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Abstract

Theobjectiveof the projects’ CO, capturetechnol-
ogiesand their potential’ and’ Carbon dioxide stor-
ageandreuse wasto 1) review thestate of theart of
thetechnologies, 2) evaluate the long-term storage
options of CO, for Finland and possibilities to re-
use captured CO,, 3) eval uatethe potential and cost
to reduce Finland’s CO, greenhouse gas emissions
by CO, capture, storage and utilisation, and 4)
identify opportunities for Finnish technology.

Several CO, separation and capture technologies
exist today to produce CO, for commercial mar-
kets. The capture technologies may be applied be-
fore of after combustion of fossil fuel depending
on the capture concept. The main options consid-

ered for the long-term storage of CO, are under-
ground geologic formations. Theseinclude old oil
and gas fields, coa formations and saline water
aquifers. Deep oceans represent large potential
sink for CO,, but environmental uncertainties
makeit lessfeasibleinthe short term. Several dem-
onstration projects are underway to evaluate tech-
nical, economical and environmental aspects of
CO, sequestration. The estimated total cost with
current technology for CO, sequestration ranges
from 40-60 US$ per tonne CO, avoided. Most of
the industrial applications do not offer long-term
sink of CO,, and currently the need is very small
compared to the amount of emitted CO,.

CO, capture and storage is more economical when
applied on alarge scale. The largest CO, emitting
plants in Finland are oil refineries, coal-fired
power plants and steel works. By applying CO,
capture and storage technologies 80-90 per cent
reduction of CO, emissions can be achieved. The
costswere estimated only for the el ectricity sector.
The CO, capture, transportation of CO, (1 000 km,
onshore) and offshore storage would double the
cost of electricity for natural gasand triplethe cost
for coal fired power plants compared to the current
market priceof electricity in Finland. According to
this study, capturing CO, near the storage sitesand
investing in new cross-border electricity transmis-
sion capacity is a more feasible option. Storing
CO, assolid mineral carbonatein Finland and inte-
gration of CO, capture concepts with industrial
processes could be an option in the future.
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Tiivistelma

Projekteissa ' CO, erotusteknologioiden kartoitus
ja potentiaali’ ja 'Hiilidioksidin loppusijoitus ja
hy6tykéyttd’ kartoitettiin CO,-erotusteknol ogioi-
denja-loppusijoituksen seka-hydtykayton nykyti-
la. Tiedon avulla oli tavoitteena arvioida Suomen
kasvihuonekaasupaésttjen vahentémisen potenti-
aaliajakustannuksiasekatunnistaamahdollisuuk-
sia suomalaiselle teknologialle.

On olemassa useita kaupallisia CO,-erotustekno-
logiota, joitavoidaan soveltaa ennen polttoproses-
siatal senjalkeen. Geologisiamuodostumia, kuten
ehtyneita 6ljy- ja kaasuldhteitd, hiiliesiintymia ja
suolavesikerrostumia, pidetdan paéasiallisena pit-
kén aikavadlin CO,-loppusijoitusvaihtoehtoina.
Valtameret ovat merkittéva mahdollinen loppu-
sijoitusvaihtoehto, mutta ekologiset epavarmuus-
tekijét estévét CO,-varastoinnin valtameriin 18hi-
tulevaisuudessa. Kaynnissi on useita demonstraa-
tioprojekteja, joissa arvioidaan CO,-varastoinnin
teknis-taloudellista toteutettavuutta seka ympéris-
to- jaturvallisuusnékokohtia. CO,-erotuksenja-va
rastoinnin kokonai skustannusten arvioidaan tekno-
logioiden nykytasollaolevan 40-60 US$/ CO, (vél-
tetty). CO,:n hyotykaytto teollisuudessa ei usein-
kaan muodosta pitkaai kaista CO,-varastoa. Lisak-
si tarve CO,:lleteollisuuden raaka-aineenaon erit-
téin vahainen verrattuna CO, paastdihin.

