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EXECUTIVE SUMMARYlish

The Israeli Fuel Chokand Smart Mobilitynitiative (FClhas targeted natural gas as a leading

source for a variety of new transportation fuels to reduce dependencpatroleumbasedfuels.
Although an increase in natural gas use, at the expense of petroleum, will help in reducing ambient
air pollution from transportatior it will not reduce Israel's greenhouse gagésiGsgmissions.

Israel is a signatory to the United Nations Frawoek Convention on Climate Change and has

signed the Paris climate accord where it has committed to reducght& emissions on a per

capita basis.

One of the options to be evaluated as part of the introduction of natgeslbasedtransportation
fuels s the potential deployment of Carbon Capture and Storage (CCS) technologies to remove
carbon dioxidgCQ) emissions from industrial processes, and either store or use it to prevent its
release to the atmospheréCCS refers to a suite of technologies taa used to capture G@rom
industrial processes and electricity generati®@ome of these technologies have been operated
successfully for decades, while others are under development or in transition tedaade

applications.

Basically, CCS consisfshree main stages: (@papturefor the separation o£Q from other gases
produced from facilities, (ransportfor conveying the pressurized g@sually via pipelines, and
(c)storage (or sequestrationjor injection ofCQ into deep underground rock formations or

aquifers.

This study focused on a literature review of emerging CCS technologies and their level of maturity.
It also entailed an analysis of the compatibility of deploying such technologies to different natural
gas-basedtransportation fuels in Israel, which includéompressed\atural Gas(CNG), methanol

(for gasoline blends), an@asto-Liquid (GTL) fuel products. idone year comparativetudy was

not intended to be a complete feasibility study and the results presented intepidaaide an
indicationof the range of costs and potential emissions reduction and are not a conclusive cost
effectiveness analysis of options. The study also sarnpes challenges for CCS deployment and

policy options.

The data compiled in this study has implications for potential implementation in Israel:
1 If CCS is deployed at a methanol plahtould reduceCQ emissiondy 11% and boost

methanol production by 20% while lowering process energy demand by 5%, and natural gas
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consumption by 16%All this might be achieved at no net increased cbistwever, this
capturedCQ amount is less than 0.5% of Isra@@30annualGHssemissions

1 If CCSis deployed at@TL planit canpotentially reduce 37% o€Qe emissiongrom the GTL
life-cycle at a relatively low cost since most of th& capture process is already an integral
part of the GTL conversion procekgwever, tle capturedCQ amount is less than-2% of
Israel's2030annualGHGsmissions

1 Natural gas power plantswith CCSan capture 65% of their lifeycleGHG®missionsThis can
representup to 30% of Israel's 2030 annu@aHGsmissions Among the scenarios analyzed
here, this solution is the only one that can really reduce the nati@téemissionsHowever,
it is al® by far the most expensive one.

1 Israel's deep saline aquifersan receivehe capturedCQ from methanol plants, GTL plants and

natural gas power plants for 13800 yeargdependingof the amount captured).

Lessons learned from existing large scale projects in the US, Canada, Australia and China are making
clear that large scale CCS deployment would recuigenuine desire by the government to address
growing emissions from fossil energy sources; supportatenalpolicies to back the overall goal,

legal and regulatory frameworks to ensure all components of the CCS technology chain are
addressed; and a portfolio of storage sites that have been identified. It is tiaathere are
uniquechallenges for CCS deployment that require predictability in policy setting, the need for
multi-industry focus with commercial integration across all three elements of the CCS chain

including addressing liabilities and risks asseclatith each stage. Therefore, it would be

imperative to conduct robust research & development on the topic and increase community
awareness of the importance of CCS and the role it plays in mitigatittgemissions and climate

change.

The conclusionsrdm the surveyconducted in this study highlight the poliayaking process
elements that are critical to enabhnd/or accelerag the deployment of CCS, including:
1 Government tracking and verification of adherence to the econavide emissions

reduction tagets, consistent with the aims of the Paris Agreement.

! Power will be used in electric vehicles and, therefore, meet the goal of reducing the dependency on fuel.
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1 Designing poligyincluding economic incentives (to promote energy efficiency,
renewable energy and incentivizing construction of CCS plants. Negative incentives can
include carbon taxn GHG emissiawhich mayachieve mediurrterm emissions
reduction in a range of sectors and in line with these lortgem targets It is
reasonable to assume that carbon tax alone will not be a suffiaeentive to
implement largescalecarboncaptureand storaggechnologies and will require
additional policy measures, such as imposing a mandatory operating psonditions
on facilities, (i.e, Australian project, The Gorgon Gas Project).

1 Explicitly mcluding CCS in national climate action plans or similar flagship policy
statements, which either implicitly or explicitly acknowledge how CCS can play a role
alongside other low carbon technologies.

91 Securing policy certainty via a government commitmeratt thas been demonstrated to

extend beyond political cycles and to be resilient to conflicting political demands.

Key Policy Findings
The findingdrom large-scale projects in countries such as the US, Canada, Australia and China

indicate that largescale CCS deployment requires:

1. A moderate to high dependence on fossil fuel production/consumption and a genuine
desire by the government to address growing enaissifrom these sources;

2. Supportive national and regional policies to back this overall desire, including direct or
indirect financing mechanismmcluding economic incentives to promote energy efficiency,
renewable energy and incengis for theconstrucion of CCS plants. Negative incentives can
include carbon tax

3. Legal and regulatory frameworks to ensure all components of the CCS technology chain are
addressed; and

4. A portfolio of storage sites which have been identified, with early opportunities amgatais
and developed.

In addition, it can be noted that nations with high regulatory readiness for CCS deployment have
developed their CCS industry over at least two decades. This has included the development of
policy commitments, legislative development,dastorage characterization, as well as industry

engagement and applied researth
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Therefore, unique challenges for CCS deployment include:

Predictability in policy setting is paramount,

Need for multiindustry focus,

Commercial integration across #iree elements of the CCS chain,

Early identification and characterization of suitable geological storage sites,

Legal and regulatory regimes that provide clear obligations and liability provisions,

= =2 =2 = A

Robustness in R&D efforts,

1 Increasing community awareneskthe importance of CCS.
As discussetiirther in Section 4.3, for CCS to be implemented on the scale necessary to affect GHG
emissions, efforts are needed to inform and raise awareness among the general public about CCS.
The public needs to knoexactlywhatis CCS, how it works and what are its pros and cons. Broad
LJdzof AO g NBySaa 2F //{Q STFFSOA@PSySaa srftf K

encourage the engagement of the communities where CCS projects are planned to be undertaken.

Policy Recommendations

The survey conducted here reinforces elements of the paheking process that are critical to

enabling and/or accelerating the deployment of CCS. These include:

1 Government tracking and verification of adhering to the econamige emissions
reduction targets, consistent with the aims of the Paris Agreement.

1 Designing policto achieve mediurterm emissions reduction in a range of sectors and
in line with these longeterm targets

1 Explicitly including CCS in national climate agiams or similar flagship policy
statements, which either implicitly or explicitly acknowledge how CCS can play a role
alongside other low carbon technologies.

1 Securing policy certainty via a government commitment that has been demonstrated to
extend beymd political cycles and to be resilient to conflicting political demands.

1 Establishing public/private engagement to address the risk between the capture,
transport and storage elements of the CCS chain, thus reducing overall risks.

1 Devoting special attentin to accelerating investment in storage exploration and

characterization, in view of the long lead times for development of such locations.
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1 Including economic incentives to promote energy efficiency, renewable energy and
incentivizing construction of C@&nts. Negative incentives can include carbondax

fossil fuel emissions
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IEA- International Energy Agency
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1 INTRODUCTION
1.1 Whatis CCS?

Carbon Capture and Storage (CCShimeess used taapture carbon dioxide (CGPemissions pro
duced from the use of fossil fuels in industrial processes and electricity generatidwhich ains
to prevent theCQ from entering the atmospherand mitigate the effect of greenhougmses

(GHGsgmissions on climate change

Rather than being a single technology, CCS is a suite of technologies and processes. Some of these
have been operated successfully for decades, while othersinder develoment or in transition

to large-scaleapplication. Basicall{zCS consists of threeain stages:

1 Capture, which is he separation ofCQ from other gases produced from facilities including
coal and natural gas power plants, steel mills and cerpéarits

1 Transport where the C®is moved, usually via pipelines, to a suitable site for deep
underground storagegpnceit is separatedand compressedand

1 Sorageasthe CQ is injected into deep underground rock formationisaquifers.

The CCS storage process simply imitates how nature has stored oil, ga&doadmillions of
years.TheCQ can also be reused in processes such as enhanced oil recovery (EOR) or in the

chemical industry, a process sometimes knowiCabon Capture andUtilization (CCU).

CCS is a vital technology for helping the world to meet the climate targets agreed at the 2015 Paris
climate talksTheinterest in CCS arises from three main factors

1. Agrowing consensus that restricting serious climate changects must include extensive
reductions in global G@missionssince C@is the primary anthropogeniGHG accounting
for 77% of human contribution to the greenhouse effect in recent des§fengolzadelet
al.,2014).

2. The understanding that broad ession reductions cannot be achieved easily or quickly by
using less energy or by replacing fossil fuels with alternative energy sources that emit little
or no CQ. The world today relies on fossil fuels for over 85% of its energy use and changing
that will take time. CCS thus offers a way to get laggreductions untilcleaner,

sustainablgechnologies can be widely deployed.
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3. Energyeconomic models show that adding CCS to the suite of @B#® reduction
measures significantly lowers the cost of mitigating climate change. Stoaiesalso
affirmedthat by 2030 and beyond, CG8ould bea major component of a cosffective

portfolio of emissiorreduction strategiegFolger, 2018

CCS is only economic¢atiay in a limited number of situations. In addition to capital costs, currently
available technologies for C@Sower plants, for example, impose an energy penalty by requiring
additional energy to operate the G@apture and compression equipment. lonse casesa

relatively pure stream of GGn a natural gas feed or conversion process can be captured and used

economically.

It is well recognized that deployment of CCS on a scale that makes a material contribution to
reducingCQ emissions requires addressing current barriéns|luding cost, complexity along the
value chain, regulatory/policy uncertainfyublic acceptance, largecale storage sites and long

term liability issues

1.2 Emergence of CCS

CCS first emerged on thternational agenda at the Gleneagles G8 summit in Scotland in 2005,
leading to a program of work for the International Energy Agency (IEA) and to several countries

seeking to rollout CCS technologies.

The scientific credibility dECS wasnhancedoy the 2005Intergovernmental Panel on Climate
ChangelPCgSpecial Report on Carbon Dioxide Capture and StqiB@€-2005 and supported
by thelEA However, util 2009, CCS seemed to have béemted mainly byitsuse forEORwith
the potential forenhanced storage in depleted reservamshe context othe increasingly

prominentclimate agenda.

The failed climate change summit in Copenhage2DidOseems to havémpactedthe perception
of CCRUNFCCC, 200%Yithout globalconsentthat climate clange mitigatiorthat must be taken
seriouslywhen consideringnvestmentdecisions, industrjound little reason to invest in deploying

CCS on a large scalaceit addssignificantly to the cost of poweagenerationandto manufacturing
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productsutilizingfossil fuels Similarly in the absence o&n appropriateclimate policy, decision
makersconsideredcapturing, storing, or using anthropogenic 08ly when CCSeems tamake
economic sense applicationssuch as in EOR in combination with,GQurces that are already of
high purity. Sncethe Copenhagersummitthe factors affecting CCS deployment have become
morediverse and complexncludingCQ priceandthe use ofcoalas the primary fuel to generate
electricity. Morerecently,however, the success of renewables and the availability of shakenail
in particula shalegas in North Americdnave made coal seem lessicial Yet because coal imiore
easilytransportableand gasgenerally, is notthe drop-in coal use irthe United States has led to

lower prices and an increased use of cglakwhere in the world.

