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Disclaimer

This report waprepared by Biorecro AB on behalf of the Global CCS Institute. The
information contained in this report is provided as guidance only and while every
reasonable care has been taken to ensure the accuracy of its comteititer
Biorecro ABior The GlobaCCS Institutean accept any responsibility for any
action taken, or not taken, on the basis of this informat®iorecro AB e Global
CCS Institute, and theimployees, makeo warranty, expressdor implied,nor
assume any legal liability or respduitity for the accuracy, completeness, or
usefulness of any information disclosed.
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Preface

In November 2010 the Global CCS Institute commissioned Biorecro AB to compilartaoreghe
global status of Bienergy with Carbon Capture and StordB&CCS) projectBhe report provides
an overview of the current status of BECCS projects worldwide.

The report was authored byenrik Karlsson and Lennart Bystrom, BiorgsBolt was first published
in March 2011.

Project manager at the Global Ehstitute habeen Bob PegleSupport with the preparation of the
report was provided by: Lena Danell, Elisabeth Ten BuinkJosef Wiklund, Biorecro AB as well as
Anna Krohwinkel Karlsson, Visiting Scholar SCANCOR, Stanford UniVeesitgport hasbeen
reviewed by Prof. Dr. Lars Kristoferséormer Professor of Energy SystemsStibckholm University
and former Secretary General of WWF Swedeand Dr. Kenneth Méollerstenresearcher at
Malardalen University.

We want to extend our gratitude teveryone who contributed to the preparation of this report.

Contact
For further information, please contact

Global CCS Institute
GPO Box 828
Canberra ACT 2601, Australia

Phone: +61 2 6175 5300
www.globalccsinstitute.com

or

Biorecro AB

Box 3699

SE103 59 Stockholm, Sweden

Phone: +46 8 678 75 01
www.biorecro.com
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Executive Summary

BECCS is the combination of biomass processing or combustion with GEBe(Biowith Carbon
Captureand Storage). It involves applying CCS technology to biomass carbon dioxijlepd@O
emission sources and uses technologies for tranggiom and storage of CQthat are to a large
extent identical to those applied to C@Solvingfossil fuels

BECCS achievep@manentnet removal of Cofrom the atmosphere or negative C@emissionsn
scientific terminologyThis aspect sets the technology apart from most other mitigation alternatives,
which can only create temporary sinks or decrease thewmof emissions to the atmosphere.

BECCS could be appliedatavide range of biomass related technologies, suchaager plants(both
dedicated biomass plants and plants whichfice biomass and fossil fue|sgombined heat and
power plants, a rangefdlue gas streams from the pulp industry such as from recovery boilers and
lime kilns, fermentation in ethanol production, and

— T

biogas refining processes, as well as novel
technologies such as gasification of biomass. The Atmosphere
typical scale of theséiogenic CQ point sources

varies considerably. Whereas a biogas facility can
emit as little as a few hundredonnes of CQ per €O, Capture

year, the largest pulp plants emit millions of tonnes g _
annually. ' Biomass

S :> AL
The main concern with BECCS relates to the

underlying biomass sourcing, as is the case for all

biomass energy systems. Biomass is often produced [ Geologic storage ]
unsustainably andmay contribute negatively in a
number of different ways, including carbol Figure 1. Carbon flow with BECCS.

emissions, water daetion andloss ofbiodiversity. If

the demand for biomass increases rapidly dueatpushto produce BECCS systems, and if these
factors are not accounted for, the negative effects may outweigh the benefits of negative CO
emissions. On the other handhdre is already widespreadse ofsustainable biomasgroduction in
many countries There are als@onsiderableopportunities to produce biomass sustainably in the
future at alargescale.

The negativeCQ emissiors that result fromBECC8perationshave four main implications:

1) BECCS can mitigate emissions from anye@ssion source. This means that BECCS can be
used to abate the emissions that are the most difficult and expensive to cut back on, such as
CQfrom air transportation oismall scalemissions.

2) BECCS can mitigate emissions which have already occuhisis accounted for in a number
of longterm climate scenarios.
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3) BECC®nay be considered as e@imate mitigation risk management tool, which may be
needed due to the uncertainties of dihate scenariomodelling as well as uncertainties
related to the longterm efficiency ofgreenhouse gasgHG mitigation policies

4) BECCS can be added as a supplement to other measumetop of bieenergy use The
application of BECCS would makpassible to reach agreed climate targets at lower costs,
and also involves opportunities to raise the ambitions for emission reductions and the pace
of climate mitigation work.

