD F&oAbbreviation: EU), JAPAN

(Abbreviation: JAP), OHI (other high income couessi amongst others Canada and Australia).

Middle-income regionsEE (Eastern Europe), RUSSIA (Russian Federatidofreviation: RU), HIO (high
income OPEC countries), MI (middle income countri@songst others Brazil, South Korea, Argentina),
LMI (lower middle income countries; amongst othktaxico, Chile).

Low-income regionsCHINA (Abbreviation: CHI), INDIA (Abbreviation: ND), LI (low income countries;
amongst others; Pakistan, Egypt), AFRICA (sub-Samafrica, Abbreviation: AFR)

See Appendix B for details on a country level.
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prevent climate change in the original RICE modethe reduction of carbon energy input,
the agents are now allowed to use their produdiigiput to avoid carbon emissions by the
implementation of CCS This extension of the original model theoretigaiffers a possibil-
ity to increase carbon energy input in the produrctiunction without increasing economi-
cally harmful carbon emissions to the atmospheomstiiiering the costs of CCS and the im-
pacts of increasing temperature on the economyageats choose an optimal path of carbon
emission avoidance over time in order to maximiobal welfare.

Exogenous parameters and their derivation weremamiged and are not discussed in detall
in this section; see Nordhaus and Boyer (2000afdetailed description and Appendix C for

the original mathematical framework.

Economic sector
The economic sector of the RICE model is an extensif the Ramsey model (Ramsey,
1928), including investments in the environmente Dibjective function to be maximized for

all regionsJ and time periodsis the welfare function given by:

W =3 2 wat) UleAD), Lo®)] R(W), 1)

where U[g(t),L;(t)] is the utility of consumption of regiohat timet. The flow of per capita
consumption as chosen by the agents is represbyteft). L,(t) corresponds to the popula-
tion level determined by an exogenous populatiamwgn function and R(t) is the discount
rate. Furthermore, Nordhaus and Boyer (2000) ireddual modification of Negishi-weights in
the welfare function (see Negishi, 1960). The twvaeying welfare weight yit) corresponds
to the marginal product of carbon in regibmt timet. The utility of consumption measures
the willingness to reduce the welfare of generatiwith high-consumption to increase the
welfare of generations with low-consumption andepresented by the Bernoullian utility

function:
Ulcy(t),La(t)] = Lo®){log[c (0]} (1a)
The utility is discounted by the factor R(t) sultjexthe pure rate of time prefereng®):

R() =T [1+p(0] ™ (1b)

% All cost estimates used for the computational eirpents include the carbon energy requirement ef@cS
processes. Thus in the following, the term “Qissions captured and stored”, as used in theque® chapters,
is replaced by the term “carbon emissions avoided”.

29



3 Methods and Data

The pure rate of time preferenp@) is a choice parameter closely connected withrttar-
ginal rate of production and the savings rate. &ihe rate is assumed to be positive, future
generations welfare is discounted compared to teeept. Due to decreasing impatienge),

is assumed to decline over time.

GDP production is represented by a Cobb-Dougladymtion function including the inputs
of labor [Ly(t)], carbon energy [Ef)] and capital [K(t)]:

Qut) = [ADK () Lot) " PES(t)P—cF () Ex(t) -t () E™ ()] 1), (2

wherey, B; and the term [1y-B,] are the elasticities of output with respect te groduction
inputs. A(t) characterizes the level of Hicks-neutral tedbgizal change and is determined
exogenously for each region. Hicks-neutrality gftAimplies that the balance of labor, capi-
tal and carbon energy is not affected by a changetal factor productivity due to techno-
logical change. Ef) represents carbon energy services derived albypes of fossil fuels

in terms of carbon emission units:
ESi(t)™ = s Ex(1), (2a)

All non-fossil fuel energy is assumed to be gerseldtom a combination of capital and labor
inputs. Equation (2a) determines the relationskeipvben fossil fuel input &) and the corre-
sponding level of energy services B Technological change in the energy sectorddad
increasing energy output per unit of carbon emissiod is subject to the exogenously deter-

mined parametey;. The costs of carbon-energy per unit of carborssimn correspond to:
cEx(t) = q(t) + markup (2b)

where q(t) is the wholesale price of carbon enexgtusive of the Hotelling rent and mark-

up’ is a markup on energy costs given by region sigedifferences. The markup on energy

costs is different for all regions and is assunteld constant over time. The wholesale price
q(t) is equal for all regions and depends on cutivdaarbon extraction over time:

q(t) =& + &[CumC(t)/CumC*F (2c)

Considering the cumulative use of carbon energy Cftyrand given the parameteis &, &3
and CumC*, q(t) corresponds to the global supplgepof carbon energy. The total costs of
carbon energy use, subtracted from the productitpu, are given by the term ) ESy(t)].
Furthermore, the termtt)E"(t)] represents carbon taxation in the productiamcfion. The

carbon tax(t) only becomes due for the share of emissidhg)Eexceeding a threshold. The

30



3 Methods and Data

tax revenue is invested in CCS as shown by equéiprrinally,Q(t) determines the level of
market damage in terms of GDP losses caused bgasiciy temperature and is described by
equations (10) and (10a).

The possibility of investment in CCS has been addethe equation representing the con-

straints on regional expenditures:
Qi) = Cat)+1(O)+ AR+ (1), (3)

By maximizing welfare, optimal levels of consumpptiGy(t), capital investmenty(t), invest-

ment in CCS9“(t) and investment in future CC§(t) are chosenF>\(t) is defined by:
1999)(t) = CH)ESAD), (3b)

where the price per emission unit avoidedSgtcand Et) is the optimal level of CCS de-
termined by the agents. Capital investmeny$)[Icontribute to the evolution of the regional
capital stocks used as production input as given by

Ki(t) = Kyt-1)(1-5)™ + 10 x[(t-1)], (4)

wheredy is the annual rate of capital depreciation. Thatahstock [Kyt)] is determined by
capital investmenty(t). The scalar 10 is introduced in equation (4adgust the different tem-

poral resolutions of the variables.

Climate sector

Greenhouse gases affect the climate due to thaismtihege forcing. In the RICE model only
industrial CQ emissions are determined endogenously by the agaflitother greenhouse
gas emissions, including carbon emissions from -las®l change, are determined exoge-
nously. A simple linear sub-model is used to sintautae effects of carbon emissions on the
global mean temperature. On the one hand, a sithpde-reservoir carbon cycle sub-model
represents transportation and accumulation of caroxide in the atmosphere, the upper
ocean and the lower ocean. The coefficients indudethe equations of this sub-model de-
rive from calibration to established carbon cycledels. On the other hand, an equation rep-
resenting radiative forcings of all greenhouse gaseised to simulate the impacts of natural
and anthropogenic greenhouse gases on the glolaa r@mperature. For this Master’s thesis
the climate sub-model presented by Nordhaus (2008a) applied. Furthermore, emission
avoidance by the implementation of CCS reducesata¢ emissions to the atmosphere deriv-

ing from economic production and land-use change.
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Total global emissions to the atmosphere are repted by:
ET() =3 [E4) + LUKY) - CCS()] (5)

where the industrial carbon emission&)Ederive from equation (2a) and L) represents
exogenously determined carbon emissions from laedchange. CG®) corresponds to the

total level of CCS and is given by:
CCS(t) = Eot) + [(1T(t-1) + €(1) E"x(1)) / <“o0)]- (6)

EC\(t) corresponds to the optimal level of emissionidance in period. CCS triggered by
investment in future CCS (see equation 3) and®ctrbon tax revenue at tiié (see equa-
tion 2) is represented by the ternf ji-1) + £(t) E™(t)) / (1))

The end of period stocks of carbon in the differeservoirs evolve over time determined by
the subsequent equations:

MAT(t) = 10 X ET(t) +q)]_1MAT(t'1) ‘q)leAT(t'l) +q)21M UP(t'l), (7)

Mup(t) = OyoM Up(t-l) + CD]_zMAT(t-l) —0,M Up(t-l) + ®3oM Lo(t-l) Dy3M Up(t-l), (7a)

Mio(t) = ®33Mio(t-1) - D3Mio(t-1) + DazMyp(t-1). (7b)
Mat(t) corresponds to the carbon stock in the atmaspihdp(t) to the mass of carbon in the
biosphere and the upper oceans and(lylrepresents the lower ocean carbon stock. Thé co
ficients @; determine the transfer between the reservoirsaaadalibrated against climate

models.
Radiative forcings are represented by:

F(t) =n{log[M ar(t)/Mar" 1l0g(2)} + O(1). (8

F(t) denotes the increase in radiative forcing sit®90 in Watts per square meterM is

the pre-industrial carbon level taken to be 280pfxt) represents forcings of other green
house gases such as CFCs,, W0, O; or aerosols and is determined exogenously. Radia-
tive forcing leads to an increase in global meanperature and due to heat flows the upper
and lower oceans are gradually warmed too. Thegeham the mean atmospheric and deep

ocean temperature compared to the 1990 tempetatugias given by:
T(t) = T(t-1) +oa{F(t) — AT(t-1) —o2[ T(t-1) — Teo(t-1)]}, (9)

and To(t) = To(t-1) +o3[T(t-1) — Tio(t-1)]. (9a)
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Both temperature equations depend on the feedlmeaknetef., the transfer coefficients

and the increase in radiative forcing represeniel(h.

Damage function
Q,(t) is the function incorporating the level of marldamage caused by climate change to

the economic sector (see equation 2) and is giyen b

Q,(t) = 1/[1 + Dyb)] (10)
D4(t) represents the relationship between global &¥atpre increase and market damages in
terms of GDP loss:

Dy(t) = 01,3T(t) + 02,57 (t)? (10a)

01 7and6, ; are coefficients which specify the sensitivitytbé economy to a temperature in-
crease for each regianndividually. Damages due to temperature increéasi@de changes in
agricultural production, impacts on other vulneeatvlarkets, health effects as well as aspects
concerning coasts and settlements (see NordhauB@yet, 2000). Due to the derivation of
the damage function, market damages related tatdithange increase exponentially in case

of increasing temperature.

The results of the RICE model satisfy the follovaagditions:

» The savings rates are optimized for each regiortiamelperiod.
= The industrial emissions satisfy the market equititn.

= The Hotelling rent equals the scarcity rent.
= The present value of the impact of a marginal cartxtraction on the carbon price equals

the Hotelling rent.

3.2 Data used for the computational procedures

This section provides an overview of all data usedhe RICE-CCS model runs. Since for
certain regions considered in the RICE-CCS modehmach data on large point sources are

available, several estimates must be made.
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3.2.1 Data of large point sources of CQ

In order to assess the potential of CCS, the IE@e@Ghouse Gas Research and Development
Program (see IEA GHG) has developed a global LR8bdae published in the year 2002.
Since the first publication, the IEA has progresbivimproved and updated the emission
source data removing all entries concerning LP® wihissions smaller than 100Kt of €O
per year. The latest version of the database iesladita of around 14’000 emission sources
categorized among others by country, industriesfassil fuel class. The database is avail-
able on request from the IEA (see IEA, 2009b).

As shown in Table 7, 8193 LPS, which are theoryicdaptable to CCS, are assigned to
the RICE-regions and have been selected for thistdva thesis. It is assumed that this data
represents the distribution of the types of LP& iregion. This proxy of the structure of the
regional economies was then used to calculate geeZ&S costs for each RICE-region (see
section 3.2.2: Table 8).

Table 7: Number of emission sources (>0.1MtC/year) locatetthé RICE-regions (based on data from the IEA)

Number of Emission Sources per RICE Region
USA | EU |[JAP|CHI |IND | RU | EE |OHI [HIO | MI |LMI | LI |AFR |Total:

Source Definition

Power Total 1'073| 813 | 259 462 410 284 2y7237 | 184| 284 426/ 301 79 | 5'089
Power Coal 514 335 77 370 308 8p 1p1 14 0 3 P5 648 2'133
Power Gas 466 278 50 7 84 11 a7 1p3 102 144 1988 | 184 1'826
Power Oil 73 152 132 85 8 24 3D 6 8p 7 183 129 371'051
Power div. 20 48 N/A|  N/A 11 N/Al N/A N/A | N/A | NJA | NJA | N/A | N/A 79

Ammonia Total 19 42 5 62 25 13 17 9 1 4 1% 15 4 231
Ammonia (Pure C¢g) | 19 26 5 62 7 13 17, 9 1 4 15 15 4 197

Ammonia (Flue Gas N/A 16 N/A  N/A 18 N/A  NIAN/A | NJ/A | NJA | NJA [N/A| N/A 34

Cement 106 227 42 70| 157 49 82 37 26 108 1P1 1436 1278

Hydrogen Total 30 19 16| N/A| 2 0 1| 14 7 7 9 1 N/A 104

Hydrogen (Pure C| 25 13 15 N/A 1 N/A| N/A| 11 6 5 N/A | N/A| N/A 76

Hydrogen (Flue Gas 5 6 1 NA 1 0 1 3 1 2 g 1 NA 03
Iron & Steel 44 | 232 | 12| 23| 50/ 9| 54 1§ 3 2y 20 | 3 499
Ethanol 90 55 13 21 14 11 14 15 11 44 20 2 12 342

Ethanol (Pure C§) 7 3 0 | NNA| 1 | NA| NIA| 2 2 1 | NA| NA| NA 16

Ethanol (Flue Gas) 83 52 13 21 13 11 14 13 0 13 p@2 | 12 326
Refineries 135 101 35 50 31 32 3B 3§ 21 3y 66 @45 24 648
Total 1'497|1'489| 382 | 688| 689 398 478365 | 253| 511 747 538158 | 8'193
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3.2.2 Cost estimates of CCS

Transport and storage costs

Following the approach of Dooley et al. (2008),bcar transport and storage costs (includ-
ing measurement and monitoring) are assumed td5&GK, ($55/tCY) for all types of LPS
and RICE-regions.

Capture and compression costs

For the different types of LPS, the capture costsmated by the IPCC (2005) and Dooley
et al. (2006) were used to determine individualaegl CQ capture cost levels. The average
capture costs for the RICE-regions were determbedeighting the proportion of different
types of LPS. Compression costs are assumed teelsatne for all types of emission sources
whereas capture costs vary widely. G&@pture from power plants, cement manufactories or
iron&steel production facilities is generally marest intensive than GQrapture from pure
CO, gas streams which result from high technology ameoethanol or hydrogen produc-
tion. Thus, regions including many LPS with high Gfapture costs have to deal with higher
average CCS costs (see section 2.1: Table 2; se&x2ol: Table 7; Appendix B).

Table 8 shows the estimated regional CCS costs fasetthe computational experiments.
The costs range from 533% (CHINA) to 63% (HIO) pet: (193% to 231$ per tC).

Table 8: Estimated average costs of CCS for the RICE-regiof8JS (including Capture & Compression,
Transport, Storage and Monitoring Costs)

Total CCS Costs .

(including Capture & Comprest RIS =Rtz

sion, Transport, Storage and

Monitoring Costs) USA |EU [JAP | CHI [IND |RU | EE |OHI [HIO [MI |[LMI | LI |AFR
Power Generation

[$ per 1GO) 62 | 61| 62 | 56 | 59 | 64 | 60| 63 | 68 | 65| 64 | 64| 66
Power Generation 226 | 225| 61 | 206 | 215 | 234 | 220 | 231 | 249 |239| 235 |233| 241
[$ per tCO]

Other Industry (estimated) 47 | 49 | 223 | 45 | 52 |51 | 50| 48 | 49 |49 | 54 | 54| 52
[$ per tCQ]

Other Industry (estimated) 171 |178| 178 | 166 | 191 | 188 |184| 174 | 181 |181| 198 |197| 191
[$ per tCO]

Weighted Average CCS Costs| ;| oo | 57 | 53 | 56 |60 |56 | 53 | 63 |58 | 60 |50 | 50
[$ per tCQ]

g%gmec? Average CCS COStS) 511 | 504 | 208 | 103 | 205 | 221 | 205 | 211 | 231 |214]| 210 |217] 216
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3 Methods and Data

3.2.3 GDP and emission data

Table 9shows initial regional GDP and emission data ofytbar 2005 used for the calibra-
tion of the RICE-CCS model. National GDP data wsesduas provided by the United Nations
Statistics Divisiofl The physical capital stock of the RICE-regions tloe year 2005 was
estimated based on GDP data of the period from 1®@005, assuming savings rates of 20%
and capital discount rates of 10% per year (seeeAgig B for details on a national level). All
emission data has been used as provided by the CDTAe emission cap used for scenarios
including carbon penalty taxation (see section ddt)als the 1990 G@mission level for the
high income RICE-regions (EU, USA, Japan and OWHbYr the middle and low income
RICE-regions (EE, RUSSIA, CHINA, INDIA, HIO, MI, LM LI and AFRICA), the emission
cap corresponds to the 2005 emission level assuthatgthese regions agree to take action

regarding the mitigation of climate change in théare period covered by the model runs.