CO.-erotusja-varastointi on kustannustehokkain-
ta suuren mittakaavan sovelluksissa. Suomen suu-
rimmat pistemaiset pédstoldhteet ovat 6ljynjalos-
tamot, hiilivoimalaitokset seka terastehtaat. CO,-
erotus- ja varastointiteknol ogioita kéayttamalléa on
mahdollistavahentéd CO, paésttja80-90 %. Kus-
tannukset arvioitiin vain menetel mien soveltamisel -
le uusissa fossiilista polttoainetta kéyttavissa lauh-
devoimaaitoksissa. CO,-erotus, -kuljetus (1 000
km, mantereella) ja -varastointi nostivat séhkon
tuotantokustannukset kaksin-kolminkertaiseksi
(maakaasu-kivihiili) verrattuna séhkén nykyiseen
markkinahintaan. CO,-erotus |&hell& varastointi-
paikkaajainvestointi séhkonsiirtokapasiteettiin on
tulosten perusteella kustannustehokkaampi vaih-
toehto. Tulevaisuuden vaihtoehto Suomelle saat-
taisi olla my6s CO,-varastointi mineraalikar-
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bonaattinajaCO,-erotuksen ja-varastoinnininteg-
rointi teollisuuden prosesseihin.

1 Introduction

Worldwide emissions from fossil fuel combustion
are about 25 Gt of CO, per year. Approximately
onethird of all CO, emissions due to human activ-
ity come from fossil fuels generating electricity.
Severd industrial processesal so emit largeamounts
of CO,, like ail refineries, cement works, and iron
and steel production. The Intergovernmental Panel
on Climate Change (IPCC) has indicated that
emission reductions of 50-60% are required to
avoid dangerous interference with the climate. To
make such deep reductionsin global emissions, for
example, CO, emissions from power production
should bereduced by 90% (IEA GHG 2001a). Fos-
sil fuels may continue to be used if the CO, pro-
duced was captured and put into long-term storage.
CO, capture and storage is already possible, and
currently several demonstration projects are un-
derway. Capturing and storing CO, would not need
major changesto processes, and widespread use of
this technique could be achieved without the need
for rapid change in the energy supply infrastruc-
ture.

In 1999, Finland’'s CO, emissions from fossil fuel
combustion were 56.8 million tonnes of CO,-eq.
The annua greenhouse gas (GHG) emissions,
however, depend on hydropower production inthe
Nordic counties, thedemand of heating energy and
the degree of economic growth. Onthe average, in
the 1990's the total GHG emissions have grown
dlightly, but the annual variation has been quite
large due to variations in hydropower production
and imported electricity. The total GHG emission
of al Kyoto gases were roughly about the same
level asin 1990 due to decreases of emission in
other sectors like waste management and agricul-
ture. The net growth of the forest biomass caused a
biological sequestration impact varying annually
between 10 and 35 million tonnes in the 1990's
(Pipetti et al. 2001). Only asmall fraction of thisbi-
ological net sink can be accounted in the fulfilment
of Kyoto Protocol commitments according to the



agreements made at the Bonn and Marrakech nego-
tiationsbetween the partiesof Climate Convention.

Theobjectiveof the projects’ CO, capturetechnol-
ogiesand their potential’ and’ Carbon dioxide stor-
ageandreuse’ wasto 1) review the state of theart of
the CO, capture technologies, 2) evaluate the
long-term storage options of CO, for Finland and
possibilitiesto reuse captured CO,, 3) evaluate the
potential and cost to reduce Finland's CO, green-
house gas emissions by CO, capture, storage and
utilisation, and 4) identify opportunities for Finn-
ish technology.

The costs were evaluated only for the electricity
sector and new condensing fossil fuel fired power
plants. Dueto limited possihilities to store CO, in
Finland, a part of the research was focused on the
application of technologies in Finland and part of
the work was concerned with application of CO,
capture and storage technologies near the storage
sites and importing the energy in the form of elec-
tricity or hydrogen to Finland.

2 Description of technologies

2.1 CO, capture technologies and
concepts

A wide range of CO, separation and capture tech-
nologies exists today to produce CO, for commer-
cial markets. The capture technologies may be ap-
plied before or after combustion depending on the
capture concept. Concepts for capturing CO, can
be divided into three main categories:
1. Post-combustion decarbonisation

(Flue Gas Scrubhbing)
2. Pre-combustion decarbonisation
3. Novel combustion concepts

(Oxygen Combustion).