In published results fronelimate scenario modghg, there are a number of pjectionsthat regard

the magnitudeof BECC#nplementationin the future, which give BECCS a substantial role. BECCS
stands out as a viable, cost effective method to significantly reduce atmosphertm@e&zntrations.
Other mitigation methods alone araisl to be insufficient or too expensive to reach stringent climate
mitigation targets, such as 450 ppm. With BECCS, it is possible to reach below 350 ppm.

Thisreport depicts the 1dirst projects worldwideaimingto install a BECCS proceBsur of these
have been attempts that for various reasons never left the drawing taé®sien have reached
different maturity phase of investigation and planningrhree of the installations are under
construction, and operations are scheduled to start in 20Qfe is in operation and one research
pilot projecthas already been complete@he listed projects are mostly located in Europe and North
America, but the majaty of future BECCS systs are expected to be found im&h America, Asia
and Africa.
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1 Introduction

1.1Climate change

Addressing the climate change challenge is of utmost importance. The atmospG&ic
concentration istoday above 390 parts per million (ppnihis is almost 5% more than the pre

industrial levelsThe level is currently increasity 2 ppm per yearDuringthe history of the earth

the increase in CQevels beenhas never been as rapid.
This is believed to make difficult for the ecosystes and

living species to adaptramigrate,in orderto cope with

the increase in temperature that we can foresekhe

higherlevels ofCQ also changehe acidity of the oceans,
threatening vital componentswithin marine life. This

means that weput biodiversity at risk in the coming
decades, if we doot take action.

environmental point of viewand also in economic terms.
The financial costs for combating the threat of climate
change areconsiderable. Therefore,accurate priorities
have to be set and economic efficiency must be soug
With large parts of t&8 ¢ 2 NI RQa LJ2 LJdz
below the poverty line, thiss an important factor to
consider.

2 NJ

In order to meet both environmental and economic
constraints, there must bea comprehensive mitigation
portfolio that includes multiple options. This would fo
example mean measures that improve efficientayour : e
energy conservation, renewable enerayd enhancement Flgure 2. Emissions.
of carbon sinksas well as CCS (Carbon Capture and Storage).

This report describes a new opportunityhich 5 showing a great potential for CQ abatement:
geologic storage d£Q from biomass, or BECCS (Biwergy with Carbon Capture and Storage).

1.2The role of BECCS

Socalled biogenicCQ is part of the renewable carbon cycléQ is extracted from the atmosphere

into trees and crops as they grow, and is released when they are combusted or decompose.
Therefore, biogeni€Q does not contribute to the increase of greenhouse gases in thegpimere.

On the contrary, these emissions may become part of the solution to the climate problem.

When CQ that has been captured from the atmosphere by biomass is stored geologically, a flow of
carbon from the atmosphere into the underground is creatieel a permanentCQ sink In scientific
terms, this is called negative G@missions.With increasing emission levels and the burden of

! Stern, 2006
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historic emissions in the order of one trillion @0000000000) tonnesof CQ, negative emissions
may benecessaryf we are to achieve climate targets such as 38 or 450ppm.

The public debate around CCS shows that the technique is both questioned and little known at the
same time. Thearguments against CCS cover the range of clagdibéB Yopinions(Not In My Back
Yard)to opposition against the mining and combustion of codie concept oBECCS§ives new
dimensions to this debate, as itagechnique forpermanent removal of CQrom the atmosphere

as well adased on a renewable energy source.

BECCS operations are not expected to be able to mitigate global warming on their own, but the
technology has become more and mommportant through the modding of climate change
mitigation, primarily because of the potential for negative emissions. dmhination with the
complete range of possible mitigation options, the introduction of BECCS technology is creating the
possibility of actually decreasing the absolute leveC6J in the atmosphere. This will enable us to
move to lower C@concentration évels and allow us to reache 350 ppm level.

Page9 (45)
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2 Scientific Backgroundfor BECCS

2.1What is BECCS?

BECCS (Bnergy with Carbon Capture and Storage) is a technology that integrates biomass systems
with geological carbon storageDuring combustion, fermentation, putrefaction, biodegradation and
other biological processes, large amounts@® are emitted from trees, plants and agricultural
crops. These processes ai@ example foundin biomass fuelledpower plants, pulp and paper
industries, ethanol plants and biogas plants.