The international agreement on climate change adopted in Paris in Decemberk2@i® as the
Paris Areement (UNFCCC, 20'gpresents a clear ahindisputable commitment from the
g2NI RQa LRt AGAOIt f-carboR chddmylThe agrddmyidfihesain@mper af 2 |

climate goals:

1. A shortterm goalto reach peak emissiorand start to reduce thenmas soon as possibie
order to meet thelonger term temperature set goals

2. A longerterm goal tohold the increase in the global average temperature to well below 2°C
above preindustrial levels and pursue efforts to limit the temperature increase to 1.5°C
above preindustrial levels

3. Atthe same time,nicreasing the ability to adapt to the adverse impacts of clintdi@nge
and foster climate resilience and ldBHGemissionglevelopment, in a manner that does

not threaten food production

Limiting the longterm rise in average global tempaure to 2°Gyvould requirea substantial
reduction in C@emissions from present levelsot just a slaving inemissiongrowth. The
approach adoptedn the Paris greementfor the post2020 climatechange conventioms
fundamentally differenfrom that of the pre2020 agreement under the Kyoto Protocthe
approach developed imoreof aW o 2 (Gdzl3QY | LihdtaERowcKuntries to establish their
Nationally Determined Contribution (ND&J)owing for greater national level determination of

future climate actiongor both developed and developing countri@gsNFCCC, 2016)
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There areghosewho claim that CC8ill nevermake a significant contribution to solving the climate
problem, or worse,will distractfrom making needed decisions to begin phasing out fossil fuels
immediately(de Coninck & Bens@014) It should be noted thatenewables and energy

efficiengy alone cannot deliver climate outcomes consistent with the Paris Agreereabrding to

the IEA modelling, CCS could deliver 13% of the cumulative emissions reductions needed by 2050 to

limit the global increase in temperature to 2°C (IEA ZDSScenarid (IEA,201%), as depicted in

Figure 11.
Technologies
60 ............................................................ Renewab[es 30%
50 ..........................
BMCCS13%
40
- ® Power generation efficiency
8 30 and fuel switching 1%
G
® End-use fuel switching 10%
20 -
= End-use fuel and electricity
10 - efficiency 38%
0 Nuclear 8%
2012 2020 2030 2040 2050

Figurel-1 > Contribution of technologies and sectors to global cumulativeeciOctions
(IEA, 2015lq Figure 1.6)

The IPC@dicatesthat without CCS, the cost of achieviagnospheric concentrations @50 parts
per million (ppm)f CQ equivalent CQe) by 2100 could be 138 per cent more costly (compared to
scenarios that include CCShere arenly a minority of climate model rurteat successfully

produce a 450 ppm scenario in the absence of (X3C2014).

One of the major benefits of CCS as an emissions reduction technology is that it can be applied to
different types of C@emission soures, particularly those with very large volumes of emissions,
such as power plants and some industrial facilitiesssil fuels are essential to the production

process ofmanyvital industries such as the steel, cement and chemical industries. Fossaufeiels
utilized in these industries because of their chemical and physical propartéare alsdeing

used as a feedstock to industrial processes, motdnerely as grimary energy source to generate

electricity.
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Just as the use of fossil fuels in poyweoduction generates large volumes of £6b too does the
use of fossil fuels in industrial applications. Howeuatike in power generationfor industrial use
fossil fuels are used as feedstock and not merely for process Tieatefore,it is currently not
feasibleto substituteall fossil fuelsused in industry byenewable energgourcesn order to reduce
emissionsAs a result, aside frotie application of energgfficiency measures, CCS is the only
large-scale technology available that can help achieve deep reductions;iarfii€sions in the long

term from many industrial processes

1.3 Israel's current and future transportation fuel mix

The Israeli transportation sector is entirely dependent ondgtived fuels, with final consumption
amounting to 3,103 and 2,702 thousafidns ofQil equivalent (TOE) of gasoline and diesel,
respectively, in 2016CBS, 2018)n addition, an unknown share of the 615 thousand tonkquid
PetroleumGas (LPG) total consumptigMOE,2018)is directed to private vehicles which went
through aftermarket conversion into duéliel fueling system, although uptake of LPG for
transpatation is arguably quite limited. The vast majority of the domestic demand is met by local
refining carried in Israel's two refineries, usingialported crude oil. However, where surplus
diesel refining capacity sees roughly 40% of production direcezxport, recently local fuel
providers opted to shift some of their procurement to imported gasoline, estimated to gain about

15% market share for that fuel tyd&utman 2017)

The Israeli government seeks to transition the transportation sector torsté/e sources of

energy, with the goals of reducing the share of oil in Israel's transportation by 30% until 2020 and
by 60% in 2028PMO, 2013)The alternative energy sources are expected to consist of a mix of bio
fuels, electricity and naturajas deived fuels includin@ompressed\atural Gas(CNG, methanol

(MeOH and Gasto-Liquid(GTI) diesel replacement (selégure 1-2).
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Figurel-2 > Expected penetration rate for alternative fuels in Israel
(FCI, 2016)
Earlier formal predictions for natural gas demand through 2030 estimate up Bididh Cubic
Meter (BCM) per year would be directly demanded by the transportation sector, togetvigr
MeOHand ammonia production (0.7 BCM), amounting to a total 39 BCM of natural gas by 2030;
increase in demand for NG by the electricity sector is also partially attributed to expected increase

in electricity consumption used for transportation (s&gure 1-3).

© Electricity Sector  ® Industry & Distribution ® Transport Sector ®m Methanol
30
25 070.7
07 = i
o7 =
07 m B & a0
7% m I353.7
20 07%7 m B, 33 I I
07%7 m ® 5523 g I I 3.6
= 2.4 I - 3.6
oF O ™ 2 il e 3.6
07 = 19209 1 ls"s.si‘-s
15 0707% sy m M Nagsay
070797 o051l g ® 2p3232 0
07! 0406 .;ou&t
03" 5 3.0
0.2 e
0.1 0.1 92929
0.0 29 et
10 00 sy
0.0 2.5 = 165
0.0 21 m a3 146151155180
1 I u_::u.:12-11’—5”'313‘313'7
= II u"”””mmm
73 76 79 80
o 11
- N N NN ~ N D T T . R - en
R RRRRRRRRRRR_R"RRR_RARIRRR_”I_"IIRI__=I==

Figurel-3 > Projected trends of natural gas consumption in Israel for the yearsc2Z04D
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Recently the Ministry of EnergfMOE)publicly expressed its policy to fullwithdrawal from

diesel andgasoline use in Israel by 203Gutman 2018) backed by regulatory actions and budget
allocations to facilitate increase in the share of electricity and naturabgaed transportation,
through several supportive schemes fofrastructure deployment. Whereasectric vehicle (E\5)
are mainly targeted at the private cars, city buses and rail segments, natural gas is set as the

alternative fuel of choice for trucks and as a diesgllacement via GTL.

1.4 Research goals

The research study described in this repo ®mparativestudy of the carboncapture
alternatives in theproduction ofnatural gasbasedtransportationfuelsin Israel, alongvith its

utilization and/or storage potential.

According to the IPCC fifth assessment report, the transportation seatespsnsible for about
15% of global anthropogenic emissions of GHGs (IPCC, RO&4ael, land transportation
contributes a high percentage to the overall &issions. The Israeli Central Bureau of Statistics
(IL-CBS) notes that in 2014 out of abo@. % million tons of overall G@missions from fuels
combustion, 15.6 million, or about 26 percent, are attributable to land transportation (excluding
rail) (I:CBS, 2015).

The national Fuel Choices Initiative in Is(&&Iplans to address the absoluteliance of the
transportation sector on petroleum products, and to diversify the fuel mix. The major source of
these alternative transportation fuels based on natural gaswvhether as CNG, variobdeOH

blends, GTL processes, or electric transportattbat will rely mainly omatural gagpower plants)
(FCJ2016). Today, 25% of Israel's national plan to reduce GHG emissions relies on transformation
to natural gas use as a primary energy source. One aspect of this transformation is the use of
natural gas as a source for transportation fuels (MOEP, 2015). One of the major options to reduce
GHG emissions while still using fossil fuels is CCS. Without CCS, even the transformation to natural
gas instead of coal and petroleum as a major energy source wotlldenenough to reduce GHG

emissions substantially.

If production plants for manufacturing naturgasbasedtransportation fuels are built in Israel, CCS
technologies could be implemented in them as well as in power plants, to help further reduce the
national GHG emissions. As Israel plans to transform its transportation sector to rely heavily on

31



natural gasn the coming decades, there is a need to find ways to continue and reduce GHG

emissions in order to comply with the 2015 Paris Agreement.
The reseech goals of this work are as follows:

1. To review the status of the CCS field in the world,

2. To compare between different CCS technologies and their relevance to the production of
naturalgasbasedfuels in Israel,

3. To compare between implementation of CCS in power plants (electric fuel) and in fuels
production in chemical synthesis plants,

4. To assess the potential for CCS implementation during fuels production (including
electricity) from natural gas in Israel,

5. To analyze the obstacles for CCS implementation, along with nagastbasedfuels
production, in Israel,

6. To propose policy recommendations on the topic to the Ministry of Environmental

Protection.

In this final report we provide irChapter2 below abackground of the CCS fiefdllowed by a
descriptionof the degree ofmaturation of the CCS technologi@Chapter3, and a policy overview
in Chapter4. Chapters presents a geliminary assessment of CC potential during fuels production
from natural gas in IsraghndChapter6 is akey findingsand ecommendations for Implementation

in Israel.
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2 BACKGROUND OF TH& KIELD
2.1 Technical basis

In CCShee CQproduced from carbon in the fossil fuels or biomass feedstock is first captamed,
then compressed to a dense liquid to facilitate éfficient transport and storageas depicted

schematically in Figura1.

Fossil Fuels: Air or

Biomass Oxygen

Co,

Power Plant
or Industrial Capture & o 0, Stomge
Compress Transport (Sequestration)
Process
- Post-combustion - Pipeline - Depleted oil/gas fields
USEFUL - Pre-combustion - Tanker - Deep saline formations
PRODUCTS - Oxyfuel combustion - Unmineable coal seams
(e.g., electricity, fuels, - Deep Ocean
chemicals, hydrogen) - Mineralization
- Reuse

Figure2-1 > Schematic of a CCS System consisting of CO2 Capture, Transport and Storage

(Rubin, 2010)

The CC8peration@chain consists of three parts

1 Capturing CQwherevarioustechnologiesnay be used tallow the separation o€Q from
gases produced in electricity generation and industrial processes by one of three methods:
pre-combustion, posttombustion and oxyfuel combustion.

1 Transportation ofCQ for safe storagéy either road tankes (for small anounts only)
pipeline(the most common wayyr by ship(used for offshoreéCQ generation).

1 CQ storagein carefully selected geological rock formatsqdepleted oil and gas fields or
deep saline aquifer formation#hat are typically located severkilometersbelow the

earth's surface.
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At every point in the CCS chain, from production to storffygre areanumber ofprocess
technologies that are well understood and have excellent health and safety reazdgll be
described belowThe commercial deployment of Ci@#olvesthe widespread adoption of these

CCS techniques, combined with robust monitoring techniguelsgavernment regulatios.

2.2 QO Capture

A variety of technologies for separatiran@ capturing) C@from a mixture of gases are
commercially available arate widely used today, typically as a purification step in an industrial
procesqFolger, 2013)The environmental aspects of these technologieselaboratedin Chapter
4.2.The choice ofechnology depends on theype of source, the cosgnd therequirements for
product purity and on the conditions of the gsiseam being treatedqsuch as its temperature,
pressure, and C{zoncentration) Figure2-2 illustrates the variety of technical approaches
available, incluohg absorption into physical and chemical solvents, adsorption onto solid

substrates, cryogenic separatiatiffusionthrough CQselective membranes, and mineralization.

