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This thesis covers different aspects of harnessing carbon capture at Finnish chemical pulp
mills. The thesis was done for the Finnish Recovery Boiler Committee, and in the committee,
there is total of 14 pulp mills, each having a kraft recovery boiler. Between 2018 and 2020
the total annual CO2 emissions of these pulp mills was about 21 million tonnes. The main
source of CO; at the mill is the recovery boiler, power boiler being the second largest source.
Lime Kiln is the third largest CO2 source, with flue gas CO2 concentration being higher.

The literature review goes through carbon capture technologies in general and examines
aspects that make it special to have the carbon capturing at a chemical pulp mill. New
technologies for carbon capture are researched, and even though for example using
membranes in the capture is a promising technology, using an amine solution is still the only
commercial-scale technology available. The captured CO> can be either stored underground
or under the seabed to remove it from the atmosphere or it can be used together with
hydrogen in synthetic fuel refining. The hydrogen generation needs large investments, it has
a great electricity demand, and the fact that carbon dioxide capture from biogenic sources
doesn’t give any benefits through the European Union emission trading system makes it very
likely unprofitable to capture the CO2 of a pulp mill.

With IPSEpro modelling was done to see, whether there are suitable heat streams to power
the carbon capturing system. It was found out that in an integrated pulp and paper mill a
system capturing less than 6.8% of the recovery boilers carbon dioxide emissions is a
possible solution, and the system also is in a reasonable scale. Also, a pulp-only mill was
inspected, and there is enough heat to capture 66% of the CO, which is way beyond a
reasonable scale, what comes to for example hydrogen generation.
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Tassa diplomityossa kasitellaan eri nakokulmia hiilidioksidin talteenoton mahdollisuuksista
suomalaisissa sellutehtaissa. Tyd tehtiin Suomen Soodakattilayhdistykselle, johon kuuluu
14 jasentehdasta, joissa jokaisessa on soodakattila. Né&iden tehtaiden vuosittaiset
hiilidioksidipaastdt vuosien 2018 ja 2020 valilla olivat keskiméaarin 21 miljoonaa tonnia.
Sellutehtaan suurin yksittdinen péastélahde on soodakattila, voimakattilan ollessa toisena.
Kolmanneksi suurin paastonlahde on meesauuni, jonka savukaasuissa on edellisia suurempi
hiilidioksidipitoisuus.

Kirjallisuuskatsauksessa paneuduttiin hiilidioksidin talteenottoteknologioihin yleisesti ja
tarkasteltiin, mitkd ovat sellutehtaiden erityispiirteet talteenoton kannalta. Uusia
talteenottoteknologioita kehitetdan jatkuvasti, ja esimerkiksi membraanien kéytté kaasun
erotuksessa nahdaan lupaavana, mutta ainoa kaupallisen kokoluokan teknologia perustuu
amiiniliuoksen kayttoon. Talteen otettu hiilidioksidi voidaan séiléd maan tai merenpohjan
alle tai se voidaan jatkojalostaa yhdessa vedyn kanssa synteettisiksi polttoaineiksi. Vedyn
tuotanto vaatii suuria investointeja sek& suuren maaran sahkoé, ja biogeenisen hiilidioksidin
talteenoton hyddyttomyys EU:n paastokaupan kannalta aiheuttavat sen, etta hiilidioksidin
talteenotto sellutehtaalta on todennadkaisesti kannattamatonta.

IPSEpro-ohjelmistoa kaytettiin  mallintamaan talteenottolaitteiston kayttoon sopivia
lampovirtoja. Sellu- ja paperitehdasintegraatissa korkeimmillaan 6,8 % soodakattilan
savukaasujen hiilidioksidista voitiin talteen ottaa, joka on kokoluokaltaan mahdollisessa
mittakaavassa. Pelkk&é sellua valmistavan tehtaan kohdalla vastaava luku oli 66 %, jolloin
esimerkiksi vedyntuotannon mittakaava nousi saavuttamattomaksi nykymenetelmin.
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SYMBOLS AND ABBREVIATIONS

Roman characters
I investment [€]

LHV lower heating value [MWh/tonne]

Dimensionless quantities

F Scaling factor

Superscripts
0 initial

X new

Abbreviations

AWE alkaline water electrolysis

BECCS bioenergy with carbon capture and storage

BECCU bioenergy with carbon capture and utilization
BECCUS  bioenergy with carbon capture, utilization and storage
BLG black liquor gasification

Ca(OH),  calcium hydroxide

CaCOs calcium carbonate
CaO calcium oxide
CCS carbon capture and storage

CCuU carbon capture and utilization



CFB
CHsOH
CHs
CO2
DEA
DME
DNCG
EEA
EEX
ETS
EU
EUA
EUAA
GDP
H2

H.0
HCOOH
ISBL
LUT
MDEA
MEA
Na2COs3
Naz2S

Na2SOs3

circulation fluidized bed
methanol

methane

carbon dioxide
diethanolamine

dimethyl ether

dilute non-condensable gases
European Economic Area
European Energy Exchange
emission trading system
European Union

European Union allowance
European Union aviation allowance
gross domestic product
hydrogen

water

formic acid

inside battery limits
Lappeenranta-Lahti University of Technology LUT
methyl diethanolamine
monoethanolamine

sodium carbonate

sodium sulphide

sodium sulphate



NaOH sodium hydroxide

NH3 ammonia

NOXx nitrogen oxides

02 oxygen

P2C power-to-chemical

P2G power-to-gas

P2H; power-to-hydrogen

P2L power-to-liquid

P2M power-to-methane

pP2X power-to-x

PEM polymer electrolyte membrane
RWGS reverse water-gas shift reaction
SOx sulphuric oxides

TRS total reduced sulphur
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1 Introduction

This thesis was done in LUT laboratory of Sustainable Energy Systems for the Finnish
Recovery Boiler Committee. Carbon dioxide capturing and synthetic fuels are seen as an
important tool to fight against climate change, and it was examined if the Finnish pulp and
paper industry has potential to jump on this bandwagon. The main targets of this thesis were
to find out, whether it is possible to harness carbon dioxide capture at a pulp mill producing
chemical pulp, what are the differentiating features of a pulp mill versus conventional power
generation, what are the limiting factors of the capturing scale and how much would it cost

to implement a carbon capture system.

Carbon capture is used mainly in the oil industry to increase the amount of oil extracted from
an oil well. In general, in many instances, only fossil-based carbon dioxide emissions are
seen as emissions, and in the past years also cases of capturing carbon from fossil emission
sources, for example oil refineries and coal-fired power stations have been researched.
Lately, in the European Union, projects including carbon capture from fossil emission
sources combined with synthetic fuel production have started and have been funded through

subsidies from the Union.

Since bio-based carbon dioxide is often not seen as pollution, not too much research has
been done on carbon capture in emission sources containing bio-based carbon dioxide. Pulp
and paper industry being business as any other business, it was examined what kinds of
political decisions would either force or favour, or on the other hand, interfere, utilizing
carbon capture in a chemical pulp mill and an examination was done to see, how would a

carbon capture system fit a pulp mill.
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2 Terminology

What is BECCUS? It is shortened from bioenergy with carbon capture, utilization and

storage. The basic idea is explained by the carbon circulation schematics in Figure 1.

Fossil fuel Fossil fuel with  Fossil fuel with Bioenergy BECCU BECCS
CcCu CCS

Figure 1 Carbon circulation schematics for different options

The thought behind bioenergy usage is that the biomass has absorbed the carbon it needs to
assimilate and grow. The same carbon is then released back to the atmosphere when the
biomass is combusted. This is quite similar situation to using fossil fuel with carbon capture
and storage (CCS), carbon circulation-wise. The carbon is taken from underneath the ground
as a fossil fuel, later it is captured and stored back underground. However, some extra carbon
is added to the atmosphere, since 100% of the carbon dioxide cannot be captured. (Fajardy
& Pour 2022; IEA 2022a)

In the applications where carbon capture and utilization (CCU) are adapted, almost always
the carbon dioxide is released to the atmosphere. The thought behind the arrangement still
is that it decreases the amount of released carbon dioxide: when fossil fuel is burned, the
carbon dioxide is captured, and new fuel is produced based on the captured carbon dioxide,
only little bit more than half of the carbon dioxide is released to the air compared to a
situation in which all the fuel was fossil based. The same principle applies to carbon capture

and utilization combined with bioenergy (BECCU): the synthetic fuel produced from the
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carbon dioxide captured from biomass combustion can be used to replace fossil fuel usage.
(Fajardy & Pour 2022; IEA 2022a)

Regarding bioenergy with carbon capture and storage (BECCS), the idea is that carbon
dioxide can be captured from the combustion gases and stored underground. This is a
situation, in which the carbon dioxide is removed from the atmosphere. While the biomass
is growing, it absorbs the carbon dioxide from the air and when it is combusted, the carbon
is captured and then injected under the ground. (Fajardy & Pour 2022; IEA 2022a)
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3 Carbon dioxide emissions of pulp mills

There are several sources of carbon dioxide in a typical pulp mill. These sources vary with
several important factors to consider, what comes to potential of carbon capture. In this

paragraph the characteristics of different CO. sources are presented and discussed.