Table 9: Initial Data used for the Computational Experinsent

Data RICE-Region
USA| EU [JAP|[cHI [IND [RU| EE [OHI [HIO [ MI [LMI | LI [AFR | Total:

CO,Emissions . \

2005 [GIC] 157 | 0.96| 03§ 1.66 041 0.48.34| 0.31| 0.21| 0.310.74| 0.34 0.05| 7.69
FGT'CS]S'O” Cap 1.33| 0.83| 032 1.66 041 0.48.34| 0.24| 0.21| 0.310.74| 0.34 0.05| 7.21
GDP 2003

o 11.05 9.13 | 4.99| 1.8 0.64 0.39.58| 2.05| 0.46| 1.8 2.10| 0.81] 0.21 | 36.15
[trillion US$ 200Q

Capital Stock 2005 i

AP 17.34/15.32| 8.59| 2.12| 0.83 0.480.83| 2.49| 0.65| 2.853.20 | 1.16 0.34 | 56.22
[trillion US$ 2000] f

4 GDP data (at market prices, constant US$ 2000j@sded by the United Nations Statistics Division.
Available at: http://data.un.org/

® Sum of national C@emissions as provided by the “Carbon Dioxide Infation Analysis Centre” (CDIAC).
Available at: http://cdiac.ornl.gov/
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4 Scenarios

The incorporation of CCS in the RICE model is ie fiocus of the scenarios described in
this section. In one scenario group the agentsmete individually the optimal amount of
carbon emissions avoided with respect to the maanun of welfare. A second group of
scenarios includes exogenous CCS policies wheteathar decisions allowed by the model
framework are entrusted to the agents. In addigemeral assumptions concerning CCS and

a reference scenario used as benchmark for thascemalysis are described in this chapter.

4.1 Optimal scenario

The optimal scenario as given by the RICE-99 madeluding CCS (see Nordhaus and
Boyer, 2000a) is used as a benchmark. This scematiades a regional climate damage func-
tion internalizing shadow costs of carbon emissionshe economic sector of the model.
Thus, carbon energy use and savings rates areipptinvith respect to the expected social
costs of carbon in terms of market damages. Thatadeve the possibility to compensate
carbon energy used for production by increasings#ngs rates in order to change the
physical capital stock available for production.tie optimal scenario, carbon energy use is
reduced in comparison to a “business as usual” (B#ddnario neglecting the impacts of car-
bon emissions on the economic system. Therefoeepptimal scenario has been chosen as a
benchmark since CCS would not be implemented i&d Bcenario. The aim of the compari-
son of the scenarios including CCS with the optistanario is to quantify the effects of CCS
on regional and global welfare as well as on tiheate system.

4.2 Endogenous CCS scenarios

In the endogenous scenarios, the agents have #sgpity to avoid up to 30% or 0.5 GtC
of their annual carbon emissions. The 30% threshakibeen chosen since the IPCC (2005)
projects that 21-45% of total global emissions ddug avoided by CCS in 2050. Depending
on benefits gained by lowering the damages caugedicbeasing temperature, the agents de-

termine an optimal amount of carbon emissions amicCS is defined as an investment in

37



4 Scenarios

emission reduction and the share of total outpatider CCS is not available for other pur-
poses anymore. Thus, CCS investment is in competittith capital investment and con-
sumption. Since the shadow costs of carbon anddkts of CCS vary between the RICE-
regions, the agents have different incentives thuce their carbon emissions to the atmos-
phere by conducting CCS. In general, a rationahagéll implement CCS technologies as
long as the marginal welfare of an emission reducis higher than the welfare loss due to

the costs of CCS. The following endogenous CCSast@nhave been designed:

a) Scenario ENDO-REG:

In the ENDO-REG scenario, an optimal amount of G&€8etermined individually for all
regions and time periods. Based on regional CC$ estgnates and the expected level of
market damages due to climate change, an optintal gdaregional CCS implementation in

order to maximize global welfare is sought.

b) Scenario ENDO-GLOBAL.:

The result of the ENDO-GLOBAL scenario is an optirpath of global CCS conduction
assuming that all regions avoid equal amounts dfazaemissions per capita in all time peri-
ods. The per capita allocation of global CCS l¢ads burden sharing avoiding the possibility
to free ride on the CCS emission reductions ofaregiwith higher shadow costs of carbon or

a lower welfare weight in the objective welfare ¢tion of the RICE model.

c) Scenarios ENDO-REG-TC and ENDO-GLOBAL-TC

In addition, both scenarios described above werepcbed including exogenously driven
technological change in CCS. The level of technickilgchange has been set arbitrary in or-
der to show effects of a possible decrease in G8&.cThe design is analogue to the exoge-
nous level of technological change influencingtibtal factor productivity in the RICE model
(see Nordhaus and Boyer, 2000). Since free deployfeCCS technology is assumed (see
section 4.4), the level of technological changedeal for all regions and leads to a decrease
in CCS costs over time. The minimum costs of CGSamsumed to be US$120 per ton of
carbon avoided and are mainly driven by economiescale and an expected shift to IGCC
technologies which have an optimal applicability@CS (see e.g. Al-Juaied et al., 2009;
IEA, 2009a).
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4.3 Exogenous CCS Scenarios

The evaluation of the economic and environmenfakes of different exogenous CCS poli-
cies is in the focus of these scenarios. The adets the possibility to optimize savings
rates and consumption levels given a non optimal lef CCS. Since the level of CCS is de-
termined exogenously, these scenarios are normiagikefinition. The following exogenous

CCS scenarios have been designed:

a) Scenarios EXO and EXO-ANNEX B:

In the EXO scenario the level of carbon emissiormded is defined as a percentage of the
2005 carbon emission level. The level of CCS inmeedinearly reaching the maximum per-
centage by the year 2055. Two levels of CCS hawen lmensidered for the computational
experiments: 15% (EXO-15 scenario) and 30% (EXG@&hario) of the 2005 carbon emis-
sion level. 30% of the 2005 emission level corresisoto 2186 MtC. The IEA Technology
Roadmap (see IEA, 2009a) postulates a target d BR& (10 GtCQ) emissions avoided by
the implementation of CCS by the year 2050. Thiug,rhaximum exogenous level of CCS
chosen for the computational experiments seeme tdetfensible. Based on the geographic
analysis of the number of LPS the regions AFRICA &hare excluded from CCS conduc-
tion (see section 2.1; Figure 2). This approach etasen to guarantee a certain level of inter-
regional equity. On the one hand, the high-incoegans at present have high per capita
emissions and thus will have constant high pertadpCS in the future. On the other hand,
the low-and middle-income regions will only suffeom slight constraints in their economic
development. Since carbon emissions increase amseguence of economic growth, the
share of total carbon emissions to be avoided deiirease over time. In addition per capita
CCS will decrease due to a growth in populationclvhs expected especially in the low-and
middle-income regions.

The EXO-ANNEX B scenarios (EXO-ANNEX B-15 and EXONAEX B-30) are designed
similarly to the EXO scenarios, but only those oegi listed in the ANNEX B of the Kyoto
Protocol (EUROPE, JAPAN, USA and OHI) are oblige¢dnduct CCS (see UN, 1997).

b) Scenario EXO-TAX and EXO-ANNEX-B-TAX:
In the EXO-TAX scenario, a penalty tax-mechanismsed to determine the amount of car-
bon emissions avoided by the implementation of CIE&. region emits more carbon than

allowed by the emission cap (see section 3.2.3]leT@p a tax is put on the emission share
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exceeding the threshold. The sum of the tax revenimested directly in the implementation
of CCS in the region paying the tax. If a regioreslmot emit as much carbon as allowed by
the emission cap, an extra income is provided due“hegative” taxation of the gap between
actual carbon emissions and the emission threshbkitax mechanism has a design ensuring
that no tax income is achievable if total globalissions undercut the sum of the regional
emission caps. Following the approach of McFarlanhél. (2002), carbon taxation is imple-
mented by the year 2015 and increases linearly tower. The maximum tax, put on carbon
energy services exceeding the regional emissioesihioid, is 50US$ per ton of carbon
(14US$ per ton of Cg) and is reached by the year 2055.

The EXO-ANNEX B-TAX scenario is designed similartp the EXO-TAX scenario.
Though, carbon taxation is only assigned to reginasiding high-income countries listed in
the ANNEX B of the Kyoto Protocol (see UN, 1997)mely the regions EUROPE, JAPAN,
USA and OHl.

4.4 Assumptions concerning CCS

To simplify the incorporation of CCS in the RICE-B8mework several assumptions have

been respected in all scenarios:

= The agents are not allowed to increase the amducarbon emissions avoided in one
time step by more than a factor 2.

= Geophysical and legal restrictions concerning CeSaglected.

» Market damages due to leakage from storage sitgamsport systems are assumed to be

Zero.

= The carbon storage capacity is not limited sineedstimated global storage capacity is a
multiple of total global emissions in the time pericovered by the model runs. As a con-
sequence, CCS costs are not increasing due tatgaarthe storage capacity.

= Free access to perfect knowledge concerning de@oiyrand implementation of CCS
technologies is assumed.

= The share of LPS in total carbon emissions is takermain constant at a level of around
60% in the time period covered by the model runs.
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5 Results and Discussion

The results of the scenarios described in chapéee $resented and discussed subsequently.
All computations were carried out using non linpawgramming (NLP) with the “General
Algebraic Modeling System” (GAMS). The GAMS code the RICE-CCS model was de-
signed based on the “RICE-99 GAMS code” as provigetlordhaus and Boyer (2000a). All
exogenous parameters, trend data and elasticisiesiéa in the RICE-CCS model were used
as provided by Nordhaus and Boyer (2000a). Reandtseported till 2115 but computations
are carried out till 2205 to reduce end-of-timethon effects. Following the approach of
Nordhaus and Boyer (2000), global welfare is defiae the sum across regions of the present

value of consumption in the entire period of oba&on.

Efficiencies guaranteed by the RICE model
According to Nordhaus and Boyer (2000), the redutis1 solving the RICE model satisfy
the following types of efficiency:

“How-efficiency” denotes efficient strategies tohaeve emission reductions in a given
year and region. For this Master’s thesis, it suased that how-efficiency can be attained
by choosing optimal levels of CCS and carbon emissregarding market damages due
to climate change.

= “Where-efficiency” refers to an efficient allocatiof emission mitigation efforts across
regions in order to maximize global welfare. Th@ylation level and the marginal prod-

uct of carbon energy are the key factors deterrginihere-efficiency.

=  “When-efficiency” denotes allocating emissions otiere. A when-efficient policy seeks

an emissions path which minimizes the present vaflilee costs of emission reductions.

= “Whye-efficiency” refers to balancing the costs dfatement and the benefits of reducing

market damages due to climate damage.

The optimal scenario (used as a benchmark) andritiegenous CCS scenarios satisfy all
types of efficiency mentioned above. In contrds, éxogenous scenarios are in parts when-
efficient (with respect to the degree of freedofh tie the agents). Since the levels of emis-
sion avoidance are chosen arbitrarily the resuttsndt satisfy how-, where-and why-
efficiency.
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5.1 Optimal scenario

The optimal scenario provides results with respedhe level of expected market damage
due to climate change. There are substantial diffegs between the optimal scenario includ-
ing impacts of the climate system on the econontyafBAU” scenario not respecting cli-
mate damages. All regions except OHI and RUSSIAestifom a net loss in welfare due to
increasing temperature. The net benefit of OHI BRUBSIA is mainly explained by an in-
crease in agricultural production (see NordhausEmger, 2000). Table 10 provides an over-
view of selected variables which vary beeing inficed by climate change. In the period from
2005 to 2115 the internalization of the shadowsco$ttarbon leads to a decrease of 0.64% in
global welfare and 0.81% in discounted global GBBpectively. On a regional scale, the
changes in welfare show a range of +0.8% (OHI)4t88% (INDIA). In terms of regional
discounted per capita GDP results ranging from 9%.§0OHI) to -3.9% (INDIA) have been
found. Since a decrease in GDP leads to changbs savings rates, a lower income does not

necessarily cause an analogue decrease in welfare.

Table 10 Optimal scenario: Changes in economic and enwiantal variables due to the internalization of
climate damage in the economic sector of the RIGHEehin comparison to a “business as usual”
scenario (period 2005-2115)

Global Global Global Temperature
Consumption GDP Emissions Increase
Global Impact of - 0.64% -0.81% 2005: -4.57% 2115: -0.42°C
Climate Damage 2115: -81.57%
Regional Impactof ~ Max: -4.38%  Max: -3.9% n/a n/a
Climate Damage Min: +0.8% Min: +0.88%

Furthermore, the incorporation of climate damagel$eto a significant mitigation of carbon
emissions. The reduction can be explained by dubisti of carbon energy by capital in the
production function. Thus, by the year 2005, carbonssions are increased by 4.57% com-
pared to the level of emissions found in a scerax@uding impacts of climate change on the
economic sector of the RICE model. The emissiometan increases over time reaching a
maximum of 81.57% by the year 2115. At the endheferiod of observation, the tempera-
ture increase is reduced by 0.42°C amounting t822® above the pre-industrial level com-
pared to 3.06°C in a scenario assuming “businessw@a” carbon emissions (see Table 10).
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5.2 Endogenous CCS scenarios

As described in chapter 4 the endogenous sceraxpand the optimal scenario by the pos-
sibility of avoiding carbon emissions by the implmation of CCS. Thus, carbon emissions
could be reduced not affecting the level of carboargy services used for economic produc-
tion. On the one hand, the endogenous scenaridsfee®ptimal levels of regional CCS
emission avoidance (scenario ENDO-REG). On therdthed, an optimal level of global per
capita CCS is computed (scenario ENDO-GLOBAL). his tsection the findings of all en-
dogenous scenarios are presented on global andgional scale. Since the agents do not
invest in future CCS (see section 3.1: Equatiorss)in all endogenous scenarios, this aspect
is not included in the discussion of the scenagmuits. All findings regarding economic and

environmental variables are presented and discusssmmparison to the optimal scenario.

5.2.1 Endogenous CCS scenarios - global analysis

a) Global CCS, carbon emissions and temperature

Overall, no considerable changes in carbon enesgy(and thus in carbon emissions) have
been observed in the analysed time horizon. Owlagscale, the scenarios show a decrease
of 0.06% (ENDO-REG) and 0.24% (ENDO-GLOBAL) respesly. As shown in Figure 8,
there are almost no carbon emissions avoided bymp&mentation of CCS until the year
2055. However, in the period from 2055 to 2115rdmults show different paths of CCS de-
ployment for both the ENDO-REG and the ENDO-GLOB#denarios. On the one hand, the
implementation of CCS increases exponentially ia geriod from 2055 to 2115 in the
ENDO-REG scenario. A maximum of 672 MtC or 6.62%aahual global carbon emissions
are avoided by the year 2115 (see Figure 8). Thergbd temperature increase is 2.634°C in
comparison to the pre-industrial level and is reduby 0.05°C in comparison to the optimal
scenario (2.639°C). On the other hand, only a matgimount of the global carbon emissions
is avoided by the implementation of CCS in the ENBDOBAL scenario. As shown in
Figure 8, emission avoidance does not emerge tinetiyear 2085 and reaches a maximum of
25 MtC by the year 2115 (see Figure 8). This glabmalximum is equivalent to 2,3kgC
avoided per capita and 0.25% of annual global cadissions respectively. In comparison
to the optimal scenario, the temperature increassuats to 2.638°C by the year 2115 and is

reduced by 0.001°C. For both endogenous CCS sosndhnie negligibility of the changes in
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temperature at the end of the period of observat@mbe explained by the time lag between
the reduction in global carbon emissions and thengh in global mean temperature deter-
mined by the climate sub-model of the RICE-CCS rhode

Scenarios ENDO-REG and ENDO-GLOBAL: CCS
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Figure 8: Scenarios ENDO-REG and ENDO-GLOBAL: MtC of gloleahissions avoided (period 2005-2115)

b) Global welfare, GDP and savings rates

Table 11 shows global economic impacts of the impletation of CCS in the period from
2005 to 2115 in comparison to the optimal scendrie changes in the economic variables
are very small. On a global scale, the RICE-CCSehfidds changes in welfare of -12US$
billion (ENDO-REG) and -4US$ billion (ENDO-GLOBAL)n terms of global GDP, the re-
sults show a range of +3US$ billion (ENDO-REG) ah@8US$ billion (ENDO-GLOBAL).
The average global savings rates of the period 2065 to 2115 persist almost at the level of
the optimal scenario in both endogenous CSC saendfowever, they can be used to ex-
plain the difference between changes in welfare@Bé since savings reduce the fraction of
the GDP available for consumption. The global sgwimates are slightly reduced in the
ENDO-GLOBAL scenario and slightly enhanced in thdE)-REG scenario respectively.

