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Preface

This study was conducted as a collaboration between SMED (Swedish
Environmental Emissions Data) and the Finnish Environment Institute
(Syke). Both organisations are national experts in air pollutant emission
inventories and support official reporting under the Convention on Long-
Range Transboundary Air Pollution (CLRTAP) and the EU National
Emission Ceilings Directive (NECD).

SMED is a collaboration between IVL Swedish Environmental Research
Institute, Statistics Sweden (SCB), the Swedish University of Agricultural
Sciences (SLU), and the Swedish Meteorological and Hydrological Institute
(SMHI). The Finnish Environment Institute (Syke) is Finland's national
environmental research institute and expert authority under the Ministry of
the Environment, providing scientific support for environmental policy,
monitoring, and reporting.

The study was initiated in response to the ongoing work by the
Intergovernmental Panel on Climate Change (IPCC) to develop a
methodology report on short-lived climate forcers (SLCFs). A key objective
was to provide updated and well-documented emission factors for kraft pulp
production based on long-term observational data from Sweden and
Finland, two of the world's leading producers of market pulp and countries
with extensive experience in emission monitoring and reporting.

Both Sweden and Finland are EU Member States and are subject to the
Industrial Emissions Directive (IED), which requires continuous or periodic
monitoring of key air pollutants and the application of Best Available
Techniques (BAT). As a result, the Nordic kraft pulp sector provides a
unique source of high-quality and long-term emissions data covering more
than three decades of technological development and environmental
improvements.

The authors hope that the results presented in this report will contribute to
the development of more representative international emission factors for
the pulp and paper industry and support future revisions of the EMEP/EEA
Guidebook as well as ongoing [PCC methodological work on emission
inventories of short-lived climate forcers.



Sammanfattning

Massa- och pappersindustrin, 1 synnerhet produktionen av sulfatmassa
(kraftmassa), dr en viktig killa till flera kortlivade klimatpaverkande
luftféroreningar (SLCF), diribland kvaveoxider (NOx), svaveldioxid (SO-)
och partiklar (PM). Tillforlitliga emissionsfaktorer &r viktiga for nationella
utslappsinventeringar och for internationell rapportering till bland annat
EU:s takdirektiv for luftfororeningar (NECD) och FN:s konvention om
langvéga gransoverskridande luftfororeningar (CLRTAP). Flera
internationellt anvinda emissionsfaktorer for sektorn baseras dock pa dldre
data och speglar dérfor inte nddvéndigtvis utslappsprestandan hos moderna
massabruk.

Sverige och Finland hor till varldens ledande producenter av sulfatmassa
och omfattas av EU:s industriutsldppsdirektiv (IED), som stiller krav pa
kontinuerlig eller periodisk 6vervakning av specifika luftfororeningar samt
tillimpning av basta tillgdngliga teknik (BAT). Den nordiska
sulfatmassaindustrin utgoér darfor en unik kélla till hogkvalitativa
emissionsdata som speglar mer &n tre decennier av teknisk utveckling och
utslédppsreduceringar.

Syftet med foreliggande studie dr att ta fram uppdaterade emissionsfaktorer
for NOy, SOz och total mingd suspenderade partiklar (TSP) fran
sulfatmassaproduktion 1 Sverige och Finland. Studien utvirderar dven dessa
emissionsfaktorer mot internationella referensviarden i EMEP/EEA Air
Pollutant Emission Inventory Guidebook 2023 samt i BAT-
referensdokumenten (BREF) for massa- och pappersindustrin fran 2000
respektive 2015. De tva BREF-versionerna har inkluderats for att
mojliggdra en jimforelse med bdde de aggregerade emissionsfaktorerna pé
processtypsniva som presenteras 1 2000 &rs BREF samt de rapporterade
utsldppsdata och mer detaljerade BAT-nivéerna pa processenhetsnivd som
presenteras i 2015 ars upplaga. Jaimforelsen ger ddrmed en bild av hur
utsldppsprestanda och BAT-relaterade referensnivaer har utvecklats éver tid.

Detaljerade anldggningsspecifika emissionsdata frdn sulfatmassabruk
sammanstélldes for perioden 1990-2023 tillsammans med aktivitetsdata i
form av arlig produktion av lufttorr massa (ADt). Nationella,
anlidggningsspecifika och processenhetsspecifika implicita
emissionsfaktorer berdknades som produktionsviktade medelvirden.
Sodapannor star for huvuddelen av utsldppen av NOx och TSP, medan
diffusa processutsliapp utgor den viktigaste kéllan till svavelutslapp.



Resultaten visar att svenska och finska sulfatmassabruk uppvisar liknande
utslappsprestanda, sdrskilt under senare ér, vilket speglar jamforbara
reningstekniker, regelverk och driftsforhallanden. De genomsnittliga
nationella emissionsfaktorerna for perioden 2019-2023 uppgick till 1,25—
1,44 kg NO/ADt, 0,15-0,28 kg SO2/ADt och 0,22 kg TSP/ADt. Den
anldggnings- och processenhetsspecifika analysen visar vidare att de flesta
nordiska sulfatmassabruk héller sig inom de BAT-nivaer {or
emissionsfaktorer som presenteras i 2015 ars BREF.

For NOx ligger de nationella emissionsfaktorerna for senare ar generellt
inom BAT-intervallet i 2000 ars BREF och ér i stort sett forenliga med de
anldggningsdata som redovisas i 2015 ars BREF. Utslappsnivaerna har varit
relativt stabila ver tid, vilket tyder pé att det redan idag sker en
forbranningsoptimering och att det endast finns begrdnsade mojligheter till
ytterligare utsldppsminskningar utan inférande av mer avancerad
reningsteknik.

For SOz och TSP ligger emissionsfaktorerna diremot generellt nira eller
under de ldgre BAT-nivaerna i 2000 ars BREF. Tillsammans med
anldggningsdata och BAT-intervall i 2015 ars BREF visar resultaten att
utslédppen av svavel och partiklar har minskat avsevért under de senaste
decennierna. Minskningarna kan 1 stor utstrickning kopplas till inférandet
av skrubbrar, elektrostatisk stoftavskiljare, cykloner samt forbéttrad
insamling och forbranning av interna processgaser.