3.1 Recovery boiler

The recovery boiler is the largest CO2 source in a pulp mill, producing more than two thirds
of the total carbon dioxide emissions (Kuparinen et al. 2019). It generates most of the energy

generated in a pulp mill and enables the reusage of the pulping chemicals, hence the name.

In a kraft pulping process, wood chips are cooked in a hot mixture, called white liquor,
containing sodium sulphide (Naz2S), sodium hydroxide (NaOH), sodium carbonate (Na2COz)
and sodium sulphate (Na2SO3) mixed with water (Biermann 1996). The wood chips react
with sodium sulphide and sodium hydroxide. This causes lignin bonds to break apart from
the rest of the solid, which consist of fibrous cellulose and hemicellulose. (Tikka 2008;
Prowledge Oy 2022)

Next, the fiber mass, also called pulp, is separated from the solution and washed. The excess
cooking liquid, black liquor, goes through an evaporation process increasing the dry solid
content up to +80%. During the evaporation process also methanol, turpentine and soap is
separated from the black liquor. This prevents fouling in the recovery boiler and tall soap
can then be processed to tall oil, which can be used for example as a raw material for bio-
based transport fuels. (Tikka 2008; Prowledge Oy 2022)

After evaporation, the black liquor is fed to the recovery boiler, where the organic
compounds, consisting mostly of lignin, burn and generate heat. This heat is used for the two
main tasks of a recovery boiler: generating steam and making the chemical recovery
reactions possible. In the recovery boiler, most of the cooking chemical, roughly two thirds,
turn into sodium carbonate (Na2CO3). The rest of the cooking chemical turn into a smaller
amount, roughly 20-30%, of sodium sulfide (NaS) and also some non-reacted sodium

sulfate (Na2SOa) is left, depending on the wood used. This mixture of chemicals is removed
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as smelt in the bottom of the recovery boiler. (\Vakkilainen 2005; Alakangas et al. 2016;
Prowledge Oy 2022)

Black liquor has relatively low calorific value, as well as a very different elemental
composition compared to other wood-based fuels. The lower calorific value of black liquor
is only between 12 and 15 MJ/kg, where other wood-based fuels are often close to 20 MJ/Kkg.
This is because of the low amount of combustibles and the energy required by the chemical
reactions in the recovery boiler: about one third of the dry solids is carbon and half of the
dry solids is ash. (Vakkilainen 2005; Alakangas et al. 2016; Prowledge Oy 2022)

3.2 Lime Kiln

The smelt removed from the recovery boiler is called green liquor. After being removed
from the recovery boiler, the green liquor is treated by mixing it with water or weak white
liquor, removing dregs and other impurities and cooling. Next, the green liquor is mixed
with calcium oxide (CaO), which then turns into calcium hydroxide (Ca(OH)z2), also known
as slaked lime, when reacting with water (H20) in the solution. Calcium hydroxide and
sodium carbonate react, resulting in sodium hydroxide (NaOH) and calcium carbonate
(CaCOs3). The calcium carbonate, now called lime mud, is separated from the sodium
hydroxide and other chemicals that didn’t react in re-causticizing and is prepared to be put
back to the lime kiln. The rest of the solution goes back to cooking. (Vakkilainen 2017,
Prowledge Oy 2022)
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Material inlet

Preheater

Rotary kiln
Primary air
& Fuel

Secondary

Cooler 2=

Figure 2 Lime kiln (Shahin et al. 2016)

Before being inserted to the lime kiln, presented in Figure 2, the lime mud is filtered and
dried. After being dried to almost 100% dry solids, the lime mud is heated in the lime kiln
for about one and a half to four hours at about 1100 °C. The reaction of calcium carbonate
breaking into calcium oxide (CaO) and carbon dioxide (CO>) starts at about 800-850 °C
(Smook 2016; Prowledge Oy 2022). Higher temperatures fasten the reaction, and the hotter
end of the lime kiln can be at 1250 °C (Smook 2016). The carbon dioxide from the process
is currently released to the air, but it can also be captured. The amount of biogenic carbon
dioxide is slightly under 200 kg per tonne of pulp. (Miner & Upton 2002; Prowledge Oy
2022)

This process is very energy intensive. The energy required is about 3000 kJ per a kilogram
of CaO (Theliander 2009). This energy is often produced by natural gas or oil, but nowadays
there are also several renewable options: syngas from bark gasifier, tall oil pitch or
pulverized biofuels. Renewable fuels in Finnish lime kilns are presented in Table 1, and it
seems that renewable fuels are the future fuels for lime kiln usage. (Berglin & VVon Schenck
2022)
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Table 1 Renewable fuels used in Finnish lime kilns (Berglin & Von Schenck 2022)

Mill Lime Kiln fuel

Metsa Joutseno syngas (bark)

Metsa Kemi (starting in 2023) syngas (bark)

Metsa Adnekoski syngas (bark), tall oil pitch as secondary
Stora Enso Oulu tall oil pitch

Stora Enso Sunila lignin powder

Stora Enso Varkaus syngas (bark, sawdust)

UPM Pietarsaari tall oil pitch

In the pulp mills that use fossil fuels in the lime kiln, lime kiln is the largest fossil carbon
dioxide emission source of the pulp mill itself, since otherwise fossil fuels are only used as
start-up fuel and auxiliary fuel. Some integrated pulp mills use also natural gas to generate
extra steam to power for example paper and cardboard manufacturing and sawmill usage.
Additionally, the mills that use renewable fuels as the primary lime kiln fuel, often use fossil
fuels as secondary fuel. In the mills that fire natural gas as the primary fuel in the lime kiln,
the median fossil carbon emissions are about 100 kg per tonne of unbleached pulp. (Miner
& Upton 2002; Kuparinen et al. 2019; Kotkamills 2020; Berglin & VVon Schenck 2022)

3.3 Biomass boiler

A biomass boiler, a multi-fuel boiler or sometimes referring to the most combusted fuel,
bark, a bark boiler is a boiler that burns the residue that is built up outside the pulping process
and generates extra steam for the processes. Often it is a bubbling fluidised bed boiler,
because the used fuel is moist and heterogeneous. As said, the main fuel of a biomass boiler
is bark, but it also burns wood chips and many types of organic residues, for example
residues from the water treatment plant. A biomass boiler also combusts the start-up fuel,
meaning that in some cases it also uses fossil fuel. (Kuparinen et al. 2019; Prowledge Oy
2022)
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3.4 Disposal of odorous gases

In a pulp mill, every process that deals with any type of liquor, releases odorous gases, e.g.,
methane. These gases can be divided into two categories: dilute non-condensable gases
(DNCG) are unpleasant smelling and also explosive in high-enough concentration, while
concentrated non-condensable gases (CNCG) are not only bad smelling, but also poisonous
and highly explosive. In the pulping process larger amount of DNCG is formed and a smaller
amount of CNCG. Sulphur-based odorous gases are known also as TRS (total reduced
sulphur), and they are the ones causing the characteristic smell of pulp-producing cities.
(Prowledge Oy 2022)

Since the 1990’s, the amount of sulphur emissions, and also TRS emissions, have been
decreased, as presented in Figure 3, due to tightened emission regulations. Mostly, and
especially in modern technologies, the burning of odorous gases is done in the recovery
boiler. However, an older technology to get rid of odorous gases is to burn them in a separate
incinerator. The incinerator uses for example collected methanol and natural gas or oil to
fuel the burning. Also, in the pulp mills that burn the odorous gases in the recovery boiler,
there is also a separate burner in case of an interruption of the normal process. (Prowledge
Oy 2022).
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Figure 3 Sulphur emissions of Finnish industry (Metsateollisuus)

3.5 Flue gas properties and carbon circulation
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What comes to carbon capture, the most interesting characteristics of flue gases are its

amount and its carbon dioxide and its carbon content. When it comes to developing the

technology, moisture and sulphur content need to be considered as well to be aware of the

possibilities of low temperature corrosion. (Teir et al. 2011)

Table 2 Estimations of flue gas properties in a pulp mill

Recovery boiler

Bark boiler
natural moisture bark
press-dried bark

Lime Kiln

Share of total CO;
emissions

68.0%

23.4%
23.4%
8.6%

Flue gas CO,
content (wet)
15.7%

19.7%
22.1%
33.2%

Flue gas water
content
22.9%

15.1%
9.1%
9.6%
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In Table 2 an example of flue gas distribution and properties is presented. The share of total
CO»-emissions is based on the Mill A (presented in Figure 4), an imaginary modern
softwood kraft pulp mill located in Northern Europe, presented in publication Biomass-
based carbon capture and utilization in kraft pulp mills by Kuparinen et al. 2019. In the
publication “Kraft recovery boilers — Principles and practise” from 2005 by Esa K.

Vakkilainen, measured values for recovery boiler flue gases are presented.

