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Foreword

Currently direct industrial carbon dioxide (C{) emissions account for one third of
total global energy use and for 40% of process C@missions (IEA Energy Technology
Perspectives 2010). Industrial energy use and C@missions are projected to further
grow in the coming decades. The processes in indugtare diverse, and so are the
options to reduce emissions, now and in the future.

In industry, there are two situations in which CCSaa be demonstrated and applied
early. First, as many industrial CQOemissions are inherent to industrial processes, it
is technically and economically more difficult to redce these emissions in industry
than in other sectors. In such cases, CCS - as atigation option in industry -

becomes one of the only options for large scale ensi®ns reductions. Second, some

industries vent high-purity CQ into the atmosphere. Suchpure sources of CQare

relatively cost-effective to capture and could thefore represent early opportunities
for CCS to be demonstrated. For deep emission cut§CS is a key emissions
abatement option in industry, in addition to energyefficiency measures. However,
the vast majority of research and development (R&Bnd demonstration funds as
well as policy efforts for CCS are aimed at the powsector.

Currently, there are few incentives for CCS from mstrial CQsources, even for the
low-cost options. In the short term and in some regns, enhanced oil recovery (EOR)
can provide a financial incentive to capturing andhjecting CQ, in a project, and

therefore act as amarket pull for developing CQO capture technology. Policy for

industrial CQ reduction in industry is more challenging than ithe power sector with
its domestic focus, because industry more often opates on a global market, facing
global competition. The implementation of CCS-pol&s in one country may cause
companies to relocate their operations to countriesvithout such policies. Thus, the
industry sector requires international agreements onpolicies and measures to
prevent such carbon leakage and relocation.

Industrial CQ streams are typically smaller than coal power plan€Q streams. While
the smaller scale may raise the cost per tonne ofdZ captured, interesting integrated
process designs are under development which can l@w this cost. Finally, the
technologies required in industry are more diversehan in power generation and
therefore need a more diverse demonstration programe.

This technical synthesis report captures the mainrfdings drawn from five sectoral
assessment reports that were commissioned by expertonsultants to the CCS
Industrial Sector Roadmap project, namely: high puy CQ sources, refineries,
cement, iron and steel and biomass based; and frothe reports from the workshops
undertaken as part of the development of the Roadrpa
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Summary for policymakers

This Technical synthesis report describes the mair¢hnology options available to the
industry sectors which have the highest potential loCQ mitigation, since they are large
emitters and have potential for the application of CCS. It provides summary
descriptions, highlights case studies and providescost estimates for research,
demonstration and commercial projects being plannedr developed.

The analysis has been undertaken based on the Intextional Energy Agency’s (IEA)
projection of the contribution that CCS would neetb make out to cost effectively reduce
greenhouse gas emissions to half of 2005 levels by080. The IEA"s modeling is based
on their BLUE Map scenarioThis scenario assumes that policies are in pladsuch as a
carbon price) to provide strong incentives for lowarbon technologies, including CCS. It
is also assumed that CCS would compete in a globabkrket of mitigation options.

The deployment of CCS in industry has a number of #ian challenges as in the power
industry. Unproven technology, increased energy usend the cost of innovative
technology will hamper many projects. However, the dbterogeneity of industrial

processes means that certain early opportunities esi, whereby steams of near pure CO
could be captured at a relatively low cost comparei the flue gases of other energy and
industrial processes. In addition to contribution 6 CQ abatement that investment in
such high purity CCS projects could bring about, perience and knowledge of transport
and storage of CQcan be accumulated, removing barriers for furth&€CS projects.

Demonstration plants are needed to prove the feadiily of industrial CCS, and to
provide clarity concerning the cost of CCS. From arket perspective, CCS would have
value by avoiding the payment of a C@ax or having to acquire CQOemission credits, or
by the sale of unneeded C{rredits. But such incentives are still absent onsufficient in
most of the world. At present, in most potential aplications of CCS in industry, the
value proposition is insufficient for a viable CCBusiness model.

A regulatory or pricing system that creates an incéme for CCS and other mitigation
options is required. If a global system is not possie, a policy framework will need to be
developed to avoid the possibility of carbon leakagewhereby industrial production
moves to regions with no COemission restrictions. Global sectoral approachegi.e.
policies applied to particular industrial sectors dpbally) could constitute one way ahead
for the short term.

! The IEA BLUE Map scenario is the result of a modgexercise which identifies the most cost effedre
portfolio of technologies needed to achieve a redtion in GHG to half that of 2005 levels.



Introduction

Carbon capture and storage (CCS) can play a sigrafit role in mitigating climate

change. The technology is currently commonly viewed dmving the greatest potential
to achieve CQ savings from coal-fired power generation. Howevemuch of the most
promising short-term potential for CCS and half athe global economic potential by
2050 lies in industrial applications, particularly n the developing world. Industry has
fewer alternatives to CCS than the power sector fachieving deep CO emission

reductions. This area has so far not been in thedas of discussions and therefore more
attention needs to be paid to the application of C&to industrial CQ sources if the full

potential of CCS is to be unlocked.

Industrialisation is an essential component of ecoomic development and the
improvement of standards of living in developing amtries (UN DESA, 2007; UNIDO,
2009). In emerging economies, manufacturing outpuhas been the mainstay of
economic growth and poverty alleviation, but it haslso resulted in rapidly increasing
energy use and environmental impacts (InternationaEnergy Agency (IEA), 2010).
Industry accounted for almost 40%of all CQ emissions in 2007. Two-thirds of these
emissions were attributable to industrial activity n the developing world and this share
is projected to grow in the future (IEA, 2009a). Gially, the climate change that is
expected to result from increasing greenhouse-ga$sHG) emissions is likely negatively
to impact on development (IPCC, 2007).

In order to prevent dangerous climate change, thentergovernmental Panel on Climate
Change (IPCC, 2007) estimates that global C€missions need to decrease by between
50% and 85% of their 2000 levels by 2050. Even if d"deped countries make very
significant reductions in their emissions, developng countries will also have to reduce
their absolute level of emissions if this outcomes to be achieved, notwithstanding the

expectation that their use of fossil fuels in indusy and their consumption of energy to

support economic development are expected to increa (IEA, 2010).

In power and industry, with the exception of energegfficiency measures, CQcapture
and storage is the only technology that allows forhe continued use of fossil fuels while
significantly reducing carbon emissions. The IEA (20 projects that achieving a 50%
cut in emissions compared to 2005 would require aduction of 43 gigatonnes (Gt) of
CQ in 2050. The IEA identifies the most cost effectiv portfolio of technologies to
achieve the required emission reduction. Accordingp this portfolio energy efficiency
and the greater use of renewables would be expectdd make the largest contributions
to such an outcome, however CCS is expected to makeignificant contribution of 19%
to reduction targets. Of this 19% contribution fronCCS, roughly half would be expected
to come from each of the power generation and indtrgal sectors. If CCS is excluded
from the mitigation portfolio, the global cost of &hieving a 50% reduction in 2050 is
also estimated to increase significantly (IEA 2009a).

CCS is a relatively new technology. Despite the fattat all existing operational
demonstrations of CCS are in industry (Global CCStitute, 2010) and that most of the

? Including indirect emissions from power generation



short-term and cost-effective potential for CCS, pscially in developing countries, is in
respect of industrial sources of CO(Zakkour et al., 2008; Bakker et al., 2009; IEA,
2009b), most studies on the potential application 6 CCS have focused on the power
sector, in particular in relation to coal-fired powr generation (IPCC, 2005; IEA, 2009b).
The same imbalance in attention is reflected in thenakeup of the 80 large-scale CCS
demonstration projects that are currently planned ooperational (Global CCS Institute,
2010).

If CCS is to make the maximum contribution to ovdraemission reductions, this
imbalance needs to be addressed. The IEA and ther@an Sequestration Leadership
Forum in partnership with the Global CCS Institui@EA & CSLF, 2010), in their report to
the Muskoka 2010 G8 Summit, call for the identifi¢eon of a larger number of projects in
industrial sectors and support for the developmenbf CCS in developing countries. If
developing countries are to implement CCS in the sl to medium term, specific
developing country issues need to be addressed arsteps need to be taken to increase
awareness of the possibilities for CCS in industri@pplications.



2. Objective and approach of this report

The objective of the proposed Global Technology Raadp for CCS in Industry is to
provide relevant information on actions and milestoes to government and industry
decision-makers, with a focus on developing coungs. This report provides the
technical, economic and policy background to the Rdanap.

2.1 Backgnoumd to this negpantt

This report aims to provide a technological, econoim and policy underpinning for the
development of a Global Technology Roadmap for CGSIndustry (for convenience

referred to as the Roadmap’in this report). The Roadmap will build on the IHRoadmap

on CCS (IEA, 2009b) that has already outlined a sd#tactions and milestones for CCS in
the power sector and for industry as a whole. It Wilalso build on the IEA Global
Technology Roadmap for the cement industry (IEA & VBRC 2009). The Roadmap will
focus on five main industrial sectors: high-purity O, sources, iron and steel, cement,
refineries and biofuel production.

The objectives of the Roadmap are:

To provide stakeholders with a vision for the devepment of the application of CCS in
industry up to 2050. The CCS Industrial Sector Roadmwill provide a vision for the
short and medium term. It will help pave the way toards the progressive contribution of
CCS to low-carbon industrial growth in both industlised and developing countries.

To strengthen the capacities of various Stakeholderwith regard to industrial CCS.
The Roadmap will provide a common context for CC&erts and CCS stakeholders in
developing countries. Strengthened collaboration Wi particularly benefit developing
countries with energy intensive industries. Futurelimate change mitigation agreements
may well depend on developing countries decouplindheir GHG emissions growth from
their economic growth. It is therefore essential tht those countries participate fully in
efforts related to the application of low-carbon tehnologies.

To inform policymakers and investors about the potgial of CCS technology.
The Roadmap will provide insights that will assigbolicymakers to evaluate the benefits
of CCS technology and better informed decision maig. It will also provide investors
with an objective assessment of the potential for CS in industry to help underpin
investment decision making.

The development of the Roadmap is led by the Unitéthtions Industrial Development
Organisation (UNIDO) in partnership with the GlobaCCS Institute (funders), the
Norwegian Ministry for Petroleum and Energy (funderghe IEA, the IEA Greenhouse Gas
R&D programme and the Energy research Centre of thetierlands (ECN).

As part of the Roadmap process, two workshops weheld in 2010. The first workshop,
hosted by MASDAR (Abu Dhabi Future Energy Company)pin Bhabi, discussed a set of



sectoral assessments. The second workshop, hosted/IShell in Amsterdam, reviewed
the gaps and barriers to the wider application of CS in industry and identified potential
value chains and specific projects that might be pgued. Summaries of the two
workshops are included in Annex | and Il of this pert.

2.2 Objective of this report

As part of the Roadmap process, in-depth sectoraksessments have been developed
for the five sectors that will be covered in the Raimap, /.e. high-purity CQ sources, iron
and steel, cement, refineries and biofuel productio. These sectoral assessments have
provided valuable information at a technically detded level. This report synthesises this
information in such a way as to enable and facilita the subsequent drafting of the
Roadmap itself.

2.3 Scope of this report

This report addresses the industrial sectors that ra@ significant emitters of CQ and

which offer the most promising potential for the edy application of CCS, especially in
developing countries. It focuses on applications wikh: offer a prospect of relatively
easy capture of large volumes of CQprovide good projections for cost-effective
deployment in the coming decades; have the potentidb make a significant contribution
to global emission reductions; and are consistent ith long-term sustainable

development strategies in developing countries.

2.3.1 Sectors and tebholdgigss

The sectors, sources and technologies to be coverdy the Report are described in the
following table::

Table 2.1 sectors, sources and technologies preseut in the report

Sector Production process Capture technology
High-purity Natural gas processing| Existing industrial gas separation
industrial sources (onshore/offshore) techniques’

Coal-to-liquids (CtL)
Ethylene oxide production
Ammonia production

Iron and steel Blast furnace (pig iron) Top gas recycling (TGR)

Oxyfuel blast furnace

Direct reduction of iron (DRI} Pre combustion (gasification) + PSA
VPSAor chemical absorption

* There are a number of existing gas separation tegigues such as membrane separation, chemical
absorption using solvents including amine-based soitions monoethanolamine (MEA),
methyldiethanolamine (MDEA) and hot potassium carbonate based processes, physical sorbent based
process, pressure swing absorption (PSA) and cryagje separation process. Selection of the appropria
process is dependent on a number of factors includg end use specification, gas inlet pressure, cost,
size, weight and maintenance needs (Zakkour & CockQ10).

* Pressure swing adsorption

®Vacuum pressure swing adsorption



Sector Production process Capture technology
FINEX technologies PSA
The Hisarna process PSA or VPSA
Cement Kiln/calcination Post combustion technology using
chemical solvents,
Oxyfuel technology
Refineries Hydrogen production Chemical absorption, PSA

Hydrogen gasification
residues

Pre combustion (gasification) + chemical
absorption

Fluidised catalytic cracking

Post combustion using chemical
absorption, or oxyfuel technology

Process heat

Post combustion using chemical
absorption, or oxyfuel technology

Biomass conversion

Synthetic natural gas

Pre combustion (gasification) + chemical
absorption

Ethanol production

Dehydration only

Hydrogen production from
biomass

Black liquor processing in
pulp and paper
manufacturing

Pre combustion (gasification) + chemical
absorption

Pre combustion (gasification) + chemical
absorption

2.3.2 Capture technologies

Most applications of CCS in industry — for exampl®r boilers, turbines, iron & steel
furnaces and cement kilns - require a capture stefp concentrate relatively dilute
streams of COto a level that will enable economic transportatio and storage. There are
some industry processes that already produce an almsbpure CQ stream.

Capture technologies fall into three main categoree

Post combustion capture — where the flue gases ekig a combustion plant are
treated using chemical or physical sorbents to setgively remove CQfrom the
gas mixture. The sorbents are then regenerated, ing for example steam, to
produce a concentrated CQOstream from a stripping column.

Pre-combustion capture — where input fossil fuels robiomass is gasified to a
synthetic fuel (synfuel) mixture, which is then subjet to water-gas shift reaction
and subsequent gas clean up to separate the hydrogeand CQ produced. The
hydrogen is used as the input fuel to the combustiorprocess. The CQis
available in a concentrated form for potential conmession, transport and
storage.

Oxyfuel technologies — where the combustion processkes place in a relatively
pure oxygen environment, resulting in flue gases withigh concentrations of CQ

® Understood a most suitable capture technology (Pos, 2008).



which after particulate removal and flue gas desulrization the CQ is suitable
for transport and storage.

A number of other industrial processes depend on éhremoval of CQas part of the
process itself. In many of these processes, the C@rises from processes other than the
combustion of fossil fuels. They result in highly-aacentrated CQ offgases. These
sources of high-purity COQ offer potentially significant early opportunities fo CCS in
their own right and are further explored in sectior3.1.

In this analysis, the early opportunities that are prsented by the industrial sources of
high-purity CQ are for this analysis grouped in one sector. Thefreery, cement and iron

and steel sectors are included because they are cently large emitters of CQand are

expected to remain so in the future. The biofuel pduction sector is included because,
with CCS, it has the potential to enable the prodtion of energy with net negative
carbon impacts and is projected to be a significargource of carbon emission reductions
in the future.

2.3.3 Tramsport amnd storage

The application of CCS in industry, as in any otheector, depends on transporting the

CQfrom a source (or sources) to a suitable storagetsj and then storing it. An extensive
global roadmap on the transport and storage compomts of the CCS value chain has
already been completed by the IEA (2009b). In thispert, the combination of high-

purity CQ sources with revenue-generating storage options sh as Enhanced Oll
Recovery (EOR) and Enhanced Coal-Bed Methane reco(EGBM) is taken to offer
potentially early options. Particular attention is gven to EOR as a relatively mature
technology that provides a significant incentive forCQ capture and could become
relevant to oil-producing developing countries.

In relation to transport, the main implication forindustrial CCS is the need to meet
required gas specifications. The industrial sourcesf CQ location and the proximity to

storage reservoirs may also be a factor. These issuare addressed later in the report,
together with a more general brief summary of impaaht transport and storage issues
relevant to industry.

2.4 Approach

Information relevant to CCS, such as current emissis, capture techniques, costs, cost
reduction prospects and global deployment potentia, is less readily available in
respect of the industrial sector than in relation @ the power sector. Data are often
scattered across the literature, and can be basednodifferent assumptions or reported
in slightly different units. For many industrial techologies, no actual CCS installations
exist, so technological and economic data are estiates rather than real costs. In
addition, much data are not in the public domain gen their commercial sensitivity.
Furthermore, economic figures in this report dependn the basic assumptions of the
calculations, including fossil fuel, electricity am carbon prices which incorporate
uncertainties to the estimations.
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The sectoral assessments (referenced in section 9.firovide extensive information on

the technology, costs and prospects of the five indiirial sectors addressed in this

report. Chapter 3 of this report synthesises the iofmation in these sectoral

assessments. The technical information and cost datare organised by CQOsource type

or capture technology. Each sector describes severglpes of CQ source and several

types of capture technology. For example, the cemeséector analysis includes oxyfuel

and carbonate looping technologies, and the high-pity source analysis includes

natural gas processing installations and coal-to-fjuid (CtL) plants. Technology and cost
data are based as far as possible on a set of staadl variables and parameters. The
largest constraint on the consistency of this analysiis the availability and quality of the

relevant data.

Chapter 4 reviews the transport and storage considations relevant to the application
of CCS in industry. Chapter 5 addresses the curremtd projected future CQemissions
and the emission reduction potentials of the indusial sectors under review. Current
emissions are derived from the sectoral assessmentnd are based on a range of data
sources. Most projections and emission reduction gentials are based on data provided
by the IEA in their Energy Technology Perspectives 1) and Energy Technology
Transitions in Industry (2009a) publications.

Chapters 6 and 7 are based on information and indigs arising from the Abu Dhabi and
Amsterdam workshops and on a study of the relevatiterature. Chapter 6 looks at

possible policy measures to enable CCS in industriabplications. In chapter 7, specific

attention is given to the CCS value chain in indusal applications and the business

models and propositions that may facilitate indust@&l CCS. Chapter 8 concludes the
report by identifying a range of gaps in current kneledge that need to be filled and

proposing actions that may be taken to accelerate ¢hadoption of CCS in industrial
applications.
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3. Technology characterization

The heterogeneity of industrial processes poses chHahges but also opportunities for
CCS development. High purity CGtreams can be identified in a number of industria
processes, whereby the COneeds minor treatment prior to compression, transpt and
storage. Conversely, beyond the burning of fossil fle for heating purposes, COplays
an integral role in the conventional production proesses of cement and iron and steel.
In a number of cases, capturing ‘process CQwill require the reengineering of certain
established and reliable production techniques.