Absorption Adsorption Cryogenics Membranes ] Microbial/Algal
Systems

Adsorber Gas
Beds Separation

—MEA —Alumina Polyphenyleneoxide

— Caustic - Zeolite Polydimethylsiloxane

— Other - Activated C o

Physical Regeneration Absorption
Method
Polypropelene

—Sele>.<o| —Pressure Swing _ Ceramic Based

L Rectisol - Temperature Swing Systems

L Other — Washing

Figure2-2 > Technical options for @€apture
(Rao & Rubin, 2002)

Since most anthropogenic €0 a byproduct of the combustion of fosdilels, CQcapture

technologies are commonly classified as eithergwenbustion or postombustion systems,
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depending on whether carbon (in the form of £@ removed before or after a fuel is burnexs
described in Figurg-3. A third approach, calleoxyfuel or oxycombustionwhich combusts CO
into pure oxygen or a mixture of oxygen and3fes not require a CQ@apture devicebut

requires separation of oxygen from air using cryogenic separation

Pre-Combustion Post-Combustion Oxy Fuel

Air Fuel + Fuel Air Fuel + Fuel Oxygen + Fuel

v
SUEE]

Vapor
+
Trace
Gasses

Figure2-3 > Three schemes for carbon capture done in conjunction with power generation
(Futurism 2018

Other industrial processes that do not involve combustion employ the same types ch0re

systems that would be employed power plants.

Today most C&separation useabsorptionbasedtechnology. For natural gas cleanup, cryogenic
separation and membrane separation are used, albeit on a limited.basifi cases, the aim is to

produce a stream of pure G@at can be permaently stored or sequestered. &ltaptured CQis
firsttypicallyO2 YLINS&daSR (2 I RSyaS aadzZSNONRGAOIE ¢ ad

readily transported via pipelireeor tankersThe CQ compression step is commonly included as
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part of the capture system, since it is usually located at the industrial plant site wherie CO

captured.Figure2-4 provides a general depiction @fQ capture routes (IPCC, 2005).
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Figure2-4 > CQcapture routes
(IPCC, 2005)

2.2.1 PostCombustion Processes

As the name implies, these systems capture f&@n the flue gases produced after fossil fuels or

other carbonaceous materials (such as biomassparaed. Combustio#based power plants

LINE OARS Y2ad 2F GKS g2 NI R Qfiied ®ives antNJul@hizédcoali 2 R &
(PC) is mixed with air and burned in a furnace or boiler. The heat releasbd @ymbustion

process generatesteam,which drives a turbingenerator. The hot combustion gases exitihg

boiler consist mainly of nitrogen (from air) plus smaller concentrations of water vapo€énd

formed from thecombustion of thehydrogen(l ) and carbon in the fuelAdditional products

formed duringcombustion from impurities in coal include sulfur diox{@), nitrogen oxides

(NOx) and particulate matte(fly ash). These regulated air pollutants, as well as other trace species

such as mercury, must hlemoved to neet applicable emission standards. In some cases,
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additional removal of pollutantéespecially S€)is required to provide a sufficiently clean gas

stream for subsequent G@apture.

With current technology, the most effective method of 8f@pture from tre flue gas of a P@ant
is by chemical reaction with an organic solvent such as rethanolamine (MEA), one of family
2F I YAYS O2YLRdzyRa® Ly | @SaasSt OFffagie 'y | 064&;
solution, typically capturing 85% to 9G%fthe CQ. The C@laden solvent is thepumped to a
second vessel, called a regenerator, where heat is applied (in the form of steaghgdse the C©O
The resulting stream of concentrated £i©then compressed and piped testorage site, while the
depleted solvent is recycled back to the absorféis technology is also used to capt@é for

use in the food and beverage industry and as a raw material in fertilizer manufacturing.

A large mmber of new processes and materials for postnbustion C@capture are currently at
the laboratoryor benchscale stage of development. These can be grouped into three general
categoriegFolger, 2013)

1 Lquid solvents(absorbents) that capture G@iachemical or physicahechanismg the
liquid solvents (typically a mixture of a base and water) selectively abserth©Qgh
direct contact between the chemical solvent and the flue gas stream. Regeneration of
the solvent and release of Gen takes place in a separate vessel (the regenerator)
through a change of process conditions, such as a swing in temperaturessupe.
Advanced amines, Potassium carbonate, advanced mixtures and lonic liquids are the

main approaches being pursued in this category.

1 Solid adsorbentsthat capture C@via physical mechanismsolid sorbents capture
(adsorb) Ceon their surfaces. ey then release th€Q through a subsequent
temperature or pressure change, thus regenerating the original sorbent. Solid sorbents
have the potential for significant energy savings over liquid solvents, in part because
they avoid the need for the largaugntities of water that must be repeatedly heated
and cooled to regenerate the solvent solution. Sorbent materials also have lower heat
capacity than solvents and thus require less regeneration energy to change their
temperature. Examples for Solid adsonb& being tested includeSupported amines,

Carbonbased, Sodium carbonate and Crystalline materials.
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1 Membranesthat selectively separate G@om other gaseous specieshe membranes
are porous materials that can be used to selectively separatdrG@ other
components of a gas stream. They effectively act as a filter, allowing ontp @&ss
through the material. The driving force for this separation process is a pressure
differential across a membrane, which can be created either by compressimggashen
one side of the material or by creating a vacuum on the opposite side. Polymeric,-Amine
doped,integrated with absorption and Biomimetic based membraaesincluded in

this category.

2.2.2 PreCombustion Processes

Precombustion uses steam and air orygen to convert fuel int@a mixture of mainiyl iand CQ.

To remove carbon from fuel prior to combustion, it must first be converted to a form amenable to
capture. For codlueled plants, this is accomplished by reacting coal with steam and oxydpeghat
temperature and pressure, a process called partial oxidation, or gasification. The reSysissoas
fuel consisting mainly of carbon monoxiff@O)and| 1 a mixture known assynthesis gas

(syngayt which can be burned to generate electricity in@anbined cycle power plant. This
approach is known as integrated gasificatcmmbined cycle (IGCC) power generation. After
particulate impurities are removed from tteyngas, atwé (G F 3S Ga KA TG NEBHtoOG 2 NE
CQ via a reaction wittsteam (HO). The result is a mixture of gé&nd| i A chemical solvent, such
as the widelyused commercial product Selex@lvhich employs a glyctlased solvent), then
captures the Cgleaving a stream of nearly puteithat is burned in a combined cyg®wer plant

to generate electricity

Although the fuel conversion steps of an IGCC plant are more elaborate and costisatfiaanal
coal combustion plantghe pressure and concentration of €@btained through precombustion is
relatively high, makig separation easier and cheaper to achiéMeus, rather than requiring a
chemical reaction to capture GQas with amine systems in pesbmbustion capture), the

mechanism employed in preombustion capture involves physical adsorption onto the surfa@e of

2¢ KS ! ht -ht®d:/8kveuopicom/processingsolutions/gasprocessing?/synthesisgastreating/acidgas
removal/
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solvent, followed by release of the @®hen the sorbent pressure is dropped, typicallgaveral

stages

Precombustion capture also can be applied to power plants using natural gas. As with caalythe
gaseous fuel is first converted to syngasre@ctions with oxygen and steama proces<salled
reforming. This is again followed by a shift reactor and €&Paration, yielding streams of
concentrated Ce(suitable for storage) antd i This is the dominant method used today to
manufacturel i If thel iis burned to generate electricity, as in an IGCC plantave pre
combustion capture. While preombustion C@capture is usually more costly th@ost-

combustion capture for natural gdsed plants, some power plants of this type have been
proposed.

Precombustion has been used for many years in the industrial production of ammonia and
However, the fuel conversion steps required are relatively complex, makirgomnéustion more

suitable for use in newvbuilt plants rather than retrofittingof existing plants.

Although precombustion C@capture has a lower energy penalty and lower cost than-post
combustion capture processes performiagimilartask there is scope for further improvements

that can reduce cost With this aim, current research is focused mainly on improving the capture
efficiency so that the size and cost of equipment can be lowered. Current research is focused on the
same three approaches discussed for posimbustion capture technologies, nahy, liquid

solvents, which separate G@om a gas stream by selective absorption (research on physical
solvents is aimed at improving the €€rrying capacity and reducing the heat of absorption); solid
sorbents, which separate GOy adsorption onto tk solid surface; and membranes, which

separate Cehby selective permeation through thin layers of solid materials.

2.2.3 OxyCombustion Systems

Oxycombustion (or oxyfuel) systems are being developed as an alternative tacpogiustionCQ
capture for convennal coalfired power plants. Here, pure oxygen rather than air is used
combustion. This eliminates the large amount of nitrogen in the-§las stream. After the
particulate matter (fly ash) is removed, the flue gas consists only of water amgoCQ, plus
smaller amounts of pollutants such as,3@d NOx. The waterapor is easily removed by cooling
and compressing the flue gas. Additional removal opallutants leaves a nearly pure £€ream

that can be sent directly to storag
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The prircipal attraction of oxycombustion is that it avoids the need for a costly postbustion
CQ capture system. Instead, however, it requires an air separation unit (ASU) to generate the
relatively pure (95999%) oxygen needed for combustion. Roughly thinees more oxygen is
needed for oxyfuel systems than for an IGCC plant of comparable size, so the ASldmtidantly
to the cost. Typically, additional flue gas processsraiso needed to reduce theoncentration of
conventional air pollutantgp comply with applicable environmentatandards, or to prevent the
undesirable buildup of a substance in the flue gas recycle loop,axh®ve pipeline Curity
specifications (whichever requirement is the most stringent). Becaas#ustion temperatures
with pure oxygen are much higher than with air, @gmbustion alsgequires a large portion
(roughly 70%) of the inert flue gas stream to be recycled back tbafierto maintain normal
operating temperatures. To avoid unacceptable levelexyfgen anditrogen in the flue gas, the
system also has to be carefully sealed to preventlaakage of air into the flue gas. This is a
challenge since such leakage commonly occuexiating power plants at flanges and joints along
the flue gas ducts, especialis plants ageilthough in principle oxyfuel systems can captalieof
the CQ produced, the need for additional gas treatment systems decreases the cagffigiency

to about 90% in most current designs.

2.3 QO;storage

Over the years, several options for storagiecaptured C@have been assessed, including ex situ
mineralization, ocean storage in a dissolved or liquid form, reuse in the chemical industry, and
sequestration in deep geological formatiof@CC, 2005Dfthese options, today only storage in
geological formations is considered to have the capacity, permanence, and environmental
performance necessary for @€orage at the gigatonne (Gt) scale needed to materially reduce CO
emissionsDeep geological formains suitable for C&storage typically occur in sedimentary basins
andinclude depleted or depleting oil and gas reservoirs and saltwidted rocks (secalled saline
formations). In these geological formations, G€injected at depths @00 m or more where,

under typical conditions, CGas a liquidike density in the range &00 to 700 kg/rd. The liquid

like density is important from the perspectives of efficiently ugheyunderground storage space

and of mnimizing the buoyancy forces that would cause leakaaek to the atmosphere.
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Sand layers provide storage space forwdter, and natural gas. Silt, clay, and evaporite (rock
formations composed of salt deposited froaemaporating water) layers provide &s that can trap
these fluids underground for millions géars and longef~or oil and gas reservoirs, which are
found under such fingextured rocks, the mere presence a@if and gas demonstrates the presence
of a reservoir seal. For saline formatioassignificant siteharacterization effort is required to
demonstrate the presence of a satisfactory seal. Importtributes of the seal include low

permeability (1818 n? or less) and a higtapillary entry pressur€l Megapasca{MPa?® or more).

