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Suomen Soodakattilayhdistys ry
YMPARISTOTYORYHMAN KOKOUS 2/2023

AIKA 23.3.2023, klo 09:30 — 12:00
PAIKKA MS Teams

LASNA (vihred) / POISSA (punainen)

Metsa Fibre Oy

Valmet Technologies Oy, Tampere
ANDRITZ Oy, Varkaus

Stora Enso Oyj, Imatra

AFRY Finland Oy, Vantaa

UPM Oyj, Pietarsaari

Eurofins Nab Labs Oy, Kérsamaki
LUT

AFRY Finland Oy, Vantaa, sihteeri
AFRY Finland Oy, Vantaa, sihteeri
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1

KOKOUKSEN AVAUS JA LASNAOLIJAT

Kokous avattiin klo 9:30 ja lasnaolijat kirjattiin.

2 MUISTUTUS KILPAILULAINSAADANNOSTA

Sihteeri muistutti kokouksen osallistujia kilpailulainsaddannostd hallituksen kanssa
sovitulla tavalla.

Huomio Suomen Soodakattilayhdistys ry:n toimintaan osallistuville. Suomen
Soodakattilayhdistys ry noudattaa kaikessa toiminnassaan Kilpailulainsaddantod, joka
asettaa rajoitukset jarjeston toimintaan. Yhdistyksen jarjestamissa kokouksissa tai
muissa tapahtumissa ei keskustella aiheista, joilla voi olla vaikutusta yritysten
kilpailukayttaytymiseen. Toiminnan arvioinnissa kaytetaan kilpailulain 5 § saanndsta:
sellaiset  elinkeinonharjoittajien  valiset  sopimukset, elinkeinonharjoittajien
yhteenliittymien  paatokset  seka  elinkeinonharjoittajien  yhdenmukaistetut
menettelytavat, joiden tarkoituksena on merkittdvasti estad, rajoittaa tai vaikeuttaa
kilpailua tai joista seuraa, etta kilpailu merkittavasti estyy, rajoittuu tai vaaristyy, ovat
kiellettyja.

Tee seuraavia asioita: Jokaisella toimintaan osallistuvalla on velvollisuus puuttua
saman tien asiaan, mikali havaitsee lainvastaista toimintaa. Pida kirjaa kokouksen
kulusta ja huolehdi pdytéakirjojen oikeellisuudesta.

Al tee seuraavia asioita: Al keskustele missaan yhdistyksen toimintaan liittyvassa
yhteydessé Kilpailullisesti arkaluontoisista asioista tai vaihda niista tietoja. Téllaisia
asioita ovat mm. hinnat, asiakkaat, tuotantomadrat, investointisuunnitelmat ja
seisakkiajankohdat. Ala luo kaytintoja, saant6ja tai ohjeistuksia, jotka vaikuttavat
jasenten mahdollisuuksiin kilpailla toisten yritysten kanssa.

3 ASIALISTA

Asialista oli l&hetty etukéteen tyéryhmalle.

KOKOUKSEN AVAUS & LASNAOLIJAT
KILPAILULAINSAADANTO

ASIALISTA

YMPARISTOTYORYHMAN KOKOONPANO
EDELLISEN KOKOUKSEN POYTAKIRIA
PROJEKTIT

MUIDEN TYORYHMIEN KUULUMISET
MUUT ASIAT

SEURAAVA KOKOUS

LN EWNE

Ty6ryhma hyvaksyi esitetyn asialistan
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4  YTR KOKOONPANO 2/2023

Anna Riikka Nickull Metsé Fibre Oy, Puheenjohtaja
Tiina Keipi Valmet Technologies Oy, Tampere, Varapuheenjohtaja
Jokke Jantunen ANDRITZ Oy, Varkaus
Teemu Klemetti Stora Enso Oyj, Imatra
Mia Bredenberg AFRY Finland Oy, Vantaa
Kari Saari UPM Oyj, Pietarsaari
Miia Perél& Eurofins Nab Labs Oy, Kéarsamaki
Emma Karkkainen AFRY Finland Oy, Vantaa, Sihteeri
Sakari Vuorinen AFRY Finland Oy, Vantaa, Sihteeri (tuuraus)

Soodakattilayhdistyksen  vuosikokousta  silmalla  pitden, sihteeri  Kartoitti
ympéristotyoryhmaéléisten halukkuutta jatkaa tyéryhman toiminnassa. Vihrealla vérilla
on korostettuna ne tydryhmén jasenet jotka ovat valmiita jatkamaan aktiivisena
tyoryhmaén jasenend myos jatkossa. Keltaisella vérilla korostettuna ne joilta taytyy vielé
saada vahvistus jatkoa ajatellen. Sihteeristo sopii keskendan tyéryhmien vetovastuista
ennen vuosikokousta. Sakari tuuraa Emmaa todennédkaisesti toukokuun loppuun asti.

5 EDELLISEN KOKOUKSEN POYTAKIRJA
Katsottiin lapi poytakirja 1/2023. Poytékirja hyvaksyttiin muutoksitta.

6 PROJEKTIT
6.1 Kaynnissa olevat projektit
Hajukaasujen polttosuosituksen paivitys, kdannostyo

Ty0 on edelleen kesken koska kaikilta tyéryhman jasenilta ei ole saatu kommentteja.
Keneltd mahtaa uupua kommentit? Jokaiselle annettiin osuus jota kommentoida.
Emmalla on lista keneltd uupuu kommentit. Paatettiin ettd olisi aika vieda projekti jo
loppuun tuli kommentteja tai ei. Sihteeri selvittdd tilanteen ja jarjestaa vaikka erillisen
palaverin aiheeseen liittyen. Kaydaan suositus vield kerran lapi tydryhman kanssa ja
julkaistaan se mahdollisimman pian yhdistyksen sivuilla.

CCUS-diplomityd

Kasperi Heikkila esitti keskenerdisen diplomitydn tuloksia (liite 1). Tyon valmiusaste
on arviolta noin 70% ja néyttaa silté ettd ty6é valmistuu aikataulussa huhtikuun loppuun
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mennessd. Kasperi esitti tyoryhmalle laskelmia kuvitteellisesta laitoksesta joka on
kokoluokaltaan ~sama kuin  Aanekoski. Laskelmia on tehty IPSEpro
simulointiohjelmalla. Tédméan hetken laskelmissa pelkéstddn soodakattilan
savukaasuista otetaan talteen hiilidioksidia. Meesauunin savukaasuissa olisi korkeampi
hiilidioksidipitoisuus, joten se olisi teoriassa parempi kohde hiilidioksidin talteenottoon
kuin soodakattila. Sihteeri pyysi Kasperia paivittaméan esityksen taulukkoa hieman
selkedmmaéksi. Original setupilla tarkoitetaan soodakattilan ja voimakattilan
yhteenlaskettua tilannetta.

Teoriaosuus tyostd on l&dhes valmis (liite 2). Tyéryhmé antaa kommentit seuraavaan
kokoukseen mennessa. Teorian mukaan hiilidioksidi irtoaa amiinista suunnilleen
150°C:n lampétilassa. Monoetanoliamiinia kéytetty laskuissa. Tyéryhmé& pohti etta
millaisia p&astojd amiinista mahdollisesti vapautuu. Amiinin vapautumista on
kuulemma myods mittailtu maailmalla. Kasperin arvion mukaan amiini kiertaa
jarjestelmassd, joten sité ei pitaisi vapautua kovin paljoa. Kasperi myds mainitsi etta
amiiniliuoksen lampétilan tulisi olla noin 40°C, jolloin sen kyky sitoa hiilidioksidia on
riittava.

Opinnaytetydkoonti

Mia Bredenberg esitteli tyon tuloksia ja excel-listausta tyoryhmalle (liitteet 3&4).
Aiemmasta suunnitelmasta poiketen, myds vaitostyot otettiin mukaan listaukseen.
Ty0ssé listattiin Suomessa tehdyt opinnaytety6t ja vaitdstyot 2000-luvun alusta alkaen.

Tyon tavoitteiden mukaisesti tiedonhaku internetista on tehty ja materiaali on toimitettu
sihteeristolle, joka tallentaa sen yhdistyksen tietokantaan. Suunnitelma materiaalin
viemisestd yhdistyksen nettisivuille on myds tehty. Sihteeristé kdy keskusteluja
nettisivujen yll&pitdjan kanssa aineiston julkaisusta Suomen Soodakattilayhdistyksen
nettisivuille. Huomioitavaa on ettd tdima on oma erillinen projektinsa joka saadaan
toivottavasti suoritettua timan kevaan aikana.

