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Yliopisto Saimaan-rannalla



”Best practice”
soihdun operoinnissa ja polton aloituksessa?

• Tehtaat eivät halua pitää soihtua koko ajan tulilla
ostopolttoaineella

• Skandinaavisissa olosuhteissa soihdun
taajuusmuuntajatoiminen palamisilmapuhallin on hyvä
pitää minimikierroksilla, koska
– Soihdun palokammio on tällöin valmiiksi tuuletettu,

käynnistyssekvenssi voi hypätä suoraan yli
pitkäkestoisen tuuletusaskelman ja siirtyä
sytytyspolttimen sytyttämiseen

– Soihdun palokammio pysyy kuivana kesät talvet



”Best practice”
soihdun operoinnissa ja polton aloituksessa?

• Nykypäivän uudet soihdut ovat valmiita ottamaan
laitetoimittajasta riippuen CNCG kaasut polttoon 40
sekunnin … 5 minuutin viiveellä riippuen soihdun
rakenteesta (pysty, vaaka) ja sisuskalujen materiaalista
sekä käytettävästä tukipolttoaineesta.

• Yllä oleva 40 sekunnin kääntöaika edellyttää, että soihdun
palamisilmapuhallin on ollut minimikierroksilla,
tuuletussekvenssi voidaan hypätä käynnistyksessä yli,
sytytyspolttimen ja tukipolttoaineen paineet ovat
sulkuventtiileillä riittävät.



”Best practice”
soihdun operoinnissa ja polton aloituksessa?

• Kun soihtu starttaa sytyttämällä sytytyspolttimen (yleensä
propaania), syttyy ostotukipolttoaine soihdun
pääpolttimessa ja kun pääpolttimen liekki on stabiloitunut
antaa lupaehdot laitetoimittajista riippuen kääntää CNCG
kaasut soihtuun vaikka riittäviä lämpöjä maksimi TRS-
hapetukselle ei olisi vielä saavutettu.

• Maksimi hapetus 98 … 99.5% saavutetaan joillakin
toimittajilla jo 180 sekunnin päästä CNCG kaasujen
käännöstä.



”Best practice”
soihdun operoinnissa ja polton aloituksessa?

• Maailmalla on tehtaita, joissa meesauuni toimii ns.
väliaskelluksena CNCG kaasujen tripatessa
pääpolttopaikassa esim. soodakattila- tai
erillispolttokattilapoltossa, ja automaatio starttaa soihdun
heti pääpolton tripatessa, ja operaattori tietoisesti kääntää
CNCG kaasut soihdulle pois meesauunia häiritsemästä.

• Soihtu ainoastaan hapettaa TRS:t SO2:ksi
• Jos halutaan minimoida SO2-päästöjä, tulisi CNCG kaasut

alkalipestä (NaOH) ennen soihdulle vientiä tai soihdusta
poistuvista savukaasuista.



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

CNCG
• Suositeltavana lähtökohtana on, että olisi vähintään kolme

(3) polttopaikkamahdollisuutta, joista yksi toimisi myös
lyhyempiaikaisissa tehdasseisokeissa (esim. soihtu tai
erillispolttokattila, joka tuottaa itse oman käyttöhöyryn)

• Järjestelmä tulee suunnitella kokonaisuudessaan
mahdollisuudelle pantata kaasuja putkistoissa ja laitteissa
useamman minuutin ajan pääpolttopaikan tripatessa
vaihdettaessa varapolttopaikkaan, jonka käynnistys
tarvitsee tietyn ajan



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

CNCG
• Maailmalla olevia eri variaatioita, joissa vähintään kolme (3)

polttopaikkamahdollisuutta (riippuu onko kyseessä Green Field
vaiko vanha tehdas, ja asiakkaan tarpeet rikin talteenotolle)
– RB, Erillispolttokattila, Soihtu
– RB, Meesauuni/t, Soihtu
– RB, PB, Soihtu
– Erillispolttokattila, PB, Soihtu
– Kaksi erillispolttokattilaa, Soihtu
– Kaksi soodakattilaa, Soihtu



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG
• Suositeltavana lähtökohtana, että kunkin osaston (kuitulinja,

haihduttamo, kaustistamo) kaasut
– Keräily omilla erillisillä taajuusmuuntajatoimisilla

keskipakopuhaltimilla
– Keräilyn kaasut omaan lauhdutus ja/tai pesurisysteemiin
– Lauhtuneet lauhteet takaisin oman osaston prosesseihin

• Kuitulinjan kuitupitoiset lauhteet kuitulinjalle
• Kaustistamon meesapitoiset lauhteet kaustistamolle
• Haihduttamon lipeäpitoiset lauhteet haihduttamolle



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Kuitulinjan DNCG hajukaasujen keräily ja käsittely

– Esipesulla varustetulla lauhduttavalla
pesurilla/pystytuubilauhduttimella

– Jos on keräilykohteita, joissa vaahtoaa ja samalla
mahdollisuus kuitujen ns. carry-over ilmiöön (esim.
pesemön suodossäiliöiden keräily), jonkinlainen
suorasuihkupesu vaahdon tappamiselle, ettei
kulkeudu keräilylinjastoon

•



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Kuitulinjan Hakesiilon hönkien keräily ja käsittely

– Hakesiiloon ainoastaan tuorehöyry, ei paisunnan
TRS-pitoisia höyryjä (sisältää suuren määrän
väkeviä, lauhtumattomia kaasuja).