Toincrease the diversity of options for geological storage of, G&veral ongoing studies are
evaluating the potential of CGtorage in basalt formations, which rely on geochemical reactions
between the C@and basalt to store CQinderground as a mineraluch as calcite or magnesaed
coal beds where C(s adsorbed to the solidg\radbttir et. al., 2011 IEA, 2016a; IPCC, 20Mi

Grall et. al., 2006; Oelkers et. al., 20083ummary of the key characteristics for the three types of

storage sitess provided in Tabl-1.

3 MPa- one million pascal unit or 10 Bars
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Table2-1 > Summary of characteristics for &trage

Depleted Deep saline aquifers  Coal seams / Basalt
hydrocarbon fields formations
World storage 1,000 GItCQ, 1,000 t010,000 GtCQ,
capacity geographically limited uncertainty about how

to hydrocarbonrich much of this capacity
regions of the world can be utilized

Injection depth 800 m or more 800 m or more Coalbed 300 to 600 m

CQ density 500 to 700 kg/m3 500 to700 kg/m?3 CQ adsorbed to the
solids or stored as a
mineral such as calcite
or magnesite

Reservoir seal  Silt, clay, and Silt, clay, and evaporite
evaporite. the mere  satisfactory seal
presence of oiland  includes low
gas demonstrates the permeability (1G18 n?
presence of a or less) and a high
reservoir seal capillary entry pressure

(1 MPa or more)

Advantages Use for EOR Enhanced coalbed
methane production
(Llamas et al., 2016)

Geological storage of G@as been successfully demonstrated at a number of pilot and{scgke
sites over the last two decades in both onshore and offshore environmé&hgsinjection of CO
underground was not totally new when it was first suggested for clirmhtange mitigatia. In the
1970s and 1980s, as production from oil fields in the United Statesl@@diing, oil companies
started injecting water, natural gas, and 2@recover more oil anéxtend the productive ldtime

of oil reservoirs Thousands of kilometers of €flpelineswere constructed to transport the GO
from the natural reservoirs of GCthe primary C@source, to the depleting oil fields. @BOR was
done almost exclusivelysing C@from natural underground CQeservoirs, so it was not leading to

climate changenitigation.

Combiningenhanced Oil Recove(iEORWwith CQ storage

In CQ-EOR the majority of the injected gas remains in the reservoir and the

portion that reemerges with the produced oil is separateaim the oil and re

injected in a closed loop. Combining EOR with permaned@ @@ NI} IS5 2NJ G 9 hwt
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represents a significant wawin opportunity. According to IEA analysis, EOR+
could theoretically store around 240 Gt of2&®nore than twice the storage
required in the IEA 20Swhile increasing global oil production by as much as 375
billion barrels by 2050.

¢ 2 Rl &®B@R apdrations are carried out with the primary objective of
maximizing oil output with limited or no focus on3trage. Moving to aftOR+
model, with a dual objective of permanent &irage, will require a shift from
current practice and involve taking on additional activities associated with
monitoring and verification of the stored €@he emissions reduction benefit of
EOR+ is tapered by the production of additional fossil fuels from which the
majority of the carbon is inevitably emitted back to the atmosphere. However, IEA
analysis indicates that using €@ EOR+ projects can generate net emission
reductions.

This accumulatedx@erience has resulted in weadktablished best practices and techniques
required to select, safely operate and close (secuf@)storage sitesThere are three basic

technical requirements for storage sites:

1. Containmentc¢ Sorage sites need to beapableof securelystoringCQ in subsurface
reservoiswith low and manageable risks, including those assediavith any potential

leakage.

2. Capacityg Sorage sites need subsurface reservoirs that can permanently storesti@red

amounts of C@

3. Injectivity ¢ Sorage sites require subsurface reservoirs that can acC&piat an

appropriate rate in relation téhe capture process at the relevant industrial source(s).

CCS investments will require a high level of certaingy sufficient storage capacity is available and
can beaccessed atreasonable cost before making a final investment decision‘gfeenfield
storage sites, thiprocess can take close to a decade. While appropriate site selection and
characterizatiorare critical, a kepart of this process will also be effective community engagement,
recognizinghat there may be a low levelf awareness and acceptance©f storage amongst

local communities

There is an abundance of geological formations suitabl€f@rstorage globallyOil and gas

reservoirs are anticipated to have on the order of 1,00@CGtstorage capacityBenson et. al.,
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2012) But they are geographically limited to hydrocarbach regions of the world, and they may
not be available for storage until the oil and gas reservoirs are fully depleted or until market
conditions favoiICQ-enhanced oil or gas recovery. Saline aquifesisich are the common option
for carbon storage todayre assessed to have the largest storage capagttyglobal estimates
ranging from1,000 t010,000 GtCQ (IEA, 2016a; IPCC, 2014)

2.4 Examples of currently operating CCS projects

CCS &s beempplied in a wide range of industries since 19%8 02017, seventeen largecale
facilities' are operating successfully around the world (wittmore comingon-streamshortly, 5
facilities in advancedevelopment and anotherll facilities irearlierstages of development
worldwide). These 17 facilities are currently capable of capturing more than 30 Mtpa,@@dO
facilities under developmertould increasehis capacity to 69 Mia. In addition, here are around
15 smallerscaleCC3acilities in operationor under construction around thevorld. In total, these
facilitiescan capture over 2 Mtpa of GEGCCSI, 201 Hlowever,3,800Mtpaof CQneed to be
captured and storegor around2,5000f CCS facilities must loperating in 2040f the Paris 2C

targetisto be achieved

In addition, in the pasfew yearsseveral projects had been postponed or cancelkmadthe
projects pipeline habeen drying up (from 65 potentiafacilities downto 48in the period 02013
to 2016)(IPIECA, 2018)

Table2-2 shows thenumber and regionadlistribution of largescaleCCSacilities

4 Largescale CCS facilitiase facilities with annual G@apture capacity of 400,0a0ns or more
5The C@capure capacity of these individual facilities ranges from around 50,000 to almost 400,000 tonnes per
annum.
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Table2-2 >LargescaleCC3acilities by region

Operating In Advanced Early Total
Construction Development Development

Americas
United States 9 2 11
Canada 3 2 5
Brazil 1 1
China 1 1 6 8
Australia 1 1 1 3
South Korea 2 2
Norway 2 1 3
2 2
Middle East
Saudi Arabia 1 1
United Arab
1 1
Emirates

(SourceGCCSI, 2017)

Enhanced oil recovery using @ Q-EOR)
EOR has been a major driver of many early CCS projects, providing a revenue stream for the
captured CQ In the United States, G@as been used for EOR for several decades, facilitated by an

existing network of C&ransport pipelines which span more than 6,600 km.
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In North America and in the Middle East in particular, there is potential to expand the use of EOR
for climatechange purposes by combining it with permanent&@rage. This requires that EOR

projects implement measures to verify that the £/#®mains underground.

Power plant CCS projects
Gasfired power. CCS applied to géised power generation can play an impant role in a global
climate change response. In regions with low gas prices, such as the United States, advancing CCS
on gasfired power might be more favorable than for coal.
Coalfired power: Fuel cost issues in the power sector are key drivers asdo@Coafired power
may turn out to be particularly attractive in the Asian market, including substantial retrofitting
opportunities in China.
There are few power plant CCS projects around the world:
9 {FLait26SNRa . 2 dzytRK NEG SNIMREEIIHIVAINIES plant applied
to coalfired power generation, commenced operation in 2014. The project is owned by
Canadian utility firm SaskPower aisdeducing C@emissions froni,100 to 12@140
t/MWh, from a 110MW coal unit that has been retrofitted with CCS technology. The project
will eventually capture 1 milliotonnesof CQIl yy dz £ £ @ FTNRBY &tdcilSThel2 5 S N
power station has a number of other coal units where carbon will not be captyieldas a
total capacity of 824MW andits total emissions are 6.7 millicilnnes With CCS, 15 per
OSyid 2F (GKS LR gSNlateddptiradz y Qa G20+t SYAadaarzy.
1 Kemper County, Mississippi, UBhe Kemper County coal CCS plant is a completely new
power plant using pre&eombustion carbon capture. This means it will turn coal into a
mixture of hydrogen and carbon dioxide, burning the hydrogen to generate power and
capturing the carbon for EOR. Th®ject intends to capture about 65 per cent of emissions
¢ around 3.5 milliortonnesa year. In October 2016 the plant produces electricity using
syngas in first of two gasifiers, however, in June 2017 the plant susdethécoal
gasification, due to lowatural gas prices.
1 Petra Nova CCS project, Texas; Use Petra Nova project, operational since January 2017,
is the world's largest postombustion C@capture system presently in operation.
Production unit 8 of the W. A. Parish power plant near Houslt@xas, was retrofitted with
a 1.4 Mtpa postombustion C@capture facility. The CCSystem is designed to capture

about 90% of th&€Q emitted from the flue gas slipstream, or about 33% of the total
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emissions from Unit.8The captured C£s transported via pipeline to an oil field near

Houston for EOR.

CCS with bioenergy (BECCYS)

Offers permanent net removal of GBNR Y G KS | dY2ALIKSNBEX 2N ayS3al i
biomass that has removed atmospheric carbon while growing, and then storing the emissions from
combustion, underground. The lllinois Industrial CCS Project is apgmatice Aprit017.This is

the worldQ firstlarge-scaleBECCS project, as well as the first CCS project in the US to injettioCO

a deep saline formation at a scale of 1 Mtpa.

Industrial sectors; steel, cement, chemicals, fertilizer, hydrogen, refining
In many industrial sectors, deep emissions reductions are typically not possible without CCS.

1 Shell Questin November 2015 the Shell Quest CCS project in Canada became the first CCS
project to reduce emissions from oil sands processing.

1 Emirates Stedhdustries (ESHA key largescale CCS project development was the launch
on November 2016 of the Abu Dhabi CCS Project, Phase 1 being the ESI CCS Project. This
LINE 2SO0 NBLINBaSyita GKS ¢g2NI RQa FANRG | LILIX A
involves the capture of approximately 0.8 Mtpa of Gf@m the direct reduced iron (DRI)
process used at the ESI plant in Abu Dhabi and its use for EOR.

1 Tomakomai CCS Demonstration Projetdpan has embarked on an active program of pilot
and demonstration CS projects. The most notable development in 2016 was the
commencement of C£Injection at the Tomakomai CCS Demonstration Project. The capture
system (using emissions from a hydrogen production facility at Tomakomai port) is
processing C£at a rate of at leasd.1 Mtpa; this CQis then injected into neashore deep
geologic formations.

1 Lake Charles Methanell'he largest industrial facility with CCS in advanced planning. The
facility would convert petroleum coke sourced from oil refiesrin the Gulf Coast region
into synthetic gas (syngas). The syngasld then be processed to produce methanol (the
project@ primaryproduct), hydrogen gas, sulfuric acid andQ@ke Charles would be

designed to capture over Mitpa of CQ. Overall,the project would capture 77% of total GO
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produced. The captured G@ill most likely be transported 225 kto oil fields in the
Houstonarea for EOR.

1 Other projects Alberta Carbon Trunk Line, Alberta, Canada; Enid Fertilizer, Oklahoma, US;
lllinois Irdustrial CCS Project, lllinois, US; Coffeyville Gasification Plant, Kansas, US; Great
Plains Synfuel and Weyburn Midale project, North Dakota/Saskatchewan, US/Canada; Air

Products Steam Methane Reformer, Texas, US.