Corresponding to this finding, the ENDO-REG scemaeports an increase in GDP whereas
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the ENDO-GLOBAL scenario shows an inverse resudt.#entioned above, no considerable
decrease in global mean temperature has been edsdrus, potential benefits of an emis-
sion reduction occur after the time period of otaaton. Based on this consideration the in-
substantial changes in welfare and GDP due to rtiementation of CCS are intuitively

comprehensible.

Table 11: Endogenous CCS scenarios: Changes in economichlemidue to the implementation of CCS in
comparison to the optimal scenario (period 20055211

, Global Global Change in Average
Scenario Consumption GDP Global Savings Rate
[US$ billion] [US$ billion] (2005-2115)
ENDO-REG -12 +3 + 0.01%
ENDO-GLOBAL -4 -13 -0.02%

5.2.2 Scenario ENDO-REG - regional analysis

a) Regional CCS and investment in CCS

Figure 9 shows the development of regional CCSayepénts in the period 2005-2115.
Only minor parts of regional carbon emissions a@ded until the year 2055. Though, in the
second half of the Zicentury the level of CCS increases exponentialhe flegions avoiding
parts of their emissions are EE, RUSSIA, CHINA, IMand LI. Since the marginal product
of carbon is represented by a welfare weight inaibjective function of the RICE model, the
regions having a low GDP/carbon emission ratiofaremost “forced” to implement CCS.
This effect dominates the incentive to implementSCdlie to the level of regional climate
damages. Thus, the region EUROPE, which is supptsdthve greater negative impacts
from temperature increase than CHINA, RUSSIA and d&tes not conduct CCS. However,
CHINA and INDIA are the only regions which are wilj to capture and store a substantial
part of the regional carbon emissions: CHINA avodsmaximum of 30% (502 MtC) and
INDIA of 16% (141 MtC) of by the year 2115. As show Figure 10, the willingness to in-
vest in CCS is increasing over time but does noted 0.3% of annual GDP for all regions
and time periods. CHINA (0.28%) and INDIA (0.25%¥ a@he only regions investing more
than 0.1% of their annual GDP in CCS by the enthefperiod of observation.
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Scenario ENDO-REG: CCS
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Figure 9: Scenario ENDO-REG: MtC of regional emissions eedi (period 2005-2115)

Scenario ENDO-REG: Regional Investment in CCS
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Figure 10: Scenario ENDO-REG: Investment in CCS as a peagendf annual GDP (period 2005-2115)
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b) Regional Welfare, GDP and savings rates

As mentioned before, no substantial changes in eeatyre increase have been observed in
the period of observation compared to the optimahario. Thus, for regions not conducting
CCS, the occurrence of free riding on emissionezhant can be excluded. Table 12 gives an
overview on total changes in economic variables pamed to the optimal scenario of those
regions avoiding parts of the regional carbon elmmssby the implementation of CCS. The
results do not show considerable changes in weifathe period from 2005 to 2055. From
2055 to 2115, regional welfare losses increase twer reaching a maximum in the range of
0.82% (LI) to 1.37% (INDIA) by the year 2115. Oviéréhe findings show varying levels of
decrease in welfare and per capita GDP. RUSSIAalEL| suffer from a minor decrease in
welfare which corresponds to the loss in regioral gapita GDP. However, CHINA and
INDIA loose 0.1% of their total regional welfaren &ddition, the greatest changes in the av-
erage savings rate have been observed for themmsedhus, the gap between welfare loss
and reduction in regional GDP of 0.09% for CHINAJah06% for INDIA can be explained.

Table 12: Scenario ENDO-REG: Changes in economic variabies td the implementation of CCS (period
2005-2115; percentages in relation to the optiroahario)

Change in Average

Reglor Consampion  Globsiopp  Saings Rate
RUSSIA -0.04% - 0.03% - 0.001%
EE - 0.04% - 0.02% + 0.009%
CHINA -0.1% - 0.01% + 0.033%
INIDIA -0.1% - 0.03% + 0.056%
LI - 0.06% - 0.04% - 0.007%

5.2.3 Scenario ENDO-GLOBAL - regional analysis

a) Regional investment in CCS

In the ENDO-GLOBAL scenario, the willingness to day CCS is increasing over time but
does not exceed 0.04% of annual GDP in any regmih the year 2115 (see Figure 11). By
the year 2115 AFRICA (0.038%) and LI (0.011%) musest the highest percentage of their
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GDP in CCS to guarantee the demanded level of ppitac CCS. The high-and middle-
income regions, as represented by the USA in Figirenvest less than 0.003% of their an-
nual GDP in the abatement of carbon emissions Ipyeimenting CCS. In comparison to the
ENDO-REG scenario the results show, that thoseonsgnot suffering significantly from

climate damage suppress the global willingnesauest in CCS.

Scenario ENDO-GLOBAL: Regional Investment in CCS
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Figure 11 Scenario ENDO-GLOBAL: Investment in CCS as a patage of annual GDP (period 2005-2115)

b) Regional Welfare, GDP and savings rates

In comparison to the optimal scenario, the globgblementation of equal per capita CCS
does not lead to considerable changes in the ralgemonomic variables considered for the
economic analysis. This finding is explained by thet that only minor amounts of carbon
emissions are avoided and thus, no substantiaelsan comparison to the optimal scenario
are observed. AFRICA suffers from the greatest insselfare (0.04%) and per capita GDP
(0.04%). For all other regions neither an incraamea decrease greater than 0.01% in welfare

or per capita GDP has been observed.
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5.2.4 Endogenous CCS scenarios expanded by technologichange

In this section the impacts of technological chamg€CS technologies on the presented
endogenous scenarios is analyzed. Figure 12 sHav€E€S cost curves of the regions HIO
and CHINA. HIO derives the major part of its elety from gas power plants and thus has
the highest initial CCS costs. CHINA on the contrdras the lowest initial CCS costs of all
RICE-regions, depending mainly on energy serviaasved from coal combustion (see sec-
tion 3.2.1; Table 7). The CCS cost curves of dlleotregions run between those of CHINA
and HIO.

Technological Change: CCS Costs
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Figure 12: CCS cost curves for the regions HIO and Chinai¢pe2005-2115)

a) Global CCS, carbon emissions and temperature

The results of the scenarios ENDO-REG-TC and ENO@BAL-TC are discussed in
comparison to the corresponding CCS scenario exguechnological change as well as to
the optimal scenario. Figure 13 shows the amourdadbon captured and stored in the en-
dogenous scenarios including and excluding a deereaCCS costs. For both the ENDO-
REG and the ENDO-GLOBAL scenarios, the incorporatbtechnological change leads to a
substantial increase in the deployment of CCS. Newehe global level of emission avoid-

ance as sought in the ENDO-GLOBAL scenario is éfigenuch more by the introduction of
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technological change than the sum of the regiomasisgon avoidance as sought in the
ENDO-REG scenario.

In the ENDO-REG scenario, the deployment of CC8s&0 years earlier due to the incor-
poration of technological change. The percentagetaf carbon emissions avoided is increas-
ing over time from 0.03% in the year 2015 to 11@94he year 2115. In terms of MtC emis-
sions avoided, technological change leads to arease from 673 MtC (ENDO-REG) to
1169 MtC (ENDO-REG-TC) at the end of the periodobservation. Overall, 3.1% of the
global carbon emissions are avoided by the impl¢atiem of CCS in the period 2005-2115
compared to 1.16% in the scenario ENDO-REG exclytichnological change (+ 74%). The
temperature increase amounts to 2.62°C by the3&Hs. This finding corresponds to a miti-

gation of 0.015°C compared to the ENDO-REG scenanid 0.02°C regarding the optimal

scenario.
Endogenous Scenarios: Technological Change
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Figure 13 Endogenous CCS scenarios including technologicahge: MtC of total global emissions avoided
(period 2005-2115)

In the ENDO-GLOBAL-TC scenario, CCS emerges byyhar 2055 and increases expo-

nentially until the end of the period of observati@gee Figure 13). The maximum optimal

50



5 Results

amount of per capita CCS corresponds to 72.2kchbyyear 2115 compared to 2.3kgC per
capita in the scenario ENDO-GLOBAL excluding teclugical change. Emission abatement
increases from 25 MtC (ENDO-GLOBAL) to 785 MtC (ERBGLOBAL-TC) by the year
2115. In terms of total global emissions the resglbrrespond to an avoidance of 1.36%
(ENDO-GLOBAL-TC) compared to 0.04% (ENDO-GLOBAL) the period 2005-2115. By
the year 2115, the temperature increase amou$33C and is diminished by 0.08°C com-

pared to the ENDO-GLOBAL scenario and by 0.09°CGarding the optimal scenario.

b) Global Welfare, GDP and savings rates

Table 13 shows global economic impacts of the pa@tion of technological change in the
RICE-CCS model. Compared to the endogenous CCSasosnexcluding technological
change, the increase in emission avoidance leadsuelfare loss of 18US$ billion (ENDO-
REG-TC) and 12US$ billion (ENDO-GLOBAL-TC) in thepod of observation. In compari-
son to the optimal scenario, the characteristidh@ithanges in welfare, global GDP and sav-
ings rates remain mostly the same and but aretlslighhanced. The ENDO-REG scenarios
both show an increase in GDP due to the chandeeilsdvings rates whereas for the ENDO-
GLOBAL scenarios the savings rates are slightlyuced and thus diminish the effect of a

decrease in GDP on welfare.

Table 13: Endogenous CCS scenarios including and excludiogntdogical change: Changes in economic
variables due to the implementation of CCS in caispa to the optimal scenario (period 2005-2115)

_ Global Global Change in Average
Scenario Consumption GDP Global Savings Rate
[US$ billion] [US$ billion] (2005-2115)
ENDO-REG -12 +3 + 0.001%
ENDO-REG-TC -30 + 22 + 0.002%
ENDO-GLOBAL -4 -13 - 0.003%
ENDO-GLOBAL-TC -16 - 47 - 0.022%

c) Scenario ENDO-REG-TC: Regional CCS investment
As shown in Figure 14, all regions except EUROPBEAUOHI and JAPAN conduct CCS
in the ENDO-REG-TC scenario. However, besides CHIad INDIA only the regions
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RUSSIA (15%) and EE (14.7%) avoid a substantial patheir carbon emissions by the year
2115. All other regions capture and store emissiaittsin the range of 0.6% (HIO) and 7.6%
(LMI). Furthermore, the paths of CCS deployment@INA and INDIA both show a peak
at the end of the period of observation (see Figdie This effect is triggered by the fact that
CHINA and INDIA reach the maximum ratio of emissianoidance (30% of the annual re-
gional emissions) by the year 2095 (CHINA) and bg year 2105 (INDIA) respectively.
Since the results for CHINA show a decrease inl twdgbon emissions in the last time step,
the findings correspond to an absolute decreaseC8. For INDIA on the contrary, only a
decrease in the growth rate of CCS is observeldrdst time step of the period of observa-

tion since the total regional emissions are inénggsver the entire period of observation.
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Figure 14: Scenario ENDO-REG-TC: MtC of regional emissiomsided (period 2005-2015)

As shown in Figure 15, the willingness to investd@S is increased due to technological
change. In contrast to the scenario ENDO-REG exafutechnological change, the regions
HIO, LMI and MI introduce CCS in the period of obgation. In addition, CHINA, INDIA,
EE, RUSSIA and LI invest more than 0.1% of thein@ad GDP in the avoidance of regional

carbon emissions by the year 2115. The results stwmwtantly increasing deployment of
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emission avoidance for most of the regions impldmgrCCS. Thus, the percentage of GDP
invested in emission abatement is increasing despahnological change (except for the re-
gions CHINA and INDIA). CCS investments of CHINA&GIMNDIA show a peak after having
reached the maximum percentage of emission avaedés@%o) allowed within the RICE-
CCS model. For these two regions, due to the lezelconomic growth, the findings corre-
spond to a decrease in the percentage of GDP au/é@stemission abatement in spite of an

absolute increase of carbon captured and stordgetiand of the period of observation.
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Figure 15 Scenario ENDO-REG-TC: Investment in CCS as agreage of annual GDP (period 2005-2115)

d) Scenario ENDO-REG-TC: Regional welfare, GDP aadngs rates

Compared to the ENDO-REG scenario excluding teagicdl change, no major changes
in the economic variables have been observed. Reidy@ increase in emission avoidance, the
benefits due to decreased climate damages stillrcafter the period of observation. Thus,
the welfare of the high-income regions not avoidtagoon emissions is not affected by tech-
nological change in CCS. CHINA (0.11%) and INDIAX8%) are the only regions suffering
from a welfare loss higher than 0.05%. The changebe savings rates correspond to the

changes in GDP and welfare for all regions conaigc@GCS.
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e) Scenario ENDO-GLOBAL-TC: Regional CCS investment

Even though the willingness to pay for CCS is iasetl in the ENDO-GLOBAL-TC sce-
nario, the findings show that the low-income regionust invest a greater part of their annual
GDP than the high-and middle-income regions tailftiife global CCS goal. As shown in
Figure 16, AFRICA (0.75%) and LI (0.2%) must emplognsiderable financial resources
whereas the other regions (as represented by tReituBigure 16) invest less than 0.06% of

their annual gross income in carbon emission avaiea
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Figure 16 Scenario ENDO-GLOBAL-TC: Investment in CCS aseagentage of annual GDP (period 2005-
2115)

f) Scenario ENDO-GLOBAL-TC: Regional welfare, GDRI &avings rates

For the high- and middle-income regions no maj@nges in the economic variables could
be observed in comparison to the scenario ENDO-GADBXxcluding technological change.
The only region showing a considerable decreaseeilfare is AFRICA. Its investments in
CCS lead to a decrease in total regional welfar@. 8% in the period of observation. In ad-
dition, no substantial welfare effects due to arelase in climate damage have been observed

for this scenario.
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5.3 Exogenous CCS scenarios

In this section the results of the exogenous C@8astos as described in Chapter 4 are pre-
sented on global and on regional scale. All resaréspresented and discussed in comparison
to the optimal scenario.

5.3.1 Exogenous CCS scenarios - global analysis

a) Global CCS, carbon emissions and temperature

Compared to the optimal scenario, the global ussadion energy for production is slightly
increased in all exogenous CCS scenarios exclugiingpn taxation. However, the maximum
increase observed for the EXO-30 scenario (30%egional carbon emissions avoided by
2055) corresponds to negligible 0.38% of globaboarenergy use in the period of observa-
tion. As shown in Figure 17, the levels of emissamoidance by the implementation of CCS
increase linearly over time in the exogenous seesaxcluding a tax mechanism (red and
black lines). The maximum avoidance is reachedheyyear 2055 and held constant for the
rest of the period of observation. In the EXO-18r&rio (15% of regional carbon emissions
avoided by 2055), a maximum of 1093 MtC are captaed stored (EXO-ANNEX B-15:
478 MtC - only ANNEX B countries forced to cond@€S) whereas the values are doubled
in the scenarios EXO-30 (2186 MtC) and EXO-ANNEX38-(956 MtC - only ANNEX B
countries forced to conduct CCS). For the EXO-I®nario these values correspond to an
avoidance of more than 8% of total global emissionthie period 2005-2115 (EXO-ANNEX
B-15: 3.5%). For the EXO-30 scenario, the levelC&@S accounts to 16% of global carbon
emissions to the atmosphere (EXO-ANNEX B-30: 7%)e Temperature increase is dimin-
ished by 0.106°C by the year 2115 in the EXO-1made (EXO-ANNEX-B-15; 0.047°C)
respectively 0.215°C in the EXO-30 scenario (EXOMBEK B-30; 0.094°C).