As biomass grows;Q is absorbed from the
atmosphere. Through the photosynthesis
carbon is incorporated to plant fibres, while Atmosphere
oxygen from the decomposed ¢fMolecule is
set free. The energy for the process com

from the sun that induces the photosynthesis &

When biomass is broken down throug
combustion or any other natural process, th
carbon atoms that the plant wamposed of

are released. Together with the oxygen in t SEEREEIESS {
air, they form CQ. In this way, large amounts N e :>
of biogenic CQ, obtained though natural

biodegradation processes, are released ba
into the atmosphere. Th&€Q molecules are Figure 3Bio-energy carbon flow
then split again through the growth of new

biomass, which is captured in the ne»

generation of plants. When applying BEC( —«( —

the CQ previously tied up in biomass i At N
captured from the atmosphere, and the ga mosphere
flow is diverted to the bedroclkof permanent

storage® In this way, BECCS systems creat:
flow of CQ from the atmosphere into the CO, Capture |[
underground (see Figus& and 3.

The BECCS technology was first mentionec i Bi‘ima” )
scientific publicationsin the 1990s*®> Snce ‘ ::>
then, the BECCS technology has be

discussed as a variant of the CCS technol

that is applied to fossil sourceMost interest ~
has been directed towards the fact that BEC [ Geologic storage ]
provides anopportunity to createpermanent

negative carbon emissions, ithe removal of Figure 4Bio-Energy with CCS (BECCS) carbon flc

% Fisher et al., 2007 (IPCC 4th Assessment Report)
% Obersteiner et al., 2001

* Williams, 1996

° Herzog et al., 1996
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CQ from the atmosphere. Since BECCS is a new and complex technology, it has come to be known by
different names depending othe author and context. The IPCC uses the acronym "BECCS" to
describe the technolog in its fourth assessment report from 20070ther authas use the
abbreviations "BECS"biomassbased CCS""BCCS® and "biotic CCS* This report uses the
acronymBECCS, applied by the IPC@hroughout.

2.2 Negative emissions with BECCS

There are many techniques, established ones as well as those under development, which have the
potential of radically reducingcQ emissions. Examples include solar, wind, bio and geothermal
energy;decarbonisation of the transport sectdncreasedenergyefficiency and also the application

of CCS technology on fossil fuglgpower production and in industrie$VhatsetsBECCS8part as a
climate mitigation measure, is thittmay result inpermanentnet negativecarbon emissions. This is
achieved a<Q from the atmospherewhich has been locked into biomass, is stored underground.
BECCS combines the natu@l) capture process in trees and plants, with the benefits of geological
carbon storageCCS

For an overview of the main flows of carbon &2@ in different energy systems, séeégure 5Please

note that in addition to these main system flowwwe are also including theupport systems for
construction, fuel extraction and transportation. In other words, we need to consider the fact that all
systans currently involve certain fossil emissions at some part of the production chain. Even the
design and installation of wind turbines involves carbon emissions, though the quantities are
relatively small.

AN

'

2\

Fossil fuels Fossil fuels Wind, lar, Bio-energy Bio-energy
with CCS geothermal, with CCS
nuclear, hydro

Figureb. General comparison of carbon flows in different systems.

The radical difference between negative carbon emissions and other energy systems becomes
evident when looking afFigure5. Fossil fuels increase the amount ©Q in the atmosphere in
absolute terms. As fossil coal and oil, which are pent of the natural carbon cycle, are extracted

® Fisher et al., 200PCC 4th Assessment Report)

"Royal Society, 2009; Azar et al., 2006; Metz et al., 2005
® Metz et al., 200%IPCC Special Report on CCS)

o Bonijoly et al., 2009

1% Gronkvist et al., 2006b

Pagell (45)



V),

: Global Status of BECCS Projects 2010 N 2
D oo @ Biorecro
“ N ccs %

INSTITUTE

and combustedCQ is added to the atmosphere. Fossil fuels with CCS also increase the amount of
CQ, but not as much as without CCS. Renewable energy generated by wind, solar, geothermic and
hydroelectric power plants affesthe carbon cycle to a very limited extent, once in operation- Bio
energy emits as much carbon as the biomass previously captured. BECCS however only emits parts of
the previously captured GOand the rest is permanently removed from the atmosphere.