Values for bark boiler and lime kiln are calculated with typical values, lime kiln values
including both combustion and chemical reaction emissions. Combusted bark is presented
in two moisture contents: natural 47.5% and press-dried estimation 20% (Routa et al. 2021).
The bark is combusted in 20% of excess air (Vakkilainen 2017). The amount of soot blowing
steam is 5 w-% of dry fuel (Vakkilainen 2017). Since the natural gas available in Finland is
almost completely methane, the calculations have been done for pure methane and with 2%

leftover oxygen (Maakaasun kasikirja p. 6).
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Figure 4 Mill A (Kuparinen et al. 2019)

The numbers presented in Table 2 raise questions about how the carbon capture technologies
match with the desired amount of capturing. In case the desire is that all the carbon is

captured, is it better or even possible to do the capturing from all of the flue gas flows with
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one capturing system or is there a need to have individual systems for each type of flue gas
flow. On the other hand, if only a part of the carbon is captured, is it better to capture the big
amount of carbon from the recovery boiler flue gases or is the high-carbon lime kiln flue gas

a more desirable source of capturing.
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4 Finnish pulp industry in numbers

There are four companies in Finnish Recovery Boiler Association having total of 14 mills.
As presented in Figure 5, the mills are widely spread all over Finland, excluding very

northern Finland.

Finland

Mikkeli

Pori Tampere

ey

Y

Turku Peon P

Helsinki StPetersburg

Cankr-lerepbypr
.

Tallinn

Figure 5 Finnish chemical pulp mills

On average, the total annual carbon dioxide emissions of these plants between years 2018

and 2020 have been approximately 21 000 000 tonnes. The fossil-based carbon emissions
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are about one-twelfth of the total carbon emissions, being approximately 1 760 tonnes (EEA

2022). Figure 6 presents the carbon emission values of seven Finnish pulp mills.

100% 3 000 000

2 500 000
80%

2 000 000
60%

1 500 000
40%

1000 000
20%

500 000

0% 0

Metsa Metsa  Stora Enso Stora Enso UPM UPM Kymi
Joutseno Aidnekoski Uimaharju Heinola Kaukas Kotkamllls

Fossil CO, percentage
CO, emissions [t/a]

Fossil emission percentage M Total CO2 emissions [t/a] B Fossil CO2 emissions [t/a]

Figure 6 Key figures of seven Finnish pulp mills (EEA 2022)

The total carbon dioxide emissions are roughly twice the amount of local fossil carbon
dioxide emissions from Finnish traffic and transportation sector (LVM 2020). This being
said, it is unquestionable that quantitatively there is a great potential for forest industry to be

the vanguard of large-scale carbon negativity.

The yearly wood consumption of Finnish forest industry is roughly 70 000 000 cubic meters
per year, of which roughly 60 000 000 cubic meters are harvested from Finland. Roughly
40 000 000 cubic meters are used for mass production: 30 000 000 cubic meters of this is
used for pulp making, and the rest, 10 000 000 cubic meters, for mechanical mass
production, which is not considered further in this thesis. The yearly wood usage numbers

are presented in Figure 7 and Figure 8. (Luke 2022)
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The figures of wood usage are important, when the total CO2 numbers of a country are
calculated, since growing forest is seen as a carbon sink. Now, the questions are, does CCS
increase the need of used wood or, on the other hand, would forest industry get an absolution

of extra wood usage, if the carbon is captured.

In Figure 9 the annual production numbers of Finnish pulp, paper and cardboard are
presented. These numbers show clearly the development of digitalization and internet
shopping (Vaara 2021; Tiseo 2022).
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Figure 9 Annual Finnish production of pulp, paper and cardboard (Luke 2023)
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5 Driving forces of technology harnessing

There is motivation of many aspects for reducing the carbon dioxide emissions, but also

several retardants of technology introduction.

5.1 Environmental aspects

The clearest environmental thought behind CCS is to prevent carbon dioxide of being
released to the atmosphere. When CCS is connected to a power plant that uses bio-based
fuels, the idea is that carbon dioxide is removed from the atmosphere. The trees capture the
carbon dioxide from the atmosphere when growing and when the wood is burned and the
carbon dioxide is captured, the carbon dioxide is removed from the atmosphere. The idea of
CCU is that in places where capturing carbon dioxide is more difficult and less cost-
effective, carbon released already somewhere else can be reused and harnessed as a fuel.
(Onarheim & Arasto 2018)

There are also questions about BECCUS with negative tone to them. Does it require more
wood to be chopped? How is the extra energy for the capture systems generated? What are

the environmental effects of the carbon storage?

In general, it can be said that usage of BECCUS doesn’t necessary mean that more forest
needs to be harvested, since the energy in the pulp mills is generated from the residue of the
production. However, the system does need energy and introducing carbon capture may
mean that the production of some other product needs to be lowered down, which can mean
that it then needs to be replaced with something else. In case the energy, especially
electricity, is bought from outside, the question is time-sensitive and depends on the general
electricity production of Finland.

Carbon storage is often done by injecting carbon dioxide back to old natural gas sources.
This also enables more natural gas to be able to be collected from the natural gas well. This
can be considered to be both negative and positive thing: on the other hand, fossil fuel is
burned, but on the other hand, if otherwise the same energy would be produced with coal or
oil, it is the less bad option. (Teir et al. 2011)
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Big question related to carbon capture and especially using the carbon dioxide to produce
synthetic fuels is the large amount of electricity needed, mostly to generate the needed
hydrogen. A large green electricity production is often seen as a solution for the question. In
case a big amount of extra electricity is decided to be used for manufacturing products, it is
necessary to realize that there is also a limit for harnessing solar and wind power. Most of
the best places to harness wind power in Finland have already been put to use, as presented
in Figure 10 and Figure 11. There can also be other types of obstacles, for example, related
to national defence. (Ilmatieteen laitos 2009; Pohtila 2022; Finnish Wind Power Association
2022) .
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5.2 Economical aspects

Since business is what industry is all about, the costs of changes always need to be
deliberated. These costs often vary depending on several things. There are bigger, more
obvious, often politically driven factors that will be calculated when the price of a CCS-
system is evaluated, as speculated later. However, there can also be other, at least in the
beginning smaller, aspects that cannot be valuated clearly. For example, there might be a
possibility that in the future there is a new market for CO,-negative end products, like there

is, for example, for chlorine-free pulp.

5.2.1 Emission trading

According to the European Union, “The EU ETS (European Union Emission Trading
System) is a cornerstone of the EU's policy to combat climate change and its key tool for
reducing greenhouse gas emissions cost-effectively. It is the world's first major carbon
market and remains the biggest one.” The principle behind the EU ETS is simple: the polluter
pays. (EC 2022a)

Basically, the way the EU ETS works is that the EU releases a limit for greenhouse gas
emissions for heavy industry, energy production and aviation inside the European Economic
Area (EEA) each year. The European Union divides 90% of this amount between the
participant countries according to the emissions of the country of the year 2005 or the
average of emissions of the years 2005-2007, whichever is greater. The rest (10%) is divided
among the countries with a GDP of 90% or less of the EU’s average to promote solidarity,
growth and interconnections within the EU. (EU Directive 2018/410)

Inside the EU countries, the main way of distributing the emission allowances is auctioning,
and in 2021, 57% of the general allowances were auctioned. The rest were given free as
explained later. One emission allowance means a permit to emit one tonne of carbon dioxide.
The countries need to use at least half of the money from auctioning to decrease greenhouse
gas emissions. The general platform for the auction, located in Leipzig, Germany, is called
EEX (European Energy Exchange), where most of the auctioning is done. EEX auctions two

types of emission allowances: the general allowances, called EUA (EU Allowance), and
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allowances for aviation, called EUAA (EU Aviation Allowance). Companies can buy
emission allowances from either market as well as from other companies. Roughly half of
the needed allowances of the aviation sector were bought from the EUA-market in 2019.
(EU Directive 2018/410; EC 2022Db)

100% of the emission allowances for sectors that are counted to belong to the carbon leakage
risk sectors are given free (EC 2022c).This means basically that to prevent companies from
moving to countries with less carbon emission regulations, emission allowances are given
free for companies working in international markets. Also, for example, the production of
district heating gets most of its emission allowances for free until 2026, when the amount
drops significantly. On the other hand, electricity production must buy all its emission
allowances in countries with GDP higher than 60% of the EU’s average. (EU Directive
2018/410)
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Figure 12 Emission allowances given for Finnish factories in 2021 (Energiavirasto 2023)
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The top 15 receivers of free emission allowances in Finland are presented in Figure 12; in
green working plants of forest industry are presented and other types of industry in red. The
colour black presents closed factories. As it can be seen, pulp mills that use also fossil fuels

get their emission allowances for free, until 2030 (EU Directive 2018/410).

The most interesting and game changing question would be taking negative carbon
emissions into account in emission trading. This would increase the profitability of BECCUS
significantly: in 2022 the average price of carbon emission allowance was a little bit over
80 € (Ember 2023). However, introducing a large amount of carbon removal technologies
could also decrease the price of emission allowances, if the market stability reserve can’t
control the market as supposed (EC 2022d). Also, since half of the money from auctioning
needs to be used for lowering the greenhouse gas emissions, BECCUS could be a good target
for that.