3.1 Highpurity CQ sources

A number of processes in industry and fuel productioresult in a high purity, high
concentration CO off-gas, which can be readily dehydrated, compresse transported
and stored. These processes include natural gas pressing, hydrogen production
(including for the production of ammonia and ammoatbased fertilisers), synthetic fuel
production (e.g. CtL, gas-to-liquids (GtL)) and a range of orgamtiemical production
processes g.g. ethylene oxide production). All the industrial proess mentioned above
produce streams of waste gas with C@oncentrations of between 30% to 100% (further
detail presented in table 3.1). On a global scal¢he CQ emissions from these activities
are relatively modest when compared to emissions fno other activities (Figure 3.1). But
these CQ streams offer particularly important potential for‘early opportunity’ CCS
demonstration projects. The processes that offehé best prospects for such projects
are discussed in more detail in the following seatins.

Figure 3.1 Global industrial emissions and high-pity sources’

3111 Nestunzll gpess eSS mg)

Natural gas typically undergoes processing before is exported to markets. This can
involve a range of processes from the simple quickxpansion (flashing) of lighter
gaseous phases through to more complex treatmentsndluding liquefaction and
conversion to liquid fuels (GtL). Raw natural gasab a CO content of between 2% and

" Industry total excludes emissions from refining.



70% by volume. This needs to be reduced to below 24r gas distribution grids, and no
higher than 0.2% if the gas is to be converted taduefied natural gas (LNG) or used for
GtL production. The basic natural gas processing @®) configuration for removing CO
from natural gas, termed ‘gas sweetening’, is showm Figure 3.2. The process results in
an offgas which comprises between 96% and 99% CQvhich is currently immediately
vented.

Figure 3.2 Natural gas sweetening configuration

3.1.2 Hiyahagem pnadlhctiom

Globally, around 45 - 50 million tonnes (Mt) of hydgen are produced each year, the
majority of which is produced using fossil fuel feestocks (Hydrogen Association; Evers,
2008). Around half is used to produce ammonia andround a quarter is used for
hydrocracking in petroleum refining. The balance issed to make methanol and in other
industrial applications including CtL production. Te processes used to produce
hydrogen from fossil fuel or biomass feedstocks inabde steam reforming, auto-thermal
reforming (ATR), partial oxidation (POX), and gasition. The choice of technology in
any particular context depends on economics, the néefor plant flexibility and the most

appropriate feedstock source. A generalised schertia of the industrial hydrogen

production process is shown in Figure 3.3.



Figure 3.3 Generalised process flow for industridlydrogen and syngas production

There are number of hydrogen production processesia gasification, partial oxidation

or steam reforming. All routes involve the applicain of solid fuel gasification or natural

gas reforming technologies to produce a syngas whidl purified via a gas clean-up step
to produce a reformed syngas mix or hydrogen f(Hfor use as feedstock for the
production of various final products. The water-gashift reaction process converts
syngas to a mixture of CQand hydrogen in varying amounts. In the case of hyaten

production, the CQ must be removed to produce a purified stream, whil for synthetic

fuel production, the water-gas shift conversion andyas clean-up steps are carefully
controlled to optimise the H/CO ratio. The hydrogen production processes heraea
also used in ammonia (and fertiliser) production, rad for the manufacture of synthetic
transport fuel (including coal-to-liquids), DiMethy Ether (DME) and methanol.

3.1.3 Ethylene oxide production

Ethylene oxide is a colourless flammable gas producday direct oxidation of ethylene in
the presence of a silver catalyst. Because of its spial molecular structure, ethylene
oxide easily participates in the addition reaction,allowing it to easily polymerize into
larger compounds. It therefore has a range of usdaa the chemical sector. During the
absorption stage of the production process (see Rige 4.4), a stream of gas comprising
of between 30-100% C@Oby volume is removed and vented. In addition to wex, small
guantities of acetaldehyde and traces of formaldelde are other byproducts of the
process, and the presence of these chemicals may eft the selection of the most
suitable capture technology.

14



. 0
5 636
5/3 4 3
% 1" 12
% 6

Figure 3.4 Generalised schematic of ethylene oxidEO) production by direct oxidation

The data on the rates of C@eneration in the production of ethylene oxide arextremely
limited. The stoichiometry of the process suggeststiis produced at a ratio of 6/2
ethylene oxide/CQ, /.e. that it produces about a third as much CGas ethylene oxygen.
If so, this would suggest that the process produceglobally around 6.2 Mt of high purity
CQ every year. Other literature suggests that the caentration of CQ in the reactor gas
is around 8% (IPCC, 2005), which would suggest th#élte process produces around
1.5 Mt of high purity CQa year.

3.14 Ammonia production

Production of hydrogen using processes described ithe previous section is the first
step in the manufacture of ammonia in the Haber-Bol process. The Haber-Bosch
process involves the synthesis of hydrogen with gaseis nitrogen using an iron or
ruthenium enriched catalyst at high temperature andligh pressure.

Around 80% of all ammonia manufactured worldwide isised to produce inorganic
nitrogen based fertilisers. Other important uses oahmmonia include the manufacture of
nitric acid, nylon and other polyamides, refrigerants dyes, explosives and cleaning
solutions.

The challenges associated with storing and transpting hydrogen mean that ammonia
and fertiliser producers manufacture hydrogen ons& The International Fertiliser
Association (IFA) reports that the predominant soce of hydrogen for ammonia
production is natural gas, although coal also forms significant proportion, especially in
China. In terms of the preferred hydrogen productio method, a variety of different
techniques as described in the previous section aresed, with no publicly available data
on the different types of plants in operation today.

The International Fertiliser Association reports #t the industry already utilises around
36% of the CQremoved from the syngas in the gas clean-up stef=@\, 2010b). Of this,
around 33% is used for the synthesis of ammonia intorea, whilst the remaining 2.2%
is sold on to other uses (5.2 MtCQ) such as CQuse for enhanced oil recovery (IFA,
2010b; see Figure 13; Section 3.1.2).



3.1.5 Capture technologies for industrial gas sepation

The underlying production processes involved in abf the activities described above
require the application of a CQremoval step to purify intermediate or final produs. The
removal of CQfrom these streams is more straightforward than # capture of COfrom

flue gases because of the smaller volumes, lower gperatures and higher pressures
and partial pressure of CQin the gas streams requiring separation (Table 3.1

Table 3.1 Typical properties of gas streams thateasubject to CQseparation

Activity Source Pressure | Partial (1))
stream concentration (MP3) pressure concentration
(%; inlet) (MPE,@™) | (%; outlet)

Reservow 2-65 0.9-8 0.05-4.4 95-100
. rocessm ¢+, gas feed

AplunEES ATR/Steam 15-20 2.8 05 30-100
Methane

Reforming/G

asifier

Gasifier 10-15 2.8 0.5 95-100

Ethylene Reactor 8 25 0.2 30-100

oxide

Source based on IPCC, 2005, drawn from Chauval and Lefs1989; Maddox and Morgan, 1998; IEA GHG, 2002
Note 1: Megapascal

The technologies predominantly used to separate C®om gas mixtures include:

Membrane separation;

Chemical solvents, including amine-based solutionge.g. monoethanolamine
(MEA) and methyldiethanolamine (MDEA) and hot potassi carbonate based
processes g.g. the Benfield™ process);

Physical sorbents €.g. Selexol™, Rectisol);

Pressure swing adsorption (PSA); and

Cryogenic separation.

Selection of the appropriate process is dependentroa number of factors including end
use specifications, gas inlet pressures, cost, sizeweight and maintenance needs of the
equipment.

Some of these gas treatment processes create streanthat contain a number of trace
contaminants such as elemental nitrogen, water, chbn monoxide and/or methanol.

These may need to be removed to avoid corrosion dugitransport and injection.

3.1.6 Castts aff OCSS disgpl ymemit im thee liglurity sector

Capturing the CQfrom these high purity sources is relatively low 1, compared to the
cost of separating and capturing CCfrom flue gas streams. Additional costs are likelto
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be limited to the cost of acquiring and running copressors, dryers, pumps and coolers,
and in some cases on-site power generation capacit{p meet compressor power
requirements. The cost of transporting and storin@€Q from these sources may also be
relatively low, given that candidate plants are tymially in the proximity of industrial
complexes or coastal locations; some of which wilhave good access to potential
offshore storage sites. Some ammonia and steam methe reforming (SMR) hydrogen
production facilities are located close to naturabas feedstock reservoirs and capture
from some gas processing facilities may offer the pential for /7 sitv CQ injection.

Table 3.2 CCS costs from high-purity C8ources

Cost estimate| Comments References
(USDItCQ)

LNG plant

Offshore 31
NGP

(deep
water)

Offshore 18-21
NGP

(shallow
water)

Onshore 16-19
(\[e]

Ammonia

Hydrogen 15
Ethylene =
oxide

CoaHo- <25
Liquids

4-47

Retrofit to existing LNG plant; compressed gas |EA GHG (2008a)

injected into a depleted gas field. all capital costs
. . . based on 2012
Retrofit to existing deep water NGP facility; prices and
compressed gas injected into a depleted gas  discounted at
field. 12.5% over 21
years; cost of
transport and

. . . . storage assumed to
Range indicates difference in capital cost be paid as gate fee

between retrofit (higher cost) and new-b_ui_ld by the capture plant
(lower cost) NG plant; compressed gas injectec operator. This

into a depleted gas field. reflects average
COsts across a
Range indicates difference in capital cost range of developing

. . . country gas fields
between retrofit (higher cost) and new-build e

(lower cost) NG plant; compressed gas injectec ransport distances

into a depleted gas field. including /n situ
injection

0 Hendriks, C. et al
(2004) capital costs
discounted at 10%
over 25 years;
EUR/ICQ  figures
converted to
USD/ACQ on basis
of 1 EUR: 1.3 USD

Different figures indicate capture from pure Cf
stream (lower cost) and flue gas (8% CO
content, higher cost); data exclude cost of
compression, which would add c. USD 10-
15/tCQ

Capture costs only IPCC, (2005)

No known cost studies -

Matripraganda.

Cost analysis covering liquid-only and poly- I pnhs)
an ubin

generation CtL production using Selex8! and
MEA capture indicates CCS is cost effective wi
a carbon tax of USD 25/tC(at oil price of

USD 100 per barrel (bbl)
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3.1.6 Qunmeit stestus aff OCS im the Higgurity sector

The capture and storage of CAQrom high-CQ content natural gas fields presents some
of the least cost ‘earliest opportunities’ for thdarge-scale deployment of integrated CCS
projects in a number of world regions. Gas proceisg) facilities typically have access to
/n situ or nearby storage sites with known geological chacteristics. And there is a
considerable skills and knowledge base within the ib and gas industry able to
undertake large commercial-scale projects. Thererea currently five fully integrated,
commercial-scale CCS projects in operation worldwedof which four are associated with
the separation of CQfrom natural gas and one is associated with the garation of CQ
from coal-based synthetic natural gas (SNG) produati.

The Sleipner and Snghvit projects (Norway) and the $alah (Algeria) project involve the
stripping of CQ from high-CQ content natural gas to achieve sales-grade qualityatural
gas. The CQis stripped, collected and stored securely in undground geological
formations. The Rangely project (United States) use€CQ captured from natural gas
processing at the ExxonMobil LaBarge gas plant in Wyging, and uses the COfor EOR
and storage at the Rangely field in Colorado.

CQ is routinely captured from ammonia plants for usenithe production of urea and
nitro-phosphates, often within the same integratedlant. Where there is no demand for
the CQ stream for urea production or from other nearby ingtrial production activities,
the emissions are normally vented to the atmosphereExceptionally, the Enid Fertilizer
plant in Oklahoma, United States, operated by the d€h Nitrogen Company, has
captured over 600000 tCQa year since 2003 for use in EOR. And a CCS pragtieing
proposed at the Coffeyville Resources ammonia andea ammonium nitrate production
facility, based on petroleum coke gasification, inKansas. The project will capture
around 600000 tCQ a year for use in domestic EOR and/or for geologiciorage.

3.2 Cement

Cement production is an energy intensive processnd emits a substantial amount of
CQ. The most energy intensive process in the productioof cement is clinker burning.
This involves gradually heating calcium carbonate Q) with small amounts of

additives in a kiln. At approximately 900C, calcination occurs and CQs released from

the calcium carbonate. With additional heating, thgrocess reaches a temperature of
around 1450°C, at which point the calcium oxide rets and agglomerates with silica,
alumina and ferrous oxide to form cement clinkergA, 2009a).

3.2.1 Posteombustion CCS technologies

Post-combustion CCS options would not require fund#ntal changes in the clinker-
burning process (Figure 3.5). These could be apaiboth to new kilns and as retrofits to
existing plants. The most promising current technolgy options involve the chemical
absorption of CQ from flue gases using amines, ammonia and other emicals.

Chemical absorption with alkanolamines is consideig to be a proven technology and
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has an extensive history in the chemical and gas ingtries, although at a much smaller
scale than would be necessary in the cement indust(EA, 2009a).

All current pilot and demonstration projects for pst-combustion capture both in
industry and in the power sector are based on chen@tabsorption, mainly through the
use of amine based systems (ECRA, 2009a). These mtgeprovide the most reliable
estimates of the costs and energy requirements ofgst-combustion capture in the
cement industry. These estimates are used in the alysis presented in this report.

Figure 3.5 Generalised schematic for post-combustidechnology applied at a cement
plant (LEK, 2009)

3.2.1.1Cusd testimadionss

The IEA GHG (2008b) undertook a detailed techno-eooric evaluation of the
deployment on a new-build cement plant in Europe, fa&ing post-combustion CO
absorption using monoethanolamine (MEA). Table 3.8iramarises the key figures. The
plant used in the modeling was assumed to be a 5ege preheater with precalciner dry
process cement plant, reflecting the best availabléechnique (BAT) for new build and
major upgrades. The results are derived from procgesmodeling using simple
performance equations taken from industry data.



Table 3.3 Cost estimations for post-combustion capte at a cement plant (IEA GHG,
2008b)”
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The primary evaluation was based on a 1 Mtly gredield plant sited in the United
Kingdom, adjacent to a limestone quarry. As part & sensitivity analysis, an Asian
developing country scenario based on a 3 Mtly plant as also developed. The larger
plant was considered typical for the Asian cement dustry. The Asian developing
country scenario results shown in Table 3.3 were beg on the following assumptions:

Equipment costs estimated at 60% of European costs.

Labour costs estimated at 50% of European costs.

Administration, rates and insurance costs estimatedt 50% of European costs.
All fuel and raw materials costs, and plant perforance, assumed to be the same
as in Europe.

® The costs include compression, but not transportral storage. The cost/tCQavoided takes into account
emissions associated with imported and exported poer.
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3.1.1. 2 Evergyy respuireamesniss

In post-combustion capture, the regeneration of theamines used in the chemical
absorption process will result in a substantial incease in specific thermal energy
consumption compared to non-CCS cement productionTo provide the low-pressure
steam needed for amine regeneration and to meet thdemand for additional electricity
for compressing the captured CQOfor transport, it is expected that a small combine
heat and power (CHP) installation would have to liilt close to the cement plant.

ECRA (2009a) provides estimates of the impact of tla@plication of post-combustion

CCS technology on energy consumption in a plant pnecing 2 Mt of cement a year
(Figure 3.6). GNRdata for the current state-of-the-art cement prodzion technology (dry

process with precalcining) indicate that the weighdd average for specific thermal
energy consumption in 2006 was 3 382 megajoules (Mder tonne of clinker and that the
global weighted average for specific electrical emgy consumption was 111 kWh/t of
cement. ECRA (2009a) estimates that these figures wid rise by 1000 - 3500 MJ/t
clinker and 50-90 kWh/t cement if COwas captured post-combustion.

_ 6000 250
I
£ 5000 ¢ 200 T
x =
£ 4000 — ® l
£ S 150
= 3000 - —— 2
£ 2000 - ———— o
L g 50
] = L
E 1000 - S & 50
= a]
K Reference
mNo CCS Witk Post-cambustion Fost combustion CCS

Figure 3.6 Energy consumption for post combustion C@8the cement sector (data from
ECRA, 20094)

3.2.2 Oxyfuel technologies

Oxyfueling uses oxygen instead of air in the cementgduction process to generate an
almost pure CQ stream. Oxyfueling would require substantial altetions to existing
cement plants, making it less suitable for retrofiing than post-combustion
technologies.

® Getting the numbers right’(GNR) is a programme by the Cement Sustainabilitytiative, and involves

the collection of data from over 900 cement plant&orldwide.
The bars represent ranges of uncertainty.
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Two main CCS options for oxyfueling within the cemieindustry have been proposed:

- Partial capture — fuel would be burned in an oxygé@O, environment with flue
gas recycling in the pre-calciner but not in the tary kiln. This would enable the
recovery of a nearly pure CGstream at the end of one of the dual pre-heaters
(Figure 3.7).

Total capture — fuel would be burned in an oxygen(g environment with flue gas
recycling in both the pre-calciner and the rotary ki. This would enable the
recovery of a nearly pure CGtream from the whole process (Figure 3.8).

IEA & WBSCD (2009) considers that oxyfuel technolagyuld be commercially available
by 2025.

Figure 3.7 Process diagram of a partial capture oxgl cement plant design
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Figure 3.8 Process diagram of a full capture oxyfue¢ment plant design

3.2.2.1 Cost estimations

Table 3.4 summarises the figures presented by IEA GHEZD08b) for the costs of a
cement plant with partial capture oxyfuel technologyapturing 52% of the plant's total
emissions. As with the post-combustion study, estimtes for both a European and an
Asian developing country scenario were produced. iNithe exception of the capture
rate, the oxyfueling model analysis adopted identicahssumptions to those used in the
post-combustion evaluation shown attached to Tablg.3.

Table 3.4 Cost estimates for cement plant with paat oxyfuel capture (IEA GHG,
2008b)"*

*The costs include compression, but not transportra storage. The cost/tCQavoided takes into account
emissions associated with imported and exported poer.
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3.2.2.2 Energy Reggireemeatss

Oxyfuel technologies are predicted to consume muclkeds thermal energy than post-
combustion capture technologies and therefore to &r the potential to achieve larger
CQ reductions. But oxyfueling will significantly increae electricity demand, primarily
due to the electricity needed to operate the air sepation unit which will require
approximately 200-240 kWh/tQ (IPCC, 2005). ECRA (2009a) estimates that thermal
energy use would rise by 90-100 MJ/t clinker and elicity consumption by 110-115
kwh/t clinker in a oxyfueled cement plant.
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Figure 3.9 Energy consumption for oxyfuel CCS in thentent sector (data from ECRA,
2009a)*

3.2.3 Carbonate looping

Carbonate looping is an adsorption process in whichalcium oxide is put into contact
with the combustion gas containing COto produce calcium carbonate. This is a
technology currently being assessed by the cement indtry as a potential retrofit
option for existing kilns and in the development ohew oxy-firing kilns (IEA & WBSCD,
2009).

Carbonate looping involves two stages: the adsorgin of CQ with low partial pressure
(carbonation); and the regeneration of the sorbenand desorption of CQin a CQ
enriched atmosphere (calcination) as shown diagramatically in Figure 3.10. Carbonate
looping is understood to be capable of reducing th€Q content of the exhaust gases of
cement kilns by 80%. Although this technology is aan early stage of development,
preliminary investigations have estimated CQO avoidance costs at less than
USD 30/tCQ, with minimum process efficiency losses of betweef% and 8% (Epple,
2007).