In contrast to other types of carbon sinks such as oceans and forests, geological storage is not
affected by temperature increases, trdeggingor other changes that might jeopardize thesther

forms of carbon segestration. Other sinks involve thiésk of negative feedback loops at increased
temperatures, potentially leading to significant releases of sto@@. For instance, the oceans
absorb and store large amounts 6f}. This contributes to reducing the rate at which the amount of

CQ is addedto the atmosphere. However, this ability is strongly dependent on temperature and
decreases with increasing temperatures. In addition, the oceans have already stored such large
amounts ofCQ that the ability to absorb additional amounts is decliningpther words, the oceans

begin to reach saturationThis implies thabur continued emissions will have a greater impact on
atmosphericCQ levels than they havbeaduntil now

By contrast, researcbn natural geologicabccurrenceof CQ and experiencefrom ongoing carbon
storage projectsaare showing that the expected duration of storage in geological formations will be
very long, probably millions of yeafsFor details on retention times anstorage security, see
further section3.4.

In summary, e ability of BECCS to creafgermanentnegative CQ emissiors has four important
ramifications:

1. BECCS came applied to offsegreenhouse gases emitted by other sourcksthis regard,
BECCS can be compared with the captur€@fdirectly from the atmosphere, as biomass
absorbsCQ from the atmosphere regardless of where it has been emittébhis means that
BECCS could be uses a toolto restore thegreenhouse gasmissions that are the most
difficult and expensive to reducegifexampleCQ emissions from gasoline powered cars and
air traffic. As the costs of emission mitigati@ne rising and the most cosiffective
alternatives have been exhausted, the importance as wsllthe economic benefitof
applying BECG@Il increas.

2. BECCS ismaitigation toolthat can be added as a supplement to other measumstop of
bio-energy use The application of BECCS would make it possible to reach agreed climate
targets at lower costs, and also invohamsiderableopportunities to raise the ambitions for
the level of emission reductions and the pace of climate mitigation work. Wfitbitious
BECCS implementation schemesuntries such as Brazil and Swedemld reach zero net
emissions of greenhouse gases atfg by 2030, and thereaftemprovide negative carbon
emissionsaproductii K i O Yy do®thep@intrissNIi SR Q

3. BECCS canitigate carbon emissions that have already taken place. In other words, BECCS
can restore the atmosphere from emissions that ocedrrpreviously. This has been
explained in a number of loAgrm climate scenarios in which emissions not only reach a
peakand then turn downward, but where the absolulevels ofCQ in the atmosphere also

" Rockstrom et al., 2009
12 Stenhouse, 2009
13 Keith, 2005
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decreasé"’ In some of these scenarios, such a peak is followed by a stabilization level more
than one hundredppm lower than the peak. The difference between peak and stabilized
level is the result of using BECCS for a period stretching over several decades ito order
removeCQ from the atmosphere.

4. The possibility to restorethe atmosphere turns the BECG&chnology into a risk
management tool in the lonterm climate mitigationaction™ Regarding the twalegree
target, i.e.the earth's average temperature is t@lincreased by a maximum of two degrees
Celsiusabove the preindustrial levelas a result of human emissions, one cannot know with
certainty what level ofGHGIn the atmospherethis corresponds toThis @pends on the
complexclimate system and a number of dynamic factors wittmplex linkage®etween
GHGlevelsand the resulting atmospheric temperatures. We cannot accurately predict what
CQ concentrations will result from different levels of emissions, given the unprediitiabfl
the bufferingsystems in the oceans and on lafdtherefore,it is important that a longerm
global perspective includes BECCS as a technology that can be used to compensate for
inaccurate forecasts, asell asdelayedpolitical decisions on carbomitigation policies®
Otherwise we may not be able to meet the targets that have been agreed upon related to
increases in temperature and negative impacts of global climatic charife.

2.3The sustainable potential for BECCS

In a number of different scenarios, the loteym sustainable capacitgf BECCS is assessed to be
large in a global perspectivE.In the modeling of climate scenarios, a number of forecasts for the
potential magnitude of BECCS assume that the potentiaréate negative emissions is 5 to 20
billion tonnes of C@per year® In a forthcoming report by Ecofys in cooperation with the (HAG

R&D Programmeusing novel biomass combustion and conversion technologi#, l&llion tonnes

of CQ from biomass coul be removed from the atmosphere with BECCS annually in Z0&fvalue

can be compared with the annual greenhouse gas emissions in the world today,asbictughlyat

30 billiontonnes CGe. It can also be compared to the emission levels if we wereach an 80 % cut

in global emissions until 2050, which by then would be only 6 billion tonnes annually. Thus, BECCS
could in that case outweigh the total emissions from other sectors, and create a system of global net
negative emissions.