Themain CO, capturetechnol ogiesare absorption,
adsorption, cryogenics and membranes.

Capture of CO, is best carried out at large point
sources, such aspower stations, oil refineries, petro-
chemical, fertiliser and gas processing plants, steel
worksand pulp and paper mills(U.S. DOE 2001).
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Figure 1. CO, capture concepts in energy production (Joint Industry Carbon Capture

Project 2002).
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2.2 CO, storage

The captured CO, should be concentrated and
pressurised into aliquid or gas stream suitable for
transportation and sequestration. Major options
considered for thefinal storage of CO, are deep un-
derground geol ogical formations, such asdepleted
oil and gas fields, deep coal seams, salt domes,
rock caverns, and deep aqueousformationsinclud-
ing salineformations. The geologic formationsare
widespread and have large potentia for CO, se-
questration. Also, deep oceans represent a large
potential sink for anthropogenic CO, storage. Ta-
ble 1 showsthe estimates of global capacity of CO,
storage reservoirs.

Gas production

Towed pipe

C0, lake Saline aquifer

Gas field

CO, storagein hydrocarbon reservoirs should have
economical advantages over storage in aquifersor
ocean. Enhanced oil (EOR) recovery hasthe com-
mercial benefit of sequestering CO, whileincreas-
ing production from active oil fields. Deep,
unmineable coal beds provide an opportunity to si-
multaneously sequester CO, and increase the pro-
duction of natural gas (IEA GHG 2001b).

Advanced chemical approachesto CO, sequestra-
tion could allow gaseous CO, to betransferred into
inert and long-lived solid materials. A suggestion
of aprocessthat would bind anthropogenic CO, is
to convert naturally occurring mineral oxides to
carbonates. For mineral carbonation the use of

Conventional fossil
Hydrogen fuel power plant

power plant
‘f gas
0

- =
; Depleted oil
ey or gas field

0il field Coal bed

————

Saline aquifer

Figure 2. lllustration of major options considered for the final storage of CO,,.

Table 1. Estimates of global capacity of CO, storage reservoirs compared with projected to-
tal emissions between 2000 and 2050, according to 'business as usual scenario’ (IEA GHG

2001b, Edmonds et al. 2000, IEA GHG 2000a).

Carbon storage reservoir

Range, Gt CO,

% of emissions to 2050

Deep ocean 5 000-100 000
Deep saline reservoirs 400-10 000
Depleted gas reservoirs 800

Depleted oil reservoirs 120
Unmineable coal seams >15

250-5 000
20-500

40

5

> 1
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magnesium based silicates, xMgOSIO,Z2H,0 is
favoured, because they are worldwide available in
huge amounts. These natural resources may be ca-
pable of binding al fossil fuel-bound carbon (Ziock
2002, Lackner and Ziock 2000). Magnesium sili-
cates can be divided into several subgroups. The
largest quantitiesare olivine, (Mg,Fe)SIO,, and ser-
pentine, Mg,Si,05(OH),. Large-scale flue gas CO,
sequestration as mineral carbonates would, how-
ever, require enormous amounts of mineral, and it
may be very energy consuming. Another optionis
theformation of CO, hydrates, anice-like materia
(CO,:nH,0), which may be sequestered on the
ocean floor (IEA GHG 2000b).

2.3 Direct utilisation of CO,

Wide range physical and chemical properties of
CO, make it akey part in countless industrial and
chemical applications, either in gaseous, liquid or
solid forms. The current industrial need is very
small compared to the amount of emitted CO,. For
example, inthe USA, theindustrial need of CO, is
only about 2% of the emitted CO,, and about 80%
of thisamount isused in EOR. In countries, which
do not have oil production, the industrial usage of
CO, isusualy considerably lower. Another prob-
lem is that most of the applications do not offer
long term sink of CO,.

In utilisation of captured CO,, net reduction of CO,
emissions takes place only if captured CO, re-
places CO, that is at present produced from fossil
fuel. The most examined alternatives of direct uti-
lisation fall into three categories. industrial uses,
chemical conversion to fuels, and biological con-
versionto fuels. Although direct utilisation of CO,
would not solve the problem of global warming,
the potential income that it might generate would
reduce the burden of disposa (RUCADI 2001,
Crabb 2000).