2 The bars represent ranges of uncertainty.

24



Figure 3.10 Process diagram for a cement plant imporating carbonate looping (Hoenig,
2007)

3.2.4 Current status of CCS in the cement sector

It is understood that pilot projects are being disussed within the industry but there
have been few public announcements. CCS in the cemesector is still in the
demonstration phase and is unlikely to be deployed eomercially in the short term.

It was reported in March 2010 that Cemex USA hademeawarded USD 1.1 million in
funding from the US Department of Energy (DOE) to derstrate a dry sorbent CO

capture technology at one of its cement plants irhe United States. According to press
reports, the plant is expected to store up to 1 Mif CQ a year. Cemex will fund 20% of
Phase 1 of the project which will last around 7 mtms. It is understood that, at the end

of this phase, the project will undergo a competitie process to secure additional

funding for design, construction and operation.

Skyonic Corporation was awarded a USD 25 millioragt from the US DOE in July 2010 to
develop a project using its mineralisation technolgy to capture CQfrom the flue gases
of a cement manufacturing plant run by Capital Agggates Ltd in San Antonio, Texas.
According to a press release issued by Skyonic (201the plant is targeted to capture
75 000 t/y of the CQO emitted by the cement plant. Construction of thelant is due to
commence in the fall of 2010 with the plant beinguily operational in the first half of
2012.

A number of providers of post-combustion technologye.g. Cansolv, HTC Pure Energy
Canada, Aker Clean Carbon) have mobile test rigsmodular equipments that could in
principle be taken to cement plants to test carbomapture processes with the flue gas.
ECRA (2009b) estimates that a complete pilot projeict the cement industry, excluding
any costs for transport and storage, would cost betwen €6 million and €12 million.
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3.3 lirom and steel

Iron is primarily produced in blast furnaces, in with coke, pulverised coal, sinter and
bulk ore are heated to approximately 1500°C. It ise¢hnically possible to use CCS
technologies to reduce direct emissions from the @n production process, primarily

through alterations in blast furnace design, but ao through modifications to other steel

production routes. The section covers both the potgial for CCS application within

current iron and steel manufacturing processes, sicas the blast furnace and direct
reduction of iron (DRI), but also the possibility fothe integration of CCS into a new steel
production process called Hisarna.

3.3.1 Top Gas Recycling Blast Furnace

Perhaps the most advanced potential CCS technology the iron and steel sector is the
Top Gas Recycling Blast Furnace (TGR-BF) (Figufg. Blast furnace gases are rich in
carbon monoxide and CQ Reforming this ga&® can result in CQconcentration levels of
up to 60% which can then be further concentrated wsy chemical absorption
techniques, transported and stored. For the TGR pess to work most efficiently, oxygen
is injected into the blast furnace instead of air.This reduces the amount of nitrogen and
increases the concentration of COn the offgas.

In the near term, TGR-BF seems to offer a partigiygpromising approach to CCS in the
sector since existing blast furnaces can be retrdfed with the new technology, thus
avoiding the need for investment in a new plant wha still achieving significant CO

abatement. In addition, the process delivers energgavings as the recycling of the
purified gas reduces the coke and coal consumptioof the blast furnace. This efficiency
increase in part offsets the extra costs involvedicapture and storage.

Figure 3.11 Basic diagram of a blast furnace equgapwith TGR with capture (Birat, 2010)

¥ Blast furnace gas reforming is understood not taequire major changes in the process configuratiolEA
2009a)
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3.3.1.1 Energy requirements

A number of approaches to CCrapture have the potential to be deployed in iroand
steel making, dependent on the production processding used. These include chemical
adsorption technologies such as amine scrubbing, prsical adsorption technologies
such as pressure swing adsorption (PSA) and vacuyressure swing adsorbtion (VPSA),
and cryogenics. Detailed studies, carried out in theontext of the European Union's
ultra-low carbon CQ steelmaking project (ULCOS), have shown that theost effective
approach in any circumstance will depend on a numbef factors, including in particular
the concentration of CQin the stream of gas being treated (Table 3.5).

At the levels of concentration found in TGRs, phyaicadsorption technologies (PSA and
VPSA are likely to be most effective in terms of tegical performance and operating and
capital costs. However, with reference to Table 3. can be seen that although PSA and
VPSA have low energy requirements, they are only alle produce gases with CO
concentrations of approximately 80 and 88% respectaly. Due to this, additional
treatment may be required to remove impurities fronthe resultant gas stream, which
will increase cost and energy usage.

In the iron and steel industry, the energy needed focarbon capture, and the CQO
reductions that will result, depend heavily on the ppcess involved. Data on the potential
to reduce emissions through CQOcapture in the industry is limited, although indicéions
from research conducted under ULCOS estimates th@iGR technologies may cut
emissions by approximately 35% compared to a benchmasteel mill. If CQ was also
captured from an additional stack, for example froma sinter plant, then emission
reductions could increase to 75%.

Table 3.5 Performance and energy requirements forange of capture technologies
available for the steel industry’ (Birat, 2010)
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The relative advantages of individual technologiewill vary over time. For example, the
amine washing considered in the ULCOS program isdeal on the present state of the art
of this fairly common technology,/e. on the use of commercial MDEA amines that
currently require 3.2 GJ/tCQo restore the sorbant. The Japanese COURSE 50 mafio
programme aims to deliver these improvements 10 yesafrom now; where R&D is under
way to reduce the energy needed to 1.8 GJ/itC@ work at lower temperatures and to
use wasted heat.

3.2.2 @Pcapture within the Direct Reduced Iron process

The gas-based direct reduced iron (DRI) processalso potentially suited for CCS (IEA
2009a). The DRI process involves the conversioniain ore to iron through the use of a
reduction gas, normally natural gas which is chemadly converted to hydrogen, carbon
monoxide (CO)and COCQ capture is already widely applied in the DRI procgsn order
to enhance the flue gas quality, although the capted CQ is normally vented. Due to
the high cost of natural gas, DRI facilities are ogentrated in few countries such as the
Middle East and Latin America.

Within the last decade, a small number of DRI indlations have been combined with
coal gasification installations, with the coal-derved syngas used as the reducing gas.
This process may be particularly important for courigs that have limited gas supplies
but large coal reserves, such as India, China, arf@buth Africa. CQfrom the gasification

process can be captured using pre-combustion techiagies (Knop et al., 2008). A flow
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diagram of the ULCORED DRI process using coal-derisyngas and with CQcapture is
shown in Figure 3.12.

Figure 3.12 DRI process with coal-derived syngas a@@) capture (Knop et al., 2008)
3.3.3 The Hlsarna proesss

The Hlsarna process offers a longer term strateggrfreducing CO from the iron and
steel industry. Hlsarna is a smelting reduction prass which uses pure oxygen and
generates an off-gas which is almost ready for stage. It is based on the combination
of a hot cyclone developed by Corugnd a bath smelter called Hisarna licensed by Rio
Tinto. It incorporates some of the technology of thellsmelt process.

The Hlsarna process removes the need for producipgy iron in a blast furnace prior to
the production of steel. As a result, the processiunderstood to be able to reduce CO
emissions from steel production by 20%. If combineavith CCS, this reduction could be
increased to 80% (Tata Steel, 2010).

An initial pilot plant is currently under construcion in the Netherlands. If this plant is
successful, commercial deployment is targeted by 203(LEK, 2009). There are currently
no indications of the cost of applying CCS to a Hisea plant.

3.3.4 Current status of CCS in the iron and stee¢stor

The ULCOS is currently the largest initiative to rede CQ emissions from the iron and
steel industry, including through the use of CCS.h€ project is funded roughly equally
by the industry partners and the European Union. ik under the ULCOS programme that
the first small scale demonstration of a TGR-BF wasenstructed at LKAB in Sweden in
2007. Japan also has a research programme for C@She industry, called the COURSE
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50 programme. Despite this evidence of significaniterest in CCS in the iron and steel
sector, no large scale demonstration plants have ydieen developed.

3.4 Refineries

The following section reviews the capture technologs for two significant sources of
emission in refineries, which have the high potendl for carbon capture, namely the
emission from boilers and furnaces used for procesand the emission from hydrogen
(H,) production processes, such as steam reforming, gssions from combined heat and
power units and from fluidised catalytic crackersHCC).

In the case of process heating through the use ofifnaces and boilers, they account for
30-60% of the emissions (van Straelen et al., 2009)In this section, both post-
combustion and oxy-fuel technologies for the abateent of CQ in furnaces and boilers
are investigated and are covered. For,production it account for 5% and 20% of CO
emissions from a refinery, yet it produces concentratl stream of CQ often at a high
pressure. Thus, it offers a low-cost option for CC8eployment (van Straelen et al.,
2009). Finally, CQ could also be captured in the combined heat and peer (CHP)
installations that could replace distributed boiless in some refineries, and also captured
from fluidised catalytic cracking units. These capte options are dependent on the
configuration of the refinery and reviewed in moreetail in the following sub-sections.

3.4.1 CQcapture from process heaters

Post-combustion capture and oxyfueling currently offe possibilities for reducing
emissions from process heaters in refineries. Tecbiogies that could potentially feature
in the future in new build facilities include chengal looping combustion using refinery
gas (Morin and Béal, 2005) and pre-combustion captiin the production of hydrogen
fuel for use in boilers and heaters (IEA GHG, 2000).

The retrofit of heaters with post-combustion capt technologies is limited due to the
wide distribution of heating units within a refiney complex. Hurst and Walker (2005)
proposed to resolve this by ducting the gases fromispersed heaters to a central
location where CQ could be separated and compressed. Straelen et..al2010) have
guestioned the feasibility of such an approach andnpposed instead to capture only the
CQ from the largest on-site stacks.

3.4.2 CQ capture from hydrogen production

Between 5% and 20% of refinery C@missions are linked to the production of hydrogen
(H,). Hydrogen is a by-product of the catalytic reformeand fluid catalytic cracker (FCC)
processes but as demand for Hhas increased with changes in fuel specificationtq
reduce sulphur content of fuels by hydrodesulphurizgon), demand now exceeds supply
from these processes in most refineries. To meet éhincreased demand, hydrogen is
produced either through the steam methane reformingSMR) of natural gas or through
the gasification of heavy residues and fuel oil. Théydrogen produced in both these
processes needs to be separated from other constignts in the flue gases.
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Gasification plants for hydrogen manufacture are gemally larger than SMR and operate
at high pressures of 50-70 bar. These conditions arsuitable for the use of physical
absorption solvents over chemical absorption solveas because they have higher
loadings, require less energy input and produce dry@ under these conditions. With
gasification, all the CQ emissions associated with conversion end up in thélue gas

stream and hence there is a higher rate of captutean SMR.

Traditionally, hydrogen produced in SMR plants was ptied using chemical adsorbents
such as hot potassium carbonate or amines such asDEA. In the last thirty years,
increasing attention, driven by a market for high puty hydrogen, has been given to
separation using pressure swing adsorption (PSA).uB PSA results in much lower
concentration CQ streams which contain 20-30% impurities. The impires include H,
CO and methane (CHwhich make the gas suitable for reuse in fuellinthe SMR furnace.
This further dilutes the CQin the final flue gas and reduces the feasibility @d increases
the cost of COcapture (Simbeck, 2005).

3.4.3 CQ capture from utilities

In a refinery, processes use steam and/or electrigit The cogeneration of power and
heat for steam generation is a well established emgy efficiency and carbon abatement
measure in refineries. There is a much greater dema for steam than there is for
electricity for all refinery configurations. In the ear to mid-term, post-combustion
technologies are most likely to be deployed for uiities, where they can be retrofitted.
Longer term, other technologies such as poly-genetian and oxyfueling may offer more
potential for new builds.

3.4.4 CQ capture from fluidised catalytic cracking

In those refineries that operate fluidised catalyticcracking (FCC) units, such units can
account for as much as 50% of refinery C@®missions (Kuuskraa, 2009). Unlike most of
the other emissions from a refinery, the emissiongdm FCCs are process related rather
than combustion related. During processing, carbors deposited on the surface of the
catalyst powder. The catalyst is regenerated by oxglng the coke with air.

Depending on the process, the concentration of C@ the flue gas typically ranges from
10% to 20% (de Mello et al.2008). Two technology aphs exist for the capture of CO
from the FCC, one is the more mature, post-combusti capture, and the other, still in
development, is oxy-firing of the regeneration pragss. De Mello et al. compared the
potential for both regeneration processes and theirelative merits and reported that
despite the relatively high capital cost of oxy-fing, the potential of lower operating
costs make it attractive proposition in a carbon awstrained world.

3.4.5 Costs of CCS deployment in the refining secto

A number of studies have provided initial insightsnto the cost of CCS deployment in the
refining industry. These are summarised in Table@.

Table 3.6 Capture costs for various process unitsot including transport and storage
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3.4.6 Current status of CCitheheefafinghngestotor

At present there is only small-scale testing of CAB the refinery industry. It is possible
to transport and store the CQfrom hydrogen production units at low cost, and the
technologies are available to achieve this. ApplyingCCS in other areas of existing
refineries may be constrained by space limitations ah by the need for additional
infrastructure for gasification or steam production For new build refineries, there is
currently no established method to incorporate CCS.

A CCS field demonstration on a Petrobras 60 bbl/d&yCC in Brazil is currently underway
(Kuuskraa, 2009). Small-scale testing shows that its technically feasible to maintain
stable operation of an FCC in oxy-firing mode (deshb et al., 2008). The figures in Table
3.6 for post-combustion CQcapture from an FCC are based on a 10 000 m?¥/dagidual
FCC, using the Kerr-McGee C@ecovery system with an MEA solvent for post-
combustion capture and a scrubber to reduce the coantration of sulphur oxides (SQ
to 7 parts per million (ppm). The oxy-firing figueare based on using an air separation
unit to produce either 99.9% or 95% by volume oxygersQ, in the hot flue gases are
removed with a SQscrubber prior to dehydration and compression.

The Norwegian Mongstad refinery CHP project is onktle first gas-based power plants
which could be fitted with CCS. An investment deds is expected in 2014, however
the plans consists of a 280 M\l natural gas-fired CHP power plant that is capablef
producing up to 350 MVY of steam. In parallel to the CHP plant, a test féity is could be
built in which two different post-combustion captue technologies, 7.e. Aker Clean
Carbon’s amine based process and Alstom’s chilledranonia process, will be tested
side by side (Statoil, 2010). COfrom two slip streams of the natural gas fired CHplant
and a slip stream from the adjacent Mongstad refimg FCC process emissions will be

32



used. The carbon capture pilots will begin operatioin 2011, capturing 100 000 tC&y
between them (TCM DA, 2009).

3.5 Biofuel production

Fossil fuel conversion with CCS typically mitigate80 to 90% of CO emissions. The
application of CCS to biomass conversion processéms the potential to achieve a net
removal of CQ from the atmosphere since the carbon trapped temparily by the
biomass as it grows is placed in permanent storagePCC, 2005).

There are two main routes for CQapture from biomass conversion processes (Figure
3.13). Biological processing, for example fermentain, uses living micro-organisms to
breakdown the feedstock and produce liquid and gasmis fuels, in the process
producing a relatively pure stream of CONo special equipment is required to capture
this CQ, apart from compressors to prepare it for transporand storage. Biomass may
also be processed thermo-chemically, enabling pre-aabustion CQ capture.

3.5.1 Biochemical biomass conversion with CCS

A common 1st generation process to produce bioethahinvolves the fermentation of
sugar cane, sugar beet or corn starch. A relativepure stream of CQis produced as a
by-product of the process, almost equal on a massabis to the liquid ethanol produced.
The separation of the CQis straightforward since the compounds are presentn
different phases. Thus, no additional separation eqipment is required. The CQrich off-
gases from the fermentation tanks are dried and copnessed to facilitate transport and
storage. On a bio-ethanol plant with a net outputfd@35 million litres a year, the addition
of compression equipment leads to only a 0.9% incase in capital costs (Rhodes and
Keith, 2003).

3.5.2 Thermeehemical biomass conversion with CCS

Thermo-chemical biomass conversion, or gasificatios a thermal treatment that results
in the production of gaseous products and a small mount of char and/or ash
(Demirbas, 2002). The biomass is gasified by pyrolysat temperatures of 875- 1275K.
To reach these temperatures, an oxidising agent iseeded. This can be air or oxygen
(Gao et al., 2008). For the production of liquid agaseous fuels it is essential that only a
minimum amount of nitrogen is present during the sythesis. This reduces equipment
sizes and costs, and increases the partial pressuseof the reactants thereby typically
improving the product yield.

Depending on a number of variables such as the festbck characteristics, the
temperature and the gasifying agent, product gasesomprise CO, CQH,, methane and
nitrogen, as well as the non-gaseous by-products athar and tars. This gas is known as

producer gas. At gasification temperatures above I3, the resulting gas stream
consists primarily of hydrogen and carbon monoxide;alled synthesis gas or syngas.
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3.5.3 CCS in pulp and paper plants

Off-gases of the pulp and paper industry contain 1B4% CQ Most CQ originates from
the combustion of biomass. This CQOis usually not counted in emissions statistics.
However, it can in principle be captured and storedThe following table provides
average CQemission for different type of pulp and paper mills

Table3.7 average Cmissions for different type of pulp and paper mg (Jonssonn and
Berntsson, 2010)

Type of plant Emissions Emissions
(tCQ It pulp) (tCQ, /t paper)
Kraft* Market pulp mills

Kraft* Integrated pulp & paper millsjZXs] 2.2

Mechanical* pulp & paper mills 0.9 0.47
Stand alone paper mills 0.42

«Kraft refers to mills that have the kraft process;
** Mechanical refers to mills that have some mechacal pulping process

For Kraft over 90% of the COs of biogenic origin, for mechanical around hal&nd for
paper mills less than 20%. The average Kraft integped pulp and paper mill emitted 1.2
Mt of CQ, the average paper mill 0.17 Mt CQ@er year.

Based on these numbers, total global CGmissions in the pulp and paper industry are
estimated to amount to 540 Mt per year. 66% of thesariginate from Kraft pulp mills. So
over half of total pulp and paper CQemissions are estimated to be of biogenic origin,
and the potential for CO capture is around 350 Mt today. In recent years dlal Kraft

pulp production has been stable or growing at a sl rate.

For Kraft mills retrofit of CQ capture is an option, using chemical absorption. A
combination of process integration and chemical al®ption can reduce energy needs
substantially. For mechanical pulp and stand-alongaper plants CCS seems less
feasible, due to the high cost of capturing smallslumes of CQ

For Greenfield Kraft pulp/paper plant, black liquorgasification and re-designed lime
kilns would offer interesting CO capture opportunities. This has not been assesseith

more detail. The optimal solution for retrofit of CS looks slightly different for stand-
alone Kraft pulp mills and integrated pulp and papemills due to a positive energy
balance.

3.5.3 Costs of CCS dépyoyemtrin ith éhiei nmoassssestator
Cost data for biomass-to-biofuel conversion process are scarce, and even more so for
conversion processes combined with CCS, a relatiyelnew field in research and

development. Plants for the production of second geration biofuels are mostly at best
in the commercial demonstration phase and so are iitrelatively small. The costs of
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such plants may not be directly representative of theosts likely to be incurred in larger,
commercial plants.