Jamforelsen med de standardiserade emissionsfaktorerna (Tier 2) i
EMEP/EEA Guidebook visar tydliga skillnader jamfort med de
emissionsfaktorer som observeras vid nordiska sulfatmassabruk.
Guidebook-faktorerna for SOz och TSP ér betydligt hogre an de
emissionsfaktorer som tagits fram i denna studie och forefaller battre
representera nordiska utslédppsnivéer frin borjan av 1990-talet. Samtidigt &r
Guidebook-faktorn for NOy ldgre dn de nivder som observerats 1 denna
studie och riskerar dérfor att underskatta dagens utsldpp frdn modern
sulfatmassaproduktion. Analysen visar ocksa att kopplingen mellan vissa
emissionsfaktorer i Guidebook och de BAT-nivéer som anges som underlag
inte alltid ar tydligt dokumenterad.

Sammantaget visar resultaten vérdet av att anvinda detaljerade
anlidggningsdata for att utveckla representativa och tidsberoende
emissionsfaktorer for massa- och pappersindustrin. De uppdaterade
emissionsfaktorer som presenteras i denna studie ger en mer rattvisande bild
av historiska trender och dagens utsldppsprestanda vid moderna nordiska
sulfatmassabruk och kan bidra till framtida revideringar av EMEP/EEA
Guidebook samt till det pagédende metodutvecklingsarbetet inom IPCC



avseende utslédppsinventeringar for kortlivade klimatpaverkande
luftféroreningar (SLFC).



Yhteenveto

Sellu- ja paperiteollisuus, erityisesti sulfaattisellun tuotanto, on merkittédva
useiden lyhytikdisten ilmastoa lammittidvien epdpuhtauksien (SLCF) ldhde.
Néihin kuuluvat typen oksidit (NOy), rikkidioksidi (SO:) ja hiukkaset (PM).
Luotettavat paédstokertoimet ovat keskeisid kansallisissa
padstdinventaarioissa sekd kansainvilisessé raportoinnissa esimerkiksi EU:n
padstokattodirektiivin (NECD) ja ilman epdpuhtauksien kaukokulkeutumista
koskevan yleissopimuksen (CLRTAP) puitteissa. Useat kansainvilisesti
kiytetyt padstokertoimet perustuvat kuitenkin vanhempiin aineistoihin
eivitkad vilttdmattd kuvaa nykyaikaisten sellutehtaiden paistotasoa riittdvin
hyvin.

Ruotsi ja Suomi kuuluvat maailman johtaviin sulfaattisellun tuottajiin, ja
niitd koskee EU teollisuuspddstodirektiivi (IED), joka edellyttdd keskeisten
ilman epdpuhtauksien jatkuvaa tai midraaikaista tarkkailua sekd parhaan
kayttokelpoisen tekniikan (BAT) soveltamista. Pohjoismainen
sulfaattiselluteollisuus tarjoaa siten ainutlaatuisen korkealaatuisen
padstotietoaineiston, joka kattaa yli kolmen vuosikymmenen teknologisen
kehityksen ja pdédstovihennykset.

Tamin tutkimuksen ensisijaisena tavoitteena oli laatia péivitetyt
padstokertoimet NOy-, SO:- ja hiukkaspadstoille (kokonaishiukkaset, TSP)
Ruotsin ja Suomen sulfaattisellutuotannosta. Lisdksi nditd padstokertoimia
verrattiin kansainvélisiin viitearvoihin, jotka ovat perdisin EMEP/EEA Air
Pollutant Emission Inventory Guidebook 2023 -menetelméohjekirjasta seka
massa- ja paperiteollisuuden BAT-vertailuasiakirjoista (BREF) vuosilta
2000 ja 2015. Molemmat BREF-versiot sisdllytettiin tarkasteluun, jotta
laadittuja padstokertomia voitiin vertailla sekd vuoden 2000 BREF:n
aggregoituihin prosessitason paistokertoimiin ettd vuoden 2015 BREF:n
yksityiskohtaisempiin prosessikohtaisiin BAT-pédéstokertoimiin.. Tdméan
myo6téd oli mahdollista tarkastella padstojen sekd BAT-pééstotasojen
kehitystd ajan myoté.

Tutkimuksessa koottiin tehdaskohtaiset raportoidut péaastotiedot
sulfaattisellutehtailta vuosilta 1990-2023 seké sellun tuotantotiedot (ADt).
Niiden perusteella kansalliset, tehdaskohtaiset ja prosessikohtaiset
ominaispaistokertoimet laskettiin tuotannolla painotettuina keskiarvoina.
Suurin osa NO,- ja TSP-pééstdistd on perdisin soodakattiloista, kun taas
hajapadstot ovat merkittdvin rikkipéastdjen 1dhde.
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Tulokset osoittavat, ettd ruotsalaisten ja suomalaisten sulfaattisellutehtaiden
paistotasot ovat hyvin samankaltaisia erityisesti viime vuosina, mika
kuvastaa yhtenevid padstojen vihentdmistekniikoita, sddntelya ja
toimintatapoja. Keskimééraiset kansalliset aggregoidut paastokertoimet
vuosina 2019-2023 olivat 1,25-1,44 kg NO/ADt, 0,15-0,28 kg SO2/ADt ja
0,22 kg TSP/ADt. Tarkemman tehdas- ja prosessitason tarkastelun
perusteella pohjoismaisten sulfaattisellutehtaiden paistotasot ovat valtaosin
nykyisten BAT-péastokertoimien vaihteluvélien sisilla.

NOx:n kohdalla viimeisimpien vuosien tietoihin perustuvat kansalliset
padstokertoimet sijoittuvat padosin vuoden 2000 BREF BAT-vaihteluvilille
ja vastaavat hyvin vuoden 2015 BREF4 raportoituja tehdaskohtaisia
havaintoja. Padstokertoimien taso on pysynyt suhteellisen vakaana ajan
myotd, mika viittaa sithen, ettd nykyisin kaytettdviat NOx-paéstojen
priméddriset vihennysmenetelmit tarjoavat vain rajalliset mahdollisuudet
lisdpadstovahennyksiin ilman kehittyneempien
paistojenhallintatekniikoiden kéyttoonottoa.