3 Development of technologies

The major barriers for applying CO, separation
and capturetechnol ogiesand conceptsare, in addi-
tion to issues related to storage or utilisation of
CO,, the high capital and operating costs and re-
duced efficiencies. The cost of avoided emissions
for the capture stage (including pressurisation for
transport) is 30-50 US$/t CO, and the total cost
(including also CO, storage and transport) 40-60
US$/t CO, (IEA GHG 2001b). However, opportu-
nities exist for significant reductions in costs and
energy requirement, and there appear to be niches
wherein CO, sequestration may be competitive
among other long-term mitigation technologies,
like large-scale renewable energy production.

Post-combustion technologies like monoethano-
lamine (MEA) absorption can be considered com-
mercial, although thereis still room for improve-
ment. There are several R&D Programmes going
onthat look for possibilitiesto reducethe costssig-
nificantly in the future. The goal of Joint Industry
Carbon Capture Project cofunded by several large
oil companies, U.S. DOE, EU and Norway, for ex-
ample, is to reduce the costs for CO, capture and
storagein geological formations by 50 % when ap-
plied to retrofit and 75 % when applied to new
build applications compared with current best
available technology. There are also several dem-
onstration projectsunderway to evaluatetechnical,
economical and environmental feasibility of CO,
storage in geological formations.

Significant cost reductionsrequireradical changes

to combustion technologies, and it isestimated that

it will take 5 to 10 years before these concepts are
translated into commercial processes (Joint |ndus-
try Carbon Capture Project 2002, U.S. DOE and

NETL 2002)

» CO, capture and storage technologies and con-
cepts are mainly being developed in the follow-
ing programmes and countries:

 Joint Industry Carbon Capture Project
(http://www.co2captureproject.com)
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http://www.co2captureproject.com

* |EA GHG R&D Programme
(http://www.ieagreen.org.uk)

e EU funded projects

e US Carbon Sequestration Programme
(http://fossil.energy.gov/coal_power/
sequestration)

 Japan (NEDO, http://www.nedo.go.jp/GET/
ell.html)

* Norway (Klimatek, http://program.
forskningsradet.no/klimatek)

4 Potential and cost of CO, capture
and storage for Finland

4.1 Industrial CO, capture and
utilisation in Finland

In Finland the largest CO, consuming industries
are pulp and paper, beverage, food processing and
metal industries. Currently, industrial needs for
CO, are mostly covered by captured CO, in Fin-
land. Three CO, capture plants exist in connection
with hydrogen, alcohol and calcium chloride pro-
duction. The total capacity of these capture plants
is about 70 000 tonnes of CO, per year. Finland's
beverage industry also has additional CO, capture
plants, which reduces the amount of purchased
CO, for beverage production. CO, isalso produced
for greenhouses by burning fossil fuels.

Recently, especialy in the Finnish pulp and paper
industries, innovative CO, gas applications have
been developed, and they are presently inuse at a
number of large mills. The CO, applications have
been introduced especially for recycled paper. In
food processing industries, CO, usage has aso
grown to increase food safety. In the 1990's, Fin-
land’ sbeverage salesincreased from230 millionto
360 millionlitres. It is assumed that beverage pro-
duction in Finland may still increase to some de-
gree, but not to the same extent as in the 1990’s.
The potential to reuse captured CO, inindustry is
less than 0,5% of Finland's anthropogenic emis-
sions. On the other hand, various industrial pro-
cesses like pulp and paper manufacturing pro-
cesses could offer niches, wherein CO, capture
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processes could become economical. The possible
growing industrial need of CO, in Finland may not
be covered by existing CO, production plants,
which indicates that there might be nichesfor new
processesto capture and produce CO, (Koljonen et
al. 2002).