Natural gas processing
Removal of rcess C@content in natural gas streams is a candidate for early CCS deployment, as
the CQ must be separated from the gas before it can be shlaturalGasquality requirements for
WA I f 3efjures Thitits compositiois almost entirely methane, wibh isachieved byextracing
impuritiesfrom the natural gas through a series of proces$asv natural gas contasy in addition
to CH - a range of other substances including water, carbon dioxide, nitrogen, sulphur compounds,
and otherhigher chairhydrocarbon gases such athane,propane butane (which constitute
liquefied petroleum gas or LPG).
Natural gas processing plants use a range of different processes to remove these various impurities
and produce pipeline quality dry natural gas. Some ekthsubstances, such as hydrocarbon
liquids, LPG and sulphur, have commercial value and can be sold separately. Others, such as water
and nitrogen, usually have no value and arenjected into the gas reservoir or released..Cé&>
well, can be stored ther than being vented into the atmosphere, as was done in number of
projects around the world:
91 Val Verde Natural Gas PlanfEhe first of these projects started in 1972, using a waste
stream of byproduct CQfrom several natural gas processing fa@étin the Val Verde area
of southern Texas. Instead of being vented, the b@ had already been separated from
the natural gas stream in the Val Verde gas plants was compressed and transported through
the first large scale, long distance {Jfipeline toan oil field several hundred kilometers
away elsewhere in Texas. The-@@s then injected into the SACROC (Scurry Area Canyon
Reef Operators Committee) Unit of the KellySnyder Field in Scurry County, West Texas. The
output of the Val Verde plants is depgent upon the quality of the natural gas being
treated. The C@content of the inlet gas stream can vary betweenStbper cent in many
cases. The total capture capacity of the Val Verde plants is around 1.3 Mtpa. The increased

production of theSACROC petroleum reservoirs in response to the injectedd@®inced
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several other major oil companies of the viability of this techniqonany given reservaoir,

the amount of C@co-produced with oil will increase with time; but the recycling systems
employed at sites ensure that the vast majority of this;@Qeinjected into the reservoir in

a closed loop system. EOR sites are designed to optimize oil recovery and minimize CO
purchases, so the storage resulting from EOR is often termed associdtezidantal.

Shute Creek Gas Processing Faeilitye Shute Creek, Wyoming,,d&s treating facility

began operation in 1986 and an expansion in plant capacity was completed in 2010. The
plant processes gas from production units in the nearby LaBarge@thsThe Shute Creek
plant handles among the lowest hydrocarbon content natural gas commercially produced in
the world. The raw gas entering Shute Creek contains about 65 per cean@Q0 per cent
methane, as well as nitrogen, hydrogen sulphide, meland other gases. Carbon dioxide
production capacity is 7 Mtpa. The separatec@Qransported from the Shute Creek

facility under sales contract via the ExxonMobil, Chevron and Anardarko Petroleum pipeline
systems to olil fields in Wyoming and Colorddouse in EOR. Pipeline distance from Shute
Creek to the larger volume customers of Salt Creek and Rangely is approximately 460 km
and 285 km, respectively.

Sleipner C®Storage Project The Sleipner area gas development is located in the Central
North Sa, near the border between the UK and Norway and approximately 240 km west
southwest of Stavanger, Norway. The>€@ntent of the gas stream from the Sleipner West
field within the development is in the range of4per cent, which must be reduced to meet
customer requirements. Since 1991, the Norwegian government has implementegitaxCO
on a number of sectors, including offshore petroleum production. The need to process
Sleipner West gas to meet market specifications, thet@q and a commitment to
sustainable energy production, ldtie Sleipner projecbperator, Statoil to capture and

store CQin a deepsaline aquifer, whiclmakesthis project to be the first projectvhere CQ
storage wagslone for mitigation. Since production began in 1996, thelgesbeen

processed at an offshore platform, and the capturec C@npressed and injected from
another offshore platform into a sandstone reservoir 250 meters thick at a depth ef 800
1,100 meters below sea level. The seal to the reservoir is provided @y m&ter thick gas
tight caprock. Approximately 1 Mtpa of €® injected per yeanyith a total of 17 Mt

sz, A

throughoutthen n @ SIF NBR 2F | OUAQGAGEDdP ¢KA&A RSGOSt 2LIVS
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CCS technology for a deep saline storage reservoir and the firstdeatge CCS project to
become operational in Europe.

Snghvit C@Storage Project Snghvit is a liquefied natal gas (LNG) development in the
Barents Sea offshore northern Norway. Snghvit Area gas contéiebcent Coby

volume, which will solidify into dry ice under the pressure and temperature conditions of
liquefying natural gas. It must therefore be rewed before the gas is processed into LNG.
LNGseparated C@is typically released to the atmosphere; however, the Norwegian State
mandated CCS as a condition of the license to operate for Snghvit. The unprocessed raw
natural gas stream is transported 1k to shore and into an LNG plant located at

Melkgya, Norway. The G@moval process at the LNG plant is designed to capture 0.7

Mtpa of CQwhen the facility is at full capacity. A separate pipeline then transports the CO
from the LNG plant back to tHenohvit field offshore where it is injected into a geological
storage reservoir. Injection of G&tarted in April 2008.

Century Plant The Century Plant natural gas processing facility in Texas, US, has the largest
CQ separation capacity in the worldotated in Pescos County, Century Plant processes

high C@-content (more than 60 per cent) gas from various fields in West Texas. Bhe CO
then compressed and transported for use in Permian Basin EOR operations elsewhere in
Texas. Construction of the Ceny Plant facility was completed in two stagethe first

stage was osstream in late 2010, the second became operational in late 2012. Full CO
capture capacity is 8.4 Mtpa.

Lost Cabin Gas Planthe Lost Cabin Gas Plant is a natural gas processility faci

Wyoming, US. It began operation in 1995 and had a number of major expansions in
1998/1999 and 2002. The feed gas contains a high percentage;ait @und 20 per cent.
C2NJ YdzOK 27F GKS LI | y.ive&sdentédtdtieniNbspherdHéneverQ | LG dz
in 2010 Denbury and ConocoPhillips (owner and operator of the Lost Cabin Gas Plant)
entered into an agreement for Denbury to purchase approximately 0.9 Mtpa af CO

Denbury would also build compression facilities adjacent to the gas plant aed 874 km
pipeline from the plant to an EOR injection site at the Bell Creek oil field in Montana, US (the
Greencore Cgpipeline). ConocoPhillips began LQi@liveries in March 2013 and €0

injection began in May 2013.
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1 Petrobras Lula Oil Field CCS Proj&strobras Lula Oil Field CCS Project is located
approximately 300 km off the coast of Rio de Janeiro, Brazil. Lula was discovered in 2006
and is one of the largest oil field discoveries in Brazil. The hydrocarbon reservoirs are
located in waters that aaexceed 2,000 meters in depth. The reservoirs range in depth from
5,000 to 7,000 meters below sea level, under a salt layer that is more than 2,000 meters
thick in places. The natural gas stream associated with oil production at Lula also contains
CQ. Application of EOR methods (includingZi@ection) was considered from the early
planning stages of field development. All production and processing is done at a floating
facility on the ocean surface above the oil and gas fields. tsogle production bgan in
June 2013. The produced oil is offloaded into tankers and transported to shore. Gas
processing units onboard the floating facility are designed to separate thé@®the
natural gas stream. Once separated, the gas output is transported to amen&cility by
pipeline. The C&s compressed and #fi@jected into the producing oil and gas reservoir. The
ultra-deep waters make the Lula field a pioneer i &R development, with the deepest
CQ injection well in operation. Approximately 0.7 Mtpa of £&@n be reinjected into the
Lula field.

1 Uthmaniyah COEOR Demonstration Projecthe Uthmaniyah GEEOR Demonstration
Project is located in a small area at the Uthmaniyah production unit, warahs part of the
giant Ghawar field in Saudi Arabia (the largest oil field on Earth). The project compresses
and dehydrates COrom the Hawiyah NGL (natural gas liquids) Recovery Plant, then
transports the C@stream 85 km to the injection site withinéhUthmaniyah production
unit. Around 0.8 Mtpa will be injected for three to five years from commencement of the
project, which was in July 2015. The Kingdom of Saudi Arabia has abundant conventional
hydrocarbon reserves and EOR is not likely to be reqatgudoduction scale for decades to
come. However, the Uthmaniyah Demonstration Project has been developed to gain
experience with this technique, including determining incremental oil recovery.

1 Gorgon Project The offshore Western Australian Gorgon natiugas production project
with the first LNG delivery made in 2016 is the largest in the world to injeginB®a deep
saline formation (being capable of injecting up to 4 Mtpa of)CIhe Project plans to inject
between 3.4 and 4 milliotonnesof CQ each year. This will reduce greenhouse gas

emissions from the Gorgon Project by approximately 40 percent.
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1 Salah, AlgeriaThis gas processing plant began stripping and storing carbon dioxide from
natural gas in 2004. Capture was suspended in 2011 as tiaek&een concerns about
possible leakage. At that point, 3.5 millionneshad been stored in a saline aquifer.
Monitoring continues at the site and future storage is under review.

1 Jilin CCS facilitgilin CCUS is located in northeastern China arapisiing CQfrom a
natural gas processing plant at the Changling gas field and transporting it by pipeline to
onshore injections sitegor EORInAugust 2018, the facility announce that it has reached a
storage capacity of OBltpaof CQlF YR o6& (KI i 06S02 Y SscaelCSS 42 NI F
facility. Over the past year, China has shown a massive resotieploy CCS technology
and there are now moréhan 20 projects in various stages of developm@&tES is now part
of long term, fiveyear strategic plans across China and acceleration has been aided by the

roll-out of an emissions trading scheme, with a carbon price about to be introduced.
A summaryof the above projectss provided in Appendix A.

The ability to scale up the existing operations of CCS relies on several critical factorg:Jldike

the risks, potential impacts, and management approaches for dealing with them.
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Table2-3> Summary of key risks, environmental impacts, and management approaches

Environmental Risk Impacts

Leakage of C&nto the Ineffectiveness of
atmosphere CCSs
Accumulation of Damage taCQ-
elevatedCQ sensitive habitats
concentrations in

ecosystems

Accumulation of Chronic or acute
elevatedCQ health concerns

concentrations where  from CQ exposure

humans can be expose!

Leakage ofcQto Acidification of

groundwater groundwater and
potential dissolution
of toxic minerals

Leakage of Contamination of
hydrocarbons to groundwater with
groundwater organic compounds

Displacement of saline Contamination of

brine into drinking groundwater or
water aquifers or surface water with
surface water dissolved salts
Induced seismicity Potentially felt

ground motion and
structural damage

Management Approaches

Effective siteselection and monitoring
Remediation of leakage pathways

Effective site selection and monitoring
Remediation of leakage pathways & ecosystem
cleanup

Effective site selection and monitoring
Administrative controls to restrict access
Remediation of leakage pathways

Effective site selection and monitoring
Administrative controls to restrict groundwater
use Remediation of leakage pathways &
groundwater cleanup

Effective site selection and monitoring
Administrative controls to restrict groundwater
use Remediation of leakage pathways &
groundwater cleanup

Effective site selection and monitoring
Administrative controls to restrict groundwater
use Remediation of leakage pathways and
groundwater clanup

Effective site selection and monitoring Regulatt
limits on pressure buildup and consequent induc
seismicity

(Sourcede Coninck & Benson, 2014)
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2.5 QO Utilization

UtilizingCQ has received increasing attention in recent years, notably as a potential driver to
develop CCS. The allure of@@lizationis straightforward: instead of paying to dispose 0h@®a
waste,firms that generate large amounts of €€uldbe paidto deliver it as a commodity to
willing buyers while at the same time avoidingleasingemissions to the atmosphere and
assumingassociated penalties. If viable, Q@ilizationcould thereby shift the focus of the CCS
discourse from the disposaf an inconvenient byroduct or waste towards the production and

use of a commodity.

However, not all options for G@vould actually helpnitigate climate change. Understanding the
emission reductions that arise from different @@ilization options caroften be complex and not

all CQuitilizationis equally beneficial from a climate perspective.