Excel-listauksen mukaisesti toita 16ytyi yhteensa 265 kappaletta. Suunnitelmana on etta
nettisivuilla olisi mahdollisuus suodattaa aineistoja Excel-listauksen padotsikoiden
mukaisesti. Liséksi toiveissa olisi hakutoiminto, jossa Excel-listauksen mukainen
siséltd toimii hakusanoina. Linkkien takana oleva sisalto ei valitettavasti ole mahdollista
sisallyttdd hakutoimintoon. Lis&ksi pohdittiin myds sitd ettd opinndytetoitd tulee
kokoajan lis&é ja jonkun tulee pitaa listausta ylla myos tulevaisuudessa. Ajatuksena olisi
ettd sihteeristélla on tulevaisuudessa mahdollisuus itse vieda tietoa nettisivuille, eli
nettisivujen yllapitdjan tulee luoda raamit tallaiselle mahdollisuudelle. Sihteeristo pitaa
ylla listausta ja paivittdd sitd vahintdadn vuosittain. Sihteerin tulee myds merkité
nettisivuille koska listaus on viimeksi péivitetty. Listauksen yll&pito ei sisally
sihteeristdn vuosittaiseen tuntibudjettiin, vaan on ns. ylimaaréista tyota. Sihteeristod
pohtii viel&d paivityksille sopivaa vuosittaista ajankohtaa, laatii sisdisen ohjeen
paivitystyolle jatkossa ja ilmoittaa suunnitelman tyéryhmalle.
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Tyoryhma totesi yksimielisesti ettd AFRY ta tilatun tyon tavoitteet ovat tayttyneet ja
projekti voidaan julistaa paattyneeksi. Jos aineistossa huomataan jotain virheita yms.,
niin korjauksia voidaan tietysti tehdé viela.

Viherlipedasakan POP-yhdisteet

Tyon tavoitteena on selvittdd onko sellutehtain viherlipeasakka POP-jate vai ei.

Eurofins totesi ettd kahdeksalle (8) naytteelle on tehty lisékésittely, josta aiheutuu
lisakustannuksia. Hyvéksynta naille on saatu 10.2.2023 sahkdpostilla. Eurofins, eika
sihteeristd ollut ehtinyt valmistella taulukoita, raporttia, eikd yhteenvetoja téhén
palaveriin.

Kari totesi ettd toiveissa olisi taulukointi yksittdisten tehtaiden jokaisesta ndytteesta.
Tehtaat olisivat piilotettu kirjainkoodin taakse. Eli tuloksissa olisi “tehdas A”, "tehdas
B”, jne., ei siis tehtaiden oikeita nimi&. Analyysien tuloksista voisi olla luotuna
esimerkiksi seuraavat asiat (mutta ei rajoittuen): keskiarvo, vaihteluvilit,
virhemarginaalit, ynnd muut tilastolliset standardianalyysit.

Tulosten raportoinnissa olisi mielenkiintoista vetaé yhteen ainakin seuraavat asiat:
- Ovatko kaikki naytteet alle POP-jéte raja-arvon?

- Meneeko yksittdinen ndyte raja-arvon yli vai kaikki?

- Mita viherlipeédsakalle voi tulevaisuudessa tehda?

Ymparistoministerio on julkaissut POP-jatteen tunnistusoppaan vuoden 2023
tammikuussa. Sivulta 17 16ytyy mm. raja-arvoja. Lisaksi, Kari mainitsi ettd SYKE olisi
tehnyt POP-jateoppaan, mutta sihteeri ei l0ytanyt kuvaukseen soveltuvaa materiaalia
internetistd. Tastd oppaasta 10ytyy kaikki POP-jatteiden raja-arvot ja jos raja-arvoa ei
I0ydy, niin se tarkoittaa sité ettéd aine ei ole POP-jate. Jokaisen aiheesta kiinnostuneen
kannattaa perehtya vield POP-asetukseen. Tydryhma muistutti ettd asia on tehtaiden
nakokulmasta hyvinkin Kiireellinen ja etté sihteeristélle on varattu tunteja projektille.

Projektin seuraavat toimenpiteet:

- Eurofinsilta taulukot mahdollisimman nopeasti sihteerille (Sakarille)

- Sihteerin selvitys siitd saako viherlipedsakkoja vieda kaatopaikoille vai ei (vertailu
POP-asetuksen raja-arvoihin)

- Sihteeri kirjoittaa loppuraportin johtopaatoksineen ja esittaa tyoryhmélle

6.2 Projektiehdotukset

Sulfaattisuolojen hyotykayttomahdollisuudet

Karin mukaan sulfaatille ollaan asettamassa ymparistdlaatunormia. Se mité tehtailla
tehd&én suolojen késittelyyn talla hetkella, ei valttamaétta ole mahdollista jatkossa.

Tyoté pitdisi alkaa jo valmistelemaan ettd se saadaan aloitettua sitten kun projektille on
tarvetta. Tehdaanko opinndytetyond? Kuka voisi tehda ja milloin? Ty0 vaatii selkeéat


https://julkaisut.valtioneuvosto.fi/bitstream/handle/10024/164548/YM_2023_1.pdf?sequence=1&isAllowed=y
https://kemikaalineuvottelukunta.fi/pop-asetus
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rajaukset. Soodakattilatuhkan hyotykéaytté? Mitd muuta voidaan tehdd kuin dumpata?
Mité jos vesistoon ei saa laittaa ollenkaan? Oulun Yliopiston kanssa on keskusteltu jo
aiheesta jonkin verran. Sihteeri selvittdad vielda tarkemmat kuviot Oulun Yliopiston
kanssa. Jos yliopistolta 10ytyy hyva ndkokulma vied asioita eteenpdin, niin ty6 voidaan
varmasti toteuttaa myos pelkastaan yhdistyksen varoilla. Aiheesta 16ytyy varmasti
opinndytetoita joihin voisi tutustua. Pyorad ei kannata keksia uudestaan, joten sihteeri
voisi selvittad aiheeseen liittyvia toita seuraavaan kokoukseen mennessa.

NOx-aihe

Kuinka alas NOx:ssa péadsee normaaliolosuhteissa ilman etta tarvitsisi laittaa
savukaasupesuria? BAT-rajat tiukkenevat erittdin todennékdisesti. Ensimmaéinen vaihe
voisi olla tilanteen “benchmarkkaus”. Toisin sanoen Keréttdisiin tehtailta dataa
paastoista muutaman vuoden ajalta. Onko tehdaskohtaisia eroja? Johtuuko puulajista
vai jostain muusta? Mista erot voisivat johtua? Mita tehtailla on tehty? limajakojen
merkitys? Yhteenveto 16ydoksista. Bonuksena jos loytyy tehdas jossa on kiinnostusta
lahted kokeilemaan uusia ilmajakoja.

Opinnéaytetyolistauksesta voi 16ytyd myos tdhan aiheeseen jotain mielenkiintoista.

6.3 Muita aiheita

7

Muut mahdolliset aiheet pidettiin mukana materiaaleissa, mutta niista ei talla kertaa
keskusteltu pidemmin kokouksessa.

- Kaliuminpoisto talteenottokierrosta (lipeatydéryhmaélle sopivampi aihe?): miten
saataisiin lannoitteeksi?

- Lipeé&kiertojen sulkeminen (valkaisun suodokset talteenottokiertoon tms.), NPE,
kloridi

- Vihred sdhko —aihe: Ensimmaisen sukupolven korkeapaine- ja lampdtilakattilat. Jos
nostaisi p ja T vielda ylemmas, mitd edellyttdisi? Rauta, lipedn ominaisuudet yms.
Paasttjenhallinnan energiaintensiivisyys, esim. onko vaihtoehtoja sahkdsuotimille?

- Hiukkasmittaus kosteista savukaasuista pesurin jalkeen?: Onko mahdollista mitata
jatkuvatoimisesti? Vuoden paastot lasketaan yksi mittaus vuodessa, hairioita ja
epamaaraisyytta usein mittaushetkelld, olisi kiva jos olisi jatkuvatoiminen mittaus.

- Dioksiinien ja furaanin muodostumisen ehkdisy soodakattilassa. Onko
mittautulokset luotettavia (kontaminaatiota vai mittaustuloksia)?

- E-PRTR uudistuu: mit4 haasteita?

- N20 soodakattilalta, hak& (muut kuin CO2 kasvihuonekaasut)

MUIDEN TYORYHMIEN KUULUMISET

Kéytiin 1api muiden tyéryhmien projekteja, projektiehdotuksia ja kuulumisia. Lisaksi
sihteeri esitti tulevia tapahtumia.