In the EXO-TAX scenarios (green lines in Figure,léthission avoidance reaches a maxi-
mum of 399 MtC by the year 2095 (EXO-TAX) respeetw91 MtC by the year 2035 (EXO-
ANNEX B-TAX). Only 3% of global carbon emissions the period of observation are
avoided by the implementation of CCS in the EXO-TA&enario (EXO-ANNEX B-TAX;
0.55%). However, compared to the optimal scendhe,penalty tax-mechanism leads to a
substantial decrease of 6.33% (EXO-TAX) and 2.78%@-ANNEX-B-TAX) in global car-

bon energy use in the period of observation. Tindifig explains why the reduction in tem-
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perature increase observed for the EXO-TAX scerdogs not correspond to the low level of
emission avoidance by the implementation of CCS.tigy year 2115, the temperature in-
crease is diminished by 0.136°C in comparison & dptimal scenario (EXO-ANNEX B-
TAX; 0.04°C).
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Figure 17: Exogenous CCS scenarios: MtC of global emissasaided (period 2005-2115)

b) Global welfare, GDP and savings rates

As shown in Table 14, all exogenous CCS scenaeiad to a net loss in global welfare in
comparison to the optimal scenario. Since the imvests in CCS as well as the expenses for
carbon taxation are in competition with investmentgroductive capital, this finding is ex-
pectable. The greatest loss in welfare in the se@nhaxcluding carbon taxation is observed
for the EXO-30 scenario. Compared to the optimehacio, the welfare loss amounts to 596
USS$ billion despite the decrease in climate dantageto a diminished temperature increase
as described above. The global savings rates igtdélglincreased in the first and reduced in
the second half of the period of observation. H@®veehanges in the savings rates can ex-
plain the gap between welfare losses and the clangglobal GDP as observed for all ex-

ogenous CCS scenarios excluding carbon taxation.
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Table 14: Exogenous CCS scenarios: Changes in economic lesidbe to the implementation of CCS in com-
parison to the optimal scenario (period 2005-2115)

_ Global Global Change in Average

Scenario Consumption GDP Global Savings Rate
[USS$ billion] [USS$ billion] (2005-2115)

EXO-15 - 311 + 68 + 0.003%
EXO-30 - 596 + 174 + 0.015%
EXO-ANNEX B-15 - 152 +11 0%
EXO-ANNEX B-30 - 278 + 64 + 0.015%
EXO-TAX -228 -414 -0.1%
EXO-ANNEX B-TAX - 99 - 206 -0.073%

In comparison to the optimal scenario, the resaflithhe EXO-TAX scenarios show less re-
duction in welfare but greater decrease in GDP tharexogenous CCS scenarios excluding
carbon taxation (see Table 14). In the EXO-TAX scenglobal welfare is reduced by 278
US$ billion (EXO-ANNEX B-TAX; 99 US$ billion) and Igbal GDP by 414 US$ billion
(EXO-ANNEX B-TAX; 206 US$ billion). On the one hanthe reductions in global GDP can
be explained by the decrease in carbon energyuss¢odaxation. On the other hand, the gap
between GDP and welfare loss is caused by decresas@ugs rates leading to an increase in
present welfare which is weakly discounted in congoa to the welfare losses of future gen-

erations.

5.3.2 Scenarios EXO and EXO-ANNEX-B — regional Analysis

a) Regional investment in CCS

Figure 18 shows the regional amounts of carbon ®ams avoided by the implementation
of CCS for the EXO-15 scenario. Corresponding ®ldvel of carbon emissions in the year
2005, CHINA (249 MtC) and the USA (235 MtC) mustfifuhe highest level of emission
avoidance by the year 2055 followed by EUROPE (WM€) and LMI (111 MtC). All other
regions capture and store a maximum of their cadioissions ranging from 32 MtC (HIO)
to 65 MtC (RUSSIA). For the EXO-30 scenario, théuea are doubled whereas in the EXO-
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ANNEX B-15 and EXO-ANNEX B-30 only the regions USEUROPE, JAPAN and OHI

are forced to conduct the corresponding level assion avoidance.
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Figure 18 Scenario EXO-15: MtC of regional emissions avdi¢igeriod 2005-2015)

As shown in Figure 19, the development of the Ci@&stments over time is similar for the
EXO-15 and the EXO-30 scenario. Since the levetdrofssion avoidance is increasing until
the year 2055, the percentage of annual GDP speftfii the demanded level of CCS im-
plementation is increasing too. Until the year 2@86nomic growth leads to a nonlinear in-
crease in CCS investment although the level of gomnsavoidance increases linearly. How-
ever, in the period 2055-2115 economic growth |ldads net decrease in the percentage of
GDP invested in CCS. RUSSIA is the region investhmggreatest percentage of annual GDP
in emission avoidance (1.24% in the EXO-15 and %.477 the EXO-30 scenario by the year
2055). This finding can be explained by the facttRUSSIA has a very low carbon en-
ergy/GDP ratio. On the contrary the regions JAPAN 8| spend less than 0.16% of their
annual GDP in the EXO-15 and less than 0.27% irEik@®-30 scenario. For JAPAN the re-
sults can be explained by a very high carbon en@igk ratio whereas the region Ml bene-
fits from its considerable economic growth as founydthe RICE-CCS model. The regions

which are not discussed above invest a maximuneptage ranging from 0.22% (JAPAN) to
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0.52% (EE) in the EXO-15 scenario and from 0.43%P@AN) to 1% (EE) in the EXO-30
scenario of their regional GDP in CCS by the y&@i®

Scenario EXO-15: Investment in CCS

o
a)
©)
Y
o
S
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
Year
Scenario EXO-30: Investment in CCS

25

2.0
o 15
a
O]
Y
(@]
X 10

0.5

0.0 -

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095 2105 2115
Year
—¥— USA —¥— EUROPE —¥— OHI —¥— JAPAN —¥—HIO —e— RUSSIA
—e—EE —o— M —e— LMI —&— CHINA —=—INDIA

Figure 19 Scenarios EXO-15 & EXO-30: Investment in CCS p&rcentage of annual GDP (period 2005-15)
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In the EXO-ANNEX B-15 and EXO-ANNEX B-30 scenaridbe investments in CCS of
the high-income regions are not changed comparedet@orresponding EXO scenarios in-
cluding the non-high-income regions. Therefore, ANPstill has the lowest expenses for
CCS. As shown in Figure 19, the regions USA, EURG@RHE OHI invest almost the same
fractions of their GDP in CCS with a maximum of 22 (EXO-ANNEX B-15: USA) and
0.45% (EXO-ANNEX B-30: USA) by the year 2055.

b) Regional welfare, GDP and savings rates

The implementation of CCS leads to an increasherrégional savings rates in the first half
of the time period of observation in all exogensasnarios excluding carbon taxation. There-
fore, regional GDP is slightly enhanced for alliogg in comparison to the optimal scenario.
However, regional welfare is negatively affectedthg increasing savings (see Table 15).
RUSSIA, EE and CHINA show the greatest changesaliane in the EXO-15 and the EXO-
30 scenario. RUSSIA looses a maximum of 1.71%, EB% and CHINA 0.64% of total
welfare in the period from 2005 to 2115 in the socen EXO-30. The findings can be ex-
plained by the fact that these regions invest tighdst percentage of their annual GDP in
CCS (see Figure 19) thus reducing the fraction bPGvailable for consumption. For all
other regions which avoid parts of their carbonssioins, welfare losses smaller than 0.32%
are observed in all exogenous scenarios excludirgtion. Even though only the high-
income regions are forced to implement CCS inxagenous CCS scenarios, there are mod-
erate losses in regional welfare observed. Comp@ardide optimal scenario, a maximum de-
crease in welfare is found for all high-income ogg in the EXO-ANNEX B-30 scenario.
For EUROPE and JAPAN, the observed difference itiane loss between the EXO and the
EXO-ANNEX B scenarios can be explainable by posiiwmpacts of the temperature increase
on the regional economic sector. Thus, EUROPE &RAN have a very small profit from
the emission avoidance of the other regions inBX®©-15 and EXO-30 scenarios. On the
contrary the USA and OHI do not have the same valnkty towards climate change and
therefore show almost the same decrease in weifdhe EXO and the EXO-ANNEX B sce-
narios. Furthermore, for both EXO-ANNEX B scenaritbee benefits of the low-and middle-
income regions due to the emission avoidance ohitje-income regions are negligible. EE
and RUSSIA suffer from minor welfare losses singeoaitive impact from temperature in-
crease on the regional economic system is assufiedresults for the other regions show
changes in welfare ranging from 0% (EXO-ANNEX B-18t and LMI) to +0.04% (EXO-
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ANNEX B-30: AFRICA). Even though LI and AFRICA aexcluded from the implementa-
tion of CCS in all scenarios, the maximum bendbserved amounts to only 0.13% (LI) and
0.1% (AFRICA) in the scenario EXO-30 (see Table 15)

Table 15 Exogenous CCS scenarios excluding carbon taxa®egional changes in welfare due to the imple-
mentation of CCS (period 2005-2115; percentageslaition to the optimal scenario)

Region Scenario Scenario Scenario Scenario
EXO-15 EXO-30 EXO-ANNEX B-15 EXO-ANNEX B-30

USA -0.14% -0.27% -0.14% - 0.28%
EUROPE - 0.09% -0.18% -0.12% -0.23%
JAPAN - 0.08% - 0.15% - 0.09% -0.17%
OHI -0.14% - 0.26% -0.14% -0.27%
HIO -0.2% -0.41% 0% + 0.01%
RUSSIA -0.87% -1.71% - 0.03% -0.01%
EE - 0.38% -0.73% -0.01% -0.01%
Mi - 0.09% - 0.18% 0% + 0.01%
LMI -0.18% - 0.32% 0% +0.01%
CHINA - 0.33% - 0.64% + 0.01% + 0.01%
INDIA -0.17% -0.29% + 0.02% +0.1%

LI + 0.02% + 0.13% +0.01% + 0.02%
AFRICA + 0.03% +0.1% + 0.03% + 0.04%

5.3.3 Scenarios EXO-TAX and EXO-ANNEX-B-TAX — regional aralysis

a) Regional investment in CCS

In the EXO-TAX scenario, carbon taxation leads iffecent individual paths of CCS de-
ployment over time (see Figure 20). RUSSIA and BEhdt exceed the emission cap in the
period of observation and thus not implement CC$%&on avoidance at all. EUROPE and
JAPAN must avoid carbon emissions only until thary2035 and CHINA is forced to cap-
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ture and store varying parts of its emissions uh#l year 2095. From those regions imple-
menting CCS (or paying carbon taxation respectjvelyer the entire period, OHI and the
USA show a similar path of CCS deployment. Emissieoidance reaches a maximum by the
year 2045 and decreases slightly until 2115. F&IR a constant increase in CCS until the
year 2105 followed by a minor decrease in thetiast step is observed. HIO, Ml and LMI
show an increase in the amount of carbon capturddsered over the entire period of obser-
vation. Overall, the USA have the highest levelC&S implementation until the year 2045
avoiding up to 95 MtC or 5.45% of the regional @arlemissions by the year 2045. By then
INDIA outruns the USA followed by the regions LMYl and HIO. At the end of the study
period HIO is avoiding the largest part of its aarbemissions (134 MtC or 16.16% of re-
gional carbon emissions by the year 2115) of gjioes (see Figure 20).

In the EXO-ANNEX B-TAX scenario, the level of emigs avoidance of the high-income
regions USA, EUROPE, OHI and JAPAN is not changechgared to the EXO-TAX sce-
nario. Since no interregional trade is allowed #rebse regions have a high welfare weight in
the objective function of the RICE-CCS model, thatipices of carbon energy use and carbon
emission avoidance is not considerably influencgthk behaviour of the other regions.
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Figure 20: Scenario EXO-TAX: MtC of regional emissions awedd(period 2005-2015)
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Scenario EXO-TAX: Investment in CCS
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Figure 21 Scenario EXO-TAX: Investment in CCS as a peragaiaf annual GDP (period 2005-2115)

Figure 21 shows the regional investments in CC3HerEXO-TAX scenario as a percent-
age of regional annual GDP. Investment in CCS terdened by taxation on emissions ex-
ceeding the emission cap (see section 3.2.3: T3bBy the year 2045, the regions HIO and
INDIA loose up to 0.7% (HIO) and 0.5% (INDIA) due the carbon taxation. In the case of
INDIA, MI and LMI, the decrease in investment todarthe end of the study period can be
explained by economic growth and diminished inaemsregional emissions. The regions
OHI, USA, JAPAN, EUROPE and CHINA use less tharP@ df their annual GDP to satisfy
the carbon taxation in the entire period of obstema

As shown in Figure 22, the regions RUSSIA and El ganet income due to “negative”
carbon taxation in the entire period of observatiothe EXO-TAX scenario. Since the re-
gional levels of carbon emissions undercut the gioniscap, these regions receive compensa-
tion out of the global carbon taxation pool. By tyear 2045, RUSSIA and EE derive a
maximum of 0.87% (RUSSIA) and 0.23% (EE) of theinaal GDP from compensation for
reductions in regional emissions. Furthermore, @arkemissions of the regions EU and
JAPAN fall below the emission threshold by the y2@85. Thus, these regions receive a net
income in the period 2035-2115. In addition, CHINAcompensated for undercutting the
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emission cap in the last three time steps of thmgef observation. Overall, the compensa-
tions paid to the regions undercutting the emissiaps account to 13.8% of the global tax

pool fed by regional carbon taxation in the pebdbservation.
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Figure 22 Scenario EXO-TAX: Compensation for reductiongégional carbon emissions as a percentage of
annual GDP (period 2005-2115)

In the EXO-ANNEX-B-TAX scenario, the compensatiam €mission reductions leads to a
considerable decrease in the global implementaifo@CS. Due to the decrease in regional
carbon emissions observed for the regions EUROREJARAN, the fraction of the carbon
taxation pool used for compensation instead ofstment in CCS is increasing in the period
from 2035 to 2115. A maximum of 69.3% of the taxlpfed by the USA and OHI is used to
compensate the emission reductions of EUROPE aR&\Bby the year 2115.

b) Regional welfare, GDP and savings rates

In the EXO-TAX scenario, the results for EUROPEPMN, RUSSIA, EE, AFRICA and
LI show a net benefit in welfare for the study pdrin comparison to the optimal scenario
(see Table 16). Since AFRICA and LI are excludeanfrcarbon taxation, the increase in re-
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gional consumption of 0.13% (LI) and 0.1% (AFRIC2gn be explained by a decrease in the
market damages due to climate change. On the cgntin@ increase in welfare of the regions
EUROPE, JAPAN, RUSSIA and EE is based on the cosgiam for the regional emission
reductions. However, RUSSIA is the only region simgna considerable benefit in welfare in
the period of observation in the EXO-TAX scenafi®2{%). From those regions for which a
net loss in welfare is observed due to the intrtidacof carbon taxation, HIO (0.77%) and
INDIA (0.46%) are suffering the most. Since theufess show a strong increase in carbon
emissions over time for HIO and INDIA, they mustiuee consumption in order to finance
the carbon taxation. As shown in Table 16, all ptlegions loose welfare in the range of
0.09% (USA) and 0.26% (CHINA) in the EXO-TAX sceiwar

Table 16: Exogenous CCS scenarios including carbon taxa@banges in
welfare due to the implementation of CCS (perio8%2Q115; per-
centages in relation to the optimal scenario)

Region Scenario Scenario
EXO-TAX EXO-ANNEX B-TAX

USA - 0.09% -0.11%
EUROPE + 0.05% 0%
JAPAN + 0.02% 0%
OHI -0.11% -0.12%
HIO -0.77% 0%
RUSSIA +0.27% - 0.03%
EE 0% -0.01%
Mi -0.18% 0%
LMI -0.24% 0%
CHINA -0.26% -0.11%
INDIA - 0.46% -0.07%
LI + 0.13% + 0.02%
AFRICA +0.1% + 0.03%
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In the EXO-ANNEX B-TAX scenario, carbon taxatioratis to an income-shift from the re-
gions USA and OHI to EUROPE and JAPAN. EUROPE rexia maximum income of
8.5US$ billion by the year 2115 undercutting itsission cap by 170 MtC. Furthermore,
JAPAN earns 4.1US$ billion reducing its emissiogs8B MtC compared to the emission cap
at the end of the period of observation. Overh#, tegions USA and OHI loose 0.09% (USA)
and 0.11% (OHI) of their regional welfare wherdaes tiax income leads to an increase in wel-
fare of 0.05% for EUROPE and 0.02% for JAPAN resipety. As shown in Table 16, there
are no substantial benefits observed for the lod-amddle-income regions excluded from
carbon taxation in the EXO-ANNEX B-TAX scenario. BBIA, EE, CHINA and INDIA
even suffer from a decrease in welfare in comparteothe optimal scenario. Whereas for
RUSSIA and EE only a marginal decrease in welfarebserved, CHINA and INDIA loose
0.11% (CHINA) and 0.07% (INDIA) of the regional viele due to an increase in the average

regional savings rate in the period of observation.
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5.4 Analysis of the sensitivity of the RICE-CCS model

This section focuses on the analysis of the seitgitf the RICE-CCS model regarding the
choice of the discount rate and the level of madeehage due to climate change. Since the
results for all scenarios show similar changesasecof a change in these key parameters,
only the results regarding the ENDO-GLOBAL scenaie presented in this section. First,
the scenario has been computed assuming a doulfliobgmate damages. Second, the dis-
count factor has been changed from 3% to 1.5%.ré&belts are discussed in comparison to

the optimal scenario.

a) Variations in the scenario ENDO-GLOBAL: CCS,lmaw emissions and temperature

As shown in Figure 23, the willingness to condu@SCincreases considerably due to a
change in the discount rate or an increase indhel lof climate damage. Reducing the dis-
count factor by 50% leads to a CCS emission aveelah 2.45 GtC at the end of the period
of observation. The results of the model run asagraidoubling of regional climate damages
show an emission avoidance of 2.187 GtC by the 9&ab. Furthermore, global carbon en-
ergy use in the study period is reduced by 15.38ar(ge in discount factor) and 18.1% (dou-

bled climate damage) respectively in comparisaiéocoptimal scenario.