4.2 Large scale CO, capture and
storage from Finland’s perspective

As CO, capturing would be more economical on a
large scale, the largest CO, emitting point sources
were evaluated. Thelargest CO, emitting plantsin
Finland are ail refineries, coa-fired power plants
and steel works. Five to ten plants produce more
than 1 million tonnes of CO, annually. In pulp and
paper industry, an increased amount of biofuels
used in heat and power generation has decreased
CO, emissions considerably. The CO, emissions
of coal-fired condensing power plants vary a lot
fromyear toyear. If theannual amount of rainfall is
high in the Nordic countries, hydropower produc-
tionishigh and moreelectricity isimported to Fin-
land. During dry seasons Finland exports electric-
ity, which is mainly produced by condensing coal
fired power plants. To meet the targets for green-
house gas emission reduction in the long term, the
CO, sequestration might be one option among
many emission reduction alternatives. By applying
CO, capture and storage technologies 80-90 per
cent reduction of CO, emissionscan beachieved.

InFinland, no suitablegeologic formationsexist to
sequestrate CO,. Further, the oceans nearby Fin-
land are not deep enough for considering CO, stor-
agein oceans. Thenearest potential CO, sequestra-
tion sites are offshore oil and gasfields and saline
aquifers in the North Sea and Barents Sea. This
would mean a 500 to 1 000 km CO, transmission
depending on thelocation of the CO, capture plant
(Koljonen et al. 2002).

Storing CO, as mineral carbonate could be an op-
tion for Finland, since large resources of suitable
silicatesexist in Finland as natural mineralsand as
wastes of mining industry. Most of the mineral de-
posits are found in Central and Northern Finland.


http://www.ieagreen.org.uk
http://fossil.energy.gov/coal_power/sequestration
http://www.nedo.go.jp/GET/e11.html
http://program.forskningsradet.no/klimatek)

However, mineral carbonation may bevery energy
consuming and thusinarecent study (Kohlmann et
al. 2002) reaction pathwayswith minimum energy
input were addressed. It was concluded that the
mineral carbonation process hasto involve the re-
lease or activation of the mineral’s MgO content
before the reaction with CO, to MgCQO,, which
could imply a two-stage process. Weater catalyses
the carbonation reaction somewhat, which makes
the use of serpentine (its 10-14%-wt crystal water
is released) more attractive than other MgO-con-
taining minerals (olivine, fosterite). CO, will have
to be transported to a suitable mineral deposit since
transporting mineral sto/from CO, emission sources
will present unacceptable costs. Fortunately, pro-
cessintegration with mining activitiesmay bevery
advantageous from cost and energy consumption
points of view, possibly allowing for, e.g., higher
valuable metal extraction rates aswell. Further re-
search will concentrate on reaction kinetics and
large-scale integrated processing based on direct,
dry carbonation of MgO-containing mineral with
pressurised CO, from a separate capture process
(Kohlmann et a. 2002).

4.3 Costs of application of CO, capture
and storage in electricity
production in Finland

4.3.1 New fossil fuel fired power plant in
Finland with CO, capture

The economic feasibility of CO, capture by con-
ventional chemical absorption was evaluated for
660-790 MW, conventional natural gasfired com-
bined cycle (NGCC) and for 360-500 MW, pul-
verized coal once through boiler (PF). The CO,
capture process was integrated with a green field
power plant. The estimated costsof 1 000 km pipe-
line transmission to storage site and offshore stor-
age of CO, were included in the evaluation. The
data was collected form literature for power plant
concepts and for CO, capture process. For trans-
mission and storage of CO, and energy, a spread-
sheet-based model recently published by IEA
Greenhouse Gas R&D Programme (IEA GHG
2002) was used as well. The results of the evalua-
tionsarepresented in Figures3and 4. Theelectric-
ity market price is the average electricity pricein
the Nordic Power Exchange, which is the world's
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Figure 3. Power production costs for a condensing coal fired power plant with CO, capture
(includes gas compression), 1 000 km onshore pipeline transmission of CO, and offshore CO,
geological storage (discount rate 5%, plant life 25 years, operating time annually 8 000 h).
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Figure 4. Power production costs for a condensing natural gas fired power plant with CO,
capture (includes gas compression), 1 000 km onshore pipeline transmission of CO, and offshore
CO, geological storage (discount rate 5%, plant life 25 years, operating time annually 8 000 h).

firstinternational commodity exchangefor electri-
cal power.