Typically, biomass conversion plants require highelevels of capital investment than
fossil fuel conversion plants. This is mainly attribtable to the nature of biomass: its
energy density is usually lower than that of fossiluels, its moisture content is higher,
and its composition is less homogenous and often mie fibrous. It therefore requires
more pre-treatment. The need to import biomass on large scale is also expected to
result in higher feedstock prices on an energy basjisontributing to higher prices for
biofuels.

The incremental cost of COcapture from biomass conversion processes is geraly
low, since a high-purity CO stream is readily available for capture. The incresntal
capture costs are therefore limited to CQOdehydration and compression, and typically
only amount USD 6 - USD 12/t C@®lektor and Berntsson, 2009), mainly depending on
the pressure needed for CCtransportation.

During the calculation of the total CQavoidance cost, the price difference between a
biofuel and its fossil fuel substitute is also take into account. The IEA Blue Map
scenario projects a gradual reduction in the commaty price of fossil fuels in the long-
term as a result of reduced demand, as a significapart of the demand becomes met by
biofuels (IEA, 2010). The effective price of fossilels will be much higher, assuming a
CQ price of USD 175/t CGn 2050.

In the case of the pulp and paper sector, estimate®r the cost of retrofitting of stand-
alone Kraft pulp mills is between 30 to 35 Euros pdonne of CQ abated including

storage and transportation costs (Joenson and Alged, in press). The additional energy
use would be in the order of 1.45 GJ primary enerdpark) per tonne of CQcaptured,

provided that there is use for the excess heat. Thather half of energy needs would be
covered through improved process integration, restihg in a lower capital costs than
the retrofit.

For integrated Kraft pulp and paper mills less redual heat is available, therefore the
additional energy needs for CQcapture will be higher. Avoidance costs for the dinal
configuration (heat pump for upgrading low temperafre excess heat) range from EUR 35
to 40/t CQO,. This includes pressurization (80 bar), transpornd storage (around EUR 7/t
CQ for the latter two items). This would be a plant #h 1 Mt/yr capture and storage
(Hektor and Berntsson, 2009).

3.5.4 Cumremtt stiztus of CCS im biomass sectior

One of the first commercially operated bioethanol phts integrated with CCS, the
Arkalon bioethanol plant in Kansas, US, started opation during the third quarter of

2009 (BIC Magazine, 2010). At present, approximaye60% (170 - 180 kt/yr) of the CO
produced by the plant is captured and transportedot an oil field near Booker, Texas for
EOR.

Another pilot project in the United States is managd by the Midwest Geological Survey
Consortium. This started operation early in 2010 BC, 2010). This project foresees the
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injection of 1.0 Mt of CQover three years, obtained from the Archer Danielidland
Company (ADM) bioethanol plant in Decatur, Illingisn the Mount Simon Sandstone

saline formation.

Although a number of biomass gasifiers have recegtlentered the market, there are at
present no CCS demonstration projects involving thgasification of biomass.
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4. Issues related to transport and storag&

Issues relating to the transport and storage compamnts of CCS are discussed in the IEA
Global Technology Roadmap on CCS (IEA, 2009b). Indak CCS raises few specific
issues in relation to transport and storage, othethan those which arise more generally
in relation to CCS. Transporting facilities and stage reservoirs are indifferent to the
sources of the CQOthey handle, subject to quality standards being met.

This section discusses the two specific areas in wdh industrial CCS may raise transport
and storage issues, i.e. COstream quality and the geographical matching of soces
and sinks.

4.1 Inmpunities im tie CQstream

The need to reduce impurities in the CG&tream depends on the application of the CO
and on the method, organisation and distance of th€Q transport.

If the CQ is to be used for EOR, it must contain only vergw oxygen levels. This might
be an issue if the CQoriginates from an oxy-fired cement kiln. If ther&ansport is long-
distance or in a network with a range of sources,ethydration is important to prevent
corrosion and leakage. But if the CQOs intended for EOR and the source is close by, it
might be more cost-effective to build a short staiess steel pipeline and to leave the
water in the CQ, as water does no pose a problem for re-injectiomith CQ for EOR.

More reserach needs to be done to identify the sp#ic issues related to gas impurities
in transport and storage, and to inform the plannig of potential industrial CCS
applications about these.

4.2 Geological storage capacity and industrial sourees

For the biomass, cement and iron and steel sectorslecisions on the location of the
potential CQ sources are made independently of considerations dlfie location of likely
geological storage reservoirs. Cement plants, forxample, are generally built near
limestone reservoirs. But there is no geological tationship between limestone
reservoirs and underground sedimentary basins, so ils a matter of chance whether
cement plants are located reasonably near to poteiai storage sites or not.

For gas processing plants, there is a higher likélood that sources and reservoirs are
close together, as the plants tend to be sited neao the sedimentary basins from which
the gas is sourced, which also may prove good site®r CQ storage. This factor
underpins the Sleipner and In Salah projects.

Refineries have no operational or economic need twe sited near oil or gas fields or to
other sedimentary basins. But they are often builtear the coast to allow for the marine
transport of oil, and some may therefore be sited fatively close to prospective storage
sites.

This Chapter is based on the conclusions of the ADhabi meeting.

37



5. Industrial CQ sources: emissions, projections and CCS

Industry'® produces nearly 40% of global energy-related CCemissions. In 2007,
estimated direct emissions from industrial productbn amounted to 7.6 GtCQ with an
additional 3.9 GtCO from the power generation sector attributable to lectricity use in
industry. Data on current industry emissions are afh of low quality and incomplete.
Projections of business-as-usual COemissions are even more uncertain and may be
based on different methods and assumptions. But th€€Q emissions of most sectors
discussed in this report are projected to grow byfahe order of 15% to 40% between
2007 and 2050. CQemissions from industrial sources can be reducechtough energy
efficiency improvements, fuel substitution and enegy recovery. But substantial
deployment of CCS in industry will be necessary if theector is to make its due
contribution to the reaching of emission reductiortargets consistent with halving CO
emissions in 2050 compare to 2005 level. These rechions are needed to limit the
atmospheric C@concentration to 450 parts per million.

5.1 Current and businessas-usual projected emissions

Industry emits CQ both directly and indirectly. The indirect emissionsnclude emissions
associated with the generation of the electricity cesumed in industrial processes.
These emissions are not discussed in this report athey fall to be addressed by the
application of CCS in the electricity sector, rathrdhan in the industry sector. The data in
this report therefore only include the direct indusrial emissions of CQ. All the numbers
reported here are subject to significant uncertaimés, and the absence of standardized
emissions monitoring methodologies, boundary settingand measurement techniques in
certain industries lead to significant variations m the figures reported.

Within industry, 30% of direct CQemissions are attributed to the production of irorand
steel, 26% to cement production and 17% to the prodtion of chemicals (IEA, 2010). The
analysis in IEA (2010) however does not separate aame of the sectors in this report,
such as the sources of COn the high-purity category and in oil refineries. e reported
emissions of each industry are also frequently disged, given non-consistent data
collection methodologies and a lack of data colle@in capacity in some countries.

The reported emissions from the iron and steel semt highlight the considerable
uncertainty inherent in currently available data. ThelEA data report emissions of
2.3 GtCQin 2007. A report from the Energy Policy and Economig®up (LEP-CNRS) at
the University of Grenoble, France, reports signiatly lower emissions from the sector
at around 1.6 GtCQa year in 2005 (Birat, 2010). Available data on dit emissions from
the cement sector are more consistent at around 26tCQin 2007.

McKinsey (2008) estimates emissions from the oil rigfing sector at approximately
1.1 GtCQin 2008. The IEA GHG (2008a) estimates emissions(a713 GtCObased on
data from 2007, using data in its COsources database.

* Data based on |IEA analysis (IEA, 2010, including the industrial sources of iron and steglcement,
pulp and paper, chemicals, aluminium and other indstry, excluding emissions from refineries.
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High-purity sources are currently estimated to prodec 0.43 GtCQ a year (Zakkour &
Cook, 2010). This includes emissions from gas pragsing (160 MtCQ, ammonia
production (236 MtCQ), ethylene oxide production (6.3 MtC{) and CtL production
(27.6 MtCO).

Current emissions from biofuel production are relately low compared to those from the
other sectors as the level of biofuel production isstill relatively modest. Data on
emissions from bioethanol production, which represets by far the bulk of current
biofuel production, vary greatly. IEA Bioenergy (2008stimates 2007 emissions at
32 MtCQ based on the production of 42 billion litres of methanol in Brazil and the
United States. The IEA GHG (2008), however, estingamissions at roughly 69 MtCO
from 190 sources, mainly in Brazil. Most of the IEAIG data originate from 2003, so this
number is likely to be an underestimate of currentrpduction.

In terms of projections for industry emissions, theEA (2010; 2009a) gives an internally
consistent projection for business-as-usual emissios to 2050 (Figure 5.1). This shows
the projected emissions in a baseline scenario ansh a mitigation scenario for different
industrial sectors and different (low/high) growthscenarios developed by the IEA. The
refinery sector and most high-purity sources are nohcluded in these data.

Figure 5.1 Industrial CO2 emission projections (IE2010)

Zakkour & Cook (2010) project an increase in emissis from the production of natural
gas, hydrogen, ethylene oxide and synthetic fuels ineasing from 537 MtC{n 2020to
1.113 GtCQOn 2050 in a business-as-usual scenario (Figure2).
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Figure 5.2 Emissions from high-purity sources in 2028nd 2050 in a business-as-usual
scenario (Zakkour & Cook, 2010)

For biofuel production, the situation is complex asthe outcome of the projection
depends strongly on the assumptions in the model.RE IEA (2010) foresees a major role
for biodiesel, resulting in a complete absence of ther biofuels. However, in reality,
different biofuels are likely to co-exist. Officialand internally consistent projections do
not exist for CQ-capture-amenable biofuel sources. The numbers ite graph are an
interpolation of scaled IEA data (see Carbo, 2010 fmore information).

Figure 5.3 provides a summary of such data as areadable for current (2005 - 2007)
emissions and projected emissions in 2050 for thevie sectors in this report.
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Figure 5.3 Ranges for current and 2050 business asual CQ emissions from industrial
sectors covered.
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5.2 Projected potemtizl for the use of CCS im imdustriaE @dications

Based on projections of emissions to 2050, the IEACS roadmap estimates the amount
of CQ that could be captured and stored over time and &h distribution of CCS
implementation between different regions (IEA, 2009b The data are analysed by
reference to the power, industry and upstream sects.

The IEA BLUE Map scenario used to project the potehtole of CCS by 2050 in a very
carbon constrained global economy, assumes that pailies are in place to provide strong
incentives for low-carbon technologies, including CS. CCS is assumed to compete in a
global market of mitigation options. The implementaon such policies is projected to
have a range of impacts on the likely application aCS to industrial sources.

As shown in Figure 5.4, in the cement sector, almos00 MtCQ a year is projected to be
captured and stored in the IEA BLUBw °scenario (Barker, 2010; IEA, 20010). In high-

purity sector, almost all of the ethylene oxide prodetion CQ emissions, and more than
half of the CtL, natural gas processing and ammoniamissions are expected to be
available for storage (see figure 5.5). On this bass more than 700 MtCQ would be
captured and stored from this sector.

Figure 5.4 CO2 emissions reductions within the cemeindustry (IEA, 2009a)
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Figure 5.5 Global deployment of CCS from high pur@®Q sources 2010-2050 (Zakkour &
Cook, 2010)

In the iron and steel sector, the IEA projects aggiificant role for CCS with around
822 MtCQ stored annually by 2050 (IEA, 2009b).

For biofuels, the IEA projections foresee a largeledor biomass synfuels and hydrogen,
leading to almost half of the industry and upstreantapture taking place in that sector,
in the process reducing emissions by more than 2 GQ in 2050 (IEA, 2009b). Of this,
0.6 GtCQ savings are projected to come from hydrogen produoh and 1.5 GtCO
savings from biodiesel production. CCS from bioetm®l and biogas production have not
been considered.

No projections for the role of CCS in the refiningector are available. The most viable
CQ source in a refinery is in relation to hydrogen pragtion, but the size and CCS
potential of such sources vary from refinery to rafery. It is therefore difficult to make
sectoral projections. However, it is clear that som short-term and relatively low-cost
potential exists.
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6. Enabling policies for CCS in industrial sectors

Industrial CCS has a large potential (IEA, 2010)cln be technologically mature in most
sectors in the next ten years (see the sectoral assements referenced in Chapter 9). But
it is currently a reality in only a limited number bcases (Global CCS Institute, 2010).

Many barriers to industrial CCS, such as those retd to legal frameworks and public

perception, are similar to the barriers faced by Cin general. These are discussed in
the IEA Global Technology Roadmap on CCS (2009R)ere are some areas, however, in
which the wider deployment of CCS in industry reqas specific enabling actions. The
most urgent issue is how to provide an incentive fothe implementation of CCS in
industry, as currently costs exceed benefits in theast majority of potential projects. But

costs are not the only barrier to be overcome. Thiection also reviews a number of
other potential policy measures to address a range foeconomic, knowledge and

awareness barriers to CCS in industry.

6.1 Incentives for CCS in industry
6.1.1 Carbon prices or taxes

The most commonly considered policy incentive for C@Sthe creation of a sufficiently
high, long-term and stable price on carbon emissian Carbon prices can be induced
through emissions trading schemes, which involve g8ng a cap on CQemissions, or

through the imposition of carbon taxes.

If emission trading schemes are to signal carbon es that are strong and stable
enough to incentivise industrial CCS, tight caps r&l to be set, and good information
about emission reduction volumes and costs in the arket needs to be available to
market participants. The EU Emissions Trading Schett€l'S) is the most mature of the
operational CQ markets, and these conditions have not been met.a@on prices have
varied considerably over recent years and are curriy at an insufficient level to
incentivise CCS. CCS is currently excluded from tKgoto Protocol’s Clean Development
Mechanism (CDM) (see section 6.3).

There are few examples of strong economy-wide carbdaxes other than in Norway.
Several of Norway'’s gas fields contain significantraounts of CQ that has traditionally
been separated and vented into the atmosphere whethe gas was recovered. In the
1990s, Norway decided to tax C@missions from its offshore industry (mostly oil ad
gas production) at a rate of around USD 35/tC@nmitted. As a result of the tax, Statoil
decided in its North Sea Sleipner project to injecthe separated CQ into a saline
formation around 800 m below the sea floor, but abee the gas field. Sleipner started in
1996 and was the first CCS project globally. The mped cost of applying CCS in the
Sleipner project is around USD 17/tCQOwhich made the project worthwhile for Statoil. In
2008, Statoil implemented another CCS gas procesgjrproject, Snghvit, in the Barents
Sea.

In the EU, the ETS-driven price incentive of EUR EUR15/tCQhas not yet led to any
CCS projects as the price is too low to outbalandke costs and high technology risks
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implicit in such projects, and is highly variable.No other countries have structural
carbon price incentives.

6.1.2 Subsidies amdtéxxcceskitiss

Several countries have announced non-market and ndaxation instruments to enable
CCS. These include subsidies to cover additional fnpnt investment costs, tax credits,
CQ price guarantees (where an ETS is in place but piding an insufficient incentive for
CCS) and governmental loan guarantees for CCS inwmasnts. These instruments all
weigh on government budgets.

Subsidies for CCS are implemented more commonly thasarbon prices or taxes.
According to the IEA & CSLF (2010), between USDap@ USD 36 billion has been
committed by developed countries to subsidise CCS gects (Table 6.1). Most of this
demonstration funding is intended for CCS in poweeneration, but in Australia, Canada
and Europe, industrial CCS projects have also beelggble for funding.

Table 6.1 Funding committed to CCS demonstrationthre form of subsidies (IEA & CSLF,
2010).

& The number for the European Commission includes the EUR 300 million allowances from the ETS New
Entrants Reserve that have been reserved for innovative low-carbon technologies.

® UK funding includes operational support for 10 to 15 years of CCS operations. Note that UK funds may be used
in conjunction with EC funds.

6.1.3 Mandates and standards

Regulatory instruments such as technology mandatesid standards could also be used
to incentivise CCS in industrial applications. Govements might, for example, mandate
an obligation to implement CCS on certain installains or in certain industries, such as
on new CtL plants as a condition of their obtaining license to operate. Governments
could also consider prohibiting CQventing from natural gas processing plants or from
all large, pure point sources of CO

In regulating standards, governments might subjectndustries to a GHG emission
standard per unit of product. For example, a standa in the steel industry could take the
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form of a maximum allowable tonnage of CQmissions per tonne of steel produced.
Such standards could be set at such a level thatély enabled CCS.

Currently, there are no known examples of mandates standards relevant to CCS.

6.2 International collaboration

International collaboration can play an important re in developing the implementation
of new technologies, for example by allowing the slring of learning, by improving the
evidence base on which decisions are taken, and byising levels of understanding
among key stakeholders.

A number of initiatives already exist to foster inteational collaboration on CCS in
industry. The IEA GHG R&D Programme, an IEA ImplemgnfAgreement, has been
enabling knowledge exchange on CCS in industry seid991. The Global CCS Institute
aims to facilitate demonstration of CCS, includingn industry, and facilitates capacity
building and knowledge sharing.

6.2.1 Sectoral agreements

Sectoral agreements can provide a good basis forfe€tive international collaboration.
Sectoral agreements can take many forms and can fedifferent participants. They may
be based on multilateral agreements between governents to reduce GHG emissions in
a given sector (Bodansky, 2007) or they may be basenh international or domestic
agreements between industry actors within a sectdo implement certain practices that
reduce energy use and GHG emissions.

Stronger variants could potentially involve the setbg of CQ emission standards for the
production of goods such as cement or steel, or phibiting CQO, venting from the gas
industry. It is likely that the enforcing power of tates would be required to underpin
such agreements. At a less constraining level, stetural agreements might include
arrangements for knowledge exchange, common R&D grammes and the development
of best practices in specific sectors. Such agreemés can be implemented voluntarily
through international industrial associations or public-private partnerships.

CCS is currently the subject of no formal sectorajeeements, although the IEA Global
Technology Roadmap on cement highlights a sectorapproach on emission reduction

in the cement industry that also involves CCS (IEABBCSD, 2009). The IEA Roadmap on
CCS recommends the creation of new CCS collaboratefforts for the most important
industrial sectors by 2012 (IEA, 2009b).

6.2.2 Copenhagen Accord instruments

In the 2009 Copenhagen Accord, several new intermamal instruments have been
agreed, although not officially accepted by the Unitk Nations Framework Convention on
Climate Change (UNFCCCQC). It is likely that manyhafse instruments will be included in
any UNFCCC agreement on a post-2012 climate regindéscussions for such an
agreement are currently under way in the Ad hoc Wankji Group of the UNFCCC on Long-
term Collaborative Action.
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Several of the potential post-Copenhagen instrumeatmay have significance for CCS
(Hagemann et al., 2010). These include:

Nationally Appropriate Mitigation Actions (NAMAS),hich are actions undertaken
by developing countries or emerging economies that oatribute to GHG
mitigation. Variants include unilateral NAMAs, und#aken by the developing

country, supported NAMAs, undertaken in a developingpuntry but with support

from a donor country, and credited NAMASs, in which developing country

receives funding resembling a carbon credit for itSIAMA.