Kansalliset SO.- ja TSP-péistokertoimet puolestaan ovat yleensa léhelld
vuoden 2000 BREF:n alempia BAT-tasoja tai niiden alapuolella. Yhdessa
vuoden 2015 BREF:n tehdaskohtaisten tietojen ja BAT-péddstokertoimien
vaihteluvilien kanssa tulokset osoittavat, ettd rikki- ja hiukkaspaistot ovat
viahentyneet merkittidvéasti vilme vuosikymmenten aikana.
Paastoviahennykset liittyvét ennen kaikkea pesureiden, sdéhkdsuodattimien,
syklonien laajaan kédyttdonottoon seka sisdisten prosessikaasujen
tehokkaampaan kerdykseen ja polttoon.

Vertailu EMEP/EEA Guidebookin oletuspidistokertoimiin (Tier 2) paljastaa
systemaattisia eroja verrattuna pohjoismaisilla sulfaattisellutehtailla
havaittuihin paistokertoimiin. Guidebookin SO:- ja TSP-pééstokertoimet
ovat huomattavasti korkeampia kuin tissd tutkimuksessa miéritetyt
padstokertoimet, ja ne ndyttavit kuvaavan paremmin 1990-luvun alun
pohjoismaista padstokertoimien tasoa. Sen sijaan Guidebookin NOx-
pééstokerroin on pienempi nykyiseen pohjoismaiden pdédstokertoimien
tasoon verrattuna ja saattaa siten aliarvioida nykyaikaisen
sulfaattisellutuotannon pééstojd. Lisdksi vaikuttaa siltd, ettd joidenkin
Guidebookin padstokertoimien laatimisen menetelmaillinen perusta ja
jarjestelmirajaukset eivét ole tdysin lapindkyvia, erityisesti siltd osin, miten
BAT-péastokertoimia on muunnettu oletuspaastokertoimiksi.

Kokonaisuudessaan tulokset osoittavat yksityiskohtaisten tehdastason
padstdtietojen merkityksen edustavien ja ajallisesti muuttuvien
padstokertoimien kehittimisessa sellu- ja paperiteollisuudelle. Tassi

11



tutkimuksessa esitetyt péivitetyt padstokertoimet kuvaavat aiempaa
tarkemmin historiallista kehitystd ja nykyistd paédstotasoa pohjoismaisissa
sulfaattisellutehtaissa, ja ne voivat tukea EMEP/EEA Guidebookin tulevia
paivityksia sekd IPCC meneillddn olevaa tyotd lyhytikédisia ilmastoa
lammittdvid epdpuhtauksia koskevien padstdinventaarioiden kehittamiseksi.
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Summary

The pulp and paper industry, and in particular the kraft (sulpahte) pulp
production, is an important source of several short-lived climate forcers
(SLCFs), including nitrogen oxides (NOy), sulfur dioxide (SO-) and
particulate matter (PM). Reliable emission factors are essential for national
emission inventories and for international reporting under frameworks such
as the EU National Emission Ceilings Directive (NECD) and the
Convention on Long-Range Transboundary Air Pollution (CLRTAP).
However, several internationally used emission factors for the sector are
based on older datasets and may therefore not fully reflect the emission
performance of modern pulp mills.

Sweden and Finland are among the world's leading producers of kraft pulp
and are subject to the EU Industrial Emissions Directive (IED), which
requires continuous or periodic monitoring of key air pollutants and the
application of Best Available Techniques (BAT). Consequently, the Nordic
kraft pulp sector provides a unique source of high-quality emissions data
covering more than three decades of technological development and
emission reductions.

The primary aim of this study is to develop updated emission factors for
NOy, SO: and total suspended particles (TSP) from kraft pulp production in
Sweden and Finland. The study also evaluates these emission factors against
international reference values presented in the EMEP/EEA Air Pollutant
Emission Inventory Guidebook 2023 and in the 2000 and 2015 Best
Available Techniques Reference Documents (BREFs) for the pulp and
paper industry. The two BREF versions were included to enable comparison
with both the aggregated process-level emission factors presented in the
2000 BREF and the reported emission data and the more detailed process-
specific BAT-associated emission factors presented in the 2015 revision,
thereby providing insight into how emission performance and BAT
reference levels have evolved over time.

Detailed facility reported emission data from kraft pulp mills were compiled
for the period 19902023, together with activity data expressed as annual
production of air-dry pulp (ADt). National and plant-and-process unit
implied emission factors were calculated as production-weighted averages.
Recovery boilers account for the majority of NOx and TSP emissions,
whereas diffuse process emissions is the most important source of sulfur
emissions.
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The results show that Swedish and Finnish kraft pulp mills display similar
emission performance, particularly in recent years, reflecting comparable
abatement technologies, regulatory frameworks and operational practices.
The average national aggregated emission factors for the period 2019-2023
were 1.25-1.44 kg NO,/ADt, 0.15-0.28 kg SO2/ADt and 0.22 kg TSP/ADt.
The plant- and process unit-specific analysis further shows that most Nordic
kraft pulp mills operate within current BAT-associated emission factors.

For NO,, the recent national emission factors generally fall within the BAT
range reported in the 2000 BREF and are broadly consistent with plant-level
observations reported in the 2015 BREF. Emission factor levels have
remained relatively stable over time, indicating that currently applied
combustion optimisation measures might provide limited potential for
further reductions without the implementation of more advanced abatement
technologies.

In contrast, SO- and TSP national emission factors are generally close to or
below the lower BAT levels reported in the 2000 BREF. Together with
plant-level observations and BAT factor ranges presented in the 2015
BREF, these results indicate substantial reductions in sulfur and particulate
emissions over recent decades. The reductions are primarily associated with
the widespread implementation of scrubbers, electrostatic precipitators,
cyclons, and improved collection and combustion of internal process gases.

The comparison with the EMEP/EEA Guidebook default emission factors
(Tier 2) reveals systematic differences to the emission factors observed in
Nordic kraft pulp mills. Guidebook emission factors for SO- and TSP are
substantially higher than the emission factors derived in this study and
appear more representative of Nordic emission factor levels observed during
the early 1990s. Conversely, the Guidebook emission factor for NOy is
lower than the observed Nordic emission factors and may therefore
underestimate current emissions from modern kraft pulp production. The
analysis also indicates that the methodological basis and system boundaries
used to derive some Guidebook emission factors are not always fully
transparent, particularly regarding the translation of BAT-associated
emission factors into default emission factors.