Vuosikokous
— 20.4.2023, Hotelli llves, Tampere
Soodakattilapaiva
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9

— 2.11.2023, Paasitorni, Helsinki
60-vuotisjuhlaseminaari
— 5.-7.6.2024
— Laivaseminaari (Helsinki — Tukholma — Helsinki), Tallink Silja

MUUT ASIAT

Keskusteltiin  tydoryhmien yhteisesta workshop-/verkostoitumistapahtumasta, jota
kaavaillaan loppukevéalle tai alkukesadn. Sihteeri ilmoitti ettd on hyvinkin
todennékoista ettd kyseinen tapahtuma siirretddn syksylle. Kevaalld on ollut paljon
tapahtumia ja myos projektirintamalla on ollut erittéin aktiivista toimintaa.

Edellisessa tyéryhmén palaverissa oltiin keskusteltu BAT-tilannekatsauksesta Metryn
kanssa. Johanna Vainiomaki oli viime vuonna pitdmé&ssd vastaavan katsauksen
tyoryhmalle. Héneltd voitaisiin kysyd, koska olisi sopiva hetki pitdd uusi katsaus
tyoryhmén kokouksen yhteydessé. Sihteeri selvittaa asiaa.

Lisaksi sihteeri esitteli tyéryhmalle Emman AF&PA:n reissuun liittyvid kuulumisia ja
reissusta poikineita yhteydenottoja, sek& materiaaleja.

SEURAAVA KOKOUS

Seuraava kokous YTR, 3/2023

- Aika: to 25.5.2023, klo 10:00 — 14:30 (lounas valissa)
- Paikka: Jaakontalo, Vantaa / MS Teams

Vakuudeksi

Sakari Vuorinen
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CCUS Diplomityon valiesittely
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DIPLOMITYON VALIESITTELY
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Thermal Power

Generator power

Papermill MP-steam
energy

Papermill LP-steam
energy

Capture rate with
consumption of

Annual capture

Fuel Power [MW] [MW)] [MW] consumption [MW] [consumption [MW] /4000 J/kgCO2 Additional fuel amount [t]
Recovery boiler 1053,7 881,7 127,9
Original setup 1329,6 1135,8 1945 32,9 235,4
Original setup +
capture 1329,6 1135,8 1945 32,9 235,4 0,03
Withouth paper mill  {1329,6 1135,8 195,7 0,75 2043
Withouth paper mill,
with additional wood
chips 1394,3 1193,9 207,8 0,87 23,4 % 2369
Original setup with
carbon capture and
additional wood
chips 1394,3 1193,9 206,1 32,9 235,4 0,13 23,4 % 354
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LAHTEET

»» Saari, J., Sermyagina, E., Kuparinen, K., Lipiainen, S., Kaikko, J., Hamaguchi, M.,
Mendoza-Martinez, C. (2022) Improving Kraft Pulp Mill Energy Efficiency through Low-
Temperature Hydrothermal Carbonization of Biological Sludge. Energies (Basel) 15(17):
6188
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TOWARDS CARBON NEGATIVE FUTURE OF THE FOREST INDUSTRY

Possibilities of BECCUS in Finnish pulp and paper industry

Lappeenranta—Lahti University of Technology LUT
Master’s Programme in Energy Technology, Master’s thesis
2023

Kasperi Heikkila

Examiner(s): Professor Esa Vakkilainen

Katja Kuparinen, D.Sc. (Tech.)



ABSTRACT
Lappeenranta—Lahti University of Technology LUT

Your school: LUT School of Business and Management / LUT School of Energy Systems /
LUT School of Engineering Science

Your degree programme: Energy Technology / Business Administration / Chemical
Engineering / Mechanical Engineering / Computational Engineering / Electrical Engineering
| Software Engineering / Industrial Engineering and Management / Environmental

Technology

Author's name

Thesis title in English in bold type (possible subtitle included)

Master’s/Bachelor’s thesis
Year of completion of the thesis
XX pages, xx figures, xx tables and xx appendices

Examiner(s): Title First name Last name and Title First name Last name (Example: Professor
John Smith and Jane Smith, D.Sc. (Tech.))

Keywords: CCS

Use single line spacing in your abstract and justify the text as you would the rest of your
thesis text body. The abstract and its identifying information must fit on one A4 page. The
abstract is a public document, and therefore, you need to exclude any confidential

information from it.

The abstract is an independent summary of the thesis and should be intelligible as such,

without the original document.



A good abstract is written in complete and concise sentences. Do not express personal
opinions in the abstract — describe the thesis as an outside reporter would. Do not make

detailed references to the original text. Present the key results of the research.

If you have not received your basic education in Finnish or Swedish and are writing your

final thesis in English, write your abstract only in English.



THVISTELMA
Lappeenrannan—Lahden teknillinen yliopisto LUT

Oma schoolisi:  LUT-kauppakorkeakoulu/LUT  Energiajarjestelmat/LUT  Teknis-

luonnontieteellinen

Oma koulutusohjelmasi: Energiatekniikka / Kauppatieteet / Kemiantekniikka /
Konetekniikka / Laskennallinen tekniikka / Sahkotekniikka / Tietotekniikka / Tuotantotalous
/ Ymparistotekniikka

Tekijan nimi

Tyon suomenkielinen nimi lihavoituna (my6s mahdollinen alaotsikko)

Koulutusohjelmasi ja tutkielmasi: esim. Kauppatieteiden pro gradu -tutkielma /
Konetekniikan kandidaatinty®

Vuosiluku
XX sivua, XX kuvaa, xx taulukkoa ja xx liitetta
Tarkastaja(t): Titteli Etunimi Sukunimi ja Titteli Etunimi Sukunimi

Avainsanat: Listaa tdhan avainsanat, joiden perusteella tutkielma voi haettaessa l6ytya

Tiivistelmatekstin rivivali on 1, ja se tasataan molempiin reunoihin, kuten muukin
opinndytetyon leipateksti. Tiivistelméatekstin tunnistetietoineen on mahduttava yhdelle A4-
arkille. Tiivistelmaan ei voi sisallyttdd salassa pidettavia tietoja, vaan se on aina laadittava

julkiseksi.

Tiivistelma on itsendinen esitys DI-tyostd/pro gradu -tutkielmasta, ja sen tulee olla
ymmarrettavissd sellaisenaan. Hyvéssa tiivistelmasséd virkkeet ovat tdydellisia, lyhyité ja

ytimekkaitd. Tekijan mielipiteet eivat ndy, vaan han kuvaa ty6tdadn kuin ulkopuolinen



raportoija. Tiivistelmdssé ei viitata yksityiskohtaisesti alkuperéistekstiin. Tutkimuksen

keskeisimmat tulokset sisaltyvat tiivistelmaan.

Opiskelijat, joiden koulusivistyskieli ei ole suomi tai ruotsi ja jotka Kkirjoittavat

opinndytteensad englanniksi, kirjoittavat tiivistelman ainoastaan englanniksi.
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SYMBOLS AND ABBREVIATIONS (may be included, but not relevant for all theses)

Roman characters

p pressure [bar, Pa]
gm mass flow rate [kg/s]

R gas constant [J/kg K]
T temperature [°C, K]
U voltage [V]

\Y volume [m3]

v specific volume [m3/kg]
X vapour content

Greek characters

a incidence angle [°]

A thermal conductivity [W/mK]
Constants

g gravitational acceleration 9,81 m/s

Dimensionless quantities

Re Reynolds number

Subscripts

1 inflow



2 outflow
kr critical

mit measured

Superscripts
' stator

rotor

Abbreviations
CFD Computational Fluid Dynamics

ORC Organic Rankine Cycle
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1 Introduction

The introduction explains the reasons for the research and what it aims to achieve. It also
gives a brief overview of the methodology used and key results. The first paragraph should
answer the following questions: What is your thesis about? Why is this topic important to
study right now? Why is it important in general? The first paragraph entices people to read

your thesis.

The second paragraph briefly presents the key findings of previous studies, and the third one
explains what previous research has not taken into consideration or examined. In other
words, it explains why your study is necessary. Conclude your introduction by relating the

objectives, research problem, research questions, limitations and thesis structure briefly.

2 Therminology

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

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

Fossil fuel Fossil fuel with  Fossil fuel with Bioenergy BECCU BECCS
ccu 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. It can be said that this is a plus minus zero -situation. This is quite

similar situation to using fossil fuel with CCS, carbon circulation-wise. The carbon is taken
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from underneath the ground as a fossil fuel, and later the carbon is captured and stored back
underground. However, some extra carbon is added to the atmosphere, since 100% of the
carbon dioxide cannot be captured. (IEA 2022; Fajardy & Pour 2022)

In the applications where carbon capture and utilization 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
where all the fuel was fossil. The same thing applies with carbon capture and utilization
combined with bioenergy: the synthetic fuel produced from the carbon dioxide captured
from biomass combustion can be used to replace fossil fuel usage. (IEA 2022; Fajardy &
Pour 2022)

With BECCS, the idea is that carbon dioxide can be captured from the combustion gases and
stored underground. This is a situation, where the carbon dioxide is removed from the
atmosphere; when the biomass is growing, it absorbs the carbon dioxide from air and when
the biomass is combusted, the carbon is captured and then injected under the ground. (IEA
2022; Fajardy & Pour 2022)

3 Carbon dioxide emissions of pulp mills

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

paragraph the characteristics of different CO2 sources are presented and explained.
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3.1 Recovery boiler

Recovery boiler is the largest CO> source in a pulp mill, producing more than two thirds of
the total carbon dioxide emissions (Kuparinen et al. 2019). Recovery boiler generates most
of the energy generated in a pulp mill and hence the name, it enables the reusage of the
pulping chemicals.