Asshowninthefigures3and 4, theproduction cost
of electricity for coal fired power plant would be
about three times higher than the average electric-
ity market price in Finland if the investment and
operating costs of CO, capture, transmission and
storage were included. For natural gasfired power
plant, the corresponding electricity production
cost would be about two times higher than the cur-
rent market price of electricity (Koljonen et al.
2002).

4.3.2 Application of technologies closer to
storage sites as an alternative

Application of technologies closer to the storage
sites was compared with application of technolo-
giesin Finland. The optionsincluded in the study
were:

1. Natural gas is imported by existing pipeline
and electricity produced by NGCC in Finland.
Thecaptured CO, istransported by a1 000 km
onshore pipeline and sequestered offshore.
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2. Carbon-free fuel, i.e. hydrogen, is imported
into Finland by a 1 000 km onshore pipeline.
In this scenario, fuel is decarbonized near the
storage site and CO, is sequestered offshore.

3. Electricity is produced near the sequestration
place and imported into Finland. CO, is se-
guestered offshore. Cross-border DC electric-
ity transmission capacity is increased by a
given amount.

Infigure5, investment costs of the above scenarios
are shown. In the calculations, fuel efficiency has
been increased to cover the losses of electricity
transmission, initial gas compression and/or gas
transmission. Preliminary results indicated that
CO, transport and electricity transmission would
be the most feasible options with such long trans-
mission distances. Considering environmental and
safety issues, electricity transmission would be-
come the most feasible option. However, it should
be noted, that the investment costs of hydrogen al-
ternative have remarkable uncertainty, and amore
detailed analysis should be performed before final
conclusions (Koljonen et al. 2002).
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4.4 Opportunities for Finnish
technology

Because of therelatively short history of the devel -
opment of CO, capture technol ogiesand concepts,
there is still room for new ideas and need to im-
prove the existing concepts. Opportunities exist
e.g. in developing Finnish power plant technolo-
gies into a zero or low-CO, emitting direction.
Also, development of CO, capture technologies
and concepts that can be integrated to various in-
dustrial process, especially processes that employ
Finnish technology, could offer niches, wherein
CO, capture would become economical.

Storing CO, as mineral carbonate could be an op-
tion, sincelargeresourcesof suitablesilicatesexist
in Finland as natural minerals and as wastes of
mining industry. The most important positive fea-
ture, which justifies further work on improvement
of thistechnology, isthat CO, asMgCQO;isastable
compound and environmentally acceptable solu-
tion for a long term storage of CO,. It is aso the
only currently known aternative for Finland to
store CO, (Kohlmann et al. 2002, Koljonen et al.
2002).

5 Discussion and conclusions

Thelack of long-term CO, storage sitesin Finland,
together with long transmission distances to the
closest storage sites abroad would be the greatest
barriersto overcome before the implementation of
the CO, capture and long-term storage technolo-
giesin emission management. The production cost
of electricity would be approximately doubled for
NGCC with CO, capture, onshore transmission and
offshore storage. For coal fired power plant, the cor-
responding electricity production cost would be
even higher. According to this study, capturing CO,
near the storage sites and investing in new cross-
border el ectricity transmission capacity seemsto be
amore feasible option. Mineral carbonation could
beafutureoptionfor Finland, but thereaction kinet-
icsof carbonation processtill hasto beinvestigated
before any final conclusions could be made.

The potential to reuse captured CO, inindustry is
less than 0.5% of Finland's anthropogenic emis-
sions. On the other hand, various industrial pro-
cesses like pulp and paper manufacturing pro-
cesses, could offer niches, wherein CO, capture
process could become economical. However, quite
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few CO, reuse options in Finland offer long-term
carbon sinks.

Thereis till room for new ideas and for improve-
ment of existing CO, capture technologies and
concepts, especially pre-combustion and novel
combustion concepts. Opportunities exist e.g. in
developing Finnish power plant technologies into
zero or low-CO, emitting direction. Integration of
CO, capture technologies and concepts in indus-
trial processes is less studied a subject compared
with energy production. Developing CO, capture
technol ogies and conceptsthat can beintegrated to
various industrial processes, especialy processes
that employ Finnish technology, could offer new
possibilities in the future.
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