The Technology Mechanism, which would include actisnfor collaborative

research, development and demonstration (RD&D), agll as enabling a climate
technology centre and network of regional centres dnubs. Both the RD&D and
the technology centre and network could be relevamd CCS.

Other provisions for measurable, reportable and vérable actions and efforts.

As CCS, both in industry and elsewhere, has challesg in terms of the

monitoring of emission reductions, discussions on masurability, reporting and

verification may have impacts for CCS in all sectorSteps need to be taken to
ensure that CCS-related issues are specifically asdifficiently considered in this

context.

6.2.3 Overcoming knowledge and awareness barriers

Considering its potential, industrial CCS has so fanot received the attention it requires.
Overcoming the lack of knowledge and awareness ohdustrial CCS among the
stakeholders who may eventually need to be engageditv it is a long-term process. It
requires familiarising regulators with the issuesgducating students and engineers, and
gaining experience in practice.

A number of measures can be taken to speed up theopess:

Best practices: the development and dissemination fobest practices for CO
capture in industry would enable faster learning othe application of the relevant
technologies in practice. Industry participation inthese best practices is
essential. The role of governments should be to ebk their development in
demonstration programmes and to support their dissaination.

Capacity building: education programmes need to beedeloped at universities
and technical schools, particularly in developing euntries and in the economies
in transition.

Regional networks: knowledge circles need to be deloped in countries and
regions which involve all the relevant stakeholdersIn developing countries,
multilateral banks and donors should also be invold. Regional networks can
also facilitate regulatory learning between governmaal actors.

If the potential of CCS in industrial applicationss to be fully realised, governments and

industry decision-makers in developed and developingountries alike need rapidly to
start forming regional networks, to start ensuringhe inclusion of CCS in curricula for
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universities and technical schools, and to considethe scope for undertaking or funding
capacity development activities around CCS.

6.3 Specific policies and activities in developingountries

For developing countries, the CDM offers currentlyhe only incentive to reduce CO
emissions. Discussions on CCS in the CDM, howevdrave proven controversial
(Coninck, 2008). They have been going on since 20Ghd have stalled on matters
related to questions of liability, potential seepageand environmental impacts (UNFCCC,
2009). Currently, it seems unlikely that CCS projextvill be allowed under the CDM even
after the Kyoto Protocol’s first commitment period.

Sectoral approaches could be particularly relevanto developing countries. The
involvement of developing countries in such sectotaapproaches would help support
the making of provisions for technology transfer amh facilitate international
collaboration on RD&D between industry and researarganisations, including those in
developing countries, where the capacity needs amgreatest.

The new post-Copenhagen instruments are still undattiscussion. A few developing
countries have included CCS in their submissions ddAMAs to the UNFCCC. Developing
countries with significant oil and gas industries ad large current or future industrial CO
emissions could consider CCS as part of their indugal development strategy, and
could include this in their potential low-emissiondevelopment strategy documents.

The UNFCCC also aims to advance technologies thougbllaborative R&D and
technology transfer. These ambitions are likely to beslaborated in the proposed
Technology Mechanism. The inclusion of CCS in thes&ivities could open possibilities
for developing countries to develop capacity on CC&rough, for example, twinning
arrangements with developed country institutions andcooperative technology R&D
programmes. Such approaches will only succeed if didient financial resources
underpin the Technology Mechanism.

Many of these activities can also be undertaken oute the Copenhagen Accord or the
official climate negotiations. Regional networks cald serve to exchange knowledge and
experience, for instance within regions with many siilar high-purity CQ sources or
significant potential for EOR. Bilateral sources dihance could be available.
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7. Industry value and business models for industrlaCCS

A business model defines how a business seeks toeate and deliver value. A business
model requires a value proposition. CCS or CCS haology development can create
value for an organisation in a number of ways, butt iis primarily by meeting
requirements to reduce greenhouse gas emissions. 8ilarly, it allows a business to
remain viable by continuing to use fossil fuels inarbon-constrained environment. This
value is directly realized by an organization by avding the payment of a CQOtax,
avoiding having to acquire CQemission credits, or by the sale of unneeded COredits.
CCS can also create value when the injection andrpenent storage of CQis done in
conjunction with using to CQ to enhance the recovery of hydrocarbons, such as
enhanced oil recovery (EOR, see below). CCS techgme can also create value by
creating opportunities to market and sell new techologies or expertise that has been
developed. But such incentives are still absent ansufficient in most of the world. At
present, in most potential applications of CCS inndustry, the value proposition is
insufficient for a viable CCS business model.

Organisations in some industries may obtain other beefits from reusing the CQas a
commercial product in itself, besides as an inputdr EOR. These additional C@e-use
opportunities include: fertiliser — urea manufactuing; other oil and gas industry
applications (some of which have been referred taithis report); applications in the
food and beverage industry; pharmaceutical processesvater treatment; electronics;
and refigerant gas. There are also a number of paigal or emerging CQ uses around
mineralisation and liquid fuels.

However, in terms of CQOreuse, EOR is currently the most viable reuse optioRIus,
unlike the other reuse opportunities mentioned abog, EOR or other types enhanced
hydrocarbon recovery opportunities can be done in c@mction with permanent
geological storage, and thus qualify as CCS. Thssparticularly viable where high-purity
exhaust gases are produced at a site in close prawity to an onshore oil field suitable
for EOR, where the value of the additional oil exitted may be able more than to offset
the additional CCS costs. These costs, however, alsnclude requirements to properly
evaluate the site and undertake monitoring and veication to ensure that the CQwiill
be permanently stored. EOR operations that traditiofig are unconcerned with
permanent storage have not had to meet such requireents.

In addition to any early opportunities that may matealise in the short term, in the

longer term other business models may emerge as gavenents commit to mitigate

emissions and as the costs of emitting COrise. Some businesses have started to
identify innovative business strategies for CCS thalign with their long-term strategic

objectives. This section reviews some of these busss models for CCS in industry.

7.1 1hahhsttied | QTS proj et ss witth Evirearoet Qil | Reenyery

The use of COfrom high purity industrial sources for EOR could beconomically
attractive. EOR is applied on a large scale in Nortkmerica, albeit in connection with
CCS only in five onshore locations (the Weyburn peot in Canada, and the Rangely,
Sharon Ridge, Enid Fertilizer and Slat Creek projsdh the USA). The price paid for the
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CQ used to enhance the oil recovery is in the range &fSD 15-30/tCQ This price could
support early capture opportunities. EOR has also bedested in developing countries,
in projects such as the Buracica project in Brazilyhich has reinjected CQin the period
1991-2009, and the Jilin Qilfield in China in 200B003. While the storage potential for
EOR in the long term is uncertain, it can help to gearly demonstration projects off the
ground.

EOR projects using COneed to meet a number of technological requiremest
Traditionally, EOR is done on oil fields in declinegnd after water flooding and gas
injection is applied. In some regions, natural gass more readily available than CO In
these regions, natural gas will tend to be the agerof choice for EOR, resulting in a lost
opportunity to reduce CQ emissions. This is in part because of a lack of fettive
coordination between the industries producing the O, and the industries in need of it.
Exceptionally, MASDAR in the United Arab Emiratesaistively searching for effective
source/sink combinations to use COfor EOR and then permanent storage.

Three other aspects which are of importance when msidering the challenges in
matching sources and sinks:

the demand for CQby a particular project for EOR is not constant: éhinjection
profile requires much more CQto be used initially than in the later stages of
recovery as the reservoir is saturated and the CQroduced with the oil is
recycled back into the reservoir;

the timing of the availability of the CQis crucial. Once an oil field has been
abandoned, it is not economical to reopen it for EQBnd

EOR activities can be optimised for G@njection, or for oil recovery, but not for
both. Currently, they are generally optimised for oifrecovery. This could be
changed to maximise the volume of CQtored, but more experience is needed to
determine how this would work in practice.

In 2002, IEA GHG published a study which matched rewe-generating enhanced
hydrocarbon recovery based sinks and high-purity soues of CQ within a 50 km
distance from each other in order to identify potetial early applications of CCS (IEA
GHG, 2002b). The study showed that the projects thenight be expected to go ahead
even with low or no incentives could potentially sesester a total of 360 MtCCa year.
This figure will have changed in recent years as thetal volume of available high-purity
CQ is likely to have increased in size. Other importa factors that have changed
significantly since 2002 are the expected costs of ndertaking CQ capture,
transportation, and monitoring, and the price of di Both sets of factors will impact the
economics of EOR by itself driving CCS. Furthemotke large potential for ECBM
recovery envisaged in the 2002 study is now probabmuch smaller.

7.2 Imdiustrial agglomerations

While the business case for a single project may hienited, applying CCS to a cluster of
CQ and other GHG sources may improve economies of lscaand have advantages in
terms of planning requirements, public acceptance ral transport infrastructure
(McKinsey & Company 2008). The concentration of l@m&rbon industries within a region
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could also create industrial hubs of CCS expertiseThere have been a number of
propositions for industrial collaborations on CCS ithin Europe and Australia which seek
to exploit these opportunities.

The proposed CCS cluster in the Port of Rotterdamthe Netherlands is probably the
most advanced of these. The port and the surroundirarea is highly industrialised, with
a large number of refineries and petrochemical conamies. In 2007, as part of the
Rotterdam Climate Initiative, a roadmap was devisetb deploy a number of CCS
demonstration installations in the region before 2@5, in both the power and industry
sectors, capable of annually capturing 20Mt/ly at fuldeployment (DCMR, 2009). The
development of the CCS cluster has been assistedrttugh engagement and dialogue
with companies such as Shell, E.ON, Essent, Air Pratsy Gaz de France, TAGA and
Wintershall. All the companies are involved operatg either production facilities in the
port area or oil and gas extraction platforms offhie coast of the Netherlands in the North
Sea.

There are separate proposals for a CCS cluster retTeesside region in the North-East of
the United Kingdom. The proposed CCS installatiomsclude a new 800 MW integrated
gasification combined power plant planned by Centracplc, and the retrofit of CCS to the
420 MW Lynemouth coal-fired power station owned by idR Tinto Alcan. The
implementation of these initial projects is expectd to capture 7.5 Mt CQa year, with
the possibility of including other industries in the cluster to double this to 15 MtCQa
year. In addition to reducing CQemissions, the regional development agency views ¢h
development of the cluster as an opportunity to safgiard current jobs and to stimulate
further employment in the area. The implementationfahe proposed CCS installations is
dependent on government funding.

In Sweden, research is being undertaken to study duster of CCS opportuntities in the
Skagerrak region. The aim of this project is to lknidentified suitable sinks to CQ

sources above 0.5 M tonne/year in the region whicimg¢lude: three power plants, three
refineries, two cement plants, one petrochemical pht, one paper & pulp mill, one
ammonia and one ethylene plant. The total emissiorfsom these plants are about 12 M
tonne/year. The potential sinks identified in the rgion including onshore and offshore
aquifers as well as oil and gas fields in the NortBea.

7.3 Oneecompany value chains: BP’s Decarbonised Fuel profec

One of the barriers to the implementation of CCS the diversity of industries involved.
This ranges from risk-seeking oil and gas companiesith high profit margins, to risk-
averse power companies, to industries that compete global markets with very tight
margins.

BP has been exploring the possibility of creating wae from CCS through its vertical
operations by establishing a model which would endb the delivery of decarbonised
fuel (DF) to customers. In the Peterhead (or DFpipject in the United Kingdom, BP
aimed to extract oil, to gasify it to produce CQand hydrogen, to separate the CQo use

for EOR, and to supply the hydrogen to a power planthe viability of the project was
dependent on a subsidy from the government which didot in the event materialise.
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Two other DF-projects, the Carson project in the ited States involving pet coke and the
Kwinana project in Australia, were abandoned for a rangd other reasons.

A further DF project (DF-4) may now potentially to ghead. Hydrogen Power Abu Dhabi
(HPAD) was launched in 2007 as a joint venture betn BP Alternative Energy and
MASDAR (the Abu Dhabi Future Energy Company). The j@nture plans to produce
hydrogen from natural gas and then to use the hydrogeto operate a 400 MW power
plant. This will constitute 5% of Abu Dhabi’'s powecapacity. 90% of the CQresulting
from the hydrogen production process will be capted and transported by pipeline to
be used for EOR in the area, ultimately being storedhe project, expected to be
operating commercially by 2012, will store 1.7 Mt &Q a year.

7.4 Synergies betvemminthlisstiad |pyozhiotioom aantH powverogeresation

Opportunities also exist to collocate a number ofndustrial plants, or a number of
industrial and power plants, to maximise the oppornities for sharing equipment, or
one plant utilising the waste process from anotherand thereby reduce the costs of
carbon capture. For instance, industrial plants whh need large volumes of oxygen for
oxyfuel processes could be sited near, and share trmutput from, a single air separation
plant.

Within individual industries, a number of synergist opportunities also offer
themselves. Two specific such opportunities are olined below.

7.4.1 Polygeneration opportunities in steel produadn

Liu et al. (2010) highlights a number of breakthrgh concepts which may have a
significant impact on enabling the application of CS to reduce CQemissions from
China’s steel production and power generation induges.

One of the concepts is the possibility of combining new form of blast furnace with a
combined cycle power generation unit. The blast fuace would be fuelled by the
injection of super-enriched air with a higher thamormal oxygen content. The top gas
produced within the blast furnace would be recoverkand used for power generation.

In this concept, the increased oxygen level wouldndance the ability of the coal feed to
act as an iron reductant, and allow it to be gaséd within the blast furnace to produce a
top gas with improved fuel properties (Lanyi et al2010). The blast furnace top gas
would be primarily made up of CO and,HIn order to increase the concentration of H
(the fuel content) in the gas before it was fed intthe turbine of the power plant, CO
would need to be removed. This could be achieveding a shift reactor which converted
the CO into CQ which could then be efficiently removed using comntional CQ removal
techniques. The process is outlined in figure 7.1.
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Figure 7.1 Oxygen blast furnace with combined cyclewer plant (Liu et al. 2010)

As discussed in section 3.3.2 above, a small numbesf direct reduced iron (DRI)
installations have been combined with coal gasifidéon installations and configured to
use the coal-derived syngas as the reducing gas faron production. CQ from the
gasification process could be captured using pre-eobustion technologies (Knop et al.,
2008). It would also be possible also to use Hrom the gasifier to run a combined cycle
power plant.

DRI based on synfuel has significant potential forpglication in developing countries

with limited access to natural gas but an abundanceof coal. The DRI syngas
combination is already in successful operation in l@na. It seems likely to grow as an
approach, given China’s accelerating investment igasification technology (Liu et al.,

2008).
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Figure 7.2 DRI process with a combined cycle powdaupt (Liu et al. 2010)

7.4.2 Carbonate looping andt@@irapture from power plants

In carbonate looping, calcium oxide is put into caact with the combustion gas
containing CQ to produce calcium carbonate. The calcium oxide isegenerated by
calcination, giving a CQ offgas. The carbonation and calcination loop canebused to
capture the COfrom the flue gases of combustion chambers, suclné boilers of power
plants. In some circumstances, it may theoreticallype possible to combine a power
plant and a cement plant, with the clinker burningprocess utilising the degraded CaO
from the looping process (see Figure 7.3).

Carbonation technology is not yet sufficiently develogd to enable CQcapture, and the
potential synergy between power and cement plants haget to be tested (ECRA, 2009b).

Figure 7.3 Combination of power plant and cementgpit with carbonate looping (ECRA,
2009b)
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8. Main gaps for CCS in industrial C@ources

Although a good deal of information is available orthe technology, economics and
policies relevant to industrial CCS, many gaps andallenges in knowledge and action
remain. The most important ones include:

Lack of emission and emission projection data;

Lack of real data on engineering costs;

Inconsistencies in reporting on estimated cost data

The confidentiality of industrial data;

Lack of awareness and political will to deliver ingstrial CCS;

Low awareness and limited relevant human capacity geveloping countries; and
Lack of progress on developing policies for CCSarglobal framework.

What needs to be done?

Industrial CCS cost could be reduced through tranepation and storage infrastructure.
Spatial planning aiming for industrial hubs can faititate CCS.

Risks must be reduced. Demonstration plants are nded to prove the feasibility of

industrial CCS, ascertain smooth operation and creamore clarity concerning CCS cost.
A regulatory or pricing system that creates an incéme for CCS and other mitigation
options is required. If a global system is not possie, a policy framework must correct
for trade-distorting effects. Global sectoral appraches could constitute one way ahead
for the short term.

Industrial CCS should be supplemented by a long-ter strategy to wean industry off
carbon containing energy carriers. Electricity and hydgen from zero-carbon sources
and development of new materials and services wittow energy intensity need to be
pursued further.

Demonstration projects

It is recommended to build demonstration plants indeveloped and developing
countries. Involvement of China will be critical aghe country accounts for half of global
primary steel, cement and clinker production. In adtion, China’s industry is largely
coal-based. The Middle East could play a critical mlin the demonstration phase
because of interesting COEOR opportunities.

In order to scale-up the technology, the IEA has proged that 100 additional
commercial scale demonstration projects will be neded by 2020, in a number of
countries and settings (EA Technology Roadmap Carbon capture and storagé09).
Data on project demonstration real cost needs to bmade available.

54



9. References
9.1 Sectoral assessments
This report draws heavily on from 5 sectoral asses&mts:

Barker, D., 2010. Sectoral assessment for CCS iretbement industry. United Nations
Industrial Development Organisation.

Birat, J.P., 2010. Sectoral assessment for CCS ke tsteel industry. United Nations
Industrial Development Organisation.

Brown, J., 2010. Sectoral assessment for CCS in tieining industry. United Nations
Industrial Development Organisation.

Carbo, M., 2010. Sectoral assessment for COapture from biomass-based industrial

sources.
United Nations Industrial Development Organisation.

Zakkour, P and Cook, G., 2010. Sectoral assessmémt CQ capture from high purity CQ
industrial sources. United Nations Industrial Devepment Organisation.

9.2 Other references

Bakker, Stefan, Heleen de Coninck and Heleen Groeberg, 2009. Progress on
including CCS projects in the CDM: Insights on ireased awareness, market potential
and baseline methodologies. International JournalfadGreenhouse Gas Control 4 (2010)
321-326.

BIC Magazine, 2010, Ethanol plant partners in CQ sequestration,® June 2010, BIC

Alliance, Baton Rouge, LA, U.S.A.

Bodansky, D., 2007. International sectoral approaclisen a post-2012 climate frame
work. A Pew Center working paper. Available on
http://www.pewclimate.org/docUploads/International% 20Sectoral%20Aggreements%
20in%20a%20Post-2012%20Climate%20Framework.pdf

Chauval, A. and Lefebre, G., 1989. Petrochemicab&ssses, Technical and Economic
Characteristics, 1. Synthesis Gas Derivatives and jdaHydrocarbons, Editions Technip,
Paris, 2001. Cited in IPCC (2005).