Millions of tonneqMt) of CQ are used in industry each year. The largest single source of this is
EORwhere CQis injected into oil reservoirs to increase mobility of oil and reservoir recowetly,
some 70 MICQ used annually, although twthirds of the quantities used are actiyafrom natural
CQ sourceqEA 2016). In time this could be replaced witE@Q captured from power and
industrialfacilities and, with appropriate siteharacterizatiorand monitoring, could provide a

permanentstorage solution.

Other current largescale uses (in millionsf tonnes perannum(Mtpa)) include urea yield boosting,
carbonated drinks, water treatment angharmaceutical processes. However, these uses are
relatively limited when considered from theerspective of tackling climate change: eotample,

the global beverage industry uses aroit CQ each year, which is approximately 0.5% of the
CQ that would need to be captured arstored in thelEA2DS by 203(EA, 2016). Most of these
alternative largescale uses also do not offeparmanent storage solutiorEmergingCQ utilization
opportunities such as mineral carbonation a@@ concrete curing havéhe potential to provide
longterm storage in building materials, but again the potentiahtribution of these measures to
climatechange is likely to be limited as demand for theseductsbecomesaturated (IEA, 2034
The proposed conversion @fQ to liquid fuels coulgotentially displace fossil fuel use (thereby
reducing emissions) but requires extensive energyarsewould notdeliver the same net climate

benefit as geological storage because in stmhversion theCQ is ultimately rereleased.
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There are many classifications that can be made about the use or valuation estaig€Q which

include three categoriegLlamas et al., 2016):

1. Direct or technology useuse ofCQ with different technologies and market applicatigns
including:

1 EOR Technology that injects G@to a reservoir that contains hydrocarbons for the
purpose of enhancing the pressure in the oil field and allow faster oil recovery from
depleted oil fields. The G@& produced along with the oil and theacovered and re
injected to recover more oil. en the maximum amount of oil is recovered from the
reservoir, the C@is then injected into the underground geologic zone that formerly
contained the oil and the well is shirt, permanently sequestering the dn the first
commercial project of EOR 1972 (SACROC project in Texas), the source of the CO
was a gas plant, where the @fas eliminated in the production of ammonigwo
techniques are largely used for EQRscible wateralternating-gas (WAG) process,
where gas (usually natural gas orZé&nd water alternately injected to form one
phase with the oil to increase its viscosity and improve the sweep effici@ycyic gas
injection, usually C@(either natural or industrial by product). The £8injected
under pressure between oil wells free the stranded oil. Carbon dioxide is a superior
agent in recovering stranded olil as it naturally reduces the surface tension that traps
the liquid oil in the reservoir. The €@ produced with the oil but is easily separated
from the crude oil becasge it reverts back to its gaseous state when the pressure is
removed.

1 Fire suppression Carbon dioxide is denser than air and it can blanket a fire, because
of its heaviness. Some fire extinguishers useWich prevents oxygen from getting
to the fire and depress it.

1 Supercritical C@- SupercriticalCQ is a fluid state wher€Q is held at or above
its critical temperature angbressure, and it behaves asapercritical fluid (expanding
to fill its container like gas but with adensity like that of diquid). This state
emphasizes the capacity of €0 dissolve chemicals anditural substances similar to
different organic solvents. The most mature application at the industrial level is the
removal of caffeine (coffee or tea) and also in the extraction of hops or cocoa fat.
Another popular application is in dry cleaning, whenpercritical CQis used to
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2.

remove stains from fabrics and garments without causing discoloration or shrinkage
and without associated smells. Supercriticab@graction is also used by producers of
flavors and fragrance® separate and purify volatildavor and fragrance

concentrates.

1 Food and beverageslin transport of food, liquid or solid G@& used for quick freezing,
surface freezing, chilling and refrigeration.0€also used to carbonate soft drinks,
beers and wine and to prevent fungal abdcterial growth, since it has an inhibitory
effect on bacterial growth, especially those that cause discoloration and odors

1 Water treatment- CQ technology is widely introduced in treatments such as sewage
water, industrial water or drinking water renmenalization. These processes used the
chemical ability of CQo change the pH of water and to increase water hardness
(when combined with lime or calcium hydroxide).

1 Carbonate mineralization Another technological use of G@ the accelerated
carbonaton of alkaline waste. The chemical reaction of alkaline withpE@luces
minerals, such as calcium carbonate and magnesium carbonate, which are highly stable
and can be used in construction and as filler materials in paper and plastic products,
without concern that the C@they contain will be released into the atmosphere.

Improved biological us¢Biologicalutilization) - This technology, also known as biomimetic
transformation, imitatesthe natureQ grocess of potosynthesisanduses CQ as food for plant
growth. There are two main ways in the biologigalization processgreenhouses carbonic
fertilization and growth of microalgaeIn the first processiglds of plant products grown in
greenhousegan increase by 20% by enriching theiasidethe greenhouse witlcQ (the

target level for enrichment is typicallyGQ concentration of 800 ppmThe carbonic
fertilization allowsfor early crop production along with a greater amountpobduct with better
guality. The second processeelsto exploit the advantage ahicroalgae aa microorganism
with a high production rate (some species are able to duplicate their biomasshiou2g about
30 to 60 times the rate of landased plants On top of this, some specie$ seaweed are super
adlFofS YR R2y QG oNBI | dhighpgtentalfér forigerd cabbénl y A y 3
storage.In the middle othe lastcentury,the investigationon bio-fixation of CQ by microalgae
focused on the possibility of obtaining bi@fls from microalgae: mainly methare |)pnd| |
but after the oil crisis in the 1970s the biodiesel was also considevkith could reducéhe

need for fossil fuelHowever, none of the projects have demonstratee feasibility of the
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concept at a prandustrial level. Thefforts focuson nutritional purposes (for humans) and
animal feed(especially aquaculture). Other sectors, such as cosmetics, effluent treatment and
bioenergy have shown interest, incorporatinmicroalgae int@ommercial productsfor

example Venus Shell Systefnan Australian company that produce marine biomassd in
biomaterials, cosmetics, nutraceuticals and pharmaceuticals, has pioneered a project that
produces seaweethat captures C@produced by an ethanol plant located nextttos facility.
Algend’, a US companys commercializing a technology that creates ethanol and other fuels

from algae.Their process allows algae to convert sunlight, seawater and wa&@to sugar

much faster than through natural photosynthesis. Through fermentation, the sugar is converted

into ethanol and biomass, which is further refiniedo green gasoline, jet fuelnd diesel.
Currently, 95% of the production of microalgae is based on open sytaoeways or circular
open ponds). These systems have a low rate offiation and it is estimated to be around 20
50% of the injected gas is effectively set by microalytamas et al., 2016)

3. Chemical use Carbon dioxide gas is used, dnyificial photosynthesisandchemical conversion
to high added value products and fuels, suchuasa (used as a fertilizer, in automobile systems
and medicine)MeOH inorganic and manic carbonates, polyurethanes and sodium salicylate.

Carbon dioxide is combined with epoxides to create plastics and polymers.

Significant innovation and technical progress are beiclgevedacross a number of utilization
technologiesBythe end of 2014 &uropearcompany (ETOGASresented theitPowertoD | & Q
technology, whicttonvets CQ and Hto/ | (synga¥through electrolysis processes. Another
Germancompany(Covestrd) developsa technical process to produce &iased polymers

production on a large scale. this processCQ acts asa substitute for the petroleum production of

plastics. The polymers are used in many everyday applications, they can be used for the insulation

of buildings, in the automotive indust, upholstered furniture and mattress manufacturing.
Another trial in that direction is made by Newlight Technolotjigstheir production sites in
California where carbon emissions from farms, landfills and energy facilitiestig@dpnd

combined withoxygen into a substanazlled Aircarbon, which is, according to the company, a

8Venus Shell Systemattps://www.venusshellsystems.com.au/abouts/

" Algenol- http://algenol.com/

8 Hitachi Zosen Inov&togas http://www.hz-inova.com/cms/en/home?page_id=4896
% Covestro- https://www.covestro.com/en

10 Newlight Technologieshttps://www.newlight.com/
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costeffectiveway of making plastic.A Spanish company (lberdréfpdeveloped an application for

power plants which ussthe flue gases from Combined Cycle Power Plants (CCPP) in a direct way to
control the PH in the cooling water systems. That company also seeks to demonstrate the viability
of using C@from combustion gases to control maefouling (fouling caused by laggorganisms)

in a thermal power plant (Castellon CCPP), cooled by sea.viratbrs process COsused as a
substitutefor chlorinebased chemicald-irst estimateindicate that a 40Megawatt(MW) CCPP

may be necessary to usenuallyup to 50,000 €Q. A huilding materials companfyom California

(Blue Plané®) issequesteringwast€QF NB Y [/ I f AF2NY AL Q& f I NBSal L2
manufacturers in Mexico and Canada, steel mills in Mexico, aluminum plants in Canada and coal
fired power plants in Wyominghto manmade limestonéVhile bubbling waste gases through
seawater itremoves about 90% of th€Q and combines it with minerals in the water, resulting in

the creation of limestone that is composed of about 50% w&sBe An Australian company

(Mineral Carbonatiot?), makes similar effortsAnother US company (Solidfasequesers carbon

in building materiald®y curingconcrete with CQ instead of water, to produce stronger and more

stable concrete while reducing water and energy use.

Thecurrent andfuture role of CQ utilization should beevaluated whileconsidering the following

aspectyIEA, 2016a)

1 Emissions reductionsthe impact of£Q usage depends primarily on whether it achieves
emission reductioa Analyangthis issue requires a good understanding of thidized CQ.
Alternatively, does the uséisplace more carbointensive fuel consumption? This requires an
understanding of both the use@Q and of thedisplaced consumption.

1 Financial contribution:Utilizationcan also have an indirect climate change mitigation benefit.
For example, it can cate a profitable business opportunity which acts to stimulate increased
investment, which in turn leads to innovation in G€&nology, and the revueanhelp cover
the cost of captureperations

1 Scalability of useA questiomneeds to be raisedCan the use be scaled up to drive the building
and operation of largescalecapture facilities2arge point sources will potentially capture

several million tonnes d€Q annually therefore, sufficient demand is critical. Opportunisdor

1 berdrola- https://www.iberdrola.com/home
12 Blue Planet http://www.blueplanet-ltd.com/
13 Mineral Carbonatiorinternational- http://mineralcarbonation.com/
1 Solidia Technologieshttp://solidiatech.com/
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CQ utilizationare likely to be limited to niche applications with relatively srsatleCQ
requirements (with the exception of EQORhese may have value at a local or industrial level,
but are not considered an alternative to largeale geologal storage o€Q. Beyond EOR, the
contribution of CQ utilizationto emissions reduction efforts likely to be limited in the
absence of major technical breakthroughs. It should therefore nqtdmitioned as an

alternative to geological storage 6Q.
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3 MATURE CCS TECHNOLOGIES

Lowcarbon energy generation technologiegspecially those that require the application of QCS
are at varying stages of technological development and often straddle one or more development
stages as new designs aoonfigurations are developed. In this chapter we compare various such

CCS technologies for maturation, efficiency and cost.

3.1 CCS technologies comparison
3.1.1 Maturation

Mature technologyis defined as a technology that is being used at an industrial
scale in ateast one industrial facility. It is a technology that meets a certain
Technology Readiness Level (TRis)used by the U.S. Department of Energy
(Folger, 2013and other organizations. All of the technologies that are described
as mature in this chapter are eithbeing used on an industrial scale for several
years, in at least two industrial facilities.