Overall, the results demonstrate the value of using detailed plant-level
emission data to develop representative and time-dependent emission factors
for the pulp and paper industry. The updated emission factors presented in
this study provide a more accurate representation of historical trends and
current emission performance in modern Nordic kraft pulp mills and may
support future revisions of the EMEP/EEA Guidebook as well as the
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ongoing Intergovernmental Panel on Climate Change (IPCC)
methodological work on emission inventories for SLCFs.

Keywords: Kraft pulp production; emission factors; NOy; SO:; total
suspended particles (TSP); emission inventories; BAT; BREF;
EMEP/EEA Guidebook
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Introduction
Background

The pulp and paper industry represents a significant source of several short-
lived climate forcers (SLCFs), including nitrogen oxides (NOx), sulfur
dioxide (SO.), particulate matter (PM), and non-methane volatile organic
compounds (NMVOC). Several pulping processes are used within the
sector, with the sulphate (kraft) process being the dominant production
method in both Sweden and Finland. This process accounts for the majority
of emissions of NOy, SO2, and PM, whereas mechanical pulping contributes
substantially to NMVOC emissions. In Finland, all chemical pulping is
based on the sulphate process, as the last sulphite-based mills were closed in
1991.

There are currently 34 kraft pulping mills in operation included in the
national emission inventories of Sweden and Finland (21 in Sweden and 13
in Finland), with emissions reported under international reporting
frameworks including the EU National Emission Ceilings Directive
(NECD), the United Nations Framework Convention on Climate Change
(UNFCCC), and the Convention on Long-Range Transboundary Air
Pollution (CLRTAP). These reporting obligations require the annual
submission of emission data covering the period from 1990 to the most
recent available year.

Emissions of key pollutants such as NOyx, SO: and total suspended particles
(TSP) are regulated under the EU Industrial Emissions Directive (IED),
which requires continuous emission monitoring and establishes emission
limits based on Best Available Techniques (BAT) and associated emission
levels (BAT-AELs). National legislation also establishes site-specific
emission limits that are defined in the environmental permits for individual
plants.

Such regulatory requirements have contributed to high-quality and well-
verified emission data, while also driving technological improvements that
have significantly reduced emissions from the sector over recent decades.

The Intergovernmental Panel on Climate Change (IPCC) is currently
developing a methodology report for emission inventories of SLCFs, where
process-related emissions from the pulp and paper industry will be
addressed under Chapter 6: Other Sources. However, there remains a lack of
comprehensive and up-to-date emission factors for SLCFs from this sector,
particularly emission factors that explicitly account for the evolution and
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increasing adoption of abatement and emission-control technologies over
time.

Although international references are available, most notably the
EMEP/EEA Air Pollutant Emission Inventory Guidebook 2023, many
emission factors are derived from the Best Available Techniques Reference
Document (BREF) for the Production of Pulp, Paper and Board. These
factors generally represent fixed or average conditions and therefore offer
limited guidance on how emissions have evolved over time. In particular,
they do not adequately reflect the progressive implementation and
tightening of abatement technologies, regulatory requirements, and
operational improvements that may have occurred since 1990. For example,
several Tier 2 emission factors presented in the 2023 Guidebook are derived
from the 2000 BREF, rather than from the updated 2015 BREF, despite
substantial technological advances during this period.

Furthermore, the methodological basis for translating BREF-associated
emission levels into the emission factors reported in the Guidebook is not
always clearly documented, making it difficult to fully understand how
these default values have been derived and how they relate to actual plant
performance. There is also a potential inconsistency in system boundaries
between the two references. For example, emissions from the lime kiln are
included within the overall process emissions in the BREF, whereas the
Guidebook indicates that these emissions are typically classified as
energy-related. Such differences in system definition can lead to
inconsistencies when comparing or applying emission factors, and can
complicate the interpretation and use of default values in emission
inventories.

These considerations highlight the need for updated, nationally derived
emission data that can complement existing international references and
provide a more accurate representation of both historical trends and current
emission performance in the pulp and paper sector.

Aim and Scope of Project

The primary aim of this report is to analyze the development of process-
related emission factors (EFs) for nitrogen oxides (NOy), sulfur dioxide

(SO2), and total suspended particles (TSP) from kraft pulp production in
Sweden and Finland over time, particular emphasis on current emission
levels and practices.
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In addition, the study assesses these nationally derived emission factors in
relation to the emission factors provided in:

e the European Commission Best Available Techniques Reference
Documents (BREF) for the Production of Pulp, Paper and Board,
and

e the EMEP/EEA Air Pollutant Emission Inventory Guidebook 2023.

Through this comparison, the report assesses the extent to which existing
international reference values reflect both historical trends and current
emission performance in Swedish and Finnish kraft pulp mills. The findings
are intended to support the development of more representative,
time-dependent emission factors for the sector and to provide relevant input
to the ongoing IPCC methodological work on SLCFs, as well as to future
revisions of the EMEP/EEA Guidebook.

It should be noted that the analysis is conducted at an aggregated level and
does not aim to assess individual plants or specific process units in detail.
Consequently, plant-specific developments in abatement technologies,
operational practices, or potential exemptions under the IED are not
explicitly considered.

Furthermore, due to the lack of robust and consistent measurement
methodologies for non-methane volatile organic compounds (NMVOCs) in
Swedish and Finnish kraft pulp mills, NMVOC emissions are not included
in this study.

18



Method

Facility-reported annual emissions of NOy, total suspended particles (TSP),
and sulfur compounds, including total reduced sulfur (TRS), expressed as
SO: equivalents, were compiled for individual process units and diffuse
sources in Sweden and Finland for the period 1990-2023. Corresponding
activity data, expressed as annual production of air-dry kraft pulp (ADt),
were extracted from environmental reports, environmental permits and from
other data submitted by the mills.

To be consistent with the methodology applied in the BREF, emissions from
the lime kilns are included as process emissions in the datasets for Sweden
and Finland. This differs from the approach described in the EMEP/EEA
Guidebook, where emissions from lime kilns are generally treated as
energy-related.

Information on air pollution control technologies was collected from
environmental reports and permits where available, including the presence
of systems for collecting and combusting foul gases, which reduce diffuse
emissions of sulfur compounds and NMVOCs.