Coninck, Heleen, de., 2008. Trojan horse or horn pfenty? Reflections on allowing CCS
in the CDM. Energy Policy 36(3): 929-936.

DCMR, 2009. CQrapture, transport and storage in Rotterdam. Rottdam Climate
Initiative. DCMR Environmental Protection Agency, TiRetherlands.

Demirbas, A. 2002, Gaseous products from biomass by pyrolysis and gasifition:

effects of catalyst on hydrogen yield;Energy Conversion Management, 43, 897-909.

De Mello, L., Pimenta, R., Moure, G., Pravia, Ogdadhart, L., Milios, P., & Melien, T.,

2008. A technical and economical evaluation of C@2pture from FCC units. Paper

presented at Green House Gas Technologies 9, Wagjton DC, USA. November 16-20

2008.

ECRA, 2009a. Development of State of the Art Tecluagg in Cement Manufacturing:
Trying to Look Ahead. ECRA-CSI, Dusseldorf, Germang Geneva, Switzer
land.



ECRA, 2009b. ECRA CCS Project — Report about Phas€RA, Dusseldorf, Germany.
Epple, B., 2007. Fluidised bed based CC€apture by carbonate looping. Available on
http://ec.europa.eu/research/energy/pdf/gp/gp_events /krakow_ 09feb07/epple_en.pd
f

Evers, A.A., 2008. Actual worldwide hydrogen produoti. Poster presentation, Han
nover FAIR. Available at
http://www.hydrogenambassadors.com/background/images/actual-hydrogen-
production.pdf

Gao, N., Li, A, Quan, C., & Gao, F., 2008. Hydrogieh- gas production from biomass
steam gasification in an updraft fixed-bed gasifiercombined with porous ceramic
reformer. International Journal of Hydrogen Enerd33, 5430-5438.

Global CCS Institute, 2010. The status of CCS puotge— Interim report 2010. Global CCS
Institute, Canberra, Australia. Available omww.globalccsinstitute.com

Hagemann, M., 2010. Bilateral and Multilateral Presses and their Progress Towards
Achieving Effective Implementation of CCS. Presentat at GHGT10, September 19-23
2010, Amsterdam, Netherlands

Hendriks, C., Graus, W, and van Bergen, F., 2004loléal Carbon Dioxide Storage
Potential and Costs. ECOFYS/TNO report EEP-02001.

Hoenig, V., 2007. Carbon dioxide control technologs. Presentation at PCA
Manufacturing Technical Committee Chicago, 10 Sepiber 2007. Available at
http://www.cement.org/manufacture/pdf/\VVolker%20Hoen ing%20MTC%?20Presentatio
n%20Fall%202007.pdf

Hurst, P. & Walker, G., 2005. Post-Combustion Seption and Capture baseline studies
for the CCP Industrial Scenarios. Carbon Dioxide@are for Storage in Deep Geological
Formation, Volume 1, p117-131.

Hydrogen Association (website).

http://www.hydrogenassociation.org/general/fags.asp .

Accessed on July 21st, 2010.

IEA, 2009a. Energy Technology Transitions for Industry Strategies for the next
industrial revolution. International Energy Agency Puications, Paris, France.

IEA, 2009b. Technology roadmap — carbon capture amtiorage. International Energy
Agency Publications. Paris, France.

IEA, 2010. Energy Technology Perspectives 2010. Ingional Energy Agency
Publications. Paris, France.

IEA Bioenergy, 2008. IEA Bioenergy annual report. Imational Energy Agency. Paris,
France.

IEA GHG, 2000. CO2 abatement in oil refineries: tireeaters. Report PH3/31. IEA
Greenhouse

Gas Programme, Stoke Orchard, Cheltenham, UK.

IEA GHG, 2002a. Building Cost Curves for,(Sforage, Part 1: Sources of COPH4/9,
July, 48 pp. Cited in IPCC (2005).

IEA GHG, 2002b. Opportunities for Early Applicatioh 6Q Sequestration Technology,
Ph4/10: 91 pp.

IEA GHG, 2008a. CO2 Emissions Database version 20@ Greenhouse Gas
Programme, Stoke

Orchard, Cheltenham, UK.

IEA GHG, 2008b. CCCapture in the Cement Industry. International EngrgAgency
Greenhouse Gas R&D Programme, Technical Study, Replermber 2008/3.

56



IEA & CSLF, 2010. Carbon capture and storage. Preg@nd next steps. IEA/CSLF Report
to the Muskoka 2010 G8 Summit, prepared with the emperation of the Global CCS
Institute. OECD/IEA: Paris, France.

IEA & WBSCD, 2009. Cement technology roadmap 200€arbon emission reductions
up to 2050. OECD/IEA and The World Business CourmilSustainable Development.
IPCC, 2005. IPCC Special Report on Carbon Dioxidpt@e and Storage. Prepared by
Working Group Ill of the Intergovernmental Panel o@limate Change [Metz, B., O.
Davidson, H. C. de Coninck, M. Loos, and L. A. Mefggts.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

IPPC,2007. Climate change 2007: Synthesis reportor@ribution of working groups I, Il
and Il to the fourth assessment report of the Intgovernmental Panel on Climate
Change.

Knop, K. Hallin, M. Burstrom, E., 2008. ULCORED 3P Toncept for minimized CO2
emissions. Proceedings of the 4th Ulcos seminar,2.October 2008.

Kuuskraa, V., (2009). Carbon Dioxide Capture forogige in Deep Geological Forma
tions — results from the CQCapture Project, Volume 3, p9-14.

Lanyi, M., Terrible, J., Geerdes, M. & Vaynshteyn2R10. Blast furnace iron production
with integrated power generation. Patent applicatin. Available 08/11/2010:
http://www.faqgs.org/patents/app/20100146982

LEK, 2009. ‘An ideal Portfolio of CCS Projects amatiBnale for Supporting Projects’
Lindsay, I., Lowe, C. Reddy, S., Bhakta, M., Balkered®., 2009. Designing a climate
friendly hydrogen plant. Energy Procedia 1 (2009) p4521102.

Liu, H., Gao, J., et al., 2008. Promotion of the@G Technology in China for Power

and Fuel Production. Tsinghua—BP Clean Energy Resband Education Center report.
Liu, H. & Gallagher, K.S., 2010. Catalyzing strategransformation to a low-carbon
economy: A CCS roadmap for China. Energy Policy, 38%)74

Maddox, R.N and Morgan, D.J., 1998. Gas Conditiaqnand Gas Treating, Volume 4: Gas
treating and liquid sweetening. Campbell PetroleurBeries, OK, USA, 498 pp. Cited
in IPCC (2005).

Matripraganda, H.C. and Rubin, E., 2009. C@duction potential of coal-to-liquids (CTL)
plants, Elsevier 2009.

McKinsey & Company, 2008. Carbon capture and storagkssessing the economics.
McKinsey & Company, Inc.

Melien, T. and Brown-Roijen, S., 2009. Economics. rBan Dioxide Capture for Storage
in Deep Geological Formation, Volume 3, p237-264

MGSC, 2010, Midwest Geological Survey Consortium w&b. Last accessed on 2
September 2010http://sequestration.org/ ,

Morin, J. & Be’al, C., 2005. Chemical looping Condbion of refinery fuel gas with CQ
capture.

Carbon Dioxide Capture for Storage in Deep Geolagli€ormation, Volume 1, p647-654,
Phillips, G., 2002. CQ management in refineries. Foster Wheeler Energy il
Reading, UK.

Rhodes, J. S., & Keith, D. W., 2008Biomass energy with geological sequestration of

CO2: Two for the price of one?Presented at the Sixth International Conference on

Greenhouse Gas Control Technologies, October 1 t@ber 4, Kyoto, Japan.
Simbeck, D., 2005. Hydrogen Costs with CO2 CapturRublished in Greenhouse Gas
Control Technologies, Volume II, p1059-1066.

57



Skyonic, 2010. DOE Awards Skyonic $25M to Build Lasg€arbon Mineralization Plant,
press release from Skyonic Corporation dated 29 J@910.

Statoil, 2010. Mongstad thermal power plant. Publtsed: 2007, updated: 2010. URL.:
http://www.statoil.com/en/ouroperations/terminalsre fining/prodfacilitiesmongstad/p
ages/energiverkm

ongstad.aspx

Straelen, J. van, F. Geuzebroek, N. Goodchild, @Gotépapas, L. Mahony., 2009. CO
capture for refineries, a practical approach. Enerdjrocedia 1 (2009) 179-185

Tata Steel, 2010. Hisarna. Available on
http://www.tatasteeleurope.com/en/responsibility/env _ironment/climate change/brea
kthrough_technologies/hisarna/

TCM, 2010. Infocenter. Fronhitp://www.tcmda.no/infocenter/ on 23/6/10

UN DESA, 2007. Industrial Development for the 21sinfury: Sustainable Development
Perspectives. United Nations Department of Econon@ind Social Affairs.

UNIDO, 2009. Industrial Development Report 2009. daking in and moving up: New
industrial challenges for the bottom billion and tle middle-income countries. United
Nations Industrial Development Organisation: Viennaustria.

Zakkour, P., King, E., Cook, G., Maruyama, N., RaBa, 2008. Carbon dioxide capture
and storage in the clean development mechanism: asssing market effects of
inclusion. ERM Report 2008, November, 2008.

58



Annex |::Adridigetimeeting report Abu Dhabi- full report available from UNIDO
The Global Technology Roadmap on CCS in Industry

In February 2010, a project was launched to devel@pglobal technology roadmap on
carbon capture and storage applications in industryCCS is generally associated with
applications in the power sector, however there arpotential opportunities to deploy the

same basic fundamental technologies in many of theorld’s largest industrial sectors.

Critically, there still remain significant knowledg gaps in moving towards commercial
implementation of carbon capture and storage, espéaly in industry. The roadmap will

explore the technical details, deployment potentialand specific policy and regulatory
aspects of CCS deployment in industry, while simult@ously raising the awareness of
the subject.

Initiated by the United Nations Industrial Developm& Organization (UNIDO), the EUR
500,000 project is supported by the Norwegian Minisy of Petroleum and Energy and
the Global Carbon Capture and Storage (CCS) Ind&tuThe project will draw from the
methodologies and experience of the partners in témology foresight and road-
mapping, and provide relevant stakeholders with aision of industrial carbon capture
and storage up to 2050. It will have a focus on deloping countries with energy
intensive industries, and aim to inform policymakes and investors about the potential
of such technologies. The roadmap is due for comgien by the end of 2010.

As part of the project, two workshops will be orgamed. This document serves as the
report of the first workshop in Abu Dhabi, which amregated an international group of
industry representatives and experts.

Objective of the meeting

The workshop has served several purposes. First,vitas intended to provide the Global
Technology Roadmap on CCS in Industry with informatiabout the sectors by bringing
together experts and discussing the work done so faSecond, it was intended as an
opportunity for stakeholders from a wide range of amtries, including developing

countries, to gain insights on potential opportunites for CCS.

The workshop was structured in a plenary session getg the scene, and four parallel
breakout sessions with a sectoral focus. In additio, there were crosscutting issues in
which representatives of the different sectoral wdishops could discuss alignment,
similarities, differences and overlap on four diffeent topics: long-term vision, data and
projections; costs and financing, incentives and mgulation, and technical issues for
transport and storage. The crosscutting groups repbback into the sectoral workshops,
and the sectoral workshops presented the outcomesiithe plenary.
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1. Introductory sessions

1.1. Opening

During the opening session, the speakers highlight the importance of advancing CCS
in industry. A presentation was given on behalf ofre of the sponsors of the Roadmap,
the Global Carbon Capture and Storage Institute @lal CCS Institute). The objective of
the Global CCS Institute is to bring together theyblic and private sectors to build and

share the know-how and expertise necessary to ensutbkat carbon capture and storage

(CCS) can make a significant impact on reducing theorld’s greenhouse gas emissions.

The Institute facilitates the deployment of CCS pmgts by sharing knowledge; fact-

based advocacy and assisting projects. The Global E@hstitute aims to encourage CCS
demonstration projects, of which a ‘balanced portfico’ of CCS demonstrations between
developing and developed countries, and between theower sector and industry are

needed.

MASDAR, a partner in the Roadmap and host of the eting, also provided an opening

speech. It was highlighted that although the Emirateof Abu Dhabi is a fossil-fuel

dependent economy, the governing bodies are awaredhsuch resources are finite, and

that it is important to look into renewable sourcesof energy, and to explore CCS in
attempts to mitigate climate change.

1.2. Scene Setting

During the scene setting part of the meeting, presgations were given by UNIDO, the
IEA and the Energy research Centre of the Netherla@CN). Brief summaries of each
are shown in respective order below.

Industry accounts for approximately 40% of total eney-related CQ emissions. The

majority of industrial energy use takes place in desloping countries, and the

involvement of such countries in technological devepment is important. In certain

industrial sectors, such as the cement sector, CGSthe only way to significantly reduce
CQ emissions. So far, the majority of attention has ken given to CCS deployment
within the power sector.

According to the IEA, not considering CCS as a mitfign option will increase the costs

of achieving a 50% reduction on 1990 C@evels by 2050, by approximately 70%. Within
the IEA Technology Roadmap for Carbon Capture andr&ge (2009), almost half of the
emission reduction potential using CCS needs to ogcin industry, if this target will be

reached at the lowest possible cost.

A roadmap is actionable, and should provide an agea to act for government, industry
and the financial sector. The progress through a aslmap can be measured by defining
milestones to be reach, for example, a certain nunelo of CCS demonstrations in industry
by a specific point in time. This Roadmap starts wtan assessment of the current
situation, and then uses data, methods and assumpins to derive a vision of the future.
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Actions and milestones, gaps and barriers and relemt actors and stakeholders will
then be identified.

2. Sectoral workshops

The sectoral workshops had three sessions: one scessetting session on the
background, data and broad characteristics of theextor; the second session on the
gaps and barriers to a future, low-carbon vision fahe sector, and the third on potential
actions and milestones to be included in the roadnma The sectors discussed were:

1) High-purity CQsources

2) Cement

3) Iron and steel

4) Refineries

5) Biomass-based sources

2.1. High-purity CQ sources

The UNIDO CCS Roadmap for industry - high purity seetorkshop - brought together a
range of expertise from the natural gas productionndustry (e.g. OMV, BP, PTTEP),
equipment and service providers (e.g. Schlumberger,Linde) and secondary
manufacturers (e.g. the Indian Fertiliser Associam), as well as respected academics in
the field of carbon capture and storage (CCS).

The sectors to be included in the high-purity sean are gas processing/refining;
hydrogen production/ammonia production (and fertili®r production from NH3);
synthetic fuel production (synthetic gas production/oal-to-liquids/gas-to-liquids); and

ethylene oxide production. The unifying feature betsen the sectors is the production of
high CQ concentration process offgas streams, which are adily available for CCS

without the need to capture °CQ (i.e. without the need to concentrate a dilute seam of
CQ to make it economically viable to transport and ste).

Most current CCS demonstration projects are takingace in the high purity sector (e.qg.
Sleipner, In Salah), and the skills and technologsehave for CCS have been used in this
sector for many years (e.g. gasification technology)The fertiliser industry is also
capturing CQ from flue gas to provide additional COfor urea production. High purity

sources offer the lowest capture costs — as littlas $8/tCO, — compared to the typical °
costs cited for CCS deployment (e.g. in the range $%$100/tCO, for the power sector).

Enhanced oil recovery using CGshould also act as a major pull factor to potently
develop early opportunity CCS projects using C®om high purity sources. The evidence
that this can be achieved is demonstrated throughhe network of CQinfrastructure in
the United States. Here low cost and mined C@ supplied at a price of c. $35/tCQat
the wellhead to oil field operators for tertiary oilrecovery in mature fields; the economic
benefits are clear as 1tCQcan deliver 2-3 incremental barrels of oil (thisdds around
$11-17 to the marginal production cost per barreh ithese regions, which is still
economically attractive). This discussion set the t@e for many subsequent sessions of
the workshop, where a focus was maintained on thele of CQ-EOR in pulling in high-
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purity CQ sources as a form of early demonstration for CCShmology (in the absence
of CQ price incentives).

The second session focused on gaps and barriers ©©CS deployment. Gaps were
highlighted in a range of areas including the laclof CQ transportation networks in
which to place high purity CQ(to deliver it to oilfields); the need for bettersource-sink
matching to understand potential; improved understading of offshore EOR potential
(and challenges); a lack of data on future emissi@ifrom natural gas production; clearer
understanding of future fertilizer production pathvays; and understanding of possible
perverse outcomes through incentivising CCS for press offgas streams. Indentified
barriers to deployment included: the lack of a CQrice incentive; oilfield economics (for
EOR); whether high purity sources are sufficient f&@OR; and operator perception of CO
injection into oilfields.

The third session focused on actions and milestone®r CCS deployment in the sector.
Near-term actions were highlighted as: identificatin of candidate regions with early
CCS opportunities linked to high purity CQraising of awareness amongst policy makers
and other stakeholders of the role of early opportuities linked to high purity CQ,
cooperation and sharing of data; and the developménof coherent policies and
industrial strategies for CCS demonstration and dégyment. A range of milestones were
highlighted including the need to recognise CCS aa mitigation activity under UN
mechanisms; recognition of CQEOR as a mitigation activity; the establishment of
standardised monitoring, reporting and verificationrequirements for CCS; and better
information sharing through development such as a @ storage map for key regions
such as the Middle East.

2.2. Cement

During the cement sectoral session, the attendeesgaeed that deep reductions in CO
emissions within the cement sector would only be pasble with CCS. Also from the
discussion it was noted that of the gaps and barris were shared with other sectors. A
financing mechanism, the typical location of cemenplants to limestone quarries rather
than CQ sinks, the reliance of the industry on technology pwviders to undertake the
necessary R&D and the reluctance of cement producdmsundertake non-core business
operations (such as CQcapture, transport and storage) were some of keyalriers
identified by the group.

Although within the group it was generally felt theprojections by the IEA regarding
uptake of CCS were optimistic the importance and ed for engagement with India and
China was identified. Regulatory clarity and fundingof demonstration projects
(particularly oxyfuel cement plants) also emerged deey actions.

2.3. Iron and stee/

The iron and steel sector is rather proactive in teis of CQ-lean steelmaking, with
programs aimed at developing breakthrough technolags that have been launched
across the world for almost 10 years. The most congirensive and ambitious program in
the sector is the EU ULCOS program, which has predgmreached the point where a
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demonstrator of one of its 4 flagship projects is mwceeding towards a full CCS
implementation on a blast furnace in France (ULC®%), with storage in a deep saline
aquifer. Other programs are active and exchange nevon their progress in a Forum of
Worldsteel, the sectoral business association, cad "CQ Breakthrough Program
Committee". The project of MASDAR and Emirates Steelcapture and use the CQOfor
EOR is also quite exemplary. Both the ULCOS-BF anel thAE projects should go on
stream around 2015.