I B/ LG dzNB
/| dZNNBy(ife GKSNB | NBlI RHRBTEBOKYY atzZRBAOEMD 2KS Y
AYO2,08a2R1LIIA2Y a LINLO 2F aSLINFIGA2Yy GSOKYAIJc
 C2 NJrbRPMdidzmikP yr 0 a2NDBSNAR 2F OK@amods | NB | YAYS
 C2 NJOIINI dzaimhP yl 6 a2 NDSNE 2BUIBBAROZGTI NBfRESVTEKE |
NBE T NR MEMD GSRYO NI ySa 2lyNB yI AFRdazdSIRABIE &4 8 OF £ § -
aSLI NGRS 2/y2y Ay O] 6aSSymBegESHAMNO
 C2 NJORE® dzaliMBa/ASy A O 2Ee3Sy aSLI NI GA2yooa (K:
hyteée F2NJ 6KSaS GSOKy2ft23AS&a GKSNB INB &SkNaR 2°
t 28 YO dzA GIARY2 MINGA2Y o0& | YY2YAlL A& Fy lfyzad Yl
LINE 2SO0 aSSKI NHA Y ®F 0 T GI2 (dABNED diln MSUGIKR S 2 A Yy Rdza
LIN22SO00Ga &Si ol mi8d SLILINRY2SSRO GAay Red3aNIBNIQHfy OSE SR A
¢KS NBal 27 NS DOBGKyRit2EBASLEB 3SazX YR Y2ad | NB
aldlaga® YShya (KIFG GKSe gAft LINRoloteée y2G 0S5 A

% Technology Readiness Level is a metric used for describing technology maturity. It is a measure used by many U.S.
government agencies to assess maturity of evolving technologies (materials, components, devices, etc.) prior to
incorporating that technology into a system or subsystem.
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Table3-1 > Comparison between pesbmbustioncarborcapture technologies
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(SourcesBootHandford et al., 2014; Chapman et al., 2013; de Coninck & Benson, 2014; Folger, 2013; Muratori et al., 2017a; RublibeShimakit &
Mukhtar, 2012)
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Table3-2 > Comparison between pommbustion carboftapture technologies
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Table3-3 > Comparison between oxpmbustion carboftapture technologies
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3.1.2 Efficiency

Efficiencyis defined as the percentage of &kt is captured or used, and the
percentage that is not released back to thenasphere for at least many decades.

I R/ F LG dzNB
CQ capture by amines absorbers hasB00% efficiency, depending on the amine, facility design,
and the specific method used. In contrast, membranes have low capture efficiency, which cryogenic

oxygen separation has high efficier(&plger, 2013jsee Table8-1, 3-2 and3-3).

/ he¢ NIF y a L2 NI

CQ transport by pipeline and ships is highly efficient, with minimad I6€> to the atmosphere
(IEA, 2018). It is believed that CQoss is similar to that of natural gas loss from natural gas
systems, which is smaller than 10% of the producedna gas(Caulton et al., 204; IEAGHG,
2004; Onyebuclet al., 2018; Schneising et al., 2014)

{2 BSEATFGAZY

CQ Storagein deep saline formations has high efficiency. Experimental and model data show that
carefully and properly chosen and maintained and monitored i@j@ction sites can trap GO
permanently, for millions of yea$EA, 2018 IPCC2005) Substantial Ceakage can occur only
through wells and faults. Even in these cases, the highest leak rate is 8% obtinge€@d per 100
years after injection stops. This rate can be reduced to less than 1% per 500 years by various

mature and availableemediation nethods(Zahasky & Benson, 2016)
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CQ Utilization in shortlived products (life span of up to a few years), such as urea production,
carbonated drinks, watetreatment, fire suppression, plant growth enhancement, supercritical CO
pharmaceutical processes, plastics (if they are quickly turned into waste and then to eneray)

be efficient in conversion to the product but the £@at was incorporated intéhese products is
released back to the atmosphere after a short period of time. Utilization into stable products, like

mineral carbonization into building materials alwahg-lastingplastic, could be highly efficient.

3.1.3 Cost
The definitions below arprovided to explain the terminology used in the cost analysis.

More details about the currencies conversions can be found in Appendix B.

Definitions

CQe captured (tonMW hour (MWh)) - How many tons of C@are captured per
MWh produced.

CQe avoided (ton/MWh)- CCS power plant uses more energy (or more natural
gas) to produce 1 MWh of electricity, becatisere is an energy penal(t5-24%)

due to the energysed to capture the carbon and notpooduce the electricity.
Although 90% of the carbon may be captured per unit of energy produced, it takes
a higher resource heating value to generate 1 MWh of electricity. Therefore, per
MWh produced, the CCS power plant avoids only 88% of carbon emissions
compared to the conventional power plant.

COE cost of electricity generation ($/MWh).
CORt- cost of electricity of a reference power plant without carbon capture.
COEkc cost of electricity with carbon capture.

Cost of Cee abated[ILS6'%tCO,] - when multiple strategies are used to reduce
GHG emissions, we use the term cost ok@0ated (C@e abatement costs).
Examples are GHG emissions reduction in power plants, in fuel production,
changes in the fuel mix, improved efficiency etc.

16|LSs - Israeli Shekel, mid 2016 values. This is the currency we used compare between the different currencies from
the different references.
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Cost of Cek capturedis the price of capturing every ton of £0t represents the
minimum C@e plant gate sals price that would incentivize carbon capture
instead of a corresponding narapture plant based on the same technology. It is
not calculates for the whole CCS operations chain, only f(R@h, 2012)For
example, for an electric power plant the cost can be defined as:

4 s oxes wn e s ., QDY 000 0600
0 € i€ 60 UV'QO wnoogeﬁ% Yo P
0 WwQ

(VI OV

Cost of Cee avoidedrepresents the minimum G&emissions price that would,

when applied on both the capture and noapture plants, incentivize carbon

capture instead of a defined reference plant without Riin 2012)(the carbon

tax value or emission fee that will make the COE of a power plant with CCS equal
to a power plant without CCS). CCS power plant uses more energy (or more
natural gas) to produce 1 MWh of electricity, because some enereR40%d is

used to capture the carbon and not to produce the electricity. Although 90% of the
carbon is captured per BTU of natural gas, more BTUs (or carbon) are now used to
create 1 MWh of electricity. Therefore, per MWh produced, the CCS power plant
avoids only 88%f carbon emissions, compared to the conventional power plant.
The cost of C@ avoided for a power plant defined as:

I O 1L Ny 60 Qg 60 Qg
OEEDQGO UL E Qg}‘%@@{ Q@oi "ql)QQ
w Q @ RO @ GQ

CA I deMB f alzdl KIS R F T S NB yOF S I(0dINTEHS A ydRERN dzLILIS NIt LI v S
Ot OtuSYARBRAAZ2YA AY bD// LI&gSNI LI | yOe O ASIYKA2EdAOA 2/y7 & ¢
bD// LIR2¢SN Ll 2 Y8/ BRYOK /LIPS NI LI F2yUiKESKhPOY ViR A2 yOF L
GKS ftAFS 0e0ftS &XyENERINUDAJZSE S O ded OB (132 NRRIZOGE 3
I 1{ AGasStT {.SIYRIABDRSYNBANINENI SHSY | GSOKy 2, 238
SYAaaArzya Ay | LRsSN ¢IPyEET OKF RWTIS IOR QK SiINBH §
LJt (GléllasFranca & Azapagic, 2015; Sathre et al., 2011).
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Figure3-1 > A visualization of thdifferencebetween C@captured and avoided
(Adopted from singh et al. (2011))
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Table3-4 > Postcombustion CCS in Natural Gas Combined Cycle (NGCC) powé&t plants
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18 The data with the original currencies is available in Appendix C.
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20The transportation and storage parameters are different in every article, therefor the resultsaeevariable.
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Transport and storage

Transport and storage make -BD% of CCS cost, depending on the capture technology, and also on
the transport and storage parameters: transport distance, onstaffehore pipeline and storage.

Table3-5 summarizes the transport costs frdour articles(Rubin et al., 2015)

Table3-5 > Transport cost (ILBtCQ/ 250 km) at three different pipeline capacities
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(SourceRubin et al., 2015)
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Utilization

CQ utilization as a product offers lower overall costs for CCS, as sellpforG@oduction of goods
is a source of income. Power plants selling f0OEOR can reduce the COE from-28@ to 191
445 IL%/MWh (63-122 to 48112 USKY/MWHNh). In other words, a COE that is lower by3(%o
compared to CCS without utilization, -cat CE that is /56% more expensive compared to a ron

CCS power plarfRubin et al., 2015)

A recent article showed that CCU iMaOHplant, can be done without increasing tMeOH

production cost and might even be profitali€ollodi et al., 2017)See Sectio.2on methanol.

Future CCS cost

In many technologies, the cost of their implementation tends to decrease with time. This, due to
economy of scale, improvement in productiamplementation, more experience with the

technology, etc. The sammayhappenwith CCSechnologiesFor CCS in a#ricity production, he

UK CCS task forpeoposed a roadmap for reducing the cost. This roadmap includes assignments
needed to be performedh orderto promote CCS cost reduction. Their roadmap sugge§t€S
costreduction 0f40% within 15 years (201&28). In other words, loweringtheh 9 FNRBY py ¢
ophpaz Ko KI LIYF Y SHGIY OEK Biazim®ONB R dz0 ( A 2 § ASE &0 KASY LINE
O2ai I FTGSNI NBRdAzOG A 2y | AZE NayHSR /0 @b ® 3 K3 @I RS SINK Si |
GFal/hBNO2ald 6Fa 2NAIAYI &2 mzdTh /R ST NDRIE KISyN &
HAMOT wdzoA¢$¥ S Ff P HampoO
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3.2 Integrated CCS solutions at the plant level

In this section, we combine the different stages and mature technologies discussed above, to
compile integrated CCS solutions at the plant leVais allows a better understanding of the

complexity and costs of capturing, transport and storage or utilization.
Natural gas processinglant and CNG plant

Natural gas is a composition of gases. The main flammable gds js canalso contain h, water,
H>S N, heavier hydrocarbonsetc. The composition differs between gas fieldsh fraction can be
less thamone percent but can also reach 46%tbé raw natural gasivhen natural gas is processed
after extraction,/ h, water,HS and liquid hydrocarbons are separatecbrder to increase the
guality of the natural gas and to reduce its corrosiveness to infrastract k separation is done
usually withabsorption, but sometimes with membranes (s8xtion 3.1)(Shimekit & Mukhtar,
2012)

As/ hisoften separated in this stage anywagapturing, transporting and storing it can be
performedrelativelycheaply and easilyhus, instead of releasing the separateda to the

atmosphere CCS can prevent it from contributing to climate change.

CNG production involves only the compression of natural g28¢a5 MPa (2,90€3,600 psi)

Therefore, no CCS is relevant togteduction.
Methanol plant
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To calculate the possible reduction@® emissions fronMeOHproduction and use, we calculate

the ratio between their molecular weight:
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When we multiply this number with tMeOH, we get the weight o€Q that is released upon 1
tMeOHcombustion. 1.375CQe are emitted upon ¥IMeOHcombustion. If we combine the
amount of CQ that is released upoiMeOHproduction andMeOHcombustion, we find CO

emissions fronMeOHproduction and use: 0.17%& Qe + 1.375%CQe = 1.55CQe

1.55tCQe are emitted upon production and use oteOH. The percentage of @hat can be
captured is: 0.175/1.55=~0.11

Therefore, only ~11% of thgotential CQ in MeOHproduction and use can be captured and

stored. The rest is released to the atmosphere up@OHcombustion.
GTL plant

There is not a lot of information on the cost of CCS in GTL plants, mostly because GTL plants are
expensive, rare and new. If we consider the full abatement cost in the GTL plant, that includes
capturing and compressing g, 2025 itwill be~300 ILGCOze (665 ZAR/ICOe) (Telsnig et al.,
2013) This is in the cost range of capturing:@0a NGCC power plant (see Tabi and the NGCC

analysign thissection).