The analysis was conducted at two levels of detail:

e National level: Emission factors based on aggregated annual data
for Sweden and Finland for the period 1990-2023

e Plant and process-unit level: Emission factors based on
plant-specific data, averaged over the period 2019-2023

Using the compiled emissions and activity data, national average implied
emission factors (IEFs) were calculated as production-weighted averages,
ensuring that larger facilities contribute proportionally to the overall
estimate. Plant-specific IEFs were also determined for key process units
(recovery boilers, lime kilns, and TRS incinerators) as well as for diffuse
sources.

The resulting national-level average IEFs 1990-2023 were compared with:

e kraft Tier 2 emission factors presented in the EMEP/EEA
Guidebook 2023

e the aggregated BAT emission factors at the overall kraft process
level specified in the 2000 BREF

e calculated arithmetic mean values at the overall kraft process level
reported in the 2015 BREF, where available

Plant- and process-specific IEFs were further evaluated against BAT
emission factor ranges defined in the 2015 BREF.
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It should be noted that the national emission data for the early 1990s are
subject to higher uncertainty than data for more recent years, reflecting
limitations in monitoring practices and data availability at that time.
Nevertheless, the dataset provides a consistent basis for analysing long-term
trends and the evolution of emission performance in the sector.
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BREF for the Production of
Pulp, Paper and Board

The Best Available Techniques (BAT) Reference Document (BREF) for the
Production of Pulp, Paper and Board is developed through an information
exchange between the European Commission, EU Member States, and
representatives of the pulp and paper industry. This process focuses on
identifying key environmental issues within the sector and on documenting
the techniques available for preventing or reducing emissions and waste, as
well as improving energy efficiency and resource use.

The BREF is based on a broad set of plant-reported data from industrial
facilities across the EU and presents emission ranges associated with the
implementation of BAT. These emission ranges reflect the performance of
different installations under varying technical configurations, operating
conditions, and levels of emission control. As such, they provide a
benchmark for achievable emission levels rather than fixed emission factors,
and they are primarily intended to support permitting and regulatory
decision-making within the framework of the Industrial Emissions Directive
(IED).

Two BREFs have been published: the original version from 2000 and the
revised version from 2015, which supersedes the earlier document.

The BREF structure reflects the main production processes within the
sector, including kraft pulping, sulphite pulping, mechanical and
chemimechanical pulping, paper recycling and paper and board production.
BAT chapters describe the most effective and advanced techniques
considered technically and economically viable for reducing emissions and
improving environmental performance for specific process units, such as
recovery boilers, lime kilns, etc. BAT-associated emission levels
(BAT-AELSs) define the emission ranges that can typically be achieved
under normal operating conditions when BAT is applied, with the upper end
of the range generally forming the basis for emission limit values. The
BREF also presents BAT as emission factors expressed as emission factors
per tonne of pulp produced (kg/ADt).

The 2000 BREF presents BAT-associated emission factors primarily as
aggregated emission ranges for the overall kraft pulping process. These
aggregated values encompass emissions from multiple process units,
including recovery boilers, lime kilns, and furnaces for internal gas
combustion, as well as diffuse emission sources. However, the
methodological basis for deriving these aggregated emission factor ranges is
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not clearly described. In particular, it is unclear how emissions from
individual process units have been combined, what assumptions have been
applied, and to what extent the reported ranges reflect variations in
technology configuration, operational conditions, or levels of abatement.

In contrast, the 2015 BREF introduces BAT-associated emission factors
presented for specific process units, such as recovery boilers, lime kilns and
TRS incinerators. These emission levels are therefore more suitable for
plant- and process-specific analysis, as they allow emissions from individual
sources within the mill to be evaluated against BAT performance.

In addition, the 2015 BREF presents reported emission data from a large
number of European pulp mills, providing an overview of typical emission
levels observed in practice. However, these data may involve a considerable
time lag. For example, several of the reported emission measurements are
based on data collected in 2011 by the European IPPC Bureau.

Overall, the BAT emission factor ranges reported in the 2015 BREF are
generally lower than those in the 2000 version, reflecting technological
progress in emission control. Consequently, emission ranges in the earlier
BREF may appear relatively high compared with the performance of
modern kraft pulp mills.
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Kraft (Sulphate) Pulp Mills

The processes at Nordic kraft pulp mills are complex and involve multiple
flows of raw materials and intermediate products throughout the production
system. The pulp production primarily utilizes softwood (scots pine, norway
spruce) and hardwood (birch).

Process-related air emissions originate primarily from the following
sources:

e recovery boilers

e lime kilns

e incinerators

e diffuse process emissions (e.g. evaporation)

The recovery boiler and lime kiln represent the core process units in kraft
pulp production. Most kraft pulp mills also operate auxiliary (bark) boilers,
which are primarily used for energy production and are typically fired with
bark and occasionally with supplementary fuels such as oil. Emissions from
bark boilers are classified as energy-related emissions and are therefore
excluded from the scope of this study.

Incinerators are present at the majority of the Nordic kraft pulp mills and are
used to combust malodorous internal gases generated during the pulping
process. These units emit NOx and SO-, although emissions of TSP are
typically limited.

In addition to stack emissions, diffuse emissions occur from process units
such as chip screening plants, digesters and bleaching plants. These
emissions mainly consist of total reduced sulfur (TRS), reported as SO-, and
NMVOC, which are released through evaporation processes.

Air Emission Control Technologies

Table 1 summarises the air pollution control and combustion technologies
currently applied in kraft pulp mill processes in Sweden and Finland, based
on information from environmental reports (Sweden) and environmental
permits (Finland).

It should be noted that most technologies are not applied to all boilers, but
rather to specific boiler types depending on operational conditions.
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Table 1. Technologies for NOx, SO: and TSP emission abatement in kraft pulp mills in Sweden and
Finland

NOx Control

Recovery boilers and lime kilns generally incorporate certain combustion-
related design features that help reduce NOx formation. These measures
primarily involve optimisation of combustion air supply and oxygen levels
across different combustion zones, although detailed operational parameters
are not always documented in environmental reports/permits.

Low-NOx burners are occasionally used in incinerators and lime kilns,
although their application within the sector remains relatively limited.

Currently, no dedicated end-of-pipe technologies are widely implemented
for NOx control on recovery boilers or lime kilns, although the potential
application of such technologies has been discussed within the sector.