5.2.2 Investment costs of CCS systems

Investment costs are a big question when it comes to carbon capture and storage systems.
Until this day CCS has been typically utilized in oil and gas production. The carbon dioxide
has been pumped back to the source to get more product out of the source, while CCS
applications combined with firing biomass are under development (Rassool 2019;
Department of Energy 2022). In September 2022, there were 30 facilities with CCS

operational, 11 in construction and 153 under development. (Steyn et al. 2022)

The baseline of different pulp mills size-wise is quite different, as presented earlier in Figure
6. The choice between utility or storage as well as the location of the site have a significant
effect on the size of the investment (Kjarstad et al. 2016). These factors combined with the
fact that there isn’t any well-applicable data from the previous projects, the investment cost
of implementing CCUS into a pulp mill can be difficult, and that’s why it probably is also
very risky for the investors to take part into the project. As an example, Drax Group has
planned to invest £40 million for the first phase of a BECCS project to capture annually 8
million tons of CO (Drax 2021).
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5.2.3 Electricity and energy consumption

In general, the fact that pulp mills have excess heat available, makes them an interesting
target to integrate CCUS. Depending mostly on the integration degree of the pulp mill, there
is a different amount of excess heat and electricity available. Amount of excess energy also
reflects on the price of carbon capture and utilizing, and also, the other way around, the price
of the end products of the pulp mill might change due to changes in carbon capturing rates
(Kuparinen 2023, pp 657). What comes to electricity, the idea often is that the generated
electricity can be used for capturing systems. In case of utilizing the carbon, there will be
and needs to be a great amount of wind or solar energy to be used for the systems, since
especially electrolysis is a large electricity consumer. (Onarheim et al. 2017)

It seems that the electricity need of pulp and paper industry has continuously gone down
with a moderate trend, due to changes in production and increased efficiency (Koreneff et
al. 2019; ET 2023). This change might release a small amount of energy to be used
elsewhere. Another interesting question is, what is the future of, for example, paper
production. The trend presented earlier in Figure 9 shows that the production of paper is
going down, and since paper production is very energy intensive, this could mean that in the
future there is excess energy being freed for different use. Meanwhile the amount of
produced cardboard and also the demand of cardboard has gone up, some of the paper
machines have been converted into cardboard machines and there are plans to do so for even
more mills (Degerman 2021). In the case that after the conversion the energy usage is lower

than before, there could be a good situation to consider carbon capture.

5.2.4 Value of CO2 and CO»-based products

An interesting economical aspect is the value of the end product. Even though carbon dioxide
itself has a big market, the quantities used near the capturing location are most likely
relatively low compared to the amount of CO that can be captured from Finnish pulp mills.
The worldwide CO> usage is more than ten times the CO2 amount released from Finnish
pulp mills, but the usage is far away from Finland (IEA 2019). However, using the captured
carbon dioxide in another process nearby might be possible for some of the pulp mills, if

there is big need nearby (Pirhonen 2022).



34

With excess electricity, refining the captured CO> to create a valuable is an option worth
considering. A common thought is that with green electricity and captured carbon for
example transportation can be relieved from the need of fossil fuels. The most basic
compound that can be created by synthetizing carbon dioxide is methane, and recent studies
have shown that methanol might be a profitable fuel to be made by a P2X-project (Blanco
et al. 2018; Liquid Wind 2022). Also, many different types of fuel can be produced, as well
as carbon-based precursors for chemical industry, but the complexity of the carbon chain

also increases the amount of electricity needed for the synthetization. (Dahiru et al. 2022)

5.2.5 Competition of carbon

The basic idea of BECCUS is that carbon dioxide is released when burning lignin. However,
there is also other types of projects going on to prevent CO; being released into the air. For
example, since 2015 Stora Enso has recovered lignin in Sunila pulp mill (Pisto 2018). These
projects can decrease the CO2 emissions and excess energy of pulp mills; however, the
chemical recovery still needs to be done. Even though there are other projects, it seems likely
that the main characteristics of pulp mills will stay the same, since pulp itself has a bright
future (Kalliokoski 2022).

5.3 Political aspects

The Paris Agreement, which the EU ratified on 5 of October in 2016, can be said to be the
biggest political act towards the integration of BECCUS. According to the EU, “The Paris
Agreement sets out a global framework to avoid dangerous climate change by limiting global
warming to well below 2°C and pursuing efforts to limit it to 1.5°C. It also aims to strengthen
countries’ ability to deal with the impacts of climate change and support them in their
efforts.” Countries being part of the agreement are feverishly looking for ways to decrease
the amount of carbon emissions, and carbon capturing is seen as one of the great possibilities.
(EC 2022¢)
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In the EU, carbon capture is considered. Legislatively it is taken into account by approving
a directive about geological storage of carbon dioxide (Directive 2009/31/EC). The potential
of carbon capture and also BECCUS has also been acknowledged, but at the moment the
usage of carbon capturing technologies would be paid by the user, as described in the
paragraph 5.2.1, since negative emissions are not recognized in the ETS (Erbach & Victoria
2021). A thing that might be questionable during starting processes in forest industry is the
EU’s opinion on the sustainability of wood usage. In the EU, forest conservation has raised
its head lately, meaning that there might be less from which to take, CO. or energy
(Schonberg 2021). On the other hand, if the interpretation of the combustion of wood gets
even tighter and the free emission allowances are no longer issued, BECCS might be a way
to go (Toivonen 2022).

The European Union has generally been quite strict with the thought that in electrolysis-
based green hydrogen production the electricity used for it must be additional, meaning that
green electricity production must be built especially for it (Directive (EU) 2018/2001
). However, these regulations have been loosened lately (Parkes 2022). The thought behind
this is that in electricity network there always needs to be balance, and it wouldn’t make
sense to produce electricity with fossil fuels for other consumption because the renewable
electricity is used for capturing carbon dioxide.

In Finland, the political institutions have acknowledged CCS as a possibility in the energy
system development. At the moment in early 2023 the objectives are mostly elsewhere than
in forest industry, projects about capturing the carbon dioxide from hydrogen production are
taking wing and also more research is done on BECCUS. Neste Oyj has gotten funding from
the EU for their project to capture CO2 in hydrogen production and Tampereen Séhkdlaitos
Oy together with Nordic Ren-Gas Oy are having a project on capturing CO2 from waste

combustion flue gases (Sieppi 2021; Tampereen Séhkolaitos 2023).

There are also big growth plans for green hydrogen production in Finland and several
hydrogen plant projects have started in Finland. To produce products with higher degree of
processing carbon dioxide from pulp mills could be used. On the other hand, these projects
often also have different plants for using the produced hydrogen. For example, carbon
dioxide emissions of humankind could be decreased by producing synthetic protein and this

way reducing the need for meat production. (Mantyla 2023)
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6 Carbon capture technologies

Carbon can be captured in different ways from combustion processes. Each of these
techniques have their pros and cons. As presented in Figure 13, Figure 14 and Figure 15,

there are three main ways of capturing carbon.
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Figure 13 Post-combustion carbon capture (IEAGHG 2019)
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Figure 14 Pre-combustion carbon capture with gasification (IEAGHG 2019)
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Figure 15 Oxyfuel carbon capture (IEAGHG 2019)

Post-combustion carbon capture means that the carbon dioxide is removed from the flue
gases of some sort of combustion process. A post-combustion carbon capture system
requires the smallest amount of modification to generic combustion systems, and that is why
it is easiest to retrofit to existing plants. However, for example as presented in Table 2, the

concentration of CO: in flue gases is relatively low, mostly because of high nitrogen amounts
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in combustion air, and it needs relatively big amount of energy to operate. (Teir et al. 2011,
IEAGHG 2019)

Pre-combustion carbon capture means that the carbon is separated from the fuel before
combustion and the fuel is mostly hydrogen. This means that the fuel needs to be gaseous;
the system can be used in for example gas-fired power plants and when solid fuel is gasified.
Pre-combustion can be applied in a pulp mill for the bark gasification if there is enough
hydrogen left to power the lime kiln. (Teir et al. 2011; IEAGHG 2019)

Black liquor gasification (BLG) has been researched since the 1950s as a substitute for
combustion in a recovery boiler. Gasification has been seen as a solution for problems like
low power-to-heat ratio and thermal efficiency as well as corrosion and fouling. Black liquor
gasification has been harnessed in small commercial scale. BLG has been tested for example
in New Bern, North Carolina, USA and in Pited, Sweden, both based on technology
developed by a Swedish company called Chemrec AB, and the basic system is presented in
Figure 16. (Brown et al. 2008; Gebart et al. 2011; Onarheim et al. 2015)
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Figure 16 The pressurized, oxygen-blown BLG technology (Onarheim et al. 2015)
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Oxyfuel carbon capture means basically that the combustion air is pure oxygen. This way
the flue gases have much higher carbon dioxide content, and it is easier to process. However,
oxyfuel combustion needs an extra production of oxygen, which is energy consuming. Also,
to keep the combustion temperatures reasonable flue gas circulation needs to be introduced.
One thing that can be seen as an advantage is that in the pulp mills there is oxygen
manufacturing facilities already, however, the dimensioning has not been done for the
amounts oxyfuel carbon capture needs. (Teir et al. 2011; IEAGHG 2019; Kuparinen et al.
2019)