Variations in the Scenario ENDO-GLOBAL: CCS
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—&— Discount Rate 1.5: GtC captured and stored —&— Double Damage: GtC captured and stored

Figure 23 Variations of the scenario ENDO-GLOBAL: GtC obghl emissions avoided (period 2005-2015)
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In comparison to the standard ENDO-GLOBAL scenaimatuding and excluding techno-
logical change, the level of carbon emission avuigais increased. Nevertheless, CCS does
not start to deploy considerably earlier on a glduale (see Figure 23). The findings show
that the maximum percentage of global emissiondaraie (30%) is reached by the year 2105
in case of a reduction in discounting and by thary&l15 respectively if a doubling in cli-
mate damages is assumed. However, the enhancemeithate damage leads to a greater
reduction of total global carbon emissions thandhange in the discount factor. Thus, the
absolute amount of emissions avoided by CCS atetite of the period of observation is
higher in case of a change in the discount facdompared to the optimal scenario, the tem-
perature increase by the year 2115 is mitigate@.B$°C (doubling of climate damage) and

0.24°C respectively (decrease in discount rate).

Variations in the Scenario ENDO-GLOBAL: Investmentin CCS
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Figure 24 Scenario ENDO-GLOBAL: Investment in CCS as a patage of annual GDP in case of a change in
the discount rate or a doubling of regional climddenages (period 2005-2115)

As shown in Figure 24, he gap in investment betwherlow-income regions and the rest t
of the world is increased compared to the stan&@&N®O-GLOBAL scenario. Assuming a
50% reduction of the discount factor, AFRICA mustast 3.8% of its annual GDP to reach
the level of global per capita CCS by the 2115th@ same scenario, the USA spend only
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0.05% of annual GDP to fulfil the same contracte Tiivestment curves of all other regions
run between those of LI (1.13% by the year 211%) the USA. The bends in the investment
curves for AFRICA and LI at the end of the studyige can be explained by the fact that the
optimal amount of per capita CCS is higher than rieximum regional carbon emission
avoidance (30%) by the year 2115. Thus, the inerea€CS investment from 2105 to 2115
is solely driven by an increase in regional carbomssions.

In case of a doubling of regional climate damagé$kICA must invest 3.3% (LI 0.97%) of
its annual GDP whereas the USA spend only 0.045%ef gross income for CCS by the
year 2115. Since the maximum ratio of total emissiavoided is not reached within the pe-
riod of observation, the results show constantlyreasing CCS investment for all regions
until the year 2115.

b) Variations in the scenario ENDO-GLOBAL: Welfa@D)P and savings rates

In order to allow comparison, the results derivirmm the scenario variation assuming a
lower discount factor have been prepared usingtidwedard discount rate of the optimal sce-
nario. As shown in Table 17, the greater weight qrutfuture generations in the computa-
tional experiments leads to a remarkable increas¢he average global savings rate of
14.42%. Therefore, the increased investment inyartiek capital can explain the huge differ-
ence of +13.134US$ trillion in global GDP in comipan to the optimal scenario. Further-
more, since much more of the additional GDP is damstead of consumed, global welfare
increases by comparably moderate 72US$ billior& @4% for the period of observation. On
a regional scale, welfare is reduced by more tHanf& all regions in the first time step.
Overall, the findings correspond to regional change welfare ranging from -1.39%
(AFRICA) to +0.22% (EUROPE). On the one hand, #gioans EUROPE, OHI, JAPAN, EE
and MI show an increase in total welfare in theiqzeiof observation in comparison to the
optimal scenario. On the other hand, the welfassde show a range of -0.09% (USA) to -
1.39% (AFRICA) for the other regions. AFRICA thoughffers by far the most due to the
investment of up to 3.8% of annual GDP in CCS mbriod 2085-2115.

The decrease in total welfare due to a doubledl le/eegional climate damages corre-
sponds to 1.793US$ trillion or 0.9% in the periddobservation compared to the optimal
scenario (see Table 17). Because of the relatitweas temperature increase and climate
damages, the observed losses in welfare increametiove starting with 0.08% in the year
2005 and reaching 2.55% by the year 2115. Ovagighbal discounted per capita GDP is re-
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duced by 0.96% (2.51 USS$ trillion) with a path bedgng at 0.17% for the year 2005 and
leading to a maximum of 2.27% by the year 2115. dienges in the average savings rate (-
0.28%) for the period 2005-2115 can explain the lgafwveen welfare loss and reduction in
GDP. On a regional scale, INDIA suffers from theajest decrease in welfare (2.28%)
whereas the USA and Ml only loose 0.4% of theialtobnsumption in the period of observa-
tion. Due to its vulnerability to climate changBlDIA shows a maximum loss in welfare of
6.07% by the year 2115 in comparison to the optiseahario. For the other regions except
AFRICA, welfare loss constantly increases from lg&m 0.2% in the year 2005 to a maxi-
mum in the range of -1.98% (MI) to -5.27% (RUSSI#) the year 2115. Due to its invest-
ment in CCS (see Figure 24) the welfare loss of KFFRgrows from 0.8% by the year 2005
to 5.5% by the end of the period of observationweleer, neglecting CCS investments
AFRICA would be less affected by a doubling in @il damages than the other low-income
regions INDIA, CHINA and LI.

In general, the analysis of the sensitivity of EldDO-GLOBAL scenario towards changes
in the level of climate damages and discountingvshdearly that these are the key issues to
deal with in integrated assessment modeling. Téigspunting and market damage estimates
must be handled with particular diligence regardimg analysis of potential benefits due to

the implementation of CCS.

Table 17:Variations in the ENDO-GLOBAL scenario: Changegaonomic variables due to changes in the
discount rate and the level of climate damages ewetpto the optimal scenario (period 2005-2115)

Change in Scenario Global Global Change in Average

ENDO-GLOBAL Cons.u.mptlon GDP. | Global Savings Rate
[US$ trillion] [US$ trillion] (2005-2115)

No Changes - 0.004 -0.013 - 0.003%

(original scenario)

Climate Damage -1.793 -2.510 -0.28%

Discount Rate +0.072 +13.134 +14.42%
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5.5 Key findings

This section intends to give a brief summary ofithpacts of the incorporation of emission
avoidance by the implementation of CCS in the RiG&del. The effects on global welfare,
global carbon energy use and temperature increageiperiod 2005-2115 are discussed in

comparison to the optimal scenario.

a) Endogenous scenarios

No considerable changes in global or regional aadiseergy use have been observed for the
ENDO-REG and ENDO-GLOBAL scenarios in comparisorine optimal scenario. The re-
sults show changes in a range of -0.33% (ENDO-GLOBAE scenario) to +0.45% (ENDO-
REG-TC scenario) in global carbon energy use fodpction purposes in the period of ob-
servation (see Table 18). On a regional scale, @HiNd INDIA are the only regions show-
ing a slightly increased use of carbon energy. &ioc all endogenous CCS scenarios emis-
sion avoidance due to the implementation of CCS amet evolve substantially until the year
2055, the temperature increase is not consideraltigated by the year 2115. Thus, potential
benefits of a decrease in the level of climate dggeaoccur after the period of observation.
Overall, the implementation of CCS leads to modelasses in global welfare in the range of
4US$ billion (ENDO-GLOBAL scenario) to 30 US$ bidh (ENDO-REG-TC scenario) for
the endogenous CCS scenarios (see Table 18).

In summary, the results indicate that the implemtorn of large-scale CCS is not necessar-
ily an optimal choice at current CCS cost- and alindamage estimates. Given the elastic-
ities of the production inputs (as given by Nordhamd Boyer, 2000), carbon emissions are
reduced substantially by substitution of carborrgynéy capital. Therefore, only minor addi-
tional carbon emission avoidance by the implemenmatdf CCS is required in order to opti-
mize global welfare. In the ENDO-REG scenario,dbavation of the objective welfare func-
tion causes disproportionate expenses for the mmgieation of CCS for the low income re-
gions (especially for CHINA and INDIA) comparedttee middle- and high-income regions.
The inclusion of the carbon energy/GDP ratio inwedfare function leads to an allocation of
optimal global CCS deployment in favour of thosgioas generating high production output
per unit of carbon energy input. Furthermore, #tgians having a high per capita GDP suffer
less from fulfilling the global contract if equagipcapita emission avoidance is aspired on a

global scale (as it is in the case of the ENDO-GIXDBcenarios).
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Table 18: CCS scenarios: Changes in economic and environingrtables due to the implementation of CCS in
comparison to the optimal scenario (period 20055211

Change in the

_ Global Global Use of Increase in Global
Scenario Consumption Carbon Energy
- _ mean Temperature
[US$ billion] [period 2005-2115]
[by the year 2115]

ENDO-REG -12 - 0.06% - 0.005°C
ENDO-REG-TC - 30 + 0.45% - 0.02°C
ENDO-GLOBAL -4 - 0.24% - 0.001°C
ENDO-GLOBAL-TC - 16 - 0.33% - 0.009°C
EXO-15 - 311 +0.16% - 0.106°C
EXO-30 - 596 + 0.38% - 0.215°C
EXO-ANNEX B-15 - 152 + 0.03% -0.047°C
EXO-ANNEX B-30 - 278 +0.07% - 0.094°C
EXO-TAX - 228 - 6.33% - 0.136°C
EXO-ANNEX B-TAX - 99 -2.78% - 0.039°C

b) Exogenous scenarios

In the exogenous CCS scenarios excluding carbatitenx global carbon energy use is not
affected significantly in comparison to the optirsaénario: a maximum increase of 0.38% is
observed for the EXO-30 scenario (see Table 18gr&@ly the results of these scenarios show
limited potential of CCS to mitigate climate chargy#stantially. As shown in Table 18, the
temperature increase is reduced by 0.047°C to 02bg the year 2115. However, the global
mean temperature is increased by at least 2.42°thdywear 2115 compared to the pre-
industrial level for all scenarios. Therefore, tiegions which are not obliged to implement
CCS do not benefit substantially from global carlemnission avoidance. The fulfilment of
the exogenous CCS contracts leads to global welémses in a range of 152US$ billion
(EXO-ANNEX B-15 scenario) to 596US$ billion (EXO-3@enario) in the period of observa-

tion. Furthermore, the results show that even anltisi emission avoidance by the ANNEX
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B countries does not compensate the increase bowagmissions of the middle-and low-
income regions which is expected due to econonuetyr.

No substantial emission avoidance has been obsertbd scenarios using carbon taxation
to determine the level of regional CCS implementatiin comparison to the optimal sce-
nario, the decrease in global mean temperatureaislyntriggered by a reduction in global
carbon energy use due to taxation and not due dmarce of carbon emissions by the im-
plementation of CCS. As indicated by the changegabal and regional welfare, the negative
economic effects due to non-optimal carbon taxafgme Table 18) cannot be compensated
by benefits of substitution of energy by capitathe production function on the one hand and

reductions in climate damages due to the implentientaf CCS on the other.
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The goal of this Master’s thesis was to incorpof@@&S in the RICE-99 model in order to
examine the potential of CCS to contribute to thegation of global climate change in the
period 2005-2115. On the one hand, an endogendisaddevel of CCS deployment was
pursued on a regional and on a global scale. Omotier hand, impacts from exogenously
determined levels of CCS emission avoidance onettomy and on the climate system
were analyzed. The following conclusions regardimg economic and environmental poten-
tial of CCS are based on the results presentedliandssed in Chapter 5.

Overall, the low optimal levels of emission avoidariound in the endogenous CCS scenar-
ios do not compensate the increase in global eomssilue to increasing carbon energy use.
Therefore, the temperature increase is not sulsiigimnitigated in the period 2005-2115. In
fact, the findings show that the CCS costs perdbiarbon are only weakly competitive
against the marginal market damages per ton oboaemitted, especially in the first half of
the 2F' century. Further, due to the elasticities of thedpction inputs in the RICE model,
most of the carbon emission mitigation effort, omparison to a “business as usual” world
not respecting climate damages, is provided bytguben of carbon energy by capital in the
production function and not by CCS. Regarding tkegenous implementation of CCS, the
findings allow the conclusion that even a considieréevel of CCS emission avoidance is not
sufficient to substantially mitigate climate changeaddition, it has been shown that exoge-
nously driven CCS in the countries included in &NEX B of the Kyoto protocol (UN,
1997) is not likely to compensate the increaseaitb@n emissions of the developing low-and
middle-income regions in the 2tentury.

Regarding welfare and GDP, the impacts from endogemnd exogenous implementation
of CCS differ substantially. The endogenous impletaion of CCS, does not lead to consid-
erable changes in global or regional welfare andP@Gicomparison to a scenario excluding
CCS. Thus, from an economic view, the question dre€CCS is a reasonable option to miti-
gate carbon emissions cannot be clearly answened @gional scale, the inclusion of wel-
fare weights in the objective function of the RI@i6del leads to a disproportionate allocation
of total CCS implementation to low-income regio@ the one hand, CCS emission avoid-

ance is allocated to those regions having low dypeu input of a unit of carbon energy. On
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the other hand, if equal per capita CCS is estaddion a global scale, the regions with a low
GDP per capita suffer more from the enforcemermioiduct CCS. Thus, it can be concluded
that a single agent representing a low-income regwuld not likely implement CCS at
large-scale given the levels of climate damagdsideal in the RICE framework.

On a global scale, the exogenous implementatioB@$ leads to relatively small welfare
losses compared to a standard scenario excludir®gy These losses can be explained by the
expenses of the regions forced to mitigate partheif carbon emissions by conducting CCS.
Further, on a regional scale, no major benefitehmen observed for those regions which are
not forced to conduct CCS. Therefore, given thaeiagsions of the RICE model, one can
conclude that even the regions not implementing @GShot profit considerably from the
carbon mitigation effort of the others.

A further part of the analysis of CCS within theJ&l model was the incorporation of tech-
nological change in the endogenous CCS scenarexpected, a decrease in CCS costs due
to exogenous technological change leads to a Bliglatrlier deployment of endogenously
driven CCS implementation. In addition, the amouwftgarbon emissions mitigated by the
implementation of CCS are substantially increas¢olwever, due to the time lag between
emission reductions and mitigation of the tempeeaincrease, the assumption of technologi-
cal change does neither lead to a substantial atithig of climate change nor to considerable
changes in welfare and GDP compared to the scenaxiduding technological change.

Finally, a sensitivity analysis of the RICE-CCS mbsghowed that discounting and the lev-
els of market damage due to climate change ar&dhessues influencing the results of the

model runs regarding CCS.