CCS has a large role to play in the steel sector,dmise carbon is used in the sector as a
metallurgical reducing agent, not as a fuel for cobustion. This, however, raises issues
as technologies tailored for the sector have to bdeveloped. Favored are so-called "in-
process" capture, which does not match any of theategories familiar in the case of
combustion, which offer the promise of reducing errgy needs and increasing
productivity in parallel to their effect on GHG migation. There are however, longer term
options, also under development in ULCOS, which amost-carbon society solutions,
based on the use of electricity, hydrogen and biomasand thus different from CCS.

Currently, there are many hurdles to overcome untihis vision is turned into practical,
commercial implementation, with hoards of risks. Niee of the steel CCS solutions are
no-regret as they imply extra OPEX and CAPEX, therfaniag of which remains very
uncertain today - which is not helpful in a businessontext. To ensure that the new
technologies are actually developed calls for largsubsidies from governments and
regional organizations to let the process gear uptspeed; some more political solutions
will be needed to ensure deployment of the technolgg foremost of which is a world
level playing field to avoid carbon leakage to cadm-haven countries. A worst case
scenario, where all the risks would materialize, wdd mean that the implementation of
CCS might not take place at all, beyond an initialethonstration stage. The issue of the
social acceptance of CCS was also discussed, witietuncertainties that it carries.

It was also pointed out that the temporalities fordeveloping new technologies and

deploying them is not in line with the target of, fo example, 100 CCS plants by 2020,
posted in the IEA Blue Map. The process will be nfuslower at the beginning than

expected by international organizations, because mie needed to practically move
forward has been underestimated by them. The pointfodeveloping very many

demonstrators, like what is preferred in the coal-ased electricity sector, does not apply
in the steel sector, at least in the short term (url 2020, when technologies like Hisarna
or ULCORED will become ripe). A single demonstradorvery few of them seems to be
sufficient.

The barriers to CCS deployment in the sector weresaldiscussed. The issue of the
guality of the data on present emissions and energyooasumptions was also debated,
with a strong focus on their uncertainties and fuZzmess. There is a lack of knowledge
regarding the geology of the underground, worldwideespecially regarding the deep
saline aquifer geological layers of interest. This ata gathering is needed and it is
probably the responsibility of the states to take car of it. There is also a lack of
experience, competence and knowledge on CCS in tlten and steel sector. Efforts in
capacity building will be needed. A strong communid¢en program, oriented towards a
general public, is also important.
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The concept of "CCS ready" can make sense in the etsector, for the ULCOS-BF, for
example, where it would mean operating the furnaceith pure oxygen and recycling the
top gas after de-carbonizing it. This is a major tdnology shift, with does not simply
mean that provisions have been made for later stoge, like what is often meant in the
power sector. The concept may be a bit fuzzy and needlarification.

2.4. Refineries

Participants who took part in this sector workshomgreed that the technical challenge
with refineries is the complexity and the variatiorin the unit operations at each facility
and hence the vastly different emissions sources ateach. Because of this a
simplification is considered the best approach andthe methodology used was
acceptable, but when defining capture options it isimportant to make distinction
between Greenfield and Brownfield installations. Apoint may be to investigate the
proportion of IOCs, NOCs, and JVs in the refinimglustry and the relative willingness of
each category to undertake CCS. There is also a dee comment on the impact non-
conventional fuels are likely to have on the refiniindustry, eg. NGLs, GTLs, CTLs & bio-
fuels. The participants could not offer any recomnmelations of data sources for
emissions projections or for the role of CCS in theefining sector, but did offer some
good technical references.

The second session focused on the gaps and barrie@ssociated with deploying CCS in
the refining sector. For this section gaps and baars were categorised as specific to the
sector or applicable to all CCS deployment. Issuespecific to refining industry are: low
refining margins, lack of real estate to retrofit CS technology, multiple relatively small
sources of different CO specifications. Issues which are more broadly relat to all
sectors are: finance, storage, water and electrigit supplies, CQ specification, and
legislation. A weakness for this discussion was thetechnical background of the
participants, which lead to a focus on issues at more detailed level than policy.

The third and final session attempted to specify soen sector specific actions and
milestones to roll out CCS. The conversation condesied on lack of actual data and
experience with CCS. It was felt in order to put wrsort of legislation in place there was a
need to introduce standard methodologies for emissns measurement and develop a
comprehensive emissions inventory. There is also &ead to increase awareness of CCS
in the refining industry, particularly amongst the egineers and professionals, both
through course and design guidelines/standards. Owtide of Europe and North America,
CCS is a relatively unknown technology. Knowledge msfer and sharing with
developing nations is considered very important tohe quick deployment of CCS. Under
all scenarios, there is a need to demonstrate CC8chnology and the high purity CO
sources in the refining industry offer the opporturty for low cost demonstration, to

prove to the developing regions that technology isiable. Local champions®for CCS

technology will increase the opportunities to demonsate and disseminate the
technology.

2.5. Biomass-based sainces

Biomass-based industrial CQsources form an indispensable solution in pursuiof low
GHG concentration stabilization levels in the atm@here. A wide array of biomass-
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based industrial CQ sources are expected to be available in both sherand long-term
future, and as a result the CQcapture costs for biomass-based COsources will
probably vary significantly. CO capture during ethanol production offers a largecale
near-term opportunity at relatively low CQcapture costs. CQcapture during production
of synfuels and H2 from biomass is projected to capte 2.1 Gt COby 2050, according to
the BLUE map high scenario presented in the IEA teclogy roadmap for CCS (2009).
However, less than a handful of pilot and demonstten plants are planned or under
construction to date.

Bio Energy with Carbon Capture and Storage (BECCSH iforgotten technology at
present; it is overlooked by both biomass and CCSmmunities. The technology lacks
industrial champions to pursue broad implementation while there is a lack of
awareness amongst policy makers. Consequently, BECE®&xcluded from any incentive
or demonstration programme that is currently in plae.

One of the first actions to be undertaken is the faation of a BECCS stakeholder
network. This requires mobilization of all relevantommunities: policy makers, NGO's,
scientific community and industry champions. The inveement of bodies such as the
IEA, UNIDO and the Global CCS Institute is considkte be essential in the formation of
such a network. Other early movers are nations thaould have a short-term interest in
application, being Brazil, Sweden, the USA and Indesia. The UNFCCC could play key
role in recognizing negative emission accounting foBECCS. More detailed scientific
studies are needed on costs, long-term contributionon GHG reduction and early
opportunities. Dedicated BECCS pilot and demonstrati projects should be facilitated.

3. Crosscutting issues

In addition to the specific sectoral sessions, thearticipants were also invited to take
part in one of the cross-cutting sessions, 5 of wbh ran in parallel on the second day of
the workshop. The topics covered in these cross-ditg sessions (see 5.1 — 5.5) were
considered important for all industrial sectors.

3.1. Longterm vision, data amd) umcentamies

This session commenced with a discussion of the neslata which would be released by
the IEA within the Energy Technology Perspectives (EZ®L0 report on the 1st July 2010.
Insights were provided into how the data and infor@ation in the new report may have
altered since the previous Energy Technology Perspees 2008 report. A key difference
is the use of the updated World Energy Outlook 2008mission baseline data, which
accounts for the global economic crisis in 2008, lwas highlighted that the due to the
economic crisis, the baseline scenario for C@missions up until 2050 has been reduced
by approximately 5 Gt. The projections for CCS deplognt were also understood to
have decreased, although no exact figure could begsented.

The projections for CCS deployment in industry prested in the IEA Technology
Roadmap Carbon Capture and Storage (2009) were eved. The representatives of the
sectors were asked to give their expert opinion otihe plausibility of the data presented

in the document, specifically in terms of the level®f emissions that were projected to
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be abated in each sector by 2020. Within the sessigrexperts in the field of biomass,
steel and cement production were present. There wasgeneral consensus that the level
of CCS deployment by 2020 presented in the IEA roadmaj@s unattainable given the
current status of the technology, this was particuldy so for the biomass sector due to
the relative immaturity and low scale of biomass-ttiquid (BTL) and hydrogen
production (via biomass).

The model used by the IEA to generate such projectsoidentifies the lowest cost
combination of technologies to achieve a 50% reducin in CQ emissions from 1990
levels, by 2050 (The IEA Blue MAP scenario). The glad intrinsically optimistic, which
explains the high projections of CCS deployment iimdustry. Nevertheless, it was
challenged that producing a roadmap with potentiaj unrealistic deployment potentials
may not be well received by industry stakeholders, @hthus the value of the roadmap
could be significantly reduced. The use of alternate scenarios for the roadmap were
discussed, however no conclusion was reached.

3.2. Costs, financing and business models

It is generally accepted that taxation and emissiondrading schemes are going to
adversely affect industry, unless a truly global deals found. Until there are better
incentives and prices on carbon then it is unlikelyhat CCS will be widely deployed
commercially. Until such a time there are still nite markets for financing some projects
through sale of carbon credits to either high pricé carbon countries such as Norway
and Sweden or by the Chicago carbon exchange, thgiu EOR and also biomass CCS.
Carbon credit mechanisms are limited in size, givetme Chicago exchange only deals in
about 10 Mt of credits per year. Biomass has the famtial to get double credit for COQ
sequestered and EOR because of the oil value.

It is felt that the public sector will probably haveto make some of the initial investments
to demonstrate technology and to build infrastructue. Private-public partnerships are
seen as one method for governments to raise capitaParallels were drawn with the
initial deployment of natural gas and electricity infastructure and the large public
investments that were made in the initial deploymets of these technologies. One of the
big fears with adding CCS, is increasing the pride consumers and hence inducing fuel
and energy poverty on them.

In terms of funding technology, US$40 billion has ben pledged by nations at the
Copenhagen Summit and UK, US and Australia all haftends for developing CCS in
China. In order to reduce the risk to investors taise finance, fundamental issues such
as the security of utilities, carbon accounting medmisms all need to be agreed at the
highest levels. In summary until a global deal is aged, there is limited financial

opportunity available for a few small projects, enogh to prove the technology, but not
enough to deploy it as widely as required to meeniernational targets.

3.3. Incentives, policy and regulation

One of the key issues during this workshop was theegeral lack of sufficient financial
incentives to deploy CCS. There are incentives todtee CQ emissions within the
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European Union through the Emission Trading Scheme $ET and Norway has
introduced a carbon tax, however the prices are aemtly too low to stimulate
investment in CCS. In developing countries, therer&no incentives to deploy CCS, as
emission reductions through CCS will not be assigdeemission reduction credits under
the UNFCCC Clean Development Mechanism (CDM). @beocomplexities of a global
price on carbon, is how you distribute the burdenfocost across various economies in
different stages of development across the globe.

It was recognized that in the EU, CCS demonstratiosse also encouraged through
direct government support, however these have tendeto focus on the power sector.
There is also no regulatory framework that exists &t could incentive negative CO
emissions through the combination of CCS and biomasand there is little funding or
attention for such technologies.

The use of COcollected from high-purity CQ sources and used for enhanced oil
recovery (EOR) could lead to very low abatement costspwever EOR maybe more
attractive and realistic in some regions than othex. The lack of clear policy and
regulatory guidelines linking EOR with a global clinta framework is certainly a barrier
to further deployment.

A main talking point in the session concerned ‘cadn leakage’. Carbon leakage can
occur when businesses shift production from nationsvith stringent regulatory regimes

including high emission taxes or permit schemes, tmations with little or no regulatory

enforcement in order to avoid losing profits. Thisould mean that instead of an overall
reduction in carbon emissions, merely the distribubn of emissions would be shifted

across the globe. Due to issues such as proximity tmarkets, the mobility of industries

and corporate strategy, it is unknown how serious # problem of carbon leakage may
be, however it is a potential problem which may have be addressed through policy.

A regulatory framework to cover issues such as publiawareness and environmental
impact statements were called for, and it was statk that policy and regulatory
development must receive the same attention of teciology development. In certain
countries, existing legislation may block the deplgment of CCS, for example in South
Africa, anybody wanting to store C{Ogeologically would need to pay for a mineral right,
in France a demonstration plant took 4 years to obtaan environmental permit, and in
Indonesia it was thought that the current legislaire framework could not ‘handle’ CCS.

The requirement for monitoring, measurement and viéication (MMV) of CCS projects. A
globally unified approach to MMV of CCS projects waalled for, and it was agreed that
capacity building is required to be able to ensurehtat MMV is completed correctly. MMV
is particularly important under the scenario that gologically stored CO would receive
credits under the CDM, and the liability issues of @ leakage over longer timeframes
was also discussed.

3.4. Technical issues for CQcompression, transport and storage

The crosscutting group on technical issues relatetb transport and storage of COfrom
industrial sources discussed two broad issues: 1)kkelihood that industrial sources are
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close to storage reservoirs; 2) impurities requiremnts for transport and storage. The
group had one representative from each sectoral wkshop, and two from the refineries

group.

With regard to the first issue, for biomass, cemerdnd iron/steel there does not seem to
be a relation between CQOsource locations and geological storage reservoirCement
plants are generally built near limestone reservoirsbut there is no relationship between
limestone and underground sedimentary basins. For ggprocessing plants, there is a
relatively high likelihood that sources and reservios are close together, as the gas is
recovered from a sedimentary basin. This explains eéhshort transport distances in the
Sleipner and In Salah projects. For refineries, the is not necessarily a proximity to oil
or gas fields or to other sedimentary basins, but feeries are often built near the coast
to allow for marine transport of oil, where prospeive storage is also regularly located.
This suggests a weak bias towards proximity of refamies to storage reservoirs.

Requirements for impurities in the COstream depend on the application of the CGand
on the mode, organization and distance of the C@ransport. If the CQis used for EOR,
its requirements for low oxygen levels are very stticThis might be an issue if the CO
originates from an oxy-fired cement kiln. If the emsport is long-distance or in a network
with various sources, dehydration is important to pevent leaking of pipelines, but if the
CQ is intended for EOR and the source is close by,nitight be more cost-effective to
build a short stainless steel pipeline, and leavehe water in the CQ as it is no problem
to inject water with COfor EOR. There may also be a requirement to have ghaurity to
ease compression. In general, however, if a transponetwork is designed in which a
variety of industrial and electricity sources of COfeed the CQ and various storage
applications. What was also flagged was a lack ofwareness with the CQemitting
industries about underground storage issues, suchsaimpurities.

It is recommended that guidelines and standards foimpurities are drafted with ranges
in mind. Guidelines should recommend to start bason impurity requirements with
requirements for storage or EOR and work via the figport phase to what the source of
CQ should do to meet the requirements. This could b#gone in a flow diagram or a table.

4. Early opportunities in the Middle East

Most countries in the Middle East can be charactegd as energy-intensive economies
because of a large oil and gas industry and assoced industrial activities. It is

projected that demand for electricity and gas wilincrease rapidly in the region. Another
characteristic, relevant to CCS that is inherent ihe region is the opportunity to

implement CQ-EOR. Contrary to other places in the world, EOR candeen as a main
driver for CCS — it can provide the demand pull fexx for separation and use of CQ

instead of its emission to the atmosphere.

The crosscutting group resulted in a distribution bMiddle Eastern countries over three

main categories:

1) Countries in which CCS (with EOR) will take 10 toy#ars to materialize. The oil and
gas demand is there and EOR opportunities are ther€nowledge build-up is taking
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2)

3)

place and there are some government activities, but will not be until 2020 or after
that CCS is a broad possibility. Examples could be &@i Arabia and Kuwait.
Countries that are a step further: There is politad will to act on climate change, there
are sources of CQ) but the possibilities for EOR are limited in thehort term. With an
incentive and more capacity development, these courgs could start relatively soon
with implementation, possibly within 10 years. Exampk could be Qatar and Oman.
Countries for which all ingredients are in place: BH® capacity, sources of CQO
political will, human capacity and companies to imigment (such as Masdar). These
countries lack the level of organization and the ieraction between sources and
reservoirs of CQ Examples: UAE and Iran (although the technologicatailability in
Iran is an issue)

The different categories of countries would requiralifferent action plans. In some
countries, international organizations could play aole to see whether political will can
be built. On the other hand, however, the limitatins will need to be understood; in
particular the lack of a global climate change agement with clear incentives for
emission reductions, which means that an EOR demaipdill is essential for short-term
rollout of CCS.

5.

Next steps

The next steps towards the preparation of the Globdechnology Roadmap on CCS in
Industry are:

Finalization of the sectoral assessments based omé sectoral workshop inputs and
further information. Circulation for review by July&

Drafting of the Roadmap. Circulation for review amg stakeholders on August 15.
Organization of a second meeting for review of thRoadmap around GHGT10 in
Amsterdam.

Finalization of the full roadmap, publication of setoral assessment and launch.
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Annex Il Meeting report Amsterdam

1. The Global Technology Roadmap on CCS in Industry

This document serves as the report of the second vkshop in Amsterdam, which
congregated an international group of industry repreentatives and experts.

2. Objective of the meeting

The goal of the meeting was to gather further inpuor improving and advancing the
roadmap. Prior to the meeting, five sectoral assessents and a zero-order draft
roadmap was distributed to the selected participarg. The participants included a mix of
representatives from industry, governmental and nogovernmental organizations, from
both developed and developing countries. Specifichl, the workshop had been arranged
to:

Highlight issues such as data availability and dataariables experienced by the
roadmap authors, and collect input on possible way®rward

Discuss a number of selected topics that are to lmvered extensively in the final
roadmap document, such as business models for CC® industry, source/sink

matching and the identification of concrete early oportunities for CCS in
developing countries

Gather feedback on the draft roadmap document

The opening session presentations were given by reggentatives of the project

implementing agency (UNIDO), the meeting hosts (Sbhe the project sponsors (the

Global CCS Institute and the Norwegian Ministry oefoleum and Energy) and the lead
consultants (ECN) (section 3). The remainder of thieeting was organised into two sets
of three parallel breakout sessions, covering sixedected topics of discussion (section 4)
and a feedback session (section 5). Section 6 ofishreport discussed the next steps.

3. Opening session

After the opening of the meeting by Dolf Gielen (@& - Industrial Energy Efficiency at
UNIDO), Wilfried Maas (Shell Amsterdam) welcomedetiparticipants on behalf of the
Shell Research and Technology Centre in Amsterdakit. Maas explained the activities
taking place on the Shell premises, the features ofhe new building and the urban
development taking place around the premises.

Tim Bertels, Shell's CCS Projects Portfolio Manageresented Shell's extensive CCS
activities and experiences. To continue meeting theorld’s growing energy demand,
while reducing greenhouse gas (GHG) emissions, segkpathways must be pursued.
CCS is one of the key pathways that Shell is progresg along with energy efficiency,
low CQ fuel options, and advocating more effective COegulations to reduce global
GHGs. Shell's CCS project portfolio includes industl scale projects in development,
including involvement in the Mongstad refinery projet planned for 2014 in Norway, the
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Quest Athabasca oil sands project in Canada plannddr 2015, and the Gorgon Liquefied
Natural Gas Project planned for 2014 in Australia.

Bob Pegler, Senior Vice President of the Global C@Stitute, briefly reinstated that the
objectives of the Global CCS Institute. The objeeti of the Global CCS Institute is to
bring together the public and private sectors to bild and share the know-how and
expertise necessary to ensure that carbon capture dnstorage (CCS) can make a
significant impact on reducing the world's greenhose gas emissions. The Institute
facilitates the deployment of CCS projects by sharingnowledge; fact-based advocacy
and assisting projects. The Global CCS Institutenas to encourage CCS demonstration
projects. A ‘balanced portfolio’ is needed of CCSethonstrations in developing and
developed countries, and in the power sector and dustry.