6.1 Capturing from flue gas

Some post-combustion carbon capture methods are based on commercial applications that
have been used in carbon dioxide and natural gas production for decades, however, they
need upscaling for carbon capture in industrial scale. In general, the flue gas needs to be
purified before carbon is captured. This means that for example sour components, like NOx
and SOy, and particles need to be removed and the flue gas needs to be dried. (Teir et al.
2011)

6.1.1 Amine method

The most researched and widely spread method for carbon capture from flue gases is called
the amine method. The method is based on chemical solvents absorbing and later releasing
the carbon dioxide. Different types of solvents are monoethanolamine (MEA),
diethanolamine (DEA), methylethanolamine (MDEA) and ammonia. The solvent can also
be a mixture of the aforementioned. A typical layout of an amine-method-based carbon

capture system is presented in Figure 17. (Teir et al. 2011)
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Figure 17 Amine carbon capture from flue gas (Teir et al. 2011)

The amine method is commercially available, and several companies offer carbon capture
solutions based on the amine method. The process is also applicable to pre-combustion
carbon capture. In Table 3 key values for commercial carbon capture systems are presented.
What comes to applying the technologies to existing plants is not only the energy amount
needed, but also the needed temperature levels. The desorption happens, depending on the
solvent, somewhere between 100 °C and 160 °C, and the energy, transferred via steam or
water, needs to be a little bit higher than the desorption temperature used in the specific
system. (Rochelle 2012; Onarheim et al. 2015; Kuparinen et al. 2019)
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Technology = Reboiler Duty = Absorption Electricity Amine/ammonia in Amine
Supplier [GIKCO,] liquid consumption exhaust [ppm] consumption
[m3/tCO;] [KWh/tCO-] [kg/tCOs]

Mitsubishi 2.6 (coal) 10 (coal) 77 (coal) Amine: 0.7-3 0.35
Heavy Ammonia 0.3-2.0
Industries
Shell 2.2-2.8 (coal) = 10-16 70 (coal) Not found 0.1
Cansolv 2.3-2.9 (gas) 100 (goal)
Fluor 3.2 (coal) 17 38-40 (coal) Amine: 0.1-1.0 1.6

3.6 (gas) 53-125 (gas) Ammonia: 1.3-2.2
Aker 28 (9% CO,;) | 11.4-142 Not found Amine 0.02 0.2-0.6
Solutions 3.4 (gas) Ammonia 0.1
BASF-Linde = 2.7 (coal) Not found 22 Amine: 0.3-0.5 0.3
Toshiba 2.4-2.6 (coal) | 17 Not found Not found Not found
Hitachi 2.4 (coal) Not found Not found Not found Not found

There are also other notable companies that have industrial scale amine-based carbon
capturing systems available in their production, for example Air Liquide. Companies
offering amine-based carbon capturing systems usually offer systems for pre- and post-
combustion capturing with different carbon dioxide levels, and also, for example, for natural
gas purification and carbon capturing from industrial gases. The yearly capturing capacity
of the systems is lower than the annual carbon dioxide emissions of a pulp mill, however, it
Is mentioned that the capacity can be changed by installing the systems parallel. (Mirza &
Kearns 2022)

6.1.2 Membrane method

Membrane method means that the separation of gases is done with a permeable film, a
membrane. The idea is that carbon dioxide and nitrogen having different size of molecule
correctly made membrane is selective enough to separate the gases. The first generation of
commercialized membranes for CO»-selection were cellulose-based, and the next generation

membranes are polyimide-based. Also, a big variety of different polymeric materials for
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membranes have been presented in the literature, as well as carbon-based membrane
research. (He 2016; Scholes 2016; Ji & Zhao 2017; Peters 2023)

There are two things why the membrane method is developed to take over amine method:
even though it is not supposed to capture as big percentage of the carbon dioxide as amine
method is capable of, it is seen that it can be developed to be more energy efficient, and it
also enables a continuous process, whereas amine method is used in batch-based systems.
However, membrane systems can be said to far from being commercially used, since they
have not reached an energy-efficient state of usage. This is because in general the membrane
method needs a significant temperature difference to work, and this combined with the low
CO; percentage in the flue gas, it takes a large amount of power to operate the fluid
machinery to create the needed pressure difference for large flue gas flows. Also, the size of
the membrane would be very large in the big power plants and pulp mills. (Merkel et al.
2010; He 2016; Ji & Zhao 2017)
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7 Possibilities of utilizing the captured CO,

After the carbon is captured, something needs to be done with it. To remove the carbon
dioxide from the atmosphere permanently, it needs to be stored. Another option is to utilize

green electricity to create substitutive fuels for fossil fuels from the captured carbon.

7.1 Storage possibilities

If the aim is to reduce the total carbon dioxide circulating in the atmosphere, it needs to be
stored in a way that it doesn’t get back to the atmosphere. There are different types of choices
of storing carbon dioxide, either underground or under the sea, and a variety of research on
alternative methods has been done. Storing carbon into the water column has been
researched and is believed to be a possible method. It is banned in the EU due to its negative

environmental effects however (Directive 2009/31/EC).

Storing carbon dioxide originates from the enhanced oil recovery (EOR), where it was put
to practice purely for economical reason. Carbon dioxide is injected back to the oil well to
increase the level of oil that can be reached. A similar method can be used for natural gas.
Nowadays, the empty oil and gas fields turn out to be a potential place to store carbon
dioxide. (IPCC 2005)

Saline formations offer another large possibility for storing carbon dioxide. They are large,
widespread formations of deep sedimentary rocks, filled with formation waters and brines
with high salt concentration. Coal seams are suitable for carbon storage as well, since coal,
especially immature coal types, like lignite, can absorb gases quite well. However, in coal
seams there is often methane, which then would need to be captured. This process is called
enhanced coal bed methane (ECBM) recovery. (IPCC 2005)

When carbon dioxide is stored, it needs to be purified and transported to the storage location.
The transportation can be done by ship or in a pipe. The price of the transportation among
others is a major economical aspect about the total profitability of the whole carbon storage
project. Research has been done comparing pipe and ship transportation costs at different

distances and quantities of CO». Regarding pulp mills, the reality that there is a limited
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amount of suitable vessels to carry big amounts of CO., as well as the fact that many pulp
mills are not easily accessible by waterways, needs to be taken into account. (Kjarstad et al.
2016)

Since most of the plausible CO» storages are located in sedimentary basin areas and CO-
can’t be stored at shield areas, Figure 18 makes it clear that CO2 can’t be stored in Finland
and needs to be transported. For example, in the research done by Kjarstad et al, ship

transport from Finland could be reasonable to the Faludden storage site east of the island of
Gotland, Sweden (Kjéarstad et al. 2016).
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Figure 18 Distribution of sedimentary basins, highs, fold belts and shields (IPCC 2005)
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7.2 Power to X

Power-to-X, often P2X, means that power (electricity) is used to create some kind of product.
Most of the time the processing starts with electrolysis: electricity is used to separate

hydrogen (H2) and oxygen (O2) molecules from water (H20), as presented in Figure 19.

Direct
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Figure 19 Electrolysis principles (Render & Steyn 2020)

The term P2X can be also more descriptive, referring to the product. The most common ones
are P2G (power-to-gas), P2L (power-to-liquid) and P2C (power-to-chemical). (Dahiru et al.
2022)

7.2.1 Outcomes

A P2G system produces gaseous fuel. Most times this fuel is methane (CH4) and even though
the term P2M (power-to-methane) exists, P2G is often understood to mean methane
production with the help of electricity. A P2G system can also produce hydrogen and not to
process it further. A system producing hydrogen from electricity to be used as a fuel is

sometimes also called a P2H> system. (Dahiru et al. 2022)

A P2L-process can produce different types of liquid fuels. The most common fuel to be

produced is methanol (CHsOH), but also traffic and aviation fuels can be produced.
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Methanol is also occasionally considered as a chemical instead of a fuel, and other common
chemicals to be produced in a P2C-process are for example ammonia (NH3) and formic acid
(HCOOH). (Dahiru et al. 2022)

There are several questions that need to be considered when choosing the fuel production
system. It needs to be considered, which fuels have large markets, what are the suitable
distribution channels and whether it is better to develop the technology at the production site
of the fuel or at the usage point. For example, is it better to produce petrol or modify some

cars to run on methanol.

Even though synthetic fuels can substitute conventional fuels, often they cannot replace them
completely, at least used in today’s vehicles, due to their slightly different chemical
composition and thus, different combustion properties. However, the intention is often that
the final fuel will be a mixture of conventional fuel and synthetic fuel. In the same way, for
example methanol can be mixed to conventional fuels to reduce the fossil CO2 emissions.
(Schmidt et al. 2016)

The existing infrastructure might be a crucial factor, when it comes to the decision of what
will be the final destiny of the captured carbon dioxide. As presented in Figure 20, there is
an existing network for natural gas transmission, which could be most likely used in the pulp
mills located nearby, in case the decision is made to produce methane. Electricity can be
transferred already, but for example, for carbon dioxide transportation there isn’t any large-
scale infrastructure. On the other hand, by ship transportation would be plausible for the

plants that are close to the Baltic Sea.
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Figure 20 Natural gas transmission network in Finland (Gasgrid 2023)

7.2.2 Processes and their efficiencies

An essential consideration regarding the processes used for carbon capture is that the fact
that the process itself needs to produce something including carbon. The main aspect
regarding CCU and synthetic fuels in general is the efficiency of the process, and how much

electricity justifiable use to get the needed amount of energy in the fuel.