In a kraft pulping process, wood chips are cooked in a hot mixture, called white liquor,
containing sodium sulfide (Na.S), sodium hydroxide (NaOH), sodium carbonate (Na-COz)
and sodium sulphate (Na2SO3) mixed with water (Biermann 1996). The wood chips react
with sodium sulfide and sodium hydroxide, and 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, pulp, is separated from the solution and washed. The excess cooking
liquid, black liquor, goes through an evaporation process increasing the dry solid content to
even +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 (Na2COs3) Rest of the cooking chemical turn into a smaller
amount, roughly 20-30 %, depending on the wood, of sodium sulfide (Na2S) and also some
non-reacted sodium sulfate (Na>SOas) is left. This mixture of chemicals is removed as smelt
in the bottom of the recovery boiler. (Vakkilainen 2005; Alakangas et al. 2016; Prowledge
Oy 2022)
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Black liquor has relatively low calorific value, as well much 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/kg.
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 threated 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 becomes calcium hydroxide (Ca(OH).), 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 (CaCQOs3). 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,

when the rest of the solution go 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, which is presented in Figure 2, the lime mud is filtered
and dried. After being dried to almost 100 % dry solids, lime mud is heated in the lime Kkiln
for about 1.5 to 4 hours in about 1100 °C. The reaction of calcium carbonate breaking into
calcium oxide (CaO) and carbon dioxide (COy) 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 a
little bit under 200 kg per tonne of pulp (Miner & Upton 2002). (Prowledge Oy 2022)

This process is very energy-intensive, and the needed energy is about 3000 kJ/kg 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)

Metsad Aidnekoski 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 used as start-
up fuel and auxiliary fuel, and also some integrated pulp mills use natural gas to generate
extra steam to power for example paper and cardboard manufacturing and sawmill usage.
Also, 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). (Miner & Upton 2002; Kuparinen et al. 2019; Kotkamills 2020; Berglin &
Von 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. 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 Odorous gases disposal

From each process in containing any type of liquor in a pulp mill odorous gases, for example
methane and are released. These gases can be divided in two categories: dilute non-
condensable gases (DNCG) are not dangerous, but unpleasant smelling, while concentrated
non-condensable gases (CNCG) are not only bad smelling, but also poisonous and 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).

25 2500

20 2000

15 1500

10 1000

Production [1000 tonnes / a]

5 500

Sulfur emissions [1000 tonnes / a]

0 0
1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

SO2 (process + energy production) HEEE TRS (pulping) === Pulp, paper and cardboard production

Figure 3 Sulphur emissions of Finnish industry (Metsateollisuus)
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3.5 Flue gas properties and carbon circulation

What comes to carbon capture, the most interesting characteristics of flue gases are amount
of flue gas and its carbon dioxide and its carbon content. Also, what comes to developing
the technology, moisture and sulphur content need to be considered to be aware the

possibilities of low temperature corrosion (Zuo et al. 2020). (Teir et al. 2011)

Table 2 Estimations of flue gas properties in a pulp mill

Share of total Flue gas CO2 Flue gas water

CO2 emissions content (wet) = content
Recovery boiler 68.0 % 15.7 % 229%
Bark Boiler (47.5 %) 23.4% 19.7% 15.1%
Bark Boiler (20 %) 23.4% 22.1% 9.1%
Lime Kiln 8.6% 33.2% 9.6 %

In the Table 2 an example of flue gas distribution and properties is presented. The share of
total CO2-emissions is based on the Mill A (presented in Figure 4), a 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. 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 sootblowing 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

késikirja p. 6).
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Figure 4 Mill A (Kuparinen et al. 2019)

The numbers presented in Table 2 wake up the questions of how do the carbon capture
technologies match with the wanted 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 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 Kkiln flue gas a more desirable source of capturing.

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.
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Figure 5 Finnish pulp mills

In 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 are
about one-twelfth of the total carbon emissions, them being approximately 1 760 tonnes
(EEA 2022a). In Figure 6 the carbon emission values of seven Finnish pulp mills are
presented.
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Figure 6 Key figures of seven Finnish pulp mills (EEA 2022a)

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, and 30 000 000 cubic meters of this
to pulp making. The yearly wood usage numbers are presented in Figure 7 and Figure 8.
(Luke 2022)
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Figure 7 Wood usage of the Finnish forest industry (Luke 2022)
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Figure 8 Segmentation of wood usage (Luke 2022)

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
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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 production numbers of Finnish 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 harnessing.

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 chopped, since the energy in the pulp mills is generated from the residue of the
production. However, the system does need energy and harnessing 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. On the other hand, one of the most energy
consuming part in an integrated pulp mill is the paper production, and since the paper
production amounts have gone down on the past couple of years, there might be extra energy
freeing to be used in some of the plants in the next years. In case the energy, especially
electricity, is bought from outside, the question is time-sensitive and depends on the general

electricity production of Finland.
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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)

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 harnessed, as presented
in Figure 10 and Figure 11, and there can also be other types of obstacles, for example related
to national defence that can be in front of harnessing new energy production (limatieteen
laitos 2009; Pohtila 2022; Finnish Wind Power Association 2022) .
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Figure 11 Wind power projects in Finland (Finnish Wind Power Association 2022)

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 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
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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: polluter
pays. (EC 2022a)

Basically, the way the EU ETS works is that EU releases yearly a limit for greenhouse gas
emissions for heavy industry, energy production and aviation inside the European Economic
Area (EEA). 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 for the
countries with GDP of 90 % or less of EU 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, and 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
allowances for aviation, called EUAA (EU Aviation Allowance). Companies can also buy
emission allowances from other companies, as well can allowances be bought from the other
market. Roughly half of the needed allowances of the aviation sector were bought from the
EUA-market in 2019 (EEA 2022b). (EU Directive 2018/410; EC 2022b)
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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 average. (EU Directive
2018/410)
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Figure 12 Emission allowances given for Finnish factories in 2021 (Energiavirasto 2023)

Number of emission allowances

In Figure 12 the top 15 receivers of free emission allowances in Finland are presented; in
green are presented working plants of forest industry and in red other types of industry. The
colour black presents closed factories. As it can be seen, pulp mills that use also fossil fuel
get their emission allowances for free, until 2030 (EU Directive 2018/410).
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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, harnessing 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, what comes to carbon capture and storage systems. In
general, until this day CCS has been typically utilized in oil and gas production, when the
carbon dioxide has been pumped back to the source to get more product out of the source,
while applications to firing biomass are under development (Rassool 2019; Department of
Energy 2022). In September 2022, there were 30 operational, 11 in construction and 153
under development being facilities with CCS. (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 harnessing CCUS to a pulp mill can be difficult, and that’s why it also probably takes
some courage from the investors to jump 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 CO2 (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 harness 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 to 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, but in case of utilizing the carbon, there will

be a great amount of wind or solar energy to be used for the systems. (Onarheim et al. 2017)

Another 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 (Koreneff et al. 2019). Also, in general, it seems like the

electricity need of forest industry has gone down (ET 2023).

5.2.4 Value of CO2 and CO2-based products

An interesting economical question is the value of the end product. Even though carbon
dioxide itself has a big market, the quantities used nearby are most likely relatively low
compared to the amount of CO2 that can be captured from Finnish pulp mills: the worldwide
CO2 usage 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).

With excess electricity, refining the captured CO2 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 released from the need of fossil fuels. The most basic

compound that can be created by synthetizing carbon dioxide is methane, and recent studies
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show that methanol might me 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 CO2 releasing to 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 is 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 harnessing 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¢)

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
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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, CO2 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 Sahkolaitos
Oy together with Nordic Ren-Gas Oy are having a project on capturing CO2 from waste

combustion flue gases (Sieppi 2021; Tampereen Sahkdlaitos 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.