However, the GTL process starts with gasification aft€klyngas, and G a byproduct of syngas
production. Interestingly, the following Fisch&ropsch reaction that converts the syngas to liquid
hydrocarbons, requires the removal of &m the syngas mixturéor an efficient reaction. Thus,

the GTL process has a bdiitcarbon capture stage, even without CCS. This is one of the reasons
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why a GTL facility has a high capital cost. For full CCS solution for a GTL plant, one needs only to
compresstransport and store the separated €Qaramillo et al., 2008; Jaramillo et al., 2009; Ou et
al., 2013)

As noted before, these are the less expensive phases of CCS, and accouri(®s @Da total CCS
solution(Chapman et al., 2013; Folger, 201B)e impliction is that if one has already committed
to build an expensive, energyasteful and polluting GTL factory, upgrading it to have a full CCS
solution is relatively not expensive. Also, upgrading it to a full CCS solution can be achieved
relatively easily een without prior planning and after the facility completiofhebreakeven price
for carbon capture is only 30.55 {EBCOze (6 EUR/ICOz€) at a GTL plant gafean Vliet, Faaij, &
Turkenburg, 2009)This is 10 times cheaper than the cost ob&€apturing in a NGCC power plant
(seeTable 3-4).

Thus, compressing G the GTL facility, adds only 0.13:Hlfer (0.03 USky/liter) of gasoline or
diesel GTL prices, or adds only 173dtdh of gasoline. This represents an increase of only 5%
compared to GTL fuel production cost without compressing(@&amillo et al., 2008pr 3.5% of

Israeli petroleurdbased production cogMOE, 2012b).

(Ou et al., 2013galculated that CCS can reducex€@missions from GTL life cycle by 37%, from
215 to 135 grCQe/km. Even though this reduction looks impressive, we should keep in mind that
GTL is one of the mbenergy wasteful fuel types, and one of the largé$iG emitters over its life
cycle per km or liter. GTL with CCS, only reaches @®@issions levels similar to a hybrid electric
and internal combustion engine vehicle. GTL with CCS has higher emikaiotisat of anEVusing

electricity from natural gas power plantdthout CCSOu et al., 2013)

Natural Gas Combined Cycle (NGCC) power plant

I NBfFdA@Ste {1 NBS ydzyYoSNI 2F I NIAOftSa KIS 0685
TAVDISAY | NIAOf Sa G Klag 21 @ SNIMBOD ASSig S\R/ oK &zl {FiA ST RI
LI2ad O2Yo0dzaAGA2Y FYAYS 0a2NLJiA2y (BSOKy2ft 238 A
Adding a carbon capture facility to a power plant adds capital cost to the power plant. Also, it

lowers the effciency of energy production, because a large portion of the energy produced is used

for carbon capture and is not distributed outside of the power plant. This elevates the operational

costs as well. The capital cost of NGCC power plants with CCS ravgesrb@? 069000 IL&/kW.

This is an 8@50% increase compared to NGCC power plants without CCS. The COE is elevated by
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30-60% to 360436 IL%/MWh (without transportation and storage). The COE range with onshore
transportation and storage is 2584 IL%/MWh, while offshore transport and storage can elevate
the COE to 821 ILMWh.

TheCost Cee avoided for carbon capture only is 1-880ILSe/tCOze. For the full CCS solution, it is
230-5701LS6/tCOze for onshoretransport and storage, while offshoteansport and storage can

elevate it to 1400 ILFLCOye.

Coal power plants with CCS, have similar COE as natural gas ones. Interestingly, because the coal
emits much more C£&rompared to natural gas, coal power plants with CCS are morestfestive

and can capture a ton of G@or half the price of a natural gas ofRubin et al., 2015)

Therefore, if a country wants to reduce as much €@issions as possible using CCS for the lowest

price, it should use CCS in coal power plants and nutural gas ones.

Summary

CQ capture and storage during natural gas processing is a relatively easy and cheap option, when

the raw natural gas contains a large fractionGgh. No CCS is relevant for CNG production.

Among the solutions that match thHeCloptions for introducing naturajasbasedtransportation
fuels to the Israeli market, the cheapest solution is to buiMeOHplant with integrated CC(see
Hgure 32). It can even increase the profit of tideOHplant. HoweverMeOHCCU is expected to

reduce only 11% dhe CQe emissionsassociated witiMeOHproduction and uséseeHgure 33).

The GTL solution is also interesting, as it is quite cheap to implefsegfigure 32), especially
when considering the GTL plant high capital cost. It can reduce 37% of GTL lie@®ydenissions
(seeFgure 3-3).

If a substantial reduction iEO2 emissions is desired, it can be carried out through NGCC power
plant CCS. It will increase the COE by 3%, but will reduc@ower plantsCO2 emissions by 88%
for electricity power generation and transportation systems (cars, trains, buses and of all
electricity). Note that in a life cycle perspective, this reduction is only 65% of all GHGs emissions
(due toemissions from infrastructure, fuel production and transport, efseeHgure 33). The

added value of electric transp@tion compared to interal combustion engine transportatiors

the absence of local emission of pollutaatsd lower transportation noisa urban areasHowever,

pertCQ captured, this solution is by far the most expensive (Sgare 32).It has to be noted that
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costs presented in Fige 3-2 donot include transport and storaghich is the same for all

facilities per tC@
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Figure3-2 > The cost of capturing € natural gasbased transportation fuel substitute's facilities
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4 POLICY OVERVIEW
4.1 Policies review

Achieving emission reduction targets at the lowest cost requires that all emission reduction
technologies are deployed in order of their relative ceffectiveness. Such an outcome is best
achieved through policies that are technology neutfahong such technologies, CCS has an

AYLR2NIFYG NRES Ay GKS NBRAzOGAZ2Y 2F [/ hi SYA&aah:
temperature to 2 degreesdlsius at the least cost (IEA, 2@).6To achieve that, the deployment of

CCS needs to be rapid and widespread across many nations around the world.

As is the case with other emission reduction technologies, targeted polices and increased
investment willbe needed to put CCS on the path to deployment. Until 2015, the total investment
in CCS has been less than 1% of the total investment in renewable power generation technologies
(predominantly wind and solar PV) (GCCSI, 2015a). This may réileetrt- that CCS has not been
afforded comparable policy support and much more effort is required to encourage further

deployment.

Four key pillars that would drive investments in CCS as-eddwn
technology (Consaddit al, 2017; GCCSI, 2016):

1. A predictable ad enduring policy environment,
2. Effective and comprehensive CCS law and regulation,
3. Early storage site identification and site characterization,

4. Research anBevelopment (R&Dargeting cost reduction of CCS
technologies.

TheGlobal CCS Institut&CC3developed a readiness index which quantifies the extent to which a
country has created an enabling environment for investment in the vsiclde, commercial
deploy Sy d 2F [/ {® ! ylIaGA2yQa NBIRAySaa ia ol aSR

indicators:
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1. Inherent interest¢ due to the country's high emissions or consumption and/or production

of fossil fuels.

2. Legal and Regulatory frameworks which are critical to the regulation of CCS. These can

include environmental assessments, public consultation andHerg-liability.

3. Policyt this includes direct support for CCS as well as broader implicit support through

measures such asrbon pricing, research or project funding and initiatives.

4. Storaget based orgeological and technical aspects that could impact a storage project
within the borders of that country, including the geology, the maturity of storage

assessmentsandtechhid | oAf A& (G2 aG2NB / hi o

The analysis reveals that a significant amount of government and private sector activity has been
focused on CCS technology development, particularly the capture and storage, efl@¢h are

now mature technologies. Less emphdsas been placed on the two components that drive
investments, which are a supportive policy environment driving CCS, and legal and regulatory
frameworks that enable the projects to proceed. This may reflect the desire of policy makers to
examine the techital feasibility of storage and other aspects of CCS prior to implementing policies

and legislation to support fuller deployment of CCS.
CCS Policy Indicator for Select Countries

When focusing on the policy indicator, the majority of countries in the G&@8/sis, have low
score$! (see Figurd-1). This finding is not surprising since CCS does not receive equal policy
support compared to otheGHGmitigation technologies such as renewable electricity generation.
The policy indicator described is a relatmeasure, reflecting the fact that there are currently no
countries with policies that are sufficient to encourage deployment of CCS at a large scale.
However, significant differences can be observed between countries according to their policy

indicator ranking (Consoét al,, 2017):

1 Countries with relatively higher scores (Canada, Netherlands, Norway, UK and the US) have
employed a broad range of measures to pursue climate change targets. Governments in

these countries have also made consistent statersehat identify the important role of

21 Low score means few or no policies regarding the role of CCS in overall climate change policy, as well as, little
inherent CCS interest, whia high scorexgresses the opposite trend
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CCS alongside other low and zero emission technologies. Investment in CCS projects and
research is supported via a combination of legislated requirememésketbasedincentives
and supportive institutional arrangem&n Also, direct regulation of emissions from power
plants, encourages the deployment of CCS in this settsrimportant to emphasize that

the global investment in CCS is by far lower tgknibal investments iclean energy
technologies (20 B$ and 2,500 B$, respectii¢BIECA, 2018).

1 Countries that score moderately have fewer direct policies with regard to the role of CCS in
overall climate change policy. Some of these countries have CCS projects in theopéra
adF3Sy 8SG gAGK2dzi aA3IyATAEOKid maka thepOjéctsa dzo a .
commercially viable. Many mature industrialized countries score moderately, including
member states of thé&curopean UnioEU) that register policy observains such as
overarching strategies and political statements regarding CCS, as well as funding
mechanisms and the Emissions Trading System (ETS) which are also broadly applicable to
CCs.

1 Countries with lower scores have not developed clear policies ondlleeof CCS as a
specificGHGmitigation technology.

The GCCSI notes that all countries are expected to improve in policy rankings over time in line

with high levels of ambition sought under thunited Nations Framework Convention on

Climate Changg b C/ )afran@ements, and as commitments to limit globethperature rise

translate into detailed policy action.

Figure4-1 presents schematically the results of the latest update of@@&$olicy indicator (CCSPI),
reflecting data by mie2015 (GCSSI, 2015a). The size of the bubbles in the figure reflects the large
scale integrated project (LSIP) activities in the countries. The schematic in the figure focuses on the
link between the polich Y RA Ol 42 NJ ' yR (GKS O02dzy iNEQa Ay idSNBal
Kingdom, the United States and Canada have a strong inherent interest with respect to CCS and

have implemented or are about to implement various key policies that support large scale

deployment. China also has a high degree of inherent interest and continues to demonstrate

relatively strong policy support for CCS throlfaDas well as partnerships with various countries

around the world. Countries in the EU demonstrate varying degoéagerent interest reflecting

diversity in their consumption and production of fossil fuels. EU policy on CCS covers a broad range

of supporting categories including market pricing, legislative frameworks and direct funding.
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Figured-1 > CCS Policy Indicator 2015 Results
(GCCsl, 2015a)

Reviewing countries and their scores across the three indicators (Legal and Regulatory, Policy and
Storage) demonstrate that policies (including emissiatigation targets) that identify CCS as a low
carbon mitigation technology and incentivize investment in CCS, are the most effective drivers of
CCS deployment. Further, policy and effective regulation remain the leading drivers of CCS

deploymentevenwheé8 (G KS / hi A& dzaSR FT2NJ 9hwo

Conversely, the lack of clear CCS policy is the primary reason why numerous countries with
prospective storage potential and amenable regulatory frameworks have not builtéaaje CCS

facilities. In 2015, the United Kingdomcdthe strongest policy leadership in encouraging CCS which
resulted in two leading CCS facilities and the prospect for many others (GCCSI, 2015b). The UK has &
marketbasedmechanism in the form of a carbon price floor which supports these investments. But

it was a relatively strong lorgrm commitment to CCS and direct funding that provided the

greatest incentive for deployment. This commitment though was removed in late 2015 resulting in

the termination of the two leading projects.
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