Technologies that are sometimes considered include:

e Selective Catalytic Reduction (SCR)
e Selective Non-Catalytic Reduction (SNCR)
e NOx scrubbers

These technologies can potentially achieve NO, removal efficiencies of
approximately 70-95% (SCR), 30-50% (SNCR), and 40—-60% (NOx
scrubbers). However, these technologies are not considered as BAT for
recovery boilers or lime kilns in the 2015 BREF.

NOx scrubbers represent a relatively new technology that removes nitrogen
compounds from flue gases using oxidising agents such as ozone or
hydrogen peroxide, transferring the nitrogen to water streams. To date, there
are no installations of NOx scrubbers at pulp mills in Finland or Sweden.
Challenges associated with this technology include the space requirements
for installation and the need to manage and treat the resulting scrubber
water.

The application of SNCR may involve safety considerations, while SCR is
generally regarded as technically complex and economically demanding,
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and is therefore not widely implemented within the pulp and paper industry
(Skogsindustrierna, 2019).

According to industry experts, optimised combustion control remains the
most widely applied technique for reducing NOy emissions, although the
achievable reduction potential is relatively modest (approximately 10-30%).

Sulfur Control

Sulfur emissions from kraft pulp mill stacks are typically reduced using
scrubbers or lime injection systems. Based on information from
environmental reports/permits, sulfur control technologies are installed on
around half of the recovery boilers and lime kilns, and on most incinerators
at the Nordic kraft pulp mills.

These technologies are designed to remove sulfur compounds from flue
gases before they are released to the atmosphere, thereby reducing
emissions of sulfur dioxide and other sulfur-containing pollutants.

In addition to end-of-pipe control systems, sulfur emissions are also
influenced by process integration and the management of internal gas
streams, particularly through the combustion of foul gases. In the case of
recovery boilers, increasing the dry solids content of black liquor decreases
sulfur emissions. However, this increases the combustion temperature and
may lead to increased NOx emissions.

TSP Control

Control of total suspended particles (TSP) is typically achieved through
multi-stage cleaning systems.

Common configurations include cyclones/multicyclones, which remove
larger particles from the flue gas stream. These are often followed by
electrostatic precipitators (ESP) that remove remaining fine particles.

Some form of particle control technology is present on virtually all boilers
at kraft pulp mills. Many lime kilns and more than half of recovery boilers
operate multi-stage particle control systems, enabling substantial reductions
in particulate emissions.

Combustion of Internal Gases

Air pollutant emissions are also reduced through the combustion of internal
process gases, commonly referred to as strong gases and weak gases.
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Strong gases are formed during cooking and evaporation processes and
contain hazardous sulfur compounds. For safety reasons, these gases must
be combusted. Combustion can occur either in dedicated TRS incinerators
or in existing process units such as recovery boilers or lime kilns, where
they are used as fuel.

Because immediate combustion is essential, facilities typically maintain
both primary and backup combustion systems, most commonly controlled
combustion units and flare systems. In many mills, flaring of strong gases
can represent a significant source of gaseous sulfur emissions.

Historically, many mills combusted strong gases in lime kilns during the
1990s, but several facilities later switched to recovery boilers, likely driven
by associated energy efficiency benefits, which at the time represented a
stronger incentive than emission reductions alone. In general, total NOy
emissions are reduced when combusting strong gases in the recovery boiler
compared to the lime kiln, as combustion temperatures are typically lower.

Weak gases may also be combusted if a dedicated collection system is
available. Combustion of weak gases is considered an effective technique
for reducing diffuse emissions of NMVOC and sulfur compounds.
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Results and analysis

In this study, results are presented at two analytical levels:

e National level: Emission factors based on aggregated annual data
for Sweden and Finland for the period 1990-2023

e Plant and process-unit level: Emission factors based on
plant-specific data, averaged over the period 2019-2023

This approach allows both a sector-wide assessment of emission
performance and a more detailed analysis of emissions from specific process
units within kraft pulp mills.

Overall, the national and plant/process-unit level emission factors for NOy,
SO2 and TSP calculated for Sweden and Finland show similar emission
performance across the two countries and over time, reflecting comparable
technologies, regulatory frameworks and operational practices within the
Nordic kraft pulp sector, especially in the later years.

Aggregated Emission Factors

Table 2. BREF and Guidebook NOx, SOz and TSP emission factors representing the overall kraft
process level (including emissions from recovery boilers, lime kilns, separate furnaces for internal
gas combustion, and diffuse process emissions).

Substance | 2000 BAT | 2015 BREF | Guidebook 2023*
(kg/ADt) . (Kraft, Tier 2)
Low High

NOx 1.0 15 1.4M1 1.0
SO; 06 12 0.6 2.0
TSP 02 05 0.351 1.0

* According to the Guidebook, emissions from lime kilns are generally considered energy-related
and should therefore be reported as such, although the emission factors are stated to be based on
BREF data, where lime kiln emissions are included within the kraft process system boundary.

[1] Calculated arithmetic mean based on 47 individual plant observations in Figure 3.30 of the 2015
BREF

[2] Calculated arithmetic mean based on 51 individual plant observations in Figure 3.29 of the 2015
BREF

[3] Calculated arithmetic mean based on the assumption of a lognormal distribution and the 95%
confidence interval of 0.02-1.6 kg/ADt reported for black liquor recovery boilers in Table 3.13 of
the 2015 BREF

Table 2 presents three sources of aggregated emission factors for the kraft
process, including emissions from recovery boilers, lime kilns, separate
furnaces for internal gas combustion, and diffuse process emissions:
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o aggregated BAT emission factor levels at the overall kraft process
level specified in the 2000 BREF

e measured emission data at the overall kraft process level reported in
the 2015 BREF, where available

e Tier 2 emission factors for kraft pulping presented in the
EMEP/EEA Guidebook 2023

These values are included for comparison in Figures 1-3 with the national
average implied emission factors for Sweden and Finland for the period
2019-2023 for NOy, SO: and TSP, respectively.

NOx emissions

For NOy, the annual emission factors for Sweden and Finland have
remained relatively stable over time (Figure 1). However, in 2023 the
factors are lower than those estimated for 1990 in both countries, indicating
incremental improvements in combustion optimization and process control.