Fuel Flue gas
Combustion Flue gas clean-up CO, capture CO, for storage
Air

Figure 13 Post-combustion carbon capture (IEAGHG 2019)

Fuel Syngas
Gasification Shift reactor Separation CO; for storage
AIrfO; 2

Ha

Figure 14 Pre-combustion carbon capture with gasification (IEAGHG 2019)

CO; purification

) and storage
Air 8

N

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. Post-combustion carbon capture system requires
the smallest amount of modification to generic combustion systems, and that’s why it is
easiest to retrofit to existing plants. However, for example as presented in Table 2, the
concentration of CO2 in flue gases is relatively low, mostly because of high nitrogen amount
in combustion air, and it needs relatively big amount of energy to operate. (Teir et al. 2011;
IEAGHG 2019)
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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 Pitea, 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)

GAS COOLER

Black Liquor

Oxygen

Atomising medium Cold raw syngas

GASIFIER LP-Steam

Warm raw syngas

MP-Steam

Green

< Condensate
Liquor

Weak white wash liquor

Figure 16 The pressurized, oxygen-blown BLG technology (Onarheim et al. 2015)

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,
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to keep the combustion temperatures reasonable flue gas circulation needs to be harnessed.
One thing that can be seen as an advantage is that in the pulp mills there already is oxygen
manufacturing facilities, 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)

6.2 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, and the solvent can
also be a mixture of these. A typical layout of an amine-method-based carbon capture system
is presented in Figure 17. (Teir etal. 2011)



37

electricity steam turbine H washer . CO2 compressor

column

evaporation

sulfur column

j particle removal

removal

steam

sulfur
compound COz-rich
solvent

bottom ash

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 amine method. The method is also applicable for 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)

Table 3 Comparative overview of amine-based technologies (IEAGHG 2019)

Technology Reboiler Absorption | Electricity Amine/ammoniain = Amine

Supplier Duty liquid consumption = exhaust [ppm] consumption
[GJ/tCO,] [m3/tCO,) [kWh/tCO,] [kg/tCO,]

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)
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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 2.8(9%coy) 11.4-14.2 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 scale of the systems the
companies offer are not often as big as there is emission from a big pulp mill, however, it is
mentioned that the capacity can be changed by installing the systems parallel. (Mirza &
Kearns 2022)

6.3 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 CO2-selection were cellulose-based, and the next generation
membranes are polyimide-based. Also, a big variety of different polymeric materials for
membranes have been presented in the literature, as well as carbon-based membrane research
(Peters 2023). (He 2016; Scholes 2016; Ji & Zhao 2017)

There are two things why 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
enabled a continuous process, whereas amine method is used in batch-based systems.
However, membrane systems can be said to further from being commercially used, since

they have not reached an energy-efficient state of usage. This is because in general the
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membrane method needs a significant temperature difference to work, and this combined
with the low CO2-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)

7 Possibilities of utilizing the captured CO2

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

can also be utilized with green electricity to create substitutive fuels for fossil fuels.

7.1 Storage possibilities

If the total carbon dioxide circulating in the atmosphere is wanted to be removed, it needs to
be stored so 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 research on alternative
methods has been done. It is also to be noticed that for example carbon storage 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 (Directive 2009/31/EC). (Teir et al. 2011)

Carbon dioxide storage originates to enhanced oil recovery (EOR), when it was harnessed
purely for economical reason. It can still be used; it means that carbon is injected back to the
oil well to increase the level of oil that can be reached. Similar method can be used for natural
gas. Also, the empty oil and gas fields are a potential place to store carbon dioxide. (IPCC
2005)

A large possibility for carbon dioxide storage is saline formations. They are large,
widespread formations of deep sedimentary rocks, filled with formation waters and brines
with high salt concentration. Also, coal seams are suitable for carbon storage, since coal,

especially immature coal types, like lignite, can absorb gases quite well. However, in coal
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seams there is often methane, which needs to be then 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 spot. In
general, the transportation can be done by ship or in a pipe. The price of the transportation
also is a major economical aspect about the total profitability of the whole project, in case
carbon storage is harnessed. Research has been done to find out whether pipe or ship
transportation is more cost effectively at different quantities of CO2 and different distances,
and also the reality that there is a limited amount of suitable vessels to carry big amounts of

CO2, as well as the fact that many pulp mills are not easily accessible by waterways, needs

to be taken into account. (Kjéarstad et al. 2016)

PROVINCES
I Sedimentary basins
Highs
Fold belts
[0 Shields

Figure 18 Distribution of sedimentary basins, highs, fold belts and shields (IPCC 2005)
Since most of the plausible CO2 storages are located in sedimentary basin areas and at shield
areas CO2 can’t be stored, 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 Kjéarstad et al, ship transport
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from Finland could be reasonable to the Faludden storage site east of the island of Gotland,
Sweden (Kjéarstad et al. 2016).

7.2 Power to X

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

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

Direct
Current

Hydrogen gas out Oxygen out

Electrode (Pt) — Electrode (Pt)

Water in

Electrolysis of Water

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
there is also the term P2M (power-to-methane), P2G is often understood to mean methane
production with 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 also sometimes
called a P2H; system. (Dahiru et al. 2022)
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Different types of liquid fuels can be produced in a P2L-process. The most common fuel to
be produced is methanol (CH30OH), but also traffic and aviation fuels can be produced.
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 system for the fuel
production. It needs to be considered, which fuels have large markets, what are the suitable
distribution channels and is it 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 the synthetic fuels can be 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, it is often thought
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 game changer, when it is decided that what will be the
final destiny of the 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 methane is produced. Electricity can be transferred already, but for example,
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for carbon dioxide transportation there isn’t any large-scale infrastructure. On the other hand,

ship transportation is 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

The thing that is essential according to the processes being used with carbon capture is that
the process itself needs to produce something including carbon. The main question regarding
CCU and synthetic fuels in general is the efficiency of the process, and how much electricity

is it okay to use to get a needed amount of energy in the fuel.

The creation of synthetic fuels starts from producing hydrogen. Typically, the highest
reached electrolysis efficiencies are from about 75% to 80%, but efficiencies well over 80%
have been reached, and new technologies are being developed to reach even higher
efficiency (Enkhardt 2015; Hodges et al. 2022). On top of the traditional electrolysis, also
known as alkaline water electrolysis (AWE), there are also more advanced electrolysis
techniques, polymer electrolyte membrane (PEM) electrolysis being the most common, and
PEM electrolysers are starting to reach big industrial scale (Diermann 2023). (Shiva Kumar
& Himabindu 2019)
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Then, if the hydrogen is not used as that as a fuel, next process is needed. This is when the
captured CO2 is needed. Depending on the wanted fuel, a suitable process is used. In general,
it can be said that the further the fuel is processed, the more energy is needed and the lower

is also the total efficiency.

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 typically is
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 roughly 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 chemically simple fuel that doesn’t have the downsides of gaseous fuel, and methanol
is also 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 CO2, a catalytic hydrogenation can be used with the hydrogen
produced in the electrolysis of water. The process is operated in temperatures between 250
°Cand 300 °C, and in pressures between 50 bar and 100 bar. In research for large scale CO2-
capture with methanol production in Germany, an energy need of little bit less than 10 MWhe
per tonne of methanol produced was reached (Koytsoumpa et al. 2018). The HHV of
methanol being 6.39 MWh/tonne and LHV being 5.54 MWh/tonne, it can be said that the
efficiency is quite close to what can be reached when producing methane (Engineering
ToolBox 2003). (Rego de Vasconcelos & Lavoie 2019)
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Methane and methanol, as well as formic acid, can also be produced with electrochemical
reduction. It has been seen as a promising technology to develop a high-efficiency process
to utilize carbon dioxide, and even though already it has been proven to be a working
technology, it still is under development and for example new catalysts have been
researched. (Rego de Vasconcelos & Lavoie 2019; Zeng et al. 2022)

Possibility of producing transport fuels is always a big question of interest, when talking
about P2X. There are two common ways to produce long hydrocarbons: with Fischer-
Tropsch or from methanol. When 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 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, compared to the amount released from the stack, of
carbon dioxide is used in the pulp mills. Its main usage is in the tall oil production at pulp
mills including tall oil production. 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 Viability studies of harnessing CCS in Finnish pulp and paper
industry

The main goal of the calculation task is 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
are done with IPSEpro heat balance and process modelling software and the pulp mill model
used in the calculations is based on the model created by Dr. Jussi Saari that has been used
already in a couple of scientific publications (Saari et al. 2020; Saari et al. 2022). The setup
is based on a pulp mill integrated with a paper mill, and since the balances will be calculated
for both a pulp-only mill and a pulp and paper integrate, to simulate the pulp-only mill the

paper mill will be discarded from the integrate.