In summary, the key role of CCS in the climate geabatement strategies, as proposed
e.g. by the IEA (2009a), Stern (2008) or the IPQQA0OE), cannot be proven by this analysis
using the RICE model. At current CCS cost estimates internalization of shadow costs of
carbon in the economies of the regions covered&yRICE model does not lead to near-term
economic viability of CCS. Thus, the role of CCSikely to depend on future policy con-
straints on carbon dioxide emissions. In this cantéis crucial whether CCS will be accred-
ited to account for emission reductions in a pogbtd agreement or not. However, since
considerable uncertainties concerning market damalge to climate change exist, CCS
could be seen as an option to mitigate carbon énissiot affecting global GDP and welfare

substantially.
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Overall, there is need for ongoing research orettemomic analysis of CCS based on inte-
grated assessment modeling. The reliability of datacerning CCS costs is assumed to in-
crease due to experience derived from large-scaeodstration projects. In addition, the
evaluation of the global carbon storage capacityallow a detailed analysis of regional CCS
potential. Based on this research, those courghesld be identified which could profit from
CCS. However, it is crucial that the economic asialpf CCS will keep pace with future re-

search on discounting and market damages duentatelichange.
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Optimal Scenario: Per Capita Carbon Emissions
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Optimal Scenario: Per Capita Consumption
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Scenario ENDO-REG: Per Capita GDP
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Scenario ENDO-REG-TC: Per Capita Consumption
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Scenario ENDO-GLOBAL: Per Capita GDP
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Scenario ENDO-GLOBAL-TC: Per Capita Carbon Emissiors
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Scenario ENDO-GLOBAL-TC: Per Capita Consumption
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Exogenous CCS Scenarios: Emission Avoidance due@CS
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Scenario EXO-15: Per Capita GDP
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Scenario EXO-30: Per Capita Carbon Emissions
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Scenario EXO-30: Per Capita Consumption
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Scenario EXO-ANNEX B-15: Per Capita GDP
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Scenario EXO-ANNEX B-30: Per Capita Carbon Emissios
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Scenario EXO-TAX: Per Capita GDP
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Scenario EXO-ANNEX B-TAX: Per Capita Carbon Emissions
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A - Figure 35: Scenario EXO-ANNEX B-TAX — per capita carbon emiss (2005-2115)
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Scenario EXO-ANNEX B-TAX: Per Capita Consumption
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Appendix B — Data

A - Table 1: Emission sources (>0.1MtC) located in the regiofCDEEUROPE

Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO] [kt CO, / Source] [kt C] [kt C) / Source]
Ammonia Total 42 25'462 606 6'943 165
Ammonia (Pure C¢) 26 20'559 791 5'607 216
Ammonia (Flue Gas) 16 4'903 306 1'337 84
Cement 227 147'011 648 40'090 177
Hydrogen Total 19 6'088 320 1'660 87
Hydrogen (Pure C9) 13 3750 288 1'023 79
Hydrogen (Flue Gas) 6 2'338 390 638 106
Iron & Steel 232 164'569 709 44'878 193
Power Total 813 1'177'466 1'448 321'098 395
Power Coal 335 799'443 2'386 218'010 651
Power Gas 278 182'375 656 49'734 179
Power Oil 152 180298 1'186 49'168 323
Power div. 48 15'350 320 4'186 87
Ethanol 55 48'277 878 13'165 239
Ethanol (Pure C¢ 3 375 125 102 34
Ethanol (Flue Gas) 52 47'901 921 13'063 251
Refineries 101 141'320 1'399 38'538 382
Total 1'489 1'710'192 1'149 466'374 313
A - Table 2: Emission sources (>0.1MtC) located in the USA
Emission Source Number of | Emission Emission Emission Emission
Sources [kt COJ] [kt CO, / Source] [kt C] [kt C) / Source]
Ammonia Total 19 6'958 366 1'897 100
Ammonia (Pure Cg) 19 6'958 366 1'897 100
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 106 62'615 591 17'075 161
Hydrogen Total 30 6'839 228 1'865 62
Hydrogen (Pure C§) 25 5'701 228 1'555 62
Hydrogen (Flue Gas) 5 1'138 228 310 62
Iron & Steel 44 81'200 1'845 22'144 503
Power Total 1'073 2'377'247 2'216 648'281 604
Power Coal 514 1'998'065| 3'887 544'8717 1'060
Power Gas 466 296'955 637 80'980 174
Power Oil 73 78'569 1'076 21'426 294
Power div. 20 3'657 183 997 50
Ethanol 90 69'999 778 19'089 212
Ethanol (Pure Cg 7 1'155 165 315 45
Ethanol (Flue Gas) 83 68'845 829 18'774 226
Refineries 135 158'563 1'175 43241 320
Total 1'497 2'763'421 1'846 753'592 503
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A - Table 3: Emission sources (>0.1MtC) located in Japan

Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO;] | [kt CO,/ Source] [kt C] [kt C) / Source]
Ammonia Total 5 1'484 297 405 81
Ammonia (Pure C¢) 5 1'484 297 405 81
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 42 77'091 1'835 21'023 501
Hydrogen Total 16 2'793 175 762 48
Hydrogen (Pure C§) 15 2'572 171 701 47
Hydrogen (Flue Gas) 1 222 222 60 60
Iron & Steel 12 70'642 5'887 19'264 1'605
Power Total 259 656'629 2'535 179'064| 691
Power Coal 77 387'480 5'032 105'667 1'372
Power Gas 50 124'359 2'487 33913 678
Power Qil 132 144'791 1'097 39'485 299
Power div. N/A N/A N/A N/A N/A
Ethanol 13 11'242 865 3'066 236
Ethanol (Pure C¢ N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 13 11'242 865 3'066 236
Refineries 35 48'143 1'376 13'129 375
Total 382 868'023 2'272 236'712 620
A - Table 4: Emission sources (>0.1MtC) located in the regionl OH
Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO,] | [kt CO,/ Source] [kt C] [kt C) / Source]
Ammonia Total 9 2'500 278 682 76
Ammonia (Pure C¢) 9 2'500 278 682 76
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 37 23'860 645 6'507 176
Hydrogen Total 14 2'928 209 799 57
Hydrogen (Pure C§) 11 1'608 146 439 40
Hydrogen (Flue Gas) 3 1'320 440 360 120
Iron & Steel 15 27'383 1'826 7'467 498
Power Total 237 493'537 2'082 134'589 568
Power Coal 74 389'871 5'269 106'319 1'437
Power Gas 103 59'768 580 16'299 158
Power Oil 60 43'899 732 11'971 200
Power div. N/A N/A N/A N/A N/A
Ethanol 15 16'561 1'104 4'516 301
Ethanol (Pure CQ 2 238 119 65 32
Ethanol (Flue Gas) 13 16'324 1'256 4'451 342
Refineries 38 52'474 1'381 14'310 377
Total 365 619243 1'697 168'869 463
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A - Table 5: Emission sources (>0.1MtC) located in the regio®HlI

Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO] [kt CO, / Source] [kt C] [kt C) / Source]
Ammonia Total 1 249 249 68 68
Ammonia (Pure C¢) 1 249 249 68 68
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 26 23'366 899 6'372 245
Hydrogen Total 7 2'341 334 639 91
Hydrogen (Pure C§) 6 2'192 365 598 100
Hydrogen (Flue Gas) 1 149 149 41 41
Iron & Steel 3 1'954 651 533 178
Power Total 184 144'776 787 39'481 215
Power Coal N/A N/A N/A N/A N/A
Power Gas 102 75'838 744 20'681 203
Power Oil 82 68'938 841 18'800 229
Power div. N/A N/A N/A N/A N/A
Ethanol 11 19'601 1'782 5'345 486
Ethanol (Pure CQ 2 344 172 94 47
Ethanol (Flue Gas) 9 19'257 2'140 5252 584
Refineries 21 36'166 1'722 9'863 470
Total 253 228'453 903 62'300 246
A - Table 6: Emission sources (>0.1MtC) located in Russia
Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO] [kt CO, / Source] [kt C] [kt C) / Source]
Ammonia Total 13 8'928.88 686.84 2'434.93 187.30
Ammonia (Pure C¢) 13 8'928.88 686.84 2'434.93 187.30
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 49 51'911.31 1'059.41 14'156.3¢4 288.90
Hydrogen Total 0 0.00 0.00 0.00 0.00
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) N/A N/A N/A N/A N/A
Iron & Steel 9 51'607.77 5'734.20 14'073.5¢ 1'563.73
Power Total 284 490'470.15 1'727.01 133'752.43 470.96
Power Coal 89 220'181.55 2'473.95 60'044.05 674.65
Power Gas 171 228'804.17 1'338.04 62'395.47 364.89
Power Qil 24 41'484.43 1'728.52 11'312.90 471.37
Power div. N/A N/A N/A N/A N/A
Ethanol 11 7'291.51 662.86 1'988.41 180.76
Ethanol (Pure CQ) N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 11 7'291.51 662.86 1'988.411 7830.
Refineries 32 65'368.38 2'042.76 17'826.1pR 557.07
Total 398 675'578.00 1'697.43 184'231.80 462.89
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A - Table 7: Emission sources (>0.1MtC) located in the regiorSEERN EUROPE

Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO,] | [kt CO,/ Source] [kt C] [kt C) / Source]
Ammonia Total 17 5'793 341 1'580 93
Ammonia (Pure C¢) 17 5'793 341 1'580 93
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 82 62'971 768 17'172 209
Hydrogen Total 1 0 0 0 0
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) 1 0 0 0 0
Iron & Steel 54 38'377 711 10'466 194
Power Total 277 607'135 2'192 165'567| 598
Power Coal 161 470'586 2'923 128'33( 797
Power Gas 77 85'172 1'106 23'226 302
Power Oil 39 51'377 1'317 14'011 359
Power div. N/A N/A N/A N/A N/A
Ethanol 14 8'172 584 2'228 159
Ethanol (Pure CQ N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 14 8'172 584 2'228 159
Refineries 33 37'109 1'125 10'120 307
Total 478 759'557 1'589 207'133 433
A - Table 8: Emission sources (>0.1MtC) located in China
Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO,] [kt CO, / Source] [kt C] [kt C) / Source]
Ammonia Total 62 56'277 908 15'347 248
Ammonia (Pure Cg) 62 56'277 908 15'347 248
Ammonia (Flue Gas) - - - - -
Cement 70 21'633 309 5'899 84
Hydrogen Total N/A N/A N/A N/A N/A
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) N/A N/A N/A N/A N/A
Iron & Steel 23 59'775 2'599 16'301 709
Power Total 462 2'772'485 6'001 756'063 1'637
Power Coal 370 2'698'597 7'294 735'914 1'989
Power Gas 7 3'5641 506 966 138
Power Qil 85 70'347 828 19'184 226
Power div. N/A N/A N/A N/A N/A
Ethanol 21 17'852 850 4'868 232
Ethanol (Pure C§) N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 21 17'852 850 4'868 232
Refineries 50 0 0 0 0
Total 688 2'928'021 4'256 798'479 1'161
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A - Table 9: Emission sources (>0.1MtC) located in India

Emission Source Number of | Emission Emission Emission Emission
Sources [kt CO,] | [kt CO,/ Source] [kt C] [kt C) / Source]
Ammonia Total 25 23919 957 6'523 261
Ammonia (Pure Cg) 7 2'092 299 571 82
Ammonia (Flue Gas) 18 21'827 1'213 5'952 331
Cement 157 164'378 1'047 44'826 286
Hydrogen Total 2 380 190 104 52
Hydrogen (Pure C§) 1 149 149 41 41
Hydrogen (Flue Gas) 1 231 231 63 63
Iron & Steel 50 88'843 1777 24'228 485
Power Total 410 1'410'447 3'440 384'632 938
Power Coal 303 1'268'107 4'185 345'816 1'141
Power Gas 88 45767 520 12'481 142
Power Qil 8 2'858 357 779 97
Power div. 11 93'715 8'520 25'556 2'323
Ethanol 14 10'136 724 2'764 197
Ethanol (Pure C® 1 132 132 36 36
Ethanol (Flue Gas) 13 10'005 770 2'728 210
Refineries 31 44'585 1'438 12'158 392
Total 689 1'742'689 2'529 475'236 690

A - Table 10: Emission sources (>0.1MtC) located in the region Ml

Emission Source | NgPPEL A | EEST" | e conrooucel] | Hea | k! Sowee]
Ammonia Total 4 4'730 1'182 1'290 322
Ammonia (Pure C¢) 4 4'730 1'182 1'290 322
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 108 121'395 1'124 33'105 307
Hydrogen Total 7 1'590 227 434 62
Hydrogen (Pure C§) 5 920 184 251 50
Hydrogen (Flue Gas) 2 670 335 183 91
Iron & Steel 27 57'824 2'142 15'769 584
Power Total 284 616'850 2'172 168'216) 592
Power Coal 43 379'301 8'821 103'436) 2'405
Power Gas 144 154'504 1'073 42'134 293
Power Qil 97 83'044 856 22'646 233
Power div. N/A N/A N/A N/A N/A
Ethanol 44 30'358 690 8'279 188
Ethanol (Pure C¢) 1 124 124 34 34
Ethanol (Flue Gas) 43 30'234 703 8'245 192
Refineries 37 63'841 1'725 17'410 471
Total 511 896'589 1'755 244'502 478
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A - Table 11: Emission sources (>0.1MtC) located in the regionl LM

emision souce | Ngberof [ Eissen | Enisgion ] st | e eisions
Ammonia Total 15 5'636 369 1'510 101
Ammonia (Pure C¢) 15 5'65636 369 1'510 101
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 191 146'124 765 39'848 209
Hydrogen Total 9 0 0 0 0
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) 9 0 0 0 0
Iron & Steel 20 41'815 2'091 11'403 570
Power Total 426 570'092 1'338 155'466) 365
Power Coal 95 369'369 3'888 100'728 1'060
Power Gas 198 142'528 720 38'868 196
Power Oil 133 58'195 438 15'870 119
Power div. N/A N/A N/A N/A N/A
Ethanol 20 20'778 1'039 5'666 283
Ethanol (Pure C§) N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 20 20'778 1'039 5'666 283
Refineries 66 78'238 1'185 21'336 323
Total 747 862'582 1'155 235'228 315
A - Table 12:Emission sources (>0.1MtC) located in the region LI
emssin source | Namberor [ Enisson [ S o] TR | eSisions
Ammonia Total 15 5'373 358 1'465 98
Ammonia (Pure Cg) 15 5'373 358 1'465 98
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 147 80'112 545 21'847 149
Hydrogen Total 1 171 171 47 47
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) 1 171 171 47 47
Iron & Steel 7 10'304 1'472 2'810 401
Power Total 301 229'960 764 62'711 208
Power Coal 64 82'593 1'291 22'523 352
Power Gas 108 80'590 746 21'977 203
Power Oil 129 66'778 518 18'211 141
Power div. N/A N/A N/A N/A N/A
Ethanol 22 3'610 164 984 45
Ethanol (Pure C§) N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 22 3'610 164 984 45
Refineries 45 34'897 775 9'516 211
Total 538 364'428 677 99'380 185
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A - Table 13: Emission sources (>0.1MtC) located in the regiofRKEA

. Number of | Emission Emission Emission Emission
SUIESE Selllies Sources | [ktCO; |[kiCO,/Source]| [ktC] [kt C) / Source]
Ammonia Total 4 1'804 451 492 123
Ammonia (Pure C¢) 4 1'804 451 492 123
Ammonia (Flue Gas) N/A N/A N/A N/A N/A
Cement 36 24'968 694 6'809 189
Hydrogen Total N/A N/A N/A N/A N/A
Hydrogen (Pure C§) N/A N/A N/A N/A N/A
Hydrogen (Flue Gas) N/A N/A N/A N/A N/A
Iron & Steel 3 3'404 1'135 928 309
Power Total 79 84'585 1'071 23'067 292
Power Coal 8 15'048 1'881 4'104 513
Power Gas 34 55'085 1'620 15'022 442
Power Oil 37 14'451 391 3'941 107
Ethanol 12 6'985 582 1'905 159
Ethanol (Pure C¢) N/A N/A N/A N/A N/A
Ethanol (Flue Gas) 12 6'985 582 1'905 159
Refineries 24 15'641 652 4'265 178
Total 158 137'386 4'584 37'466 1'250
A - Table 14: Estimated CCS costs for the region OECD EUROPE
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average Average
2005 Ratio Costs Costs | Storage Costg Storage Costs| CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCOy [$/tCO] [$/tCO,) [$/tCO]

Large Point Sources | 5519 | 100.0004 40.65|  149.03 15 55 55.69 204.

(all Types)

Power Generation 0.283 54.60% 46.44 170.29 15 55 61.44 225.7
Power Coal 0.117 22.50% 41.00 150.31 15 55 56.0( 5.3320
Power Gas 0.097 18.67% 53.00 194.38 15 55 68.00 .3249
Power Qil 0.053 10.21% N/A N/A N/A N/A N/A N/A
Power Div. 0.017 3.22% N/A N/A N/A N/A N/A N/A

Sum of all other 0236 | 45.40%| 33.67| 123.47 15 55 48.67 178.4

Industry
Ammonia Production 0.015 2.82% 9 33 15 55 24 88
Cement Production 0.079 15.25% 45 165 15 55 60 220
Hydrogen Production 0.007 1.28% 9 33 15 55 24 88
Iron & Steel Production| 0.081 15.589 30 110 15 55 5 4 165
Ethanol Production 0.019 3.69% 9 33 15 55 24 88
Refineries 0.035 6.78% 45 165 15 55 60 220
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A - Table 15:Estimated CCS costs for the USA

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costd CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCO, [$/tCO] [$/tCO, [$/tCO]

Large Point Sources | o g47 | 1000094 42.44|  155.61 15 55 57.44 210.4

(all Types)

Power Generation 0.607 71.68% 46.71 171.2§ 15 55 61.71 226.2
Power Coal 0.291 34.34% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.264 31.13% 53.00 194.38 15 55 68.0 .3249
Power Oil 0.041 4.88% N/A N/A N/A N/A N/A N/A
Power Div. 0.011 1.34% N/A N/A N/A N/A N/A N/A

Sum of all other 0240 | 28320 3164| 116.02 15 55 46.64 171.0

Industry
Ammonia Production 0.011 1.27% 9 33 15 55 24 88
Cement Production 0.060 7.08% 45 165 15 55 60 220
Hydrogen Production 0.017 2.00% 9 33 15 55 24 88
Iron & Steel Production| 0.025 2.94% 30 110 15 55 45 165
Ethanol Production 0.051 6.01% 9 33 15 55 24 88
Refineries 0.076 9.02% 45 165 15 55 60 220

A - Table 16: Estimated CCS costs for Japan
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costy CCS Costs| CCS Costs
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCO,] [$/tCO]

Large Point Sources | 4 194 | 1000004 41.82|  153.32 15 55 56.82 208.