The average emission factors for the period 2019-2023 were 1.25 kg/ADt in
Sweden and 1.44 kg/ADt in Finland. These values fall within the aggregated
BAT range of 1.0-1.5 kg/ADt reported in the 2000 BREF, suggesting that
emissions from kraft pulp mills in both countries are generally consistent
with levels associated with best available techniques.

In addition, the Swedish and Finnish values are also close to the calculated
mean emission factor based on the reported plant observations in the 2015

BREF (1.4 kg/ADt), further supporting the observation that NOx emissions
in the sector have remained relatively stable over the past decade.

The slightly higher average emission factor for Finland 2019-2023 is
relatively close to the upper 2000 BAT level, suggesting that NOy emissions
remain comparatively difficult to reduce further using currently applied
combustion optimisation techniques. In Finland, mitigation efforts have
primarily focused on process optimisation and energy efficiency.

Another contributing factor may be the higher dry solids content of black
liquor in some Finnish mills. While this is a recognised BAT measure for
reducing SOz and TRS emissions from recovery boilers, it can increase
combustion temperatures and thereby promote higher NOx formation. This
illustrates the potential trade-offs between different emission control
strategies.
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Figure 1. NOx emission factors (kg/ADt) for Sweden and Finland 1990-2023, 2000 BAT (low and
high), 2015 BREF mean, and Guidebook 2023 emission factor.

The Guidebook Tier 2 emission factor (1.0 kg/ADt) is the same as the low
BAT from 2000 and significantly lower than both national averages. Since
the Guidebook value is intended to represent typical emissions under normal
operating conditions, this difference suggests that the Guidebook factor
would underestimate current NO emissions from kraft pulp production in
the two Nordic countries.

SO2 emissions

For SO2, emission factors declined by roughly an order of magnitude
between 1990 and 2023 (Figure 2), particularly in Finland, likely reflecting
the widespread implementation of sulfur control technologies, including
scrubbers, lime injection systems, and the combustion of foul gases.

The average emission factors for 2019-2023 were 0.28 kg/ADt for Sweden
and 0.15 kg/ADt for Finland. Both values are below the lower 2000 BAT
level of 0.6 kg/ADt, indicating that sulfur emissions from Nordic kraft pulp
mills are substantially lower than the emission factors considered achievable
at the time the 2000 BREF was developed. This interpretation is further
supported by the calculated mean emission factor based on the reported
plant observations in the 2015 BREF (0.6 kg/ADt), which is the same as the
lower BAT range presented in the earlier 2000 BREF.

In contrast, the Guidebook Tier 2 emission factor of 2.0 kg/ADt (reported
range: 0.04-4.0 kg/ADt) is considerably higher than the observed Nordic
emission factors. This suggests that the Guidebook value may be based on
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older data or abatement technologies that do not reflect the emission
performance of modern pulp mills.
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Figure 2. SO emission factors (kg/ADt) for Sweden and Finland 1990-2023, 2000 BAT (low and
high), 2015 BREF mean, and Guidebook 2023 emission factor.

It should be noted that the Guidebook Tier 2 value refers to the 2000 BREF,
where sulfur emissions are reported as elemental sulfur (S) in the range
0.04—4.0 kg S/ADt, corresponding to approximately 0.08—-8.0 kg SO2/ADt
when expressed as SO equivalents. This may indicate a potential
inconsistency or lack of clarity in the Guidebook regarding whether
emission factors are reported as sulfur or as SO: equivalents, which can
affect comparability and interpretation.

TSP emissions

For TSP, annual emission factors 1990-2023 for Sweden and Finland have
declined significantly over time (Figure 3), particularly for Finland. This
result is consistent with the widespread implementation of effective particle
control technologies, including electrostatic precipitators, cyclones, and
multi-stage cleaning systems.

The average emission factor for both Sweden and Finland was 0.22 kg/ADt
during the period 2019-2023 (Figure 3). This value is very close to the
lower BAT level of 0.2 kg/ADt specified in the 2000 BREF, indicating that
particulate emissions from the sector have been significantly reduced and
are now close to the lower end of the BAT range.
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A comparison with the calculated mean emission factor based on the
reported plant observations in the 2015 BREF (0.3 kg/ADt) further suggests
that additional reductions in TSP have occurred since the data collection
underlying that report.
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Figure 3. TSP emission factors (kg/ADt) for Sweden and Finland 1990-2023, 2000 BAT (low and
high), 2015 BREF mean, and Guidebook 2023 emission factor.

The Guidebook Tier 2 emission factor (1.0 kg/ADt) is substantially higher
than the emission factors observed in Sweden and Finland. This again
suggests that the Guidebook values may not accurately represent the
emission performance of modern Nordic kraft pulp mills.

31



Emission Factors by Process Unit

Recovery boilers account for the majority of NOx and TSP emissions,
whereas diffuse process emissions represent the dominant source of SO:
emissions 2023 in both countries (Figure 4). This distribution reflects the
central role of recovery boilers in black liquor combustion and chemical
recovery, as well as the continuing importance of fugitive sulfur emissions
from process gas handling systems.

Appendix 1 provides an overview of the lower and upper BAT-associated
emission levels presented in the 2015 BREF, applicable to the process units
included in this analysis, as well as to diffuse emissions. Plant-specific
average implied emission factors (IEFs) 2019-2023 developed for each unit
type are presented in Appendix 2, together with the corresponding BAT
levels where available.
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Figure 4. Share of NOx, SOz and TSP emissions by process unit in 2023 in Sweden and Finland,

respectively.

The plant- and process-specific analysis shows that Swedish and Finnish
kraft pulp mills exhibit broadly similar emission performance across the
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main process units, reflecting comparable technologies, regulatory
frameworks, and operational practices. Overall, the results indicate that most
mills operate within or close to current BAT-associated emission levels.
This is particularly evident for SO2 emissions, whereas NOy and TSP
emissions remain more influenced by site-specific process conditions and
technical configurations.