Initially, the pulp producing capacity of the mill is 1 600 000 ADt/a while operating 350
days (8400 hours) per year, and with the same number of operating hours the paper
production capacity is 1 312 500 t/a. The steam is generated by a recovery boiler and a CFB-
boiler combusting mostly bark. The fuel power of the recovery boiler is 1054 MW (LHW),
and the thermal power of the recovery boiler is 882 MW. The corresponding values for the
CFB-boiler are 276 MW (LHW) and 254 MW. Both boilers are connected to an individual
turbogenerator; the power of the turbogenerator that is fed by the recovery boiler is 128
MWe and the power of the turbogenerator that is fed by the CFB-boiler is 67 MWe.

8.1 Pulp mill

8.2 Integrated pulp mill
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9 Conclusions

The conclusions explain how well your research achieved its objectives, what its findings
were and what they mean in a wider perspective and for the future. The conclusions should
examine how your findings differ from or coincide with those of previous studies. Analyse
the impact of your research: its theoretical or practical contribution and wider societal
importance. In addition, mention possible limitations of your study and research topics that
should be dealt with in the future.

Remember that if or when someone other than your supervisor reads your thesis, they will
most likely read the introduction and conclusions first.
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Tyon sisalto ja laajuus

Tyon tarkoituksena oli kerata soodakattiloihin liittyvia opinnaytetoita, diplomitdita ja
vaitostoita Suomen Soodakattilayhdistyksen nettisivuille.

TyO rajattiin Suomessa vuodesta 2000 alkaen tehtyihin opinnayte-, diplomi-, ja vaitostoihin.
Ty0 sisaltaa:

1. Tiedon hakua internetista, mm. eri koulujen tietokannat (Aalto, TAU, LUT, AA, OY, AMK)

2. Diplomi/Opinnayte/vaitostoiden tallentaminen yhdistyksen nettisivuille yhteisesti sovittuun
paikkaan
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Opinnadyte-, diplomi-, ja vaitostoita haettiin seuraavista tietokannoista

« Aalto-yliopisto (ja ent. TKK): Aaltodoc

« LUT-yliopisto: LUTpub

« Tampereen yliopisto (ja ent. TTY): Trepo
* Oulun Yliopisto: Jultika, SoleCRIS

- Abo Akademi: Doria, Alma

« AMK opinnaytety6t: Thesus

Haussa kaytetyt avainsanat:

« Recovery boiler, Kraft recovery, Soodakattila, Sodapanna
« Green liquor, Viherlipeat, Gronlut

« Chemical cycle, kemikaalikierto

« Black liquor, mustalipea

« haihduttamo/evaporation plant, kaustistamo/causticizing plant, hajukaasut, meesauuni/lime kiln, sulfiditeetti,
Ligniini*, Lignin*, lignoboost*, Nox*, Sox*, tulipesa, tulistin*, keittopinta*, ekonomaiseri*, sularanni*, sulakouru*,
kloori,*kalium*, tuhka*

*kokeiltuja avainsanoja, joista ei saatu uusia tuloksia/uudet tulokset eivat liittyneet soodakattiloihin tai kemikaalikiertoon
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Opinnaytetyodlistaus: Tuloksien yhteenveto

Listatut tyot, yhteensa 265 kpl

Opinnaytetyot (AMK)

40 soodakattilaan liittyvaa tyota

20 Soodakattilaan osittaisesti liittyvaa tyota

12 Voimalaitoksiin/kattiloihin liittyvaa tyéta (rajattu haku)

Diplomityot

82 Soodakattilaan liittyvaa tyota

33 Soodakattilaan osittaisesti liittyvaa tyota

36 Kemikaalien talteenottoon liittyvaa tyota

23 Voimalaitoksiin/kattiloihin liittyvaa tyota (rajattu haku)

Vaitostyot

3 Soodakattilaan liittyvaa tyota

2 Kemikaalien talteenottoon liittyvaa tyota

7 Soodakattilaan tai soodakattilaan osittaisesti

7 Voimalaitoksiin/kattiloihin liittyvaa tyéta (rajattu haku)
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Opinnaytetyodlistaus: Tuloksien yhteenveto

Yleisimmat aiheet:

« Soodakattilaprosessien kehitys/optimointi (mm. vesi-hdyrykierto, ilmansyo6tto)
« Soodakattilan energiatehokkuus

« Ilmapdastéjen hallinta (NOx, SOx, hajukaasut, pdlypaastot)

« Soodakattilan elinkaarianalyysi

« Soodakattilan likaantuminen/tukkiutuminen

« Soodakattilan kunnon valvonta ja huolto (ajo- ja kunnossapito-ohjeet)
« Soodakattilan huolto ja kunnossapito (mm. nuohous)

« Vierasaineet kemikaalikierrossa

« Sivuvirtojen (soodasakan ja tuhkan) hyédyntaminen

« Mantyodljyprosessin kehitys/optimointi

« Haihduttamo-, kaustisointi- ja meesauuniprosessin kehitys/optimointi

Opinnaytetdiden listaaminen tietyn aihe-alueen alle on haastavaa, koska toissa kasitellaan yleensa useita
aiheita (esim, energiatehokkuus, paastot, kehitys/optimointi jne.).
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Toiden tallentaminen
Soodakattilayhdistyksen
nettisivuille

Ehdotus: Tiedot tehdyista
opinnayte/diplomi/vaitostdista esitetaan
Soodakattilayhdistyksen jasensivuilla
"tutkimusraportit” palkin alla. Opinnaytetdille
tehddan omat sivut, joissa on mahdollista
hakea toita tyon aihealueen (soodakattila,
kemikaalikierto, voimalaitos) ja
laajuuden(opinnayte/diplomi/vaitostyd)
perusteella. Toita voi lisaksi hakea
avainsanojen avulla.
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Laajuus

Aihepiiri

Vuosi

Tyon nimi

Tyon nimi (toisella kielelld)

Tekija

Oppilaitos

Saatavilla

Pysyva linkki
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Soodakattiloiden toimintopaikkojen

AMK Soodakattila (2023 kriittisyysluokittelun paivitys: Stora Enso Oyj Imatran Peltonen, Rene LAB-AMK Kylla https://urn.fi/URN:NBN:fi:amk-202302062052
tehtaat

DI Soodakattila (2022 Soodakattilan tukkeutumisen hallinta Cbntrolling fouling in recovery boiler Heikkila, Aleksi LUT Kylla https://urn.fi/URN:NBN:fi-fe2022030321779

DI Soodakattila |2022  |Soodakattilalaitoksen huollettavuuden kehittdminen H’;n‘i‘r’s:feme”t of recovery boiler plant Klementtila, Markus  |LUT Kylla https://urn.fi/URN:NBN:fi-fe2022053141077

DI Soodakattila |2022  |S°0dakattilan liuotinhonkdjarjestelman mittaukset,  |Measurements and controls of the dissolving | - on Tara LUT Kylla https://urn.fi/URN:NBN:fi-fe2022061747383
saadot ja toiminnan tarkastelu tank vent system of the recovery boiler
Hybrid flue gas cleaning equipment in a modern kraft

DI Soodakattila |2022 recovery boiler : feasibility to reduce recovery boiler Jantunen, Jokke LUT Kylla https://lutpub.lut.fi/handle/10024/164462
dust emissions

DI Soodakattila (2022 Recovery boiler hanger rod arrangement Ebodakattilan kannatustankojen asettelu Paananen, Nikoteemu|LUT Kylla https://urn.fi/URN:NBN:fi-fe2022120569382

DI Soodakattila (2022 Cooling procedure of the modern kraft recovery boiler Wahlman, Toni LUT ei https://urn.fi/URN:NBN:fi-fe2022111065088

DI Soodakattila |2022  |Medelling of kraft recovery boiler flue gas temperature Shemeikka, Venla  |TTY Ei https://urn.fi/URN:NBN:fi:tuni-202203102449
with auxiliary fuels
Effect of recovery boiler plant electricity production . . e

DI Soodakattila (2022 increase on sustainability : Modelling and optimization .Sc.?c-?da.kattllal.amoksen sahkczntuotannon Sivonen, Aleksi TTY Kylla https://urn.fi/URN:NBN:fi:tuni-202212149170

lisaamisen vaikutukset kestavyyteen

approach

AMK Soodakattila |2022 |KOrvakkeen mitoitus ja suunnittelu Eurocode 3 - Nenonen, Ari Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-202205179754
standardin mukaan

AMK Soodakattila |2022 |'arkastukset ja valvonta soodakattilan ilma-aukkojen Lehtinen, Miikka XAMK Kylla https://urn.fi/URN:NBN:fi:amk-202205067631
vaihdon tukena

AMK Soodakattila (2022 Sooth blower maintenance on recovery boiler Soodakattilan nuohoimien kunnossapito : Lensu, Janne LAB-AMK Kylla https://urn.fi/URN:NBN:fi:amk-2022060816704