Some authordave argued that a massive application of BECCS would be sufficient to within 50 to 60
years! counteract and compensate for all anthropogenic emissions of greenhouse gases that ever
occurred and will occur, see FigBeThe sustainability of producing Ini@ss at the scale proposed
here has however been questionédAt the same time, it is widely accepted that BECCS systems can
compensate for anthropogenic emissions over long periods of time, 100 years and*more.

14e.g. Fisher et al., 2007

15 Opersteiner et al., 2001

®Krey, 2009

" Hare and Meinshausen, 2006

®Kypreos, 2008

Y Fisher et al., 2007

2 Azar et al., 2006

*'Read et al., 2005

#Rhodes et al., 2008

2 Royal Society, 2009; Azar et al., 2006; Metz et ad520
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The sustainability issue of BECCS is canjpl detail, as it involves both biomass as well as CCS
systems, both of which involve many ssystems. Issues span from biomass availability and geologic
storage capacities to water use, competition for land and risk of storage leakage.

Gton Cin atmosphere

1400
1200 ——Business As Usual
1000 —Kyoto
——Fossil Free
800
——Robust Policy BECCS
600
W e Manhattan Project Style
400 | . : BECCS
'&o)q’o f@c’g ,&0:\0 '\99'0 10'\0 10030 1060 1010

Figure6. Levels of COn the atmosphere in different climate mitigation scenarios, adajtech P.
WSFR YR Wod [SNX¥AGZ £€9YSNHE¢I Hnnpod

Still, themost important aspecof BECCS in a life cycle perspectivald be considered to bthe
underlying use of biomass. All energy systems Hratdependent orbiomass are facing the same
situation. Biomass can be grown in unsustainable manners which may involve negative contributions
in several ways, for exampla the emission ofCQ from cultivation and transport, unsustainable
water use andmonoculture dependenbiodiversity loss. If the demand for biomass would increase
too quickly as a result of the development of BECCS systems, andotitestial negative effectare

not adequately cantered, they could counter the benefits of negative carbon emissici<On the

other hand, there is already an extensive production of biomass that is sustaidadte a carbon
viewpoint. An example is the Swedish forestry sector, which renders a netkeptd CQ (that is,
higher growth thanharvesting equal to 282 2 F { ¢ SRS y*QEhereSarel alséghod y & ®
opportunities to produce sustainablomass at a global scale.

In the scientific literature, BECCS is sometimes described as a system in which biomass is grown
primarily in order to achieve negative emissions. However, BECCS systems can be created in easier
and cheaper ways by combinimexisting biomass plants with ¢hon capture and storage. By
introducingCCSo established biomass plants, application of the technology can be initiated in the
near future, and to a lower cost than in systems where the biomass is grown only for the sake of the
negative emissiondn adlition, these adebn systems would not claim any new land or cultivation
resources.

**Rhodes et al., 2008
% Naturvardsverket (Swedish EnvironmenabtectionAgency), 2010
® Kraxner et al., 2003
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Another option to consider is efiring of biomass with fossil fuels.dbal and biomass are doed

and CCS is applied, large scale negative emissions may be diffi@adhieve, though it is fully
feasible to have a small negative emission impact or at least a zero or very low emission profile,
including emissions arising throughout the life cycle of fuetuction,extraction and transport. The
combination of biomas and CCS could in this way provide an interesting strategic alternative for
reaching zero or negative @@missions also for predominantly coal fired power plants. This is not
possible to achieve with CCS alone or even with a total switch to biomagg &srthe emissions

from mining, cultivation and transportatioare not possible to capture or in most present day cases
replace or avoid.

2.4 The economic potential forBECCS

According to climate changmitigation scenario modéhg, BECCS is a ceaffective technology for
reducing the concentration of G@ the atmosphere andlor meeting ambitiais climate targetskor
ambitious CQ levels such as350 ppm and below, #ernative options are to be considered
inadequate or too expensd/"??*® |t may be necessary to reachese levels in ordeto avoid
severe climate chang®.

It is worth noting that according to thacientific studieseferenced abovethe BECCS technology
alsoreduces the cosbf less ambitious climate targets, if included in the total portfdbo climate
mitigation measures, see Figuie With delayed policy decisions for climate change mitigation
BECCS may be needed to reach higher stabilization levels such as 400 angmi%0 an
economically attainable way

—— With CCS and BEC(— With CCS Neither CCS nor BECCS

'\
-\ 1
\ -\

\

i i
=R N\ \ ‘
2 . ‘
L 8 ‘ \ ‘
R o 3
. — : \\
, L : —
| : .
0250 265 300 350 400 450 500 550
ppm CQ

Figure 7 Cost of reaching various €&ncentration targets depending on mitigation portfofio.