(all Types)

Power Generation 0.129 67.80% 45.72 167.66 15 55 60.72 222.66
Power Coal 0.038 20.16% 41.00 150.3 15 55 56.00 205.33
Power Gas 0.025 13.09% 53.00 194.33 15 55 68.00 249.33
Power Oil 0.066 34.55% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.061 | 32.20%| 3359 123.15 15 55 48.59 178.15

Industry
Ammonia Production 0.002 1.31% 9 33 15 55 24 88
Cement Production 0.021 10.99% 45 165 15 55 60 22(
Hydrogen Production 0.008 4.19% 9 33 15 55 24 88
Iron & Steel Production| 0.006 3.14% 30 110 15 55 45 165
Ethanol Production 0.006 3.40% 9 33 15 55 24 88
Refineries 0.017 9.16% 45 165 15 55 60 220
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A - Table 17:Estimated CCS costs for the region OHI

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costd CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCO, [$/tCO] [$/tCO, [$/tCO]

Large Point Sources | 165 | 1000004 42.57|  156.1d 15 55 57.57 211.10

(all Types)

Power Generation 0.107 64.93% 47.98 175.94 15 55 62.98 230.94
Power Coal 0.033 20.27% 41.00 150.3 15 55 56.00 205.33
Power Gas 0.046 28.229% 53.00 194.33 15 55 68.00 249.33
Power Oil 0.027 16.44% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.058 | 35.07%| 3255| 119.37 15 55 47.55 174.37

Industry
Ammonia Production 0.004 2.47% 9 33 15 55 24 88
Cement Production 0.017 10.14% 45 165 15 55 60 22(
Hydrogen Production 0.006 3.84% 9 33 15 55 24 88
Iron & Steel Production| 0.007 4.11%) 30 110 15 55 45 165
Ethanol Production 0.007 4.11%) 9 33 15 55 24 88
Refineries 0.017 10.41% 45 165 15 55 60 220

A - Table 18: Estimated CCS costs for the region HIO
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average Average
2005 Ratio Costs Costs | Storage Costg Storage Costs| CCS Costs| CCS Costs
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCOy [$/tCO]

Large Point Sources | 115 | 1000004 47.94| 17577 15 55 62.94 230.77

(all Types)

Power Generation 0.083 72.73% 53.00 194.33 15 55 68.00 249.33
Power Coal N/A N/A 41.00 150.33 15 55 56.00 205.33
Power Gas 0.046 40.32% 53.00 194.38 15 55 68.00 .3249
Power Oil 0.037 32.41% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.031 | 27.27%| 34.43| 126.2§ 15 55 49.43 181.26

Industry
Ammonia Production 0.000 0.40% 9 33 15 55 24 88
Cement Production 0.012 10.28% 45 165 15 55 60 22(
Hydrogen Production 0.003 2.77% 9 33 15 55 24 88
Iron & Steel Production| 0.001 1.19% 30 110 15 55 45 165
Ethanol Production 0.005 4.35%) 9 33 15 55 24 88
Refineries 0.010 8.30% 45 165 15 55 60 220
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A - Table 19: Estimated CCS costs for Russia

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costs| CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCO, [$/tCO] [$/tCO, [$/tCO]

Large Point Sources | 53y | 1000004 45.27|  165.98 15 55 60.27 220.98

(all Types)

Power Generation 0.164 71.36% 48.89 179.27 15 55 63.89 234.27
Power Coal 0.052 22.36% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.099 42.96% 53.00 194.38 15 55 68.0 .3249
Power Oil 0.014 6.03% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.066 | 28.64%| 36.24| 132.87 15 55 51.24 187.87

Industry
Ammonia Production 0.008 3.27% 9 33 15 55 24 88
Cement Production 0.028 12.31% 45 165 15 55 60 22(
Hydrogen Production 0.000 0.00% 9 33 15 55 24 88
Iron & Steel Production| 0.005 2.26% 30 110 15 55 45 165
Ethanol Production 0.006 2.76% 9 33 15 55 24 88
Refineries 0.019 8.04% 45 165 15 55 60 220

A - Table 20: Estimated CCS costs for the region EASTERN EUROPE
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costy CCS Costs| CCS Costs
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCO,] [$/tCO]

Large Point Sources | 193 | 1000004 40.83|  149.7d 15 55 55.83 204.70

(all Types)

Power Generation 0.106 57.95% 44.88 164.57 15 55 59.88 219.57
Power Coal 0.062 33.68% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.029 16.11% 53.00 194.38 15 55 68.0 .3249
Power Oil 0.015 8.16% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.077 | 42.05%| 3524 129.21 15 55 50.24 184.21

Industry
Ammonia Production 0.006 3.56% 9 33 15 55 24 88
Cement Production 0.031 17.15% 45 165 15 55 60 22(
Hydrogen Production 0.000 0.21% 9 33 15 55 24 88
Iron & Steel Production| 0.021 11.309 30 110 15 55 5 4 165
Ethanol Production 0.005 2.93% 9 33 15 55 24 88
Refineries 0.013 6.90% 45 165 15 55 60 220
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A - Table 21:Estimated CCS costs for China

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costd CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCO? [$/tCO] [$/tCO, [$/tCO]

Large Point Sources | 99 | 100.0004 37.62|  137.94 15 55 52.62 192.94

(all Types)

Power Generation 0.604 67.15% 41.22 151.15 15 55 56 206.15
Power Coal 0.483 53.78% 41.00 150.3 15 55 56 205.33
Power Gas 0.009 1.02% 53.00 194.33 15 55 68 249.33
Power Qil 0.111 12.35% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0295 | 32.85%| 3025 110.92 15 55 45.25 165.92
Industry
Ammonia Production 0.081 9.01% 9 33 15 55 24 88
Cement Production 0.091 10.17% 45 165 15 55 60 220
Hydrogen Production N/A N/A 9 33 15 55 24 88
Iron & Steel Production| 0.030 3.34% 30 110 15 55 45 165
Ethanol Production 0.027 3.05% 9 33 15 55 24 88
Refineries 0.065 7.27% 45 165 15 55 60 220

A - Table 22: Estimated CCS costs for India
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costy CCS Costs| CCS Costs
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCO,] [$/tCO]

Large Point Sources | 555 | 1000004 41.00|  150.3 15 55 56.0 205.32

(all Types)

Power Generation 0.132 59.51% 43.70 160.24 15 55 58.70 215.24
Power Coal 0.098 43.98% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.028 12.77% 53.00 194.38 15 55 68.0 .3249
Power Qil 0.003 1.16% N/A N/A N/A N/A N/A N/A
Power Div. 0.004 1.60% N/A N/A N/A N/A N/A N/A

Sum of all other 0.090 | 40.49%| 37.02| 135.75 15 55 52.02 190.75

Industry
Ammonia Production 0.008 3.63% 9 33 15 55 24 88
Cement Production 0.051 22.79% 45 165 15 55 60 220
Hydrogen Production 0.001 0.29% 9 33 15 55 24 88
Iron & Steel Production| 0.016 7.26% 30 110 15 55 45 165
Ethanol Production 0.005 2.03% 9 33 15 55 24 88
Refineries 0.010 4.50% 45 165 15 55 60 220
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A - Table 23: Estimated CCS costs for the region M

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costg Storage Costs| CCS Costs| CCS Costs
[GtC] [$/tCO;] | [$/tCO] [$/tCO, [$/tCO] [$/tCO, [$ /tCO]

Large Point Sources | 158 | 1000004 43.25|  158.57 15 55 58.25 213

(all Types)

Power Generation 0.093 55.58% 50.24 184.22 15 55 65.24 239.7
Power Coal 0.014 8.41% 41.00 150.33 15 55 56.0( .3305
Power Gas 0.047 28.18% 53.00 194.38 15 55 68.0 .3249
Power Oil 0.032 18.98% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.074 | 44.42%| 34.49| 126.49 15 55 49.49 181.4

Industry
Ammonia Production 0.001 0.78% 9 33 15 55 24 88
Cement Production 0.035 21.14% 45 165 15 55 60 22(
Hydrogen Production 0.002 1.37% 9 33 15 55 24 88
Iron & Steel Production| 0.009 5.28% 30 110 15 55 45 165
Ethanol Production 0.014 8.61% 9 33 15 55 24 88
Refineries 0.012 7.24% 45 165 15 55 60 220

A - Table 24: Estimated CCS costs for the region LMI
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average Average
2005 Ratio Costs Costs | Storage Costg Storage Costs| CCS Costs| CCS Costs
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCOy [$/tCO]

Large Point Sources | 399 | 1000004 44.82|  164.34 15 55 59.82 219.1

(all Types)

Power Generation 0.228 57.03% 49.11 180.07 15 55 64.11 235.(¢
Power Coal 0.051 12.72% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.106 26.51% 53.00 194.38 15 55 68.00 .3249
Power Oil 0.071 17.80% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.172 | 42.97%| 39.13| 143.48 15 55 54.13 198.4

Industry
Ammonia Production 0.008 2.01% 9 33 15 55 24 88
Cement Production 0.102 25.57% 45 165 15 55 60 220
Hydrogen Production 0.005 1.20% 9 33 15 55 24 88
Iron & Steel Production| 0.011 2.68% 30 110 15 55 45 165
Ethanol Production 0.011 2.68% 9 33 15 55 24 88
Refineries 0.035 8.84% 45 165 15 55 60 220
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A - Table 25: Estimated CCS costs for the region LI

Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costy Storage Costs| CCS Costs| CCS Costs|
[GtC] [$/tCO;] | [$/tCO] [$/tCO, [$/tCO] [$/tCO, [$/tCO]

Large Point Sources | 195 | 1000004 44.24| 162.21 15 55 59.24 217.2

(all Types)

Power Generation 0.103 55.95% 48.53 177.94 15 55 63.53 232.9
Power Coal 0.022 11.90% 41.00 150.3 15 55 56.0( 5.320
Power Gas 0.037 20.07% 53.00 194.38 15 55 68.0 .3249
Power Oil 0.044 23.98% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.081 | 44.05%| 38.78| 14221 15 55 53.78 197.2

Industry
Ammonia Production 0.005 2.79% 9 33 15 55 24 88
Cement Production 0.051 27.32% 45 165 15 55 60 22(
Hydrogen Production 0.000 0.19% 9 33 15 55 24 88
Iron & Steel Production| 0.002 1.30% 30 110 15 55 45 165
Ethanol Production 0.008 4.09%) 9 33 15 55 24 88
Refineries 0.015 8.36% 45 165 15 55 60 220

A - Table 26: Estimated CCS costs for the region AFRICA
Emission Source | Emission| Emission| Capture | Capture | Transport & | Transport & Average | Average
2005 Ratio Costs Costs | Storage Costy Storage Costs| CCS Costs| CCS Costs|
[GtC] [$/tCO; | [$/tCO] [$/tCOy [$/tCO] [$/tCO,] [$/tCO]

Large Point Sources | 059 | 100.0004 43.93|  161.08 15 55 58.93 216.(

(all Types)

Power Generation 0.015 50.00% 50.71 185.95 15 55 66 240.95
Power Coal 0.001 5.06% 41.00 150.33 15 55 56 205.33
Power Gas 0.006 21.52% 53.00 194.33 15 55 68 249.33
Power Oil 0.007 23.42% N/A N/A N/A N/A N/A N/A
Power Div. N/A N/A N/A N/A N/A N/A N/A N/A

Sum of all other 0.015 | 50.00%| 37.14| 136.18 15 55 52.14 191.1

Industry
Ammonia Production 0.001 2.53% 9 33 15 55 24 88
Cement Production 0.007 22.78% 45 165 15 55 60 22(
Hydrogen Production N/A N/A 9 33 15 55 24 88
Iron & Steel Production| 0.001 1.90% 30 110 15 55 45 165
Ethanol Production 0.002 7.59% 9 33 15 55 24 88
Refineries 0.004 15.19% 45 165 15 55 60 220
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A - Table 27:Macroeconomic and emission data - OECD EUROPE

Country Industrial Industrial GDP 2005 GDP 1995 | Capital 2005 | Capital 1995
CO; CO; [trillion [trillion [trillion [trillion
Emission Emission US$2000] US$1990] US$2000] US$1990]
2005 1995
[GtC] [GtC]
Austria 0.01959 0.01618 0.21 0.17 0.35 N/A
Belgium 0.02924 0.02833 0.25 0.19 0.42 N/A
Denmark 0.01471 0.01498 0.17 0.13 0.29 N/A
Finland 0.01820 0.01392 0.13 0.11 0.22 N/A
France 0.10450 0.09282 1.43 1.19 242 N/A
Germany 0.21957 0.22792 1.97 1.79 3.42 N/A
Greece 0.02629 0.02082 0.14 0.06 0.22 N/A
Greenland 0.00154 0.00014 N/A 0.00 N/A N/A
Iceland 0.00604 0.00049 0.01 0.01 0.02 N/A
Ireland 0.01195 0.00880 0.12 0.05 0.16 N/A
Italy 0.12931 0.11893 1.13 1.00 2.01 N/A
Lichtenstein N/A N/A N/A N/A N/A N/A
Luxembourg 0.03085 0.00253 0.02 0.01 0.03 N/A
Netherlands 0.04599 0.03709 0.40 0.30 0.68 N/A
Norway 0.01097 0.01977 0.18 0.13 0.30 N/A
Portugal 0.01636 0.01417 0.12 0.06 0.20 N/A
Spain 0.09606 0.06321 0.68 0.41 1.05 N/A
Sweden 0.01388 0.01217 0.27 0.20 0.44 N/A
Switzerland 0.01141 0.01060 0.26 0.21 0.46 N/A
LKJPrwi;ed%m 015505 0.14796 1.62 0.89 2.64 N/A
Total: 0.961 0.851 9.130 6.892 15.324 16.079
A - Table 28: Macroeconomic and emission data for the USA
Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
USA 1.569 1.407 11046.425 6.176 17.342 13.876
A - Table 29: Macroeconomic and emission data for Japan
Country Industrial CO, | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
Japan 0.353 0.308 4.993 3.420 8.594 7.872
A - Table 30: Macroeconomic and emission data for Russia
Country Industrial CO, | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
Russia 0.427 0.496 0.350 0.334 0.483 0.633
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A - Table 31: Macroeconomic and emission data for the region OHI

Country Industrial CO, | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005| Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
Andorra N/A N/A N/A N/A N/A N/A
Aruba 0.00063 0.00049 0.00 N/A 0.00 N/A
Australia 0.10146 0.07910 0.72 0.30 0.47 N/A
Bahamas 0.00058 0.00047 0.00 0.00 0.01 N/A
Bermuda 0.00015 0.00012 N/A 0.00 N/A N/A
B. V. Islands 0.00003 0.00001 N/A N/A N/A N/A
Canada 0.14855 0.11893 0.81 0.54 1.28 N/A
Faeroe Islands 0.00019 N/A N/A N/A N/A N/A
Guam N/A 0.00113 N/A N/A N/A N/A
Hong Kong 0.01065 0.00846 0.21 0.08 0.29 N/A
Israel 0.01921 0.01264 0.13 0.07 0.19 N/A
Monaco N/A N/A N/A N/A N/A N/A
New Zealand 0.00832 0.00749 0.06 0.05 0.10 N/A
San Marino N/A N/A 0.00 N/A 0.00 N/A
Singapore 0.01533 0.01738 0.11 0.05 0.15 N/A
Virgin Island N/A 0.00312 N/A 0.00 N/A N/A
Total: 0.305 0.249 2.051 1.087 2.493 2.706

A - Table 32: Macroeconomic and emission data for the region BRS8N EUROPE

Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] | US$1990]
Belarus 0.01878 0.01619 0.018 0.020 0.022 N/A
E'gfgézg\;‘i‘r’]a 0.00748 0.00464 0.006 0.009 0.007 N/A
Bulgaria 0.01311 0.01038 0.016 0.019 0.026 N/A
Croatia 0.00646 0.00449 0.023 0.004 0.031 N/A
Czech Rep. 0.03133 0.03305 0.068 0.035 0.094 N/A
Estonia 0.00478 0.00404 0.008 0.008 0.011 N/A
Hungary 0.01572 0.01547 0.059 0.025 0.093 N/A
Latvia 0.00204 0.00050 0.012 0.009 0.017 N/A
Lithuania 0.00387 0.00295 0.017 0.002 0.021 N/A
Macedonia 0.00297 0.00293 N/A 0.004 N/A N/A
Moldova 0.00213 0.00254 0.002 0.006 0.003 N/A
Poland 0.08679 0.09282 0.199 0.074 0.268 N/A
Romania 0.02686 0.03058 0.049 0.037 0.078] N/A
Serbia 0.01453 0.01525 0.011 0.027 0.014 N/A
Slovakia 0.01022 0.00903 0.025 0.060 0.037 N/A
Slovenia 0.00414 0.00320 0.023 0.008 0.031 N/A
Ukraine 0.08704 0.11960 0.045 0.034 0.072 N/A
Total: 0.338 0.368 0.582 0.381 0.828 0.749
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A - Table 33: Macroeconomic and emission data for the region Ml

Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] | US$1990] | US$2000] | US$1990]
Anguilla N/A N/A N/A N/A N/A N/A
Antigua and 0.00012 0.00009 0.0008 0.0000 0.0012 N/A
Barbuda
Argentina 0.04733 0.03533 0.3136 0.1490 0.5084 N/A
Barbados 0.00037 0.00023 N/A 0.0000 N/A N/A
Brazil 0.09614 0.06801 0.7378 0.3700 1.1891 N/A
Cyprus 0.00212 0.00141 0.0092 0.0070 0.0137 N/A
French 0.00022 0.00015 0.0020 N/A 0.0032 N/A
Polynesia
Gabon 0.00056 0.00097 0.0055 0.0060 0.0097 N/A
Gibraltar 0.00011 0.00006 N/A N/A N/A N/A
Isle of Man N/A N/A N/A N/A N/A N/A
La Reunion 0.00069 0.00042 N/A N/A N/A N/A
Macao 0.00061 0.00034 N/A 0.0040 N/A N/A
Malaysia 0.05124 0.02910 0.1125 0.0710 0.1532 N/A
Malta 0.00070 0.00047 0.0039 0.0030 0.0063 N/A
Martinique 0.00051 0.00056 N/A N/A N/A N/A
Montserrat 0.00002 0.00001 N/A N/A N/A N/A
Nauru 0.00004 0.00004 N/A N/A N/A N/A
Netherlands 0.00118 0.00176 N/A N/A N/A N/A
Antilles
New Caledonid  0.00080 0.00047 0.0016 N/A 0.0026 N/A
N. Mariana N/A N/A N/A N/A N/A N/A
Islands
Puerto Rico N/A 0.00424 0.0423 0.0360 0.0614 N/A
Seychelles 0.00020 0.00004 0.0006 0.000( 0.001( N/A
South Korea 0.02313 0.10196 0.6394 0.288( 0.8828 A N/
ﬁ;vﬁtts and 0.00004 0.00003 0.0004 0.0000 0.0006 N/A
St. Lucia 0.00010 0.00005 0.0008 0.0000 0.0011 N/A
St. Pierre and 0.00002 0.00002 N/A N/A N/A N/A
Miguelon
Suriname 0.00067 0.00059 0.0011 0.0020] 0.0018 N/A
Taiwan 0.07437 0.04672 N/A 0.1950 N/A N/A
Trinidad and 0.00916 0.00467 0.0119 0.0060 0.0163 N/A
Tobago
Turks and N/A N/A N/A N/A N/A N/A
Caicos Islands
Total: 0.310 0.298 1.883 1.137 2.852 2.465
A - Table 34: Macroeconomic and emission data for China
Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] | US$1990] | US$2000] | US$1990]
China 1.665 0.871 1.890 0.654 2.118 1.047
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A - Table 35: Macroeconomic and emission data for the region LMI

Country Industrial CO , | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] | US$1990] US$2000] US$1990]
Algeria 0.03620 0.02491 0.0697 0.0760 0.1053 N/A
Belize 0.00022 0.00011 0.0011 0.0010 0.0015 N/A
Cayman Islands 0.00014 0.00008 N/A N/A N/A N/A
Chile 0.01639 0.01204 0.0925 0.0160 0.1309 N/A
Colombia 0.01730 0.01843 0.0988 0.0570 0.1558 N/A
Cook Islands 0.00002 0.00001 N/A N/A N/A N/A
Costa Rica 0.00214 0.00143 0.0195 0.0070 0.0279 N/A
Cuba 0.00808 0.00793 0.0230 N/A
Dominica 0.00003 0.00002 0.0003 N/A 0.0005 N/A
Dominican Rep. 0.00555 0.00321 0.0234 0.007Q 0.0334 N/A
Ecuador 0.00854 0.00618 0.0205 0.0070 0.0315 N/A
El Salvador 0.00176 0.00142 0.0146 0.0070 0.0236 A N/
Fiji 0.00044 0.00020 0.0019 0.0020 0.0030 N/A
French Guiana 0.00024 0.00024 N/A N/A N/A N/A
Grenada 0.00007 0.00005 N/A N/A N/A N/A
Guadeloupe 0.00058 0.00042 N/A N/A N/A N/A
Iran, Islamic Rep 0.12736 0.07199 0.1326 0.2110 97251 N/A
Jamaica 0.00331 0.00247 0.0087 0.0040 0.0151 N/A
Kazakhstan 0.05278 0.03709 0.0300 0.0180 0.0359 N/A
Marshall Islands 0.00003 N/A 0.0001 N/A 0.0002 N/A
Mauritius 0.00105 0.00041 0.0055 0.0030 0.0077 N/A
Mexico 0.11895 0.09766 0.6353 0.1790 1.0137 N/A
Morocco 0.01236 0.00800 0.0409 0.0260 0.0633 N/A
Namibia 0.00077 N/A 0.0409 N/A 0.0633 N/A
Niue 0.00000 0.00000 N/A N/A N/A N/A
Pacific Islands N/A 0.00007 N/A N/A N/A N/A
Panama 0.00175 0.00188 0.0143 0.0080 0.0208 N/A
Papua New Guinep  0.00126 0.00068 0.0037 0.0050 0.0062 N/A
Paraguay 0.00109 0.00104 0.0080 0.0060 0.0134 N/A
Peru 0.01054 0.00834 0.0654 0.0280 0.1003 N/A
Samoa 0.00004 0.00008 0.0003 N/A 0.0004 N/A
South Africa 0.11309 0.08346 0.1608 0.1020 0.2529 /AN
ité\é?gﬁa”éﬂnei 0.00005 0.00003 0.0004 N/A 0.0006 N/A
Syrian Arab Rep. 0.01867 0.01256 0.0236 0.0200Q 5303 N/A
Thailand 0.07432 0.04777 0.1571 0.1220 0.2239 N/A
Tonga 0.00004 0.00003 0.0002 N/A 0.0003 N/A
Tunisia 0.00631 0.00418 0.0242 0.0150 0.0345 N/A
Turkey 0.07349 0.04777 0.2462 0.1290 0.3535 N/A
Turkmenistan 0.01203 0.00773 0.0017 0.0010 0.0025 /A N
Uruguay 0.00187 0.00147 0.0216 0.0100 0.0367 N/A
Vanuatu 0.00003 0.00002 0.0003 N/A 0.0004 N/A
Venezuela 0.04680 0.04919 0.1329 0.0650 0.2184 N/A
Wallis and Futuna 0.00001 N/A N/A N/A N/A N/A
Total: 0.739 0.561 2.097 1.155 3.205 2.071
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A - Table 36: Macroeconomic and emission data for the region LI

Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] | US$1990] | US$2000] | US$1990]
Afghanistan 0.00019 0.00034 N/A 0.014 N/A N/A
Albania 0.00117 0.00050 0.005 0.003 0.007 N/A
Armenia 0.00119 0.00100 0.003 0.001 0.004 N/A
Azerbaijan 0.00956 0.01162 0.010 0.003 0.010 N/A
Bangladesh 0.01135 0.00571 0.061 0.027 0.085 N/A
Bhutan 0.00010 0.00007 0.001 0.000 0.001 N/A
Bolivia 0.00311 0.00286 0.010 0.007 0.015 N/A
Cambodia 0.00111 0.00014 0.006 0.002 0.006 N/A
Egypt 0.04549 0.02502 0.120 0.048 0.174 N/A
Georgia 0.00151 0.00211 0.004 0.003 0.009 N/A
Guatemala 0.00321 0.00196 0.022 0.011 0.034 N/A
Guyana 0.00041 0.00026 0.001 0.001 0.001] N/A
Haiti 0.00049 0.00017 0.004 0.002 0.008 N/A
Honduras 0.00196 0.00105 0.007 0.006 0.011 N/A
Indonesia 0.09095 0.08082 0.208 0.158 0.304 N/A
Iraq 0.02525 0.02702 0.017 0.012 0.021 N/A
Jordan 0.00565 0.00363 0.011 0.009 0.016] N/A
Kiribati 0.00001 0.00001 0.000 0.000 0.000 N/A
Kyrgyzstan 0.00152 0.00149 0.002 0.001 0.003 N/A
Lao, PDR 0.00039 0.00008 0.002 0.002 0.003 N/A
Lebanon 0.00418 0.00364 0.021 0.006 0.028] N/A
Maldives 0.00024 0.00005 0.001 0.000 0.001 N/A
Mongolia 0.00258 0.00231 0.001 0.004 0.001 N/A
Myanmar 0.00273 0.00192 N/A 0.015 N/A N/A
Nepal 0.00088 0.00042 0.006 0.005 0.010 N/A
Nicaragua 0.00118 0.00074 0.005 0.004 0.007 N/A
North Korea 0.02313 0.07014 N/A 0.015 N/A N/A
(T)ecrcr:igir‘;d Palest/ 4 00081 N/A 0.004 N/A 0.005 N/A
Pakistan 0.03891 0.02330 0.093 0.056 0.132 N/A
Philippines 0.01864 0.01669 0.094 0.049 0.140 N/A
Samoa 0.00004 0.00004 0.000 0.000 0.000 N/A
gﬁgchg"e and 0.00003 0.00002 N/A 0.000 N/A N/A
Solomon Islands 0.00005 0.00004 0.000 0.000 0.001 /A N
Sri Lanka 0.00324 0.00161 0.020 0.010 0.028 N/A
Tajikistan 0.00174 0.00102 0.002 0.002 0.002 N/A
Tokelau N/A N/A N/A N/A N/A N/A
Tuvalu N/A N/A N/A N/A N/A N/A
Uzbekistan 0.03155 0.02699 0.018 0.015 0.025 N/A
Viet Nam 0.00232 0.00865 0.045 0.068 0.054 N/A
Western Sahara 0.00007 0.00006 N/A N/A N/A N/A
Yemen 0.00578 0.00393 0.012 0.011 0.015 N/A
Total: 0.343 0.327 0.815 0.556 1.162 0.872
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A - Table 37: Macroeconomic and emission data for the region AZRI

Country Industrial CO, | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005 | Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
Angola 0.00289 0.00126 0.015 0.008 0.018 N/A
Benin 0.00085 0.00017 0.003 0.002 0.004 N/A
Botswana 0.00130 0.00061 0.008 0.003 0.010 N/A
Cameroon 0.00099 0.00113 0.012 0.011 0.019 N/A
Congo 0.00040 0.00035 0.004 0.003 0.006 N/A
Cote d'lvoire 0.00188 0.00283 0.010 0.012 0.019 N/A
Dem Rep. Congd 0.00060 0.00057 0.005 0.005] 0.011 A N/
Ethiopia 0.00164 0.00096 0.010 0.010 0.014 N/A
Ghana 0.00252 0.00110 0.006 0.008 0.009 N/A
Guinea 0.00037 0.00030 0.004 0.003 0.005 N/A
Kenya 0.00331 0.00182 0.015 0.011 0.024 N/A
Lesotho N/A N/A 0.001 N/A 0.002 N/A
Madagascar 0.00077 0.00031 0.004 0.003 0.00¢ N/A
Malawi 0.00029 0.00020 0.002 0.002 0.003 N/A
Mali 0.00016 0.00013 0.003 0.003 0.005 N/A
Niger 0.00026 0.00031 0.002 0.003 0.004 N/A
Nigeria 0.02653 0.02476 0.060 0.045 0.087 N/A
Rwanda 0.00022 0.00013 0.002 0.001 0.004 N/A
Senegal 0.00116 0.00084 0.005 0.006 0.009 N/A
Somalia 0.00005 0.00000 N/A 0.001 N/A N/A
Sudan 0.00295 0.00096 0.017 0.014 0.022] N/A
Swaziland 0.00028 0.00012 0.002 0.001 0.002] N/A
Uganda 0.00074 0.00029 0.008 0.012 0.010 N/A
Zambia 0.00067 0.00066 0.004 0.003 0.007 N/A
Zimbabwe 0.00302 0.00266 0.006 0.008 0.045 N/A
Total: 0.054 0.042 0.209 0.178 0.344 0.282
A - Table 38: Macroeconomic and emission data for the region HIO
Country Industrial CO, | Industrial CO, | GDP 2005 GDP 1995 | Capital 2005| Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
Bahrain 0.00581 0.00405 0.01 0.01 0.01 N/A
Brunei 0.00161 0.00225 0.00 0.00 0.01 N/A
Kuwait 0.02362 0.01330 0.05 0.03 0.07 N/A
Libya 0.01514 0.01075 0.04 0.03 0.04 N/A
Oman 0.01129 0.00312 0.02 0.01 0.03 N/A
Qatar 0.01260 0.00792 n/a 0.01 N/A N/A
Saudi Arabia 0.10406 0.06939 0.23 0.11 0.35 N/A
U. A. Emirates 0.03806 0.01864 0.10 0.04 0.13 N/A
Total: 0.212 0.129 0.461 0.234 0.649 0.755
A - Table 39: Macroeconomic and emission data for India
Country Industrial CO, | Industrial CO, | GDP 2005 | GDP 1995 | Capital 2005| Capital 1995
Emission 2005 | Emission 1995 [trillion [trillion [trillion [trillion
[GtC] [GtC] US$2000] US$1990] US$2000] US$1990]
India 0.412 0.248 0.644 0.447 0.827 0.567
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Appendix C — Mathematical Framework of the RICE-99

For a verbal description and a detailed discussfahe derivation of the RICE-99 see Nord-
haus and Boyer (2000).

Equations of the RICE-99

Welfare function for region J (Objective Function):
(1) W; = Zt: Ulca(t), La(D]R (1)

Pure time preference discount factor:
t
2) R(t) =TI [L+p(V)] *°
v=0
Pure rate of time preference:

(2b) p(t) = p(0)exp(-gt)

Utility function of consumption:

3) ULeo(t), La(t)] = La(t){log[c,O]}
Population at time t:
@ L) = LO)exp{g™4)
Growth rate of population at time t:
(4b) dPi(t) = &P(0)exp(8”*it)

Production function:
(5) Qt) = QA (KAL) 'LoAt) T ES(H)P - A ES(D)]

Relationship between carbon energy input and ensggyces:
(5b) ES(H) = cu(EAY)

Level of “carbon-augmenting“ technology:

t
(5b1) o(t) = cA0)exp(gAt)
Growth rate of “carbon-augmenting” technology:
(5b2) da(t) = g's(0)exp(3°1)
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Level of Hick-neutral technological change:
t
(5¢) At) = A{0)exp(g’s(1)

Growth rate of Hick-neutral technological change:

(5¢cl) d'i(t) = ¢*(0)exp(3* 1)

Constraint on regional expenditures:

(6) Qi(t) = Cy(t)+14(t)

Per capita conumption:
(7) G(t) = Co(t)/L 1)

Capital stock:
(8) Kit) = K(t-1)(1-5k)*% + 10 x }(t-1),

where K(0) = Ks*

Cost of carbon energy:

(9) ¢i(t) = q(t) + markup
Cumulative use of carbon energy:
(9a) CumC(t) = CumC(t-1) + 10 x E(t),
where E(t) :; Ey(t)

Supply price of carbon energy:
(9Db) q(t) =&1 + &[CumC(t)/CumC*f*

End-of-period mass of carbon in the atmosphere:
(10) MAT(t) = 10 X ET(t) +q)]_1MAT(t'1) ‘q)]_ZMAT(t'l) +q)21M UP(t'l),
where IVJ\T(O) = Mat*

CO, Emissions from land-use change:
(10a) LU() = LU0)(15)'

Total CQ emissions:
(10c) ET(t) =2, [Es(t) + LUL1)]
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End-of-period mass of carbon in the upper reservoifbiosphere, and upper oceans):
(11) Mup(t) = @2oMyp(t-1) + @1oMat(t-1) —D2sMyp(t-1) + D3M o(t-1) —D2sMuyp(t-1),
where M;p(0) = Myp*

End-of-period mass of carbon in the lower oceans:
(12) Mio(t) = ®33Mio(t-1) - D3Mo(t-1) + D2sMyp(t-1),
where Mo(0) = M_o*

Radiative Forcing:
(13) F(t) =n{log[M ar(t)/Mar"]/log(2)} + O(t)

Forcings of other GHGs (CFCs, CH4, N20, and ozane)aerosols

(13b) O(t) = -0.1965 + 0.13465t  t<11
= 1.15 t>10

Temperature equation for the atmosphere and the upgr ocean:
(14) T(t) = T(t-1) +oa{F(t) — AT(t-1) —o2[T(t-1) — To(t-1)]},
where T(0) = T*

Temperature equation for the lower ocean:
(14b) Too(t) = Tio(t-1) +o3[T(t-1) — Tio(t-1)],
where To(0) = T.o*

Damage Function:
(15) Q,(t) = 1/[1 + D1)]

Relationship between global-temperature increadaramome loss:
(15b) Dy(t) = 01, 5T(t) + 02,57 (1)
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