The generation of synthetic fuels starts with hydrogen production. Typically, the highest
reached electrolysis efficiencies range from about 75% to 80%, but efficiencies well over
80% have been reached. New technologies are being developed to reach even higher
efficiencies (Enkhardt 2015; Hodges et al. 2022). Besides the traditional electrolysis, also
known as alkaline water electrolysis (AWE), there are also more advanced electrolysis
techniques. Polymer electrolyte membrane (PEM) electrolysis is the most common of those,
and PEM electrolysers are closing reach big industrial scale. (Shiva Kumar & Himabindu
2019)

If the hydrogen is subsequently not already used as a fuel, further refinement is required.

This is when the captured CO2 comes into play. A suitable process is chosen depending on
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the type of desired fuel. In general, it can be said that the further the fuel is processed, the

more energy is needed and the lower is the total efficiency of the fuel production.

To produce methane, often methanation of carbon dioxide and hydrogen is used. This
process is also known as Sabatier reaction or Sabatier process. The process is typically
operated with catalysts in temperatures between 200 °C and 500 °C, and in pressures
between 10 bar and 30 bar. A typical efficiency of methanation is about 80%, and the
efficiency of the whole process of turning carbon dioxide and water into methane would be
around 64%. (Schaaf et al. 2014; Stangeland et al. 2017)

Methanol is often seen as a promising synthetic fuel, since it is a relatively good compromise:
it is simple from the chemical point of view and it doesn’t have the downsides of gaseous
fuels, such as low density in atmospheric pressure. Methanol is already an important
feedstock in the chemical industry. Traditionally, methanol is produced by steam-reforming
natural gas into syngas and then using a copper-based catalyst converting the syngas into
methanol. (Rego de Vasconcelos & Lavoie 2019)

To produce methanol from CO, a catalytic hydrogenation can be used employing the
hydrogen produced during the electrolysis of water. The process is operated in temperatures
between 250 °C and 300 °C, and in pressures between 50 bar and 100 bar. In research for
large scale CO, capturing with methanol production in Germany, an energy demand of
slightly less than 10 MWhe per tonne of methanol produced was reached (Koytsoumpa et
al. 2018). The higher heating value of methanol being 6.39 MWh/tonne and lower heating
value (LHW) being 5.54 MWh/tonne, it can be said that the efficiency is quite close to what
can be reached when producing methane. (Rego de Vasconcelos & Lavoie 2019)

Methane and methanol, as well as formic acid, can also be produced by electrochemical
reduction. It is perceived as a promising technology for developing a high-efficiency process
to utilize carbon dioxide. Even though it has already been proven to be a working technology,
it is still under development and for example new catalysts are being researched. (Rego de
Vasconcelos & Lavoie 2019; Zeng et al. 2022)

The possibility of producing fuels for transportation is always a big point of interest, when
talking about P2X. There are two common ways to produce long hydrocarbons, which fuels
for transportation mainly consist of: through the Fischer-Tropsch process or from methanol.
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During the Fischer-Tropsch process, created by German scientists Franz Fischer and Hans
Tropsch back in 1922, the carbon dioxide needs to be converted into carbon monoxide in a
reverse water-gas shift reaction (RWGS). Then, the carbon monoxide and hydrogen are
processed into hydrocarbons that can then be upgraded into fuels containing longer
hydrocarbons, such as petrol, diesel and jet fuel. (Schmidt et al. 2016; Rego de Vasconcelos
& Lavoie 2019; Chong & Ng 2021)

Both hydrocarbons and methanol can be upgraded with processes that are already used
widely in the chemical industry: for example, hydrocracking, isomerization and distillation
can be used to upgrade hydrocarbons and DME synthesis, olefin synthesis, oligomerization,
and hydrotreating can be used to upgrade methanol, the used methods depending on the
wanted outcome. Both hydrocarbons and methanol can be upgraded into fuels with longer
hydrocarbons with efficiencies at roughly 90%. (Schmidt et al. 2016; EASE 2021)

7.3 Carbon dioxide usage at the site

Nowadays, a relatively small amount of carbon dioxide, compared to the amount released
from the stack, is used in a pulp mill. Its main usage at pulp mills is in the tall oil production,
however, it tall oil is not produced in all pulp mills. The carbon dioxide can be used for pre-
neutralizing resin soap. However, later this CO2 is also released from the process.
(Prowledge Oy 2022)
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8 Balance calculations of a retrofit carbon capture system

The main goal of the calculation task was to see, if it is possible to retrofit a carbon capture
system to an existing pulp mill in terms of energy usage and availability. The calculations
were done with IPSEpro heat balance and process modelling software and the pulp mill
model used in the calculations was based on the model created by Dr. Jussi Saari that had
already been used in a couple of scientific publications (Saari et al. 2020; Saari et al. 2022).
The setup was based on a pulp mill integrated with a paper mill, and since the balances were
supposed to be calculated for both a pulp-only mill and a pulp and paper integrate, the paper
mill was discarded from the integrate to simulate the pulp-only mill. Otherwise, the
production numbers, except the electricity production, were kept constant. Since an amine-
based method is the only method used in commercia scale applications, it was also chosen

for the calculations.

Initially, the pulp producing capacity of the mill was 1 600 000 ADt/a (air-dry tonnes per
year) while operating 350 days (8400 hours) per year. With the same number of operating
hours the paper production capacity is assumed to be 1 312 500 t/a. The steam was generated
by a recovery boiler and a CFB-boiler combusting mostly bark. The fuel power of the
recovery boiler was 1054 MW (LHV), and the thermal power of the recovery boiler was
882 MW (LHV). The corresponding values for the CFB-boiler were 276 MW (LHV) and
254 MW (LHV). Both boilers were connected to an individual turbogenerator; the power of
the turbogenerator that was powered by the recovery boiler was 128 MWe and the power of

the turbogenerator that was powered by the CFB-boiler was 67 MWe.

8.1 IPSEpro model

Modelling the carbon capture system started from the basics, since there were no already
made components related to carbon capture available. At first, a very simple unit was made
to simulate the heat demand of the system by just determining the heat demand per kilogram
of captured CO.. For this model, an estimation based on the heat consumption values given
by the system manufacturers was used. This way it was possible to get a feeling what kind

of results should show in the more detailed calculations.
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To start the more detailed calculations, an absorber, a desorber, a heat exchanger, an amine
cooler and a flue gas drier were made as separate parts for the model combined with a pre-
made, two stage flue gas scrubber to harness the heat from the flue gas and to cool down the
flue gas for the process. Due to small pressure differences in the system combined with the
fact that there was no suitable modelled pump component available in IPSEpro, pressure
values were fixed, and pumping energy was not calculated in the model. However, a value
of 80 kWh/tCO, was used to take into account all the electricity-consuming parts of the

capture system.

It was decided that the heat from the flue gas scrubber is used to heat the substitute
demineralized water for the system, due to suitable mass flows and temperature levels. The
scrubber works with any capturing amount, and it heats the demineralised water and
depending on the needed fresh water due to flow levels and condensation losses, with
maximum 17.8 MW power. Also, with a heat pump, this heat could be used in a little higher
temperature level, but this would mean extra electricity need. An illustrative figure of the
CCS system in IPSEpro is presented in Figure 21.
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Figure 21 CCS system modelled in IPSEpro

On top of regular mass and enthalpy balances calculated by the program, also extra things
were required. Since IPSEpro only calculates balances, enthalpies of absorption and
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desroption were added as required input values to the blocks in the absorber and the desorber
to simulate the exothermic reaction of carbon dioxide absorption to MEA
(monoethanolamine) and the endothermic reaction of carbon dioxide desorption from MEA.
Additionally, since IPSEpro doesn’t include MEA as a part of chemical composition, ethane
was substituted by MEA by telling the program that the mass fraction of MEA was ethane
and discarding the enthalpy calculations done by the programs where MEA was present. The
enthalpy calculations for MEA were done based on specific heat capacity values with an

assumption that the pressure difference in the system doesn’t play a significant role.

Initial values used in the calculations were based on several literature sources in a way they
were tried to be fitting together as well as possible. The amine-water-mixture contained
30 w-% MEA and 70 w-% water, and the loading of carbon dioxide was chosen to be
0.5 mol/mol MEA.. The absorption enthalpy used in the calculations was 86 kJ/mol CO. and
the desorption enthalpy was -100 kJ/mol CO>. These values combined with the values for
specific heat capacity calculated with the equation presented in Figure 22 resulted in
desorber heat demand of 4936 kJ/kg COx.
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Figure 22 Specific heat capacity equation for MEA (Yaws 2009)
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To find reasonable operational values, they were sought from the literature, and it seemed
like the values were somewhat secret. However, a nice figure with values used in a similar
research was found and the values, especially the temperature levels, were reasonable
compared to what were used in other, MEA related publications, so it was used, and the
values are presented in Figure 23.
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Figure 23 Operational values (Jung et al. 2013)

The heat demand of the system was covered with extraction steam taken from both steam
turbines. The extraction steam taken from the larger stream turbine, the steam turbine
connected to the recovery boiler, was 5 bars of pressure and 157.53 °C. The equivalent
values for the extraction taken from the smaller steam turbine, the steam turbine connected
to the CFB boiler, were 5 bars and 170.81 °C. It was decided that the minimum mass flow
at the end of the turbine should be 3% of the live steam mass flow at the beginning of the

larger turbine, and 5% for the smaller turbine.