Joutsenon sellutehdas

AMK Soodakattila |2022 |>°°dakattilan carryover-mittauslaitteiston Rasanen, Jani XAMK Kylla https://urn.fi/URN:NBN:fi:amk-202204054580
automatisointi

AMK Soodakattila (2022 Recovery boiler carryover Sikanen, Sini Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2022121830748

AMK Soodakattila (2022 I:Ir:jsa”ﬁf;;: valvonta soodakattilan ilma-aukkojen Lahtinen, Miikka XAMK Kylla https://urn.fi/URN:NBN:fi:amk-202205067631

AMK Soodakattila |2022 | IR-mittalaitteiston esivalmistelu sellutehtaan Preparation of FTIR Measuring Equipment for 1\ i 1o Markus  |Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-202205118586
paastomittauksiin Emission Measurement at a Pulp Mill
Talteenoton ajomallien ja tydohjeistuksen QOptimization of operating models and

DI Soodakattila (2021 yhtendistaminen laadun ja kaytettavyyden instructions to improve quality and usability in  |Vainikka, Tuomas LUT Kylla https://urn.fi/URN:NBN:fi-fe202101111412
parantamiseksi the recovery line

DI Soodakattila [2021 Soodakattiloiden elinkaari Recovery boilers life cycle Kinnunen, Santeri LUT Kylla https://urn.fi/URN:NBN:fi-fe2021100549355
Development of a boiler water leak detection method |Kattilaveden vuodonvalvontamenetelman

DI Soodakattila (2021 for recovery boilers utilizing all-volatile treatment of |kehitys haihtuvien alkalien kattilavesikemialla Toivakka, Vili LUT Kylla https://urn.fi/URN:NBN:fi-fe2021080542140
boiler water operoitaville soodakattiloille

DI Soodakattila |2021  |Benefits of visual analysis tools in recovery boiler Visuaaliseen analyysiin perustuvien tyokalujen |\ - \eli-pekka LUT Kylla https://urn.fi/URN:NBN:fi-fe2021101851401
operation hyodyt soodakattilan operoinnissa
Reclamation handling process in smelt spout damage Reklamaatiprosessi sulakourujen

DI Soodakattila 2021 Ing proc P 9¢ |vauriotapauksissa ja mekanismit vaurioiden  |Aalto, Hannareetta  [LUT Kylla https://urn.fi/URN:NBN:fi-fe202101081346
cases and mechanism behind the damages takana
Kustannuslaskennan kehittdminen leiju- ja

DI Soodakattila (2021 soodakattiloiden sdahkdistyksessa ja Kauranen, Aki TTY Ei https://urn.fi/URN:NBN:fi:tuni-202101221632
instrumentoinnissa

DI Soodakattila |2021 |Back liquor spray simulation : Estimating droplet size Kuosmanen, Nea ™Y https://urn.fi/URN:NBN:fi:tuni-202112209400
distribution with Eulerian to Lagrangian hybrid model ! * * * —

DI Soodakattila |2021  |ETTect of Dust Sintering on Fouling of Recovery Boiler Kronqvist, Jacob RA Kylla https://urn.fi/URN:NBN:fi-fe202101071252
Flue Gas Ducting

DI Soodakattila |2021 |/ € effect of black liquor droplet in-flight time on kraft Brink, Johanna RA Kylla https://urn.fi/URN:NBN:fi-fe2021121560745

recovery boiler dust formation
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Alkali chloride induced superheater corrosion - Impact

DI Soodakattila 2021 Malm, Ebba AA Kylla https://urn.fi/URN:NBN:fi-fe2021052731924
of percentage of molten phase
The Impact of COVID-19 from a Perspective of a

AMK Soodakattila (2021 Recovery Boiler Manufacturer on Workshop Lappalainen, Tuomas [Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-202101281627
Inspections Worldwide

AMK Soodakattila (2021 Soodakattilan nuohouksen modernisointi Sahlman, Iiro Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-202104276041

AMK Soodakattila |2021 |Vtilization of the simulation in testing the program for |Simuloinnin hyédyntaminen soodakattilan Matarainen, Ville JAMK Kylla https://urn.fi/URN:NBN:fi:amk-2021121325628
recovery boiler ohjelman testaamisessa

AMK Soodakattila |2021 [>°°dakattilan padkomponenttien kuljetuslohkokoon Tillonen, lina JAMK Kylla https://urn.fi/URN:NBN:fi:amk-2021092318018
maaritteleminen
Production of renewable CO2 neutral energy as a

AMK Soodakattila 2021  |PYProduct from kraft black liquor in recovery boilers: Shipilova, Elena Karelia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2021090117336
recovery boilers of new generation with improved
energy production

DI Soodakattila |2020 [S°cdakattilan savukaasujen jaahdyttimen Performance evaluation for flue gas coolerin | . o0 5 h0 LUT Kylla https://urn.fi/URN:NBN:fi-fe2020083164682
suorituskyvyn arviointi recovery boiler

DI Soodakattila |2020 [S°°dakattilan painerungon kunnonvalvonnan RBcovery boiler pressure part condition control o 000 caty LUT Kylla https://urn.fi/URN:NBN:fi-fe202006 1644637
suunnittelun/seurannan kehittdminen plan development

DI Soodakattila [2020 Soodakattilan elinkaarianalyysi Recovery boiler life cycle analysis Cay, Gunilla LUT Kylla https://urn.fi/URN:NBN:fi-fe2020043023459

DI Soodakattila 2020 Soodakattilan sulakourujen jadhdytysjarjestelmat Recovery boiler smelt spout cooling systems Kolari, Mari LUT Kylla https://lutpub.lut.fi/handle/10024/161071

DI Soodakattila |2020 [>°°cdakattilan polypaastojen hallinta Recovery boiler particulate matter emission Saastamoinen, Juho |LUT Kylla https://urn.fi/URN:NBN:fi-fe2020052238708
savukaasupesurilla control with flue gas scrubber

AMK Soodakattila 2020 HEWI Parnanen, Teemi Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-202005067531

. Dokumenttien hallintajérjestelman suunnittelu ja . . . i )

AMK Soodakattila |2020 toteutus Hannukainen, Topi LAB-AMK Kylla https://urn.fi/URN:NBN:fi:amk-2020112323771

DI Soodakattila [2019 Soodakattilan palamisen optimointi roe'iche'ijté%?lgf the combustion process in Kukka, Tuure LUT Kylla https://urn.fi/URN:NBN:fi-fe2019061420588

DI Soodakattila |2019 Keittolipean sulfiditeetinhallinnan parantaminen E‘ngvmg management of sulfidity of cooking Harkénen, Henrik LUT Kylla https://urn.fi/URN:NBN:fi-fe2019052416976

DI Soodakattila |2019  |Advanced leak detection system for recovery boilers :j::;ﬁ;g’ttngi';ﬁlyde”va"’O”taJa”eSte'ma Kouvo, Lauri LUT Kyll3 http://lutpub.lut.fi/handle/10024/159294

DI Soodakattila |2019  |Water circulation modeling of a recovery boiler Kivela, Juho LUT Kylla https://urn.fi/URN:NBN:fi-fe2019082325265
undergoing a power blackout

DI Soodakattila |2019  |Utilization of visual analysis in recovery boilers ;’(')So‘ijaaak':tiirl‘o?::a'yys'” hydyntadminen Lahtinen, Markus LUT Kylla https://urn.fi/URN:NBN:fi-fe2019110737098
Integrated computational fluid dynamics and 1D

DI Soodakattila |2019 process modelling for superheater region in recovery Kumar, Kunal TKK/Aalto Kylla http://urn.fi/URN:NBN:fi:aalto-201906234001
boiler

DI Soodakattila 2019 |Recovery Boiler Superheater Region Temperature Peltola, Santeri TTY Ei https://trepo.tuni.fi/handle/123456789/27388
Measurements for Fouling Prediction Development

AMK Soodakattila |2019 |Vaintoehtoiset materiaalit soodakattilan Répelinen, Aku Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2019052311508
prosessiputkistolle

AMK Soodakattila  [2019 fjj::ﬁ;tga” lIma-aukkojen valusuuttimien Teittinen, Lauri Saimaan AMK Kylla https://urn.fi/URN:NBN:fi:amk-201901251573

AMK Soodakattila  [2019 Sggﬁ;ﬁla”t:'a” reduktion maarittdminen visuaalisella Nurmi, Juho Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2019052611990

AMK Soodakattila |2019 |>0cdakattilan sekundaari- ja tertidari-ilmarekisterien Kampuri, Henri Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2019052712115
tuotteistaminen

AMK Soodakattila 2019 Nuohouksen kaytettavyyden parantaminen Vahatupa, Petteri SAMK Kylla https://urn.fi/URN:NBN:fi:amk-2019082918055