%" pzar et al., 2006

8 Kypreos, 2008

#Krey et al, 2009

% Azar et al., 2010

¥ Hare och Meinshausen, 2006
% pzar et al., 2006
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The International Energikgency has published a report on the role of CCS and BECCS in the global
energy portfolio, using their BLUE map scenétibhe report shows that BECCS has a very important
role to play, if we wanto meet the 450 ppm emission target. Using technical, gafsind economic
constraints in the optimization model, BECE€Shownto have a profound overall impact. It was
found that CCS applied to biomass has more potential than all other industrial applications
combined. Of the total CCS deployment called fah&scenario, BECCS accounted for a quarter of
the CQ stored, sedHgure8.

E Biomass (incl. pulp)
H Gas power

B Coal power

O Cement

® Chemicals

H [ron and steel

Figure 8. Global deployment dECSieeds to be 10 billion tonnés 2050in order to meet the BLUE
map climate mitigation scenario. Of this, BECCS repreadatsth of the potential at 2 billion
tonnes.

2.5BECCS andraditional CCS

While BECCS is notlawwn a technology, conventional CCS (Carbon Capture and Storage) has bee
increasingly discussed in recent yeaaad proposeds a key technology tmitigate CQ emissions

In most contexts, CCS technology is commonly associated with largdiremhpower plants, but it

can also be used to reduce emissions from, for exangas, powermlants, steel mills andement
manufacturingplants.

CCS appliedbtfossil sources cannot generate negative emissionsjtbretiuces the amount ofCQ
emissions. One option available is tofue fossil fuels and biomass. Overall, such a combination
could either lead to lower, zero or negative emissions, depending on the share of biomass and the
efficiency of the CCS system. It should be added thdhénsame way as biomass canoduce
emissions during production, the extraction of fossil fuels also involves emissions, for example during
mining and transportation. Therefore, thorough life cycle analyses are needed in order to determine
the total impactof the systems, in terms of G@missions.

31EA, 2009
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3 Capture, transport and storageof CO, In
BECCSystems

CQ s not only a greenhouse gas, but is also used in many industrial applications. Best known to the
layman is perhaps th€Q used for forming bubbles in soft drinks, b@Q is also used in fire
extinguishers, as a refrigerant in the food industry, and in the production of artificial fertilizers and
other chemicals. Due to the wide range of applicationsd@, extensive knoveddge of how to store,
handle and transpor€Q has been acquired in the industrial world.

BECCS shares to a large extent technological components with fossil fuel CCS, but has different
compositions of COand other gases in flue streams as well as allemacale of operations. This
creates a set of demands that are unique to BECCS, both in relation to fossil fuel CCS and industrial
applications.

3.1Scale considerations

In order to be cost effective, facility for capture, transport and storage of £@as tobe ofa certain

size. The exact size depends on local and technical conditions, amdirse more importantlyon

the valuation of the emissions saveaatr in the case of BECCS, the value of the negative emissions
achievedDue to the large amountf biomass that is processed in the palpd biofuel industries as

well as the use of biomass foteetricity and heat productionthere are severamedium tolarge

point sources of biogeni€Q emissions in the worldAt many of these locations, BECCS systems
could berealiseR T2 NJ O2 & (iténnepafid i sbmeecas@ssiok considerably lower costs due to
pure CQemission streams, short transpation distances and inexpensive storage conditidhs.

The industry whch presently has the largegimissions of COper facility is the chemical pulp
production industry. These facilities typicatiynit 750 000 tonnes per plant annually, Wwisome
emitting as much as to @0000 tonnes per year.

Figure9. M-Real facility in Husum SwedenPhotocourtey of M-Real image bank

34 Karlsson et al, 2010
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The ethanol industry is seen as anotlpeomising source for BECO®eemissionsn ethanol plants
arise from fermentation of biomass such as sugar cane or corn. Fermentation resultsrensirpam
of CQ, which significantly reduces the cost for applying GThts are typically emitting0 000 to
300000 tonnes annuallyyith a few emitting more than 000000 tonnes per year.