Further treatment of the carbon dioxide was not included in the IPSEpro calculation. Based
on the chosen technologies and production capacities, the steam requirement for the carbon

dioxide treatment processes could be significant. It might also be possible that from the
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electricity-intense or largely exothermic processes there would be heat streams worth
utilizing. Another thing worth mentioning is that since IPSEpro is program calculating only
balances, reaction times in the carbon capture system were not taken into account. Moreover,
it was determined that all the carbon dioxide desorbs from the amine in the desorber so that
the lean amine going back to the absorber is carbon-dioxide-free.

8.2 Integrated pulp mill

The calculations regarding an integrated pulp mill started by setting the minimum flows at
the outlet of the final stage of the turbines as fixed values. This way the program calculated
the maximum capture rate for the integrated pulp mill. The capture rate when capturing as
much as possible was 0.0683, meaning, that 6.8% of the carbon dioxide emitted from the
recovery boiler could be captured. The process values of the flue gas treatment are presented
in Figure 24. Since the enthalpy calculation for the amine circulation was not following the
programs own equations, the process values were not presented, since they wouldn’t be

correct in the figure.



55

Il
76.89 | 42.137
1.2 10
(o 4 358.5 | 155.27
34.52 1.037 | 136.99
76.89 | 42586
5 | 10.033

1023 [ ]
4_':1 il

@ 850 | 2722 850 | 279.77
Q) & ~ 1.002 | 65.017 1.052  66.823

Y N
3.128

850 | 272.32
2 | 65.026 ,‘"IAI" N
3602 75.106 Y 2
1.02  66.711 I

850 | 279.76
1022 | 66.822
2575 | 279.76 76.89 | 126.19
362.8 | 76.274 1.022 | 66.822 4.95 30
1.022 | 67.427
1197 | 268.87 1197 | 278.39
2 | 84202 ; 2.05 | 66475
it »
1200 | 2689 - L
e | T2 [ 64227 I 25
= [ 1486
i 1197 | 27827
3689 | 79.224 1206 | 281.44 TR o 1022 | 66465
1032 | 69.272 1032 | 67.323 o535 Ii
o o 4413 272584
18 | 65.152
439.6 | 57.988
1 0.8365 | 13.808
LT .
450 | 281.44 | T
1.032 | 67.223 | Y
<o
n Il 4413 | 42215
7 A 2 10
71.95 | 42.215 2
2 10
u 113.8 | 252.65
18 | 60.325 6.155 | 86.877
229 | 54915 3 100 13.04 | 2736.1
1.01 | 56.369 - %8 45108
—] - ,Ti‘ Pr—
i
299 | 38.807 Sl |
1.02 40
13.04 | 406.45
71.95 | 2005 1 o7
2 50 61.21 ‘ 55.81
4 L 1 30 massikgis] | hikJikg]
&4 plbar] {cl

Figure 24 Values of the flue gas treatment system with carbon capture system working at 6.8% capture rate

Next, calculations with different capture amounts were done, and the results are presented

in Table 4.
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Table 4 Key results of the integrated pulp mill model

Capture rate [%)] 0 1 2 3 4 5 6.8
Yearly capture [tCO;] 0 27 200 54 500 81 700 108 900 = 136 200 @ 186 100
Heat demand [MW] 0.0 4.4 8.9 13.3 17.8 22.2 30.4
Net electricity [MW] 179.2 178.0 176.8 175.5 174.4 173.2 171.1
Condenser loss [MW] 46.3 42.9 39.5 36.1 32.7 29.2 22.8

As expected, the net electricity production of the mill goes down when the captured amount
of carbon dioxide increases. This is due to two reasons: the system capture system consumes
electricity and the more it needs heat as steam, the less steam goes to the final stages of the
steam turbines. Also, the less steam goes to the final stages of the steam turbines, the less
heat is lost in the condenser, meaning that the carbon capture system partially utilizes waste
heat.

8.3 Pulp-only mill

The pulp-only mill was simulated by removing the paper mill from the integrate. This meant
that there was significantly more steam available. Similar calculations were done for the mill
without paper production as were for the integrated pulp mill. The maximum capture rate
was 66.0% which would lead into a significant annual quantity of captured carbon dioxide.

The operational values of the system working at this level are presented in Figure 25.
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Figure 25 Values of the flue gas treatment system with carbon capture system working at 66.0% capture rate

A paper mill consumes a large amount of steam. This steam being now in the process as

leftover, there was a possibility that the model might not work without further changes,

especially with the lower capture rates. Results for different levels of carbon capture are
presented in Table 5.
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Table 5 Key results of the only-pulp mill model

Capture rate [%)] 20 30 40 50 60 66
Yearly capture [tCO;] 544700 | 817000 1089 400 1361700 1634100 1797500
Heat demand [MW] 88.9 133.4 177.8 222.3 266.7 293.4
Net electricity [MW] 199.1 197.9 187.6 175.2 164.2 158.2
Condenser loss [MW] 164.4 126.4 97.7 70.8 43.5 22.8

With small capture rates the isentropic efficiency of the last stages of the turbine got very
low, and, as we can see from the results, the condenser loss got significant. Other than that,
it seems like that it could be possible to have a pulp mill that has a very large carbon capture

system, what comes to the amount of steam.

8.4 Improving the performance

The results that were calculated can be said to be comparable mostly to themselves. The heat
demand can vary because of several reasons, even due to the program that is used for
calculation (Joel et al. 2014).

During the calculation, some testing was done to see, what factors effect on the efficiency.
As seen already in some of the references, the initial values given for the MEA system have
a significant impact on the results. By increasing the amount of amine in the amine solution
and by increasing the carbon dioxide loading a smaller heat demand could be reached, and
with that, also a higher maximum capturing capacity. This kind of research has also been

done with more accurate research tools (Kim, I. et al. 2014).

Different amines have been researched to see, which would be the best fitting for the amine-
based carbon capturing system. MEA is the most widely used, but other options are
interesting to reduce the needed energy. Also, the temperature levels of absorption and
especially desorption are relevant, since the lower the desorption temperature is, the more
likely it is that some waste heat stream could be used to cover the heat demand. (Kim, Y. E.
et al. 2013; Gomes et al. 2014)

At some levels of capturing, it might be beneficial to use some live steam to fulfil the heat

demand of the capture system, since it was possible in the model. However, the main goal



59

of the work was to simulate different size scenarios and not to try to optimize the system, so
it was decided that at all scenarios all the used steam is taken from the two predetermined

extraction points.

Finally, extra steam could be generated in some scenarios, if the capacity of the systems
would allow that, for example by adding more fuel to the power boiler. That was simulated
as a test with this model by adding 10% extra fuel to see how much the maximum
performance of the capture system improves. In the integrated mill the maximum capture
rate rose from 6.8% to 11.0%, and in the model that included only the pulp mill the maximum
capture rate rose from 66.0% to 70.2%. However, increasing combustion amount when
trying to decrease the emissions could be seen as an irresponsible act, since it could be

possible to use this fuel to decrease the amount of combusted fossil fuels.

8.5 Improving the calculation system

In the future, the IPSEpro model could also be used to calculate more accurate situations. It
would be beneficial to accompany the program with some chemistry modelling program so
that more detailed values for the amine circulation could be used. Also, more accurate details
about the structure of the carbon capture system might be helpful to create a system that
could be fitted and optimized very accurately for a specific system. Different amine
solutions, possibilities with heat pumps and varying steam usage could be researched to
create a large variety of possible scenarios of when it would be reasonable to fit the mill with

a carbon capture system.
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9 Investment costs

The system investment calculations were done based on the research report “Feasibility
Study for Industrial Pilot of Carbon-Neutral Fuel Production — P2X” performed by
Laaksonen et al. at LUT. Further in this chapter, values of this study have been referred as
“basis study” or “reference”. The goal of that research project was to see, if it is profitable
to capture the carbon dioxide from a cement plant and create synthetic fuels by combining
it with excess hydrogen from chlorate production at a plant nearby. In the research report the
fuel was refined all the way to gasoline, diesel, kerosene and LPG, however, it was decided
that due to the large scale of numbers in this thesis, the final product will be methanol. Also,
since both the main raw materials would be produced at the site, storing system costs were
not taken into account. (Laaksonen et al. 2021)

9.1 Balance of refining for the investment calculations

The investment calculations of this thesis started by upscaling the production numbers of the
basis study, so that the annual production hours would match the plant calculated in this
work. Then, it was decided that the same capture rates that were used for the IPSEpro model
were also used for the financial calculations. Additionally, a calculation was done for annual
capture of 2.2 million tonnes to see, what would be the results for a system that would capture
an amount close to the theoretical maximum. This annual capture capacity would equal to

capturing 80.8% of the total carbon dioxide emissions.