Kristoffer Stabrun of the Climate, Industry and Teablogy Department of the Norwegian
Ministry of Petroleum and Energy reiterated the neefdr increased attention for CCS
demonstrations in industry, and highlighted that CQhas been injected in the Sleipner
and Snghvit fields in Norway successfully for a nureb of years, to a large degree thanks
to a tax on CQemissions. The Norwegian government is committed developing CCS
on a large scale, and the total public spending ol€CS in 2009-2010 combined was
approximately US$800 million.

Dolf Gielen then introduced the Global Technology &tmap on CCS from industrial CO
sources project and the main objectives of the roamap. Industry accounts for
approximately 40% of total energy-related COemissions. The majority of industrial
energy use takes place in developing countries, anthe involvement of such countries in
technological development is important. In certainindustrial sectors, such as the
cement sector, CCS is the only way to significantlgduce CQ emissions. However so
far, the majority of attention has been devoted to CS deployment within the power
sector.

Since the beginning of the roadmap project in Febamy 2010, assessments of the
potential for CCS in the cement, iron and steel, fieery, biomass-based and high-purity
(including natural gas, hydrogen production and coato-liquids) industrial sectors have
been commissioned and completed. An initial two dayorkshop has taken place in Abu
Dhabi on June 30to August T, hosted by MASDAR, involving a technology scoping
exercise for the industrial sectors covered. The fiormation provided in the sector
assessments have been incorporated in a draft roadap that has recently be released.
Furthermore, it has been deemed necessary to comreisn two further studies to
support the roadmap, providing greater detail on sarce-sink matching and the
possibilities for CQ enhanced oil recovery in developing countries. Altugh it is not
expected that the final roadmap will be availablen time for the 16 Conference of the
Parties (COP) to the United Nations Framework om@ite Change Conference (UNFCCC)
in Cancun, Mexico starting at the end of NovembeBZ20, a technical synthesis report
and a short policy document summarizing the key ratnap messages is likely to be
released for COP16.

The final presentation of the opening session was ade by the principal consultant of

the roadmap, Heleen de Coninck (Energy research Centof the Netherlands). A
roadmap is actionable, and should provide an agend#o act for government, industry
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and the financial sector. The progress through a asimap can be measured by defining
milestones to be reached, for example, a certain mber of CCS demonstrations in
industry by a specific point in time. De Coninck eXained that it turned out more difficult

than expected to distil consistent, comparable datdrom the different sectors covered in
the roadmap, including projections to 2050, and reent emissions data for certain

sectors. In addition, for some sectors, cost datara commercially sensitive and hard to
get by. This is one of the reasons why more time alocated for making a technological
synthesis report. The data did not allow for the impdiate translation of the sectoral

assessments to a full and actionable roadmap. Howex, the Roadmap process has
already raised the interest of industry and governmerior CCS in industrial sources, and
has already led to higher awareness in developing oatries.

4. Breakout groups

During the meeting, two rounds of three parallel lakout sessions took place, lasting
roughly 1.5 hours each. Each breakout sessions wagppminted a moderator (in
brackets):

la)  Technology characterization (Chaired by Dolf (&ie)
b) Business models for CCS in industry, includirgOR (Chaired by Wilfried Maas )
C) Bringing industrial CCS higher on the globalganda, and engaging developing
countries and economies in transition (Chaired by BoPegler)

2a) Actions and milestones (Chaired by Kristoffer &irun and Bob Pegler)
b) Matching sources and sinks (Chaired by Mohammadbuzahra, IEAGHG)
C) Identification of early opportunity projects (Raired by Nathalie Trudeau, IEA)

The participants were asked to choose which sessioreflected the interests and
expertise. Minutes of each breakout session can Heund below.

4.1. Technology characterization

This session focused on the technology and data spe of the sectoral assessments, the
technology synthesis report, and eventually the roadap. The discussion focused on
two key questions: what are the essential technoldags to be included under the
sectors, and what key variables affect CCS cost nbars?

The rationale for this session was that the data omhe various sectors, for current
emissions, projections and/or costs, were found tde highly variable and sometimes
inconsistent. It was the aim of this particular brakout session to agree a list of
technologies and identify the references for theseethnologies.

Data variables

Utilizing a set of common metrics for the CCS coslata for each of the individual
industrial sectors was considered the best approachssues exist in choosing the most
suitable reference to compare a industrial installon with CCS. For example, in the iron
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and steel industry, if you move from a blast furnace a DRI process with capture, is the
reference case a blast furnace without CCS or a Didtallation without capture? Further
complications were also highlighted including the dferences in global energy prices,
average plant sizes and a suitable discount rate taise in economic assessments.
Setting a consistent discount rate, or use of a typal commercial rate for a number of
regions was recommended by participants. A sensitiyi analysis could be conducted
using different discount rates, however this was awsidered impractical given the
amount of data and time restrictions.

It was discussed that by presenting both annualizedosts, and upfront investment cost
for CCS, the roadmap would be useful for both indtrg and policy makers. It was also
recommended that the costs for CCS could be presedt as a cost of an industrial
product, cement for example, produced in a plant wi and without capture. However, it
was agreed that industry may not be so forthcoming Wi basic manufacturing costs.

Technology selection
It was raised by members of the cement industry thatarbonate looping is a potential
abatement option for the industry, and should recek attention in the roadmap.

For refineries, CQOcapture from onsite hydrogen production plants wdd be the lowest-

cost option to deploy CCS in the refining sectorh& next-lowest cost was likely to be a
fluid catalytic cracker (FCC) combined with oxyfuedchnology. In addition, post or pre-
combustion CCS could be applied to refinery plantilities. Pre-combustion at utilities

could unlock the potential for polygeneration, andte use of biomass.

Finally it was stressed that contrary to common assystions, modern hydrogen
manufacture does not typically result in high-purityCQ off-gases. However, the
concentrations would be higher than those of CGn coal or gas combustion exhausts.

4.2. Business models for CCS in industry, including EOR

The draft roadmap/technology synthesis report currely mentions four potential
business models through which CCS from industrial@ sources could become viable:
industrial CCS projects with COEOR, certain industrial agglomerations, BP’s
Decarbonised Fuel projects, and oxyfuel in cement drsteel. The discussion in the
breakout group focussed primarily at possibilities ér enhanced oil recovery, as being
the low-hanging fruit in combination with industrid sources, and further on how storage
providers and CQemitting industries collaborate, how financing andinvestments can
be enticed towards CCS, on sharing infrastructureand on for which industries CCS is a
cost only.

The group discussed EOR issues at length, and briefilso other revenue-generating
options: Enhanced Coal Bed Methane and Enhanced Gax®ery. CQEOR can be a

leading-in ° technology, as there is not enough potential to ste all needed CO

emissions in EOR operations or even depleted oil liils (without EOR). The economic
viability of CQ-EOR depends on many factors: the reservoir specsfj¢che capture cost of
CQ are both very important. In Indonesia, there are axmples where cost recovery is not
sufficient. In addition, CQ-EOR has a distinct time window in the reservoirdiime. All
current CQ-EOR activities are onshore, experience needs to pained offshore, R&D
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needs to take place to evaluate potential environnmgal impacts Regulation might need
to be developed. It was also suggested that abandoment of oil recovery operations
might have to be delayed in order to allow for C@torage.

The need to help storage providers with a commer¢ienodel for CCS was emphasised.
One of the potential models that was mentioned wahat of CQ becoming an in-demand
commodity to store, by providing a subsidy on storingCQ. Storage providers,
potentially oil and gas companies who already haveuch underground capabilities, will
then source suppliers of affordable CO Also, regulation on post-liability transfer and
help with overcoming demonstration barriers is neegf.

Policy to incentivise CCS needs to be in line withhat investors and finance providers
want to see to make CCS projectbankable © For this, the CCS community could learn

from the renewable energy sector, as another sectavith high upfront investment costs.
A price on CQor equivalent policy is a first condition as CCj by far most cases, is not
economically viable.

A potential business case for CCS in industrial sozes might be by sharing
infrastructures and making use of industrial agglorarations. The Rotterdam Climate
Initiative in the Rotterdam Harbour is a potentiaexample of that. In certain specific
areas, sharing infrastructure for transport and sttage can make the business case for
CCS more viable. It was recommended that the Roadmkoks for those areas and
should attempt to make companies in such agglomeriains aware of CCS.

4.3. Bringing industrial CCS higher on the global agemj and engaging
developing countries and economies in transition

The session reviewed the general understanding dfie role of CCS in the global agenda
and the motivation and actions needed to engage deloping countries and economies
in transition.

While identifying the reasons why most attention t&€CS goes to capture from the power
sector, as shown at the GHGT10 conference during igéh only one session was
dedicated to CCS applications in industry, the falving reasons were identified:
- a lack of climate commitments or concern for domedst mitigation actions
prevents developing countries from considering ceain technologies
- the fact that the current terminology/ language usedfor CCS promotion is
structured by the power sector. The challenge for geloping countries is that
power generation is a domestic based sector, so itannot attain the direct
benefit from being carbon neutral in countries in wich no mitigation target or
regulations are in place. Moreover, most developingountries do not consider
CCS as a competitor mitigation measure for renewabknergy sources for CO
mitigation.
- Discussion in developing countries are of an acaddmor technical nature and
have yet to mature into considering CCS as a busirsegroposition.

The direct actions identified in order to raise therofile of CCS in industry higher on the
scientific, industry and policy agenda are not easyotachieve and mainly depend on
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political decisions at country level. However, theoflowing measures were discussed as
actions that may trigger the interest of policymaker and decision makers:

- Involving global actors in the promotion of CCS fandustry such as multilateral
banks and international companies which may dissemate their knowledge and
experience in countries in which national stakeholers are unaware or not
engaged in the progress of CCS. For example, somellfilateral Development
Banks, such as the World Bank and Asian DevelopmeBianks have raised
awareness of CCS when requiring that new power geagon units must capture
ready in order to be financed.

- ldentifying sources for funding for early stage devepment (R&D), and also
promote capacity building in institutions which maybecome instrumental for
development of CCS as a business such as financiadstitutions providing
finance.

The main action to be taken to seize the attentionf countries to CCS is raising the
discussion level, by promoting a policy path which wolves first defining Climate
Change policies at national level tailored to the apabilities and needs, followed by
identifying the need for domestic mitigation actios and finally by promoting technical
measures amongst which CCS should be included.

With regards to the international community engagingdeveloping countries and
economies in transition, it was suggested that adwwacy should be done for CCS as a
single technology rather than differentiating industial and power generation
applications. More coordination amongst existing C& initiatives should be achieved to

prevent overwhelming developing country governments phenomenon defined asCCS

fatigue ¢

Finally, when defining which countries should be adéssed first it was recognised that
CCs priorities should consider the following critea:

Time and impact — where take up may occur faster

Regions where there is interest and CCS will berpaf the mix

Countries which could serve as role models for regs

4.4, Actions and milestones

The sectoral assessments as well as the draft roadgp/technology synthesis report and
the Abu Dhabi meeting report talk about gaps and Ilbaers to CCS in industry, and
identify a number of actions and milestones. Somef@hose actions and milestones were
reviewed in this session. It was suggested to focus particular on policy actions and
milestones, as at the moment, the lack of a policydmework seems to be the area
where most barriers arise. The participants idenigd governments as main actorsto
undertake policy action, but as Copenhagen has deéved little concrete outcomes, the
general opinion among the participants was not optnistic. It seemed there was little
appetite for industry leadership, although the meetig did acknowledge that in the
absence of a strong global framework, this might baecessary to keep CCS moving.



A long list of policy actions was discussed, includig specific ones aimed at the early
opportunities for CCS, such as azero-venting® policy for CQ from natural gas

operations and specific stimulation of using COEOR possibilities for storage. The World
Bank and other multilateral banks should start incrporating CCS in their portfolios, and

should pay attention to CCS-readiness. Although daipal roadmap on CCS in industrial

sectors was seen as a good step, regional or techiogy-specific roadmaps are needed

as a next step. Multilateral funding, possibly throgh the Copenhagen Accord
mechanisms or multilateral banks, were consideredotplay a role in constructing those

roadmaps — and following up in real projects.

For CCS in industrial sectors specifically, it wasiggested that an official statement (e.g.
by the G20) would help bringing it higher on the agela. This could release much-
needed funding for demonstrations.

4.5. Matching sources and sinks

The spatial distribution of current sources of COn industry is relatively well-known. The
storage potential is surrounded with more uncertaity. The future developments of CO
sources in industry is also highly uncertain, despitehe fact that the general perception
is that matching is driven by storage rather thanaurces.

There is need define the capacity and type of res@ivs available as sinks and that this

activity should be done as early as possible in thelevelopment of a CCC project.
Participants form the oil and gas sectors stated @t even in depleted oil field it takes

need 5 to 8 years for testing / risk analysis beforénjecting. Participants proposed to

prioritise opportunities for early stage developmeneven with limited data available.

When considering the technical aspects, participastrecognised the need for defining
guidelines for the technical considerations of sing, including their suitability, eligibility
and testing required for validation. Matching of sorces and sinks must be done
considering three dimensions: general capacity of sk over its lifetime, annual volume
that the sink may uptake and time match of source ansink. Minimum guidelines were
also recommended for specification of gas to be iegted, mainly its composition, such
as oxygen levels, sour gas and water content. Fingllin term of CO transport,
participants were confident that there is sufficiebhknowledge on the technology and its
costs.

Regarding policy issues, global regulations need tbe considered, in particular cross-
border issues. From example, concerns were raiseeégarding the London protocol
amendment allowing COtransport, that has not yet entered into force (oglNorway has
ratified). At the same time, participants indicatedhat CQ has been shipped for 30 years

Participants raised public perception as a key issusince the public is largely unaware
of CCS, especially in developing countries. They sygsted that the roadmap could serve
as a tool for communicating, and proposed that comumication strategy should be
defined. Such a strategy should explicitly consideiokcal culture.
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4.6. |dentification of early opportunity projects

This is the most practical session, focused or reahdustry possibilities. The aim is to
identify some 50 Tighthouse ° of projects in developing countries, that are as

economically and environmentally attractive as posslb, and that could be funded — by
business, national governments or international fuding mechanisms. The idea is to get
as far as possible with concrete project ideas ineveloping countries that can serve as a
to-do list in the eventual roadmap.

The session began by discussing whether a criteria as necessary for selecting
developing countries where early opportunities existit was agreed to use a definition of

early opportunities as defined by the IPCQGs projects that [are likely to] involve CQ
captured from a high-purity, low-cost source, the &msport of CQ over distances of less
than 50 km, coupled with CQstorage in a value-added application such as EOR.

Beyond the purely technical aspects of CCS, for expla the availability of highly-
concentrated CQ streams with close proximity to suitable storage $&s, a number of
additional points of consideration were raised. Thavillingness of a developing country
to engage in CCS, the existence of policies relagrto CCS, and the relevant capacity in
both regulation and engineering were highlighted asmportant criteria. The selection of
the country requires diligence, given the politicatensitivities of CQ mitigation activities
in developing countries. ldeally, the project woulde located where it would reduce the
most CQ emissions, however this may not be possible givenhé constraints and
considerations listed above. It was raised that theelection of a CCS project site would
preferably be made in an area with further CCS potéad, anticipating that knowledge
and capacity would be developed through an initial enture, although this was not
considered essential given the uncertainty of fundig or incentives for additional
projects.

Specifically, a number of potentially suitable locabns for CCS projects in developing
countries were mentioned. Namely:

The Reconcavo basin, Brazil. Petrobras have beeferting CQ for the purposes
of EOR into a number of oil fields in this basin fd&4 years. At present the EOR
activities are relatively small scale at approximay 120 tonnes CQper day,
collected from an ammonia plant and an ethylene ox&d production facility.
Petrobras are also investigating CQOstorage potential in a saline acquifer, which
could be as high as 4000 tonnes per day. There ardeias to collect COfrom
planned installations in the area, such as a gastation plant which could
provide up to 1.3 MtC@yr for EOR and geological storage. However, the pecf
is restricted due to difficulty in attaining capita.

Daging and Jilin oilfields and saline aquifers ofhe Songliao basin, China.
Originally investigated under the ‘Near Zero EmisgioCoal Project’, a joint project
between the EU and China. This project has been ipevation since 2006, but
could be scaled up.

Other less concrete opportunities exist in areas wdre enhanced oil recovery
already takes place, however CQcould replace other injection gases such as



nitrogen (Cantarell oil field, Mexico) and naturagjas (many parts of the Persian
Gulf).

Iran is a developing country with an interest in CCS3An extensive inventory of CO
sources was available within the country, and thathe identification of high-purity CQ
sources for example from natural gas processing wtlibe possible. In the Southern
region of Iran, examples were provided of naturalag processing installations that emit
approximately 1Mt of high-purity (>96%) CQper year. In addition, the country has
significant engineering expertise. However the depyment of CCS in Iran faces
challenges such as a lack of capacity for extensivgeological monitoring, and
difficulties in acquiring compressors due to interational sanctions against the country.

A brief discussion regarding the access to internatnal funding mechanisms, such as
the Global Environment Facility (GEF), and upon whainditions funding would be
granted for a CCS demonstration project.

5. Synthesis session

The synthesis session was intended to disseminate ¢hkey points of each of the
breakout sessions to all the participants, and to @cuss the outcomes. A rapporteur
from each of the breakout sessions held a short psentation. A number of questions
were raised during the final presentations, which pmpted discussion on possible
policy approaches for CCS in the industrial sectors.

Leading in the discussions was the notion that withthe weak signal from the

Copenhagen Accord for emission reductions, CCS, liding in industrial sectors, is

unlikely to benefit from a global policy framework. Bhough in several developed

countries, incentives are in place for CCS, most tifese are for CCS in the power sector,
and economic incentives for even low-cost CCS invd#oping countries is fully absent.

In trade-sensitive sectors, such as the iron and sel industry and refineries, carbon
leakage is an important consideration. Alternativeegulation for such sectors could be
based on the carbon intensity of industrial productslt was suggested that this carbon
intensity could be used as a basis for border-tax gastments or sectoral agreements in
which standards or best available technology coulte enforced.

6. Next depps

For the roadmap project, the likely next steps are:

- Finalising the sectoral assessments where still neled (October 2010)
Conducting two more studies: on Enhanced Oil Recoye@and on matching
sources and sinks (November 2010)

Constructing a technology synthesis report from theectoral assessment and
complementary data (November 2010)

Based on the technology synthesis report, write a fotpage policy summary, to
be finalized (and perhaps presented) at COP16 (Dadeer 2010)
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Use the dynamic around the Roadmap to process to ey potential projects
and specifically engage relevant governments, compaes and financers for such
projects to realize those possibilities (continuou$.

Another meeting to discuss the roadmap document (¢atively scheduled for
February 2011)

Publication of the Global Technology Roadmap on Ci@Sndustrial sources
(Spring 2011)
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