For recovery boilers, plant-specific NOx emission factors generally fall
within the BAT emission factor ranges presented in the 2015 BREF,
although most facilities operate above the lower BAT levels. This suggests
that current combustion optimisation measures are effective but may
provide limited additional reduction potential without the implementation of
more advanced NOy abatement technologies. In contrast, SO- emission
factors from recovery boilers are generally low, with most facilities
operating below the lower BAT emission factor range, indicating effective
sulfur control through scrubbers, process integration, and combustion of
internal gases. TSP emission factors are also relatively low, although a
limited number of facilities exceed the upper BAT levels, suggesting that
particulate control performance remains more plant-specific and may
depend on the age and configuration of particle removal systems.

For lime Kkilns, all NO4 and most SO- emission factors remain within the
BAT emission factor ranges, while TSP emissions show greater variability
between facilities. Several lime kilns exceed the upper BAT levels for TSP,
indicating that particulate control at these units may still represent an area
for further improvement. The observed variability likely reflects differences
in kiln design, operational conditions, and air pollution control technologies.

Emission factors for TRS burners and destruction ovens are generally
low and mostly within the BAT emission factor ranges for NOy and SO..
However, some variability is observed between facilities, likely associated
with differences in foul gas collection efficiency, combustion conditions,
and the occurrence of backup flaring events. BAT levels are not defined for
TSP emissions from these units in the 2015 BREF, and measured TSP
emissions are more scarce and exhibit considerable variability.

Diffuse SO: emissions from residual weak gases also generally remain
within the BAT emission factor ranges, although a limited number of
facilities exceed the upper BAT levels. Given the importance on total
emissions, this highlights the importance of efficient collection and
combustion of process gases for minimising fugitive sulfur emissions.
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Discussion and conclusions

The comparison of both aggregated and plant- and process-specific emission
factors indicates that kraft pulp mills in Sweden and Finland display broadly
similar emission performance for NOyx, SO and TSP, particularly in more
recent years.

The results show that Finland had higher SO: and TSP emission factors than
Sweden in the early 1990s, but these differences diminished and converged
within approximately a decade. The close alignment observed over the last
ten years reflects the development and implementation of comparable
technological standards, regulatory frameworks, and operational practices
across the pulp and paper sectors in both countries.

For SO: and TSP, the nationally aggregated emission factors are generally
close to or below the 2000 lower BAT levels, indicating that substantial
emission reductions have been achieved over the past decades. This
observation is supported by the plant- and process-specific emission factors,
which are generally within the BAT emission factor ranges defined in the
2015 BREF. These reductions are largely attributable to the widespread
implementation of scrubbers, electrostatic precipitators, and multi-stage
particle control systems.

In contrast, NOx emissions appear more difficult to reduce further over the
recent decades. Current mitigation strategies rely primarily on combustion
optimisation measures, such as air staging and control of oxygen levels
during combustion. Although plant- and process-specific emission factors
generally fall within the BAT ranges defined in the 2015 BREF, they often
remain above the lower BAT levels, suggesting limited reduction potential
with currently applied techniques. End-of-pipe technologies such as SCR
and SNCR have not been widely implemented in the sector due to technical
complexity, safety considerations, and high investment costs. In addition,
one of the BAT techniques in the 2015 BREF to reduce SOz and TRS
emissions from a recovery boiler, increasing the dry solids contents of black
liquor, may increase the NOx emissions as a result of the increased
combustion temperature. While this is a recognised BAT measure for
reducing SOz and TRS emissions from recovery boilers, it can increase
combustion temperatures and thereby promote higher NOy formation. This
illustrates the potential trade-offs between different emission control
strategies.
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The comparison with the EMEP/EEA Guidebook Tier 2 emission factors
reveals systematic differences in both magnitude and temporal
representativeness. For SOz and TSP, the Guidebook emission factors are
broadly consistent with the emission factors observed in Sweden and
Finland during the early and mid-1990s. However, they are significantly
higher than the emission factors derived for the Nordic kraft pulp sector
over the past two to three decades, suggesting that they may not fully
capture the impact of technological improvements and regulatory tightening
over time. Conversely, the Guidebook emission factor for NOx is lower than
the levels observed in this study, indicating that it may underestimate
emission levels of modern Nordic kraft pulp mills.

In addition, the analysis indicates that the derivation of Guidebook emission
factors is not always fully transparent, particularly with regard to how
BREF-associated emission levels have been translated into default emission
factors. Limited documentation of underlying assumptions, system
boundaries, and data sources can make it challenging to assess the
representativeness and applicability of these values for specific national
contexts. In combination with the observed discrepancies, this suggests that
some Tier 2 factors may not fully reflect current emission performance or
technological conditions in modern kraft pulp mills.

Overall, the results highlight the value of using detailed, plant-level data to
develop nationally representative emission factors that capture both
historical trends and current performance. Such datasets can provide an
important complement to international reference values and support the
development of more accurate, time-dependent emission factors. They may
also serve as a valuable input to future updates of the EMEP/EEA
Guidebook and the ongoing IPCC methodological work on emission
inventories for short-lived climate forcers.
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Appendix 1: 2015 BAT

emission factors for Kraft
Pulping Processes

Substance

Process
unit

Recovery
boiler

Lime kiln

TRS Burner

Recovery
boiler

Lime kiln

TRS Burner

Diffuse
emissions

Recovery
boiler

Lime kiln

Specification

Softwood: DS<75%
Softwood: DS 75-83%
Hardwood: DS<75%
Hardwood: DS 75-83%
Liquid fuels

Liquid fuels, originating from
vegetable matter

Gaseous fuels

Gaseous fuels, originating from
vegetable matter

Where at existing plants a
switch to staged incineration is
not feasible

For TRS burning
DS<75%

DS 75-83%

without NCG incineration

with NCG incineration

TRS in residual weak gases
emitted

New or major refurbishment
Existing
New or major refurbishment
Existing

BAT-level lower

0.2

0.01-0.1
0.06-0.34
0.06-0.26
0.005-0.07
0.055-0.12
0.004-0.1
0.01-0.4

0.02-0.2
0.02-0.3
0.005-0.02
0.005-0.03

Bold values indicate the lower and higher BAT emission factor levels used in the

analysis.
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Appendix 2: Plant-specific
IEFs per Process Unit

Note that the plant numbers shown in the figures below are process-unit
specific and are not harmonised across figures. Consequently, the same
plant number appearing in different figures does not necessarily represent
the same facility.
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TRS Burner

NOx IEFs TRS Burner (kg/ADt)
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TSP IEFs TRS Burner (kg/ADt)
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