The big difference between the reference research and calculations done in this thesis is that
there wouldn’t be hydrogen available at the pulp mills meaning that it would need to be
created in electrolysis with electricity. Needed power of the electrolyser is an average
calculated with the reported values of two modern, large-scale projects; Neste has planned a
120 MW electrolyser in Porvoo, Finland with a capacity of 48 tonnes of hydrogen per day
and Shell has planned a 200 MW electrolyser in Rotterdam, Netherlands (Shell 2022;
Kerénen 2023).
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The production of the systems was scaled up by upscaling the balances of the systems. The
fundamentals of the balances for a plant with 3% capture rate are presented in Figure 26 and

Figure 27.
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Figure 26 Gas treatment balances (Laaksonen et al. 2021)
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Figure 27 MeOH synthesis balances (Laaksonen et al. 2021)
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With this method balance values were calculated for all the chosen capture rates. The results

are presented in Table 6 and Table 7.

Table 6 Balance results for MeOH production in the pulp mill integrate, first column being the reference

Capture rate [%] - 1.0 2.0 3.0
Yearly CO; capture 40 27 54 82
[1000t]

Yearly hydrogen need | 8 5 11 16
[1000t]

Electrolyser power 67 45 91 136
demand [MW]

Synthesis power 16 1.1 2.2 3.2
demand [MW]

Yearly MeOH 26 18 35 53

production [1000t]

Table 7 Balance results for MeOH production in the pulp-only mill

Capture rate [%)] 20.0 30.0 40.0 50.0
Yearly CO; capture 545 817 1089 1362
[1000t]

Yearly hydrogen need 109 163 218 272
[1000t]

Electrolyser power 908 1362 1816 2270
demand [MW]

Synthesis power 21.6 32.3 43.1 53.9
demand [MW]

Yearly MeOH 354 531 707 884

production [1000t]
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The results show that the presence of an electrolyser might be an insurmountable challenge,

due to its immerse need of electricity.
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9.2 Cost of the systems

The capital cost calculation was based on the cost calculations in Laaksonen et al. (2021) as
well. The scaling was done roughly with Equation 1, in which | is investment, 0 is the
original value, x is the new value and F is the scaling factor. In this thesis, the scaling factor
was chosen to be 0.7.

Lo (capacityx>F
* 7 0\ capacity,

(1)

Additionally, a price for the electrolyser needed to be found. Comparing to many studies,
the price of the electrolyser for the base size was set to 700 000 €/MWe (IRENA 2020;
Reksten et al. 2022; IEA 2022b). This price only included the electrolyser itself and the
scaling calculation was done in the same way as for the other parts of the plant. This way,
the pricing per megawatt for the bigger systems was much lower compared to the values that
are presented anywhere in the literature, however, the size is also significantly larger than
any system built until this day. On the other hand, it is estimated that in the future the price
of the large-scale electrolysers could be significantly cheaper than they are nowadays
(Bellini 2022).

In the calculation, first the major equipment costs were calculated, excluding the
electrolyser. Then, total costs with ISBL (inside battery limits) costs were estimated by
multiplying the equipment costs with the value 3.2, which was simulated with Aspen Process
Economic Analyzer in Laaksonen et al. (2021) in similar conditions as the systems
considered in this thesis would take place. Then the estimated investment price of the whole
electrolyser was added. Finally, these values were multiplied with a value of 1.2 to reflect
the recent quick rise of prices, and the value was calculated with the data of conversion rate
history of USD to EUR, history of steel prices, industrial building pricing index and Finnish
building cost index (Trading Economics 2023; Exchange Rates 2023; FRED 2023; Statistics
Finland 2023). The values for the major equipment costs are presented in Table 8 and Table

9, and for the complete systems in Table 10 and Table 11.
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Table 8 Major equipment costs for carbon capture system in the pulp mill integrate, first column being the reference

Capture rate [%)] - 1.0 2.0 3.0 4.0 5.0 6.8
Yearly CO, capture [1000t] 40 27 54 82 109 136 186
CO; capture system [M€] 4.3 3.9 6.4 8.4 10 12 15
Gas treatment [M€] 3 3 5 7 8 10 12
MeOH synthesis [M€] 3 2 4 5 6 7 9
Total M€ 10 9 15 20 25 29 36

Table 9 Major equipment costs for carbon capture system in the pulp-only mill

Capture rate [%] 20.0 30.0 40.0 50.0 60.0 66.0 80.8
Yearly CO; capture [1000t] 545 817 1089 1362 1634 1798 2200
CO; capture system [M€] 32 42 52 61 69 74 85
Gas treatment [M€] 25 34 41 48 54 58 67
MeOH synthesis [M€] 19 26 31 37 42 44 51
Total [M€] 76 101 124 145 165 176 203

Table 10 Complete system cost estimation in the pulp mill integrate, first column being the reference

Capture rate [%)] - 1.0 2.0 3.0 4.0 5.0 6.8
Yearly CO; capture [1000t] 40 27 54 82 109 136 186
With ISBL costs [M€] 33 30 49 65 79 92 115
Electrolyser [M€] 47 43 70 93 113 132 165
Total [M€] 80 73 118 157 192 225 280

Table 11 Complete system cost estimation in the pulp-only mill

Capture rate [%] 20.0 30.0 40.0 50.0 60.0 66.0 80.8
Yearly CO; capture [1000t] 545 817 1089 1362 1634 1798 2200
With ISBL costs [M€] 244 324 397 464 527 563 649
Electrolyser [M€] 350 464 568 664 754 806 929
Total [M€] 594 789 965 1127 1281 1369 1578

As stated in the previous chapter, the electrolyser is a big electricity consumer. On top of
that, it also comes with a big price tag. The calculated prices being rough estimations, it is

still clear that the investment costs of the larger systems are enormous. Another thing worth
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noticing is that the calculated values do not include the costs of building extra power

generation, for example wind power.

In this thesis, cash flows of the new system were not taken into account. In Laaksonen et al.
(2021) the net present value with a 20-year calculation time was heavily negative if an
electrolyser was chosen to be the source of hydrogen. However, in case there was a situation
where there was excess hydrogen available, carbon capturing at a pulp mill would definitely

be worth more detailed calculation.
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10 Conclusions

Even though the modelling was done only for a specific pulp mill example case, it is likely
that other pulp mills would have similar circumstances, regarding the utilization of carbon
capture techniques, for example, with the amount of excess heat available. Clear, good
results were obtained from the calculations, and it seems like in a large-scale chemical pulp
mill a carbon capture system with yearly capture quantity up to scale of 100 000 tonnes of
carbon dioxide could be possible. A system this size would need a large, but still reasonably
sized electrolyser. Moreover, especially in a situation where there would be hydrogen

already available, carbon capturing would be worth a serious consideration.

The calculations made for the pulp mill without paper manufacturing showed that it could
be possible to capture a very large quantity of carbon dioxide before the system would use
too much heat. However, it could be said that it would be very unlikely that captured carbon
dioxide would replace the conventional end products. Also, considering the fact that P2X is
often seen as the most desirable way to use the carbon dioxide, the immerse amount of
electricity needed for the electrolysis would limit the capacity way before the carbon

capturing system would use too much heat.

As stated before, one of the most energy consuming parts in an integrated pulp mill is the
paper production. While the paper production amounts have gone down within the past
couple of years, the cardboard production has increased in demand, and paper machines have
been turned into cardboard machines. This trend might keep going and if a process
modification project starts anyway, there could be flexibility to balance between carbon
capture and end production. However, by looking at the rough profitability estimations, the
most likely scenario would be that the production is maximised, and carbon capture

technologies could be implemented if there was excess energy to be used.

The literature showed that in general the carbon capture system does benefit from a higher
carbon dioxide concentration in the flue gas. Knowing also that the share of total carbon
dioxide emissions of a lime kiln is somewhere in the ballpark of 5-10% of the whole pulp
mill, it might be a great idea to capture the carbon from the flue gases of the lime kiln, since

the carbon dioxide concentration is higher. The decision of the final location would have to
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consider additional factors, for example, if one of the flue gas flows would allow cheaper

materials to be used in the system.

Money being an important aspect, it seems like political decisions in the European Union
are a big differentiating factor whether it is profitable to integrate carbon capture
technologies or not. The development of the EU ETS might change the baseline for the price
of carbon dioxide emissions, which could either be a good or bad thing for the pulp mills.
The products made of the captured carbon could bring financial benefits, but also, the

emissions in general could cause financial harm.

In general, it can be said that the studies done in this thesis showed that it would be possible
to harness carbon dioxide capture in a Finnish chemical pulp mill. It also showed that the
economic and political aspects can be very closely related, and that the future has a lot of
open questions. The model created to simulate the system balances could be used, desirably
with a little bit more detailed process values of the capturing system, to simulate any
individual mill to see, how much carbon dioxide could be captured. However, it seems there
are several questions regarding the future to some of which only the time will be able to

bring answers.
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