BECCS could also be applied to biomassefigowerplants,combined heat and power plants, as

well as to emerging biomass technologies such as gasificatimseapplications are today carried

out at fairly small plants which are not as suitable for BECCS. There are however a few notable
exceptions where combined heat and power plants emit alstoone million tonnes of biogenicQ

per year>®

Still, the largest biomass combustion and processing planéstypicallyonly one tenth as large as
the large coal power plants beingonsidered for CCS, which e¢more than ten million tonnes of
CQ every year.

3.2 Separation techniques

During the combustion of coadjl, gas and biomass, the fugact with oxygen in the air and form
CQ. In theambientair, oxygen is mixed with other gases, meaning that waste gasewgllbecome
mixed with nitrogen and other gasggom the air & well as fronthe fuel. The concentration &Q
in flue gases from natural gasombustionamounts to 3-4 % from coal 1315 % and from biomass
14-17 %> The compression and geological storageCd} requires it to be separated into pure
stream As biomass has such a high densitZ6fin its flue gas, it is easier to capture the @0Othe
flue stream. This fact partlyfisets the smaller scale of the biomass facilities.

There are essentially three techniques for remov@@ from combustion gase<Q can either be
separated prior to combustion, smalled precombustion, or after, postombustion. The third
technique is to burn fuel with pure oxygen, known as-tel, whereby pureCQ is formed, see
FigurelO.

There are different technology variaris each method. For the postombustion techniques, amines
maybe used, or chilled ammonia. The Norwegian company Sargas has developed a method based on
pressurized combustion and pesbmbustion separation, so called PFBC technology (Pressurized
Fluidizel Bed Combustion). Typically,-88 % of the CQ can be separated, but with some methods

such as oxjuel or PFBC technologg separation ofmore than 95%is achieved.

In the pulp and paper industrgalcium hydroxidés being used for the cleansing@fhaustgases to
form PC{Precipitated Calcium Carbonat&uring thatprocessCQ is removedFor example, 4650
000 tonnes ofCQ per plant most of which is of biotic origims separated and bound in this way
two Swedish pulp plantd?CC is useds a component in the production of paint, glue, sealants,
plastics, rubber and pharmaceuticalghen these products decompose through degradation or
combustion, the previously bau CQ returns to the atmospheravhithin months or a few years,
and is not permanently sequestered as it would have been with geologic stdfagthis reason, the
process does not provide any long teaimate benefit®’

% Karlsson et al, 2010
% Gronkvist et al 2008
3" Karlsson et al., 2010
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Figure 10 The four mairtechnology concepts for GEapture.

Apart from combustion, there are processes that create relatively pure strea@&aft levels of 95

99 % concentration. One example is the fermentationethanol; another is the upgrading process
for biogas wherebiogas is refined to transport fuel qualityet another process that providegure
streams of biogeni€Q is black liquor gasification, a process in which gimduct fom pulp mills is
converted into automotive fuel. In alhtee cases, the cosif setting up a carbon storage system can
be greatly reduced, a8Q is already separated as part of the underlying processes.

3.3Transportation

3.3.1Pipeline

For the transportation over short distances or for large amount&€@6), pipeline isthe prefered
alternative. TheCQ is compressedo a pressureabove74 atmospheres in order to make it easier to
handle. At this pressur€Q diverts fromthe gas phase to a scalled supercritical phase, which
means that it behaves like something between a gad ariquid. The density at this pressuse
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greaterthan 700 kg/m, which is close tthe density of ordinary watef The compression is done
with off-the-shelftechnology and require$00-150 kwWh/tonne C@of energy.

There are currently more than 5 0®@n of pipelines in the U.S. for the transport©g for the oil
AYRdzaGNEBQa 9y KIYyOSR Phith a vl Capati§y NEaroun® 50 wmillionltddred J2 & S &
annually. The largest of these pipelines is the Cortez pipeline, which crosses three astdtes
transports 20 million tonnes of GPer year through ipeline with an internal diameter of 76 cff.

The experience in the area of pipeline transport tierefore extensive and contasnfew
uncertainties.

3.3.2Ship

For transport over long distancesd over water, transport by ship is an alternative. Today, there are
ships carryingCQ for industrial use, with a capacity of2b0 ¢ 1 500 tonnes. To render thEQ
manageable, it is cooled down to belo®5 ° C and pressurized to-14 atmospheres. Tis makes

the CQ liquid and transportable in large tanks. Currentigre exists multpurpose ships which carry
ethylene, but which could transpot0-12 000 tonnes of CQ per shipload. In order to carry large
volumes, such as several million tonnes per year, vessels with a capacity of 20 000 tonnes or more
are proposed, but such ships do not exist today.