AMK Soodakattila |2019 |>€!Vitys erdan lipedruiskutelinetyypin soveltuvuudesta Kainu, Jyri Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2019070217611
Andritz Oy:n standarditelineeksi

AMK Soodakattila 2019 Ilmarekisterijérjestelman Paivitys Tiihonen, Lauri Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2019060514918

AMK Soodakattila [2019 Turva-automaatiokaapin suunnittelu soodakattilalle Karvonen, Santeri Metropolia AMK Kylla https://urn.fi/URN:NBN:fi:amk-201904104727

Vaitds Soodakattila [2019 The efficiency and damage control of a recovery boiler Pollanen, Ilkka LUT kylla https://urn.fi/URN:ISBN:978-952-335-477-7

DI Soodakattila |201g  [ASennushitsauksen laadunhallinta sooda- ja Quality management of site welding in recovery |\, ..o 1. Raine LUT Kylla https://urn.fi/URN:NBN:fi-fe2018060125134

voimakattiloissa

and power boilers
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DI Soodakattila 2018 Soodakattilan tukkeutuminen Plugging of the recovery boiler Penttinen, Kimmo LUT Kylla http://lutpub.lut.fi/handle/10024/154957
DI Soodakattila  |2018 Verifying thg pulp mill atmospheric emissions from the Sellgtehtalden soodakattiloiden ilmapaastdjen Repo, Samuli LUT ol https://urn.fi/URN:NBN: fi-fe2018100937897
recovery boiler tarkistus
DI Soodakattila |2017 |°€!utehtaan hoyrytase ja vastapaineturbiini Pulp mill production growth's effects on steam 1. ;o0 ville LUT Kylla https://urn.fi/URN:NBN:fi-fe201710028847
tuotannon kasvaessa balance and back pressure steam turbine
DI Soodakattila |2017 [>°0dakattilan sulakourujen toimintaolosuhteet: Operational environment of recovery boiler’s 1.0 pety LUT Kylla https://urn.fi/URN:NBN:fi-fe2017103050379
lamporasitukset ja sulavirtaukset smelt spouts: heat loads and smelt flows
DI Soodakattila |2017 |Feasibility of fabric filters in reducing dust emissions |Genomforbarhetsstudie av anvandning av Sjogard, Pauliina TKK/Aalto Ei http://urn.fi/URN:NBN:fi:aalto-201702242630
from kraft recovery boilers sparrfilter i stoftavskiljning fran sodapannor
DI Soodakattila 2017 The influence of pot.assmm on the melting properties Koivunen, Niklas AA Ei AA kirjasto, ei pysyvaa linkkia
of kraft recovery boiler smelt
AMK Soodakattila |2017 |>3Vukaasupesurista saatavan sekundadrilammon Jokelainen, Ville OAMK Kylla https://urn.fi/URN:NBN:fi:amk-201705025899
kayttokohteet
AMK Soodakattila (2017 Compound-putkien pituuden optimointi Vanttinen, Lari Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-201703273737
DI Soodakattila |2016 |Automatization of feeding the heat flux data to water |Lampovuojakauman syottamisen automatisointi | ino o ane LUT Kylla https://urn.fi/URN:NBN:fi-fe2016080322590
circulation simulations of recovery boilers soodakattilan vesikiertolaskentaan
DI Soodakattila 2016 Kraft recovery boiler dissolving tank mass and energy Sbodaka.ttllan liuotinhénkajarjestelman massa- Laitinen, Minna LUT Kyl http://lutpub.lut.fi/handle/10024/129920
balance ja energiatase
DI Soodakattila 2016  |Reactive leaching of recovery boiler fly ash Reaktiivinen uuttomenetelma soodakattilan g oq 4 Any TKK/Aalto Ei http://urn.fi/URN:NBN:fi:aalto-201605262232
lentotuhkan kasittelemiseksi
DI Soodakattila [2016 Optimization of a Recovery Boiler Economizer Pirttiniemi, Mikko TTY Kylla https://urn.fi/URN:NBN:fi:tty-201611244786
AMK Soodakattila (2016 Soodakattiloiden kunnonvalvonta Turtiainen, Joonas XAMK Kylla https://urn.fi/URN:NBN:fi:amk-2016110215639
AMK Soodakattila (2016 Ilmansaatélaitteen mekanismin kehittaminen Maatta, Tommi Kajaanin AMK Kylla https://urn.fi/URN:NBN:fi:amk-201605106859
DI Soodakattila |2015 |KOrkeasti kuormitetun soodakattilan likaantumisen ja |Reduction of emissions and fouling in heavily |, 0 s LUT Kylla https://urn.fi/URN:NBN:fi-fe201504222773
paastdjen vahentdminen loaded recovery boilers
DI Soodakattila |2015 |>°°dakattilan nuohouksen optimointi ja sen Optimization of recovery boilers soot blowing ;. hen Henna TKK/Aalto Ei http://urn.fi/URN:NBN:fi:aalto-201509184373
vaikutukset kunnossapitokustannuksiin and its impact on maintenance costs
O
DI Soodakattila (2014 Influence of kraft recovery boiler’s main control Kokkonen, Antti oy Ei http://urn.fi/URN:NBN:fi:oulu-201404091251
parameters on reduction degree
The optimization of the recovery boiler's air
DI Soodakattila |2014  [>°0dakattilan iimajaon optimointi ja vakevien - fdistribution and the influence of concentrated |\ i Ajeksi TKK/Aalto Ei http://urn.fi/URN:NBN:fi:aalto-201411223044
hajukaasujen polton vaikutukset prosessiolosuhteisiin [non-condensable gases combustion on the
recovery boiler furnace process
AMK Soodakattila 2014 |>00dakattilan liotinsailion honkajarjestelman Ukkonen Miikka Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-2014102815024
laskentaohjelman kehittdminen
DI Soodakattila 12013 Soodakattilalaitosten energiantuotannon liséaminen i)r;(i:lr:ismg the energy production of recovery Kipinoinen, Mikko LUT Kylla http://lutpub.lut.fi/handle/10024/93936
DI Soodakattila |2013 |>°°dakattilan dimensioiden monitavoiteoptimointi Multi-objective optimization of recovery boiler 1, .\ o\ o TKK/Aalto Kylla http://urn.fi/URN:NBN:fi:aalto-201306146492
laskennallisen virtausmekaniikan avulla dimensions using computational fluid dynamics
AMK Soodakattila 12013 j;l:;zissa]oodakattllan pohjan tarkastuksesta Liimatainen, Seppo  [XAMK Kylla https://urn.fi/URN:NBN:fi:amk-201303022829
AMK Soodakattila |2013 [>°odakattilan ilmansyGttojarjestelman suuttimen Molonen, Miikka XAMK Kylla https://urn.fi/URN:NBN:fi:amk-2013120219366
tutkiminen ja uusiminen
DI Soodakattila [2012 ?.Ooqak.atflk.).lden lImakanavien hyodyntaminen E3fp|0|t.at|on of recovery boiler air ducts as Ryynanen, Timo LUT Kylla https://urn.fi/URN:NBN:fi-fe201209208128
jaykistavana rakenteena stiffening structure
Soodakattilan hyétysuhteen maarittaminen Determining the efficiency of kraft recovery
DI Soodakattila 2012 ] n yory . boilers with measurement based calculation Reiman, Lauri TKK/Aalto Ei http://urn.fi/URN:NBN:fi:aalto-2020122859212
mittauksiin perustuvalla laskentamallilla model
Impact of furnace dimensions on recovery boiler Tulipesan rakenteen vaikutus soodakattilan
DI Soodakattila  [2012 P ¥ toimintaan ja Kontula, Mikko TTY Kylla https://urn.fi/URN:NBN:fi:tty-201205151116

performance and cost

hintaan
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AMK Soodakattila 2012 Soodakattilan nuohouksen tehostaminen Tuononen, Jonne XAMK Kylla https://urn.fi/URN:NBN:fi:amk-201205198859
AMK Soodakattila (2012 Soodakattilan ilma- ja savukanavien suunnitteluohje Hiekkala, Lasse Savonia AMK Kylla https://urn.fi/URN:NBN:fi:amk-201205137911
AMK Soodakattila |2012 |>°°dakattilan polypaastojen alentaminen Vanhala, Jyri XAMK Kylla https://urn.fi/URN:NBN:fi:amk-201201051072
prosessiteknisin menetelmin
AMK Soodakattila |2012 [>°0dakattilan kdynnistyspolttimien kaynnistys- ja Vuorinen, Ilkka OAMK Kylla https://urn.fi/URN:NBN:fi:amk-2012111215130
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Reduction of sulfate emissions in bleached softwood
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