Picturell. Ship for transport of liqui@Q. Phota Yaralnternational.

3.3.3Trainand Truck

Neither trains nor trucks are suitable for transportation of large amounts of BGQwever, trucks are
often used when smaller quantities €Q are needed for example in industrial processes, or in pilot
projects for carbon capture and storage.

8 Elforsk04:27, 2004
% parfomakoch Folger 2007
“OElforsk 04:2, 2004
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3.4 Storage

CQ can be stored in several different types of geological formations, such as exhausted oil and gas
fields, saline aquifers, basalts, anth#gar porous formations. The largestoragecapacity is found in

saline aquifer§.A saline aquifer is a porous sandstone with salt water that is isolated from ground
water and sea water. Of particular interest are formations of more than 800 meters deytich are
located under impermeable layers cdiprock. Underthese conditions, CQOstrapped in high density

form. Just as oil and gas Yeremainedfor millions of years imporous formations due to such layers

of rock, permanent storage of liquidQ can besustained in the pores of the sandstone.

3.4.1Previous experiences and ongoing storage projects

CQ200dzNBR Ay | O2yOSYiGNIGSR F2N¥Y Ay yIGdz2NIf NBA
instances are the McElImo Dome in Colorado and the Bibare in New Mexico. At these sit€30)

has been stored for millions of yearandarto oil and gas depositsnderground™

Since the 1970CQ has been used to increase
the extraction from the oil fields in West Texagy® 4
The CQ is pumped down in ordeto raise the '(
pressure within the oil wells, and this allows fq
more oil to be extracted. This is called EO
Enhanced Oil Recovery. To&) used for EOR i
obtained mainly from natural underground €Q
deposits, meaning that therare currently no
climate benefits stemming from these actions. |
is for the purpose of EOR that the major pipeling
to the oil fields in West Texas have been buif
including the previously mentioned Corte
pipeline.

In the 19905 the first CCS projeutith the explicit
purpose of reducing G&missions was initiated
by the Norwegian oil compan$tatoil.

At their North Sea platform Sleipnenatural gas fic & —a ¥ ot St
is extracted by Statoil. The gas is initiattjxed | ——
with CQ, but in order to augment the value 01’\|
the gas, some of th€Q is later removed. This
LINEOS&aa A& GUKS a2 OFft "~ y N
Since 1996 Statoil has injectedd@0 000 bnnes Figure 12. Drilling of storage wellltorth
of CQ each year into the formation named Utsir: Dakota, U_S' Photo courtesf Wes Peck at

at a depth of 800 m, below the ocean floor. Th EERC/Univ. North Dakota.

exempts Statoil from carbon tax, as they would otherwise have had to pay taxes for every tonne of
CQiKSe SYAG® LT GKS [/ {hisvauld bdaindng e téhlaRygsteinissioh | & Lk
points in Norway. So far, more than ten million tonnes have been injected through the same
injection well with very good resulfS.

o~ (Y] —_

TRSESYAY:

4 Stenhouse, 2009
“2 Elforsk 05:27, 2005
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Presently, there are more than 155 integrated CCS projects in operation, under construction or in
various stages of planning. These projects represent 176 million tonnes of annually stor€drCO
order to meet the emission targets set up by the IEAhimithe next decades, there is a need for
thousands of plants, storing billion ®dnnes annually** As shown in the projects section of this
report, at this point very few of these initatives and efforts are BECCS related, but are rather
focusing on foskfuels

3.4.2 Storage security

During the nearly 40 years th@Q has been stored in order to increase oil production through EOR,
extensive experience with the technology has been gained. It can no longer be described as neither
unproven nor unsafe, although the reasons igecting C@have been to extract more fosguels,

rather than to achieve climate benefitsMoreover, CQ shouldnot be compared with environmental
wastes and toxins; it is not a toxic gadower concentrationg&nd does not bring about permanent
damage, even in cases of leakage or emissions.dtnaturally occurring gas that is deadly only in
very high concentrations. Still, storage security is important both for local safety as well as for long
term climate change related reasons.

In the saline aquifer the loek of CQ involves four succesve processedit first, injectedCQ is ina
liquid phase It islighter than salt water and striving upwards in tht@rageformation. It is prevented
to penetrateto the surface bya non-porous rock cover, theo called cap rock

3 Gcesl, 2010
“1EA, 2009
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