– Valtaosa maailmalla tapahtuvista DNCG-
järjestelmien räjähdyksistä johtuu lipeän
paisuntahöyryn suorasta käytöstä hakesiiloilla.



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Kuitulinjan Hakesiilon hönkien keräily ja käsittely

– Koska hakesiilon höngät sisältävät yleensä aina
hienoa puupölyä/kevyttä haketta, keräilyn höngät
suositeltavaa mentävä aina hienoaine-erotuksen
kautta omalle lauhduttimelle jonka jälkeen omalla
puhaltimella kuitulinjan DNCG keräilyyn ja/tai taivaalle.

– Etenkin havupuutehtailla lauhduttimella saadaan
aikaiseksi tärpätin talteenottoa, vaikka kaasuja ei
DNCG keräilyyn otettaisikaan

•



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Haihduttamon DNCG hajukaasujen keräily ja käsittely

– Lauhduttava pesuri tai pystytuubilauhdutin omalla
taajuusmuuntajatoimisella puhaltimella (itse suosisin
pystytuubilauhdutinta)

– Jos tarvetta pesukierron pH-säätöön, on pesurimalli
suositeltavin

– Haihduttamon lipeäsäiliöiden keräily toteutettava ns.
suljetulla keräilyllä turhien hönkimisten ja keräilyn
ilmavuotojen minimoimiseksi



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Haihduttamon DNCG hajukaasujen keräily ja käsittely

– Lauhteet haihduttamon likaislauhdesäiliölle, ja jos
johtokyky nousee, kääntö vuotolipeäsäiliöön

– Mietityttänyt vahvamustalipeäsäiliöillä tapahtuva
mahdollinen lipeän paisunta, jos haihdutinsarjojen
paisunta tapahtuu väärässä paikassa, tulisiko olla
keräilylinjassa omat HI-venttiilit



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Haihduttamon DNCG hajukaasujen keräily ja käsittely

– Jos ns. neste-neste reboiler keittämöllä, mietiskelty,
tuleeko etenkin havupuutehtailla tärpättijakeet lipeää
pumpattavaan lipeäsäiliöön ja paisuuko lipeä
säiliössä, jolloin suuri osa tärpätistä ja TRS-jakeita
vapautuisi laimeiden hajukaasujen keräilyyn, tuoden
mahdollisia vaaratekijöitä keräilyssä?



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG käsittelyt
• Kaustistamon DNCG hajukaasujen keräily ja käsittely

– Itse suosisin pystytuubilauhdutinta (joillakin toimijoilla pesuri)
omalla taajuusmuuntajatoimisella puhaltimella

– Kaustistamon keräily toteutettava ns. suljetulla keräilyllä
turhien hönkimisten ja keräilyn ilmavuotojen minimoimiseksi

– Eniten päänvaivaa tukkeentumisilla ovat aiheuttaneet
Sammuttajan ja Kaustisointisäiliöiden keräilyt.

– Kalkin tuontiin ja kaasunkeräilykohdan sijaintiin ja
mahdolliseen esipesuun kiinnitettävä sammuttajalla huomiota



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG
• Suositeltavana lähtökohtana on, että olisi kaksi (2)

polttopaikkamahdollisuutta ja by-pass. Eli pääpolttopaikan
lisäksi joku varapolttopaikka, mikä kykenee ottamaan
laimeiden hajukaasujen suuren volyymin vastaan

• TUKES edellyttää tänä päivänä myös laimeiden systeemin
suunnittelupaineeksi 50 kPa (ei ole siis vielä paineastia),
taustalla tapahtuneet hajukaasuräjähdykset



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

DNCG
• Maailmalla olevia eri variaatioita, joissa vähintään kaksi (2)

polttopaikkamahdollisuutta (riippuu onko kyseessä Green Field
vaiko vanha tehdas)
– RB, Erillispolttokattila (oltava riittävän iso), By-Pass
– RB, PB, By-Pass

• Myös eri osastojen DNCG kaasujen jakoa eri polttopaikoille
– Kuitulinjan ja haihduttamon DNCG kaasut RB:lle ja PB:lle,

Kaustistamon DNCG kaasut meesauunille/neille
– Enemmänkin on variaatioita



Eri tapoja kerätä ja käsitellä hajukaasut,
kun tavoitteena on hajuton sellutehdas

Liuottajan ja Sekoitussäiliön höngät
• Maailmalla olevia eri variaatioita Liuottajan ja

Sekoitussäiliön hönkien käsittelylle ja kytkemisille, joihin
en ota tässä enempää kantaa.



Loppukevennys

LOPUKSI TAAS

”Kysymys: Miten keittämöoperaattorin asettaman CNCG
keräilyn alipaineen-säädön asetusarvo voi koskaan tavoittaa
haluttua -8 kPa, jos haihduttamon operaattorin ohjaama
väkevien hajukaasujen keräilyn höyryejektorin alipaineen
asetusarvo on -4 kPa?

Vastaus: Keskustelua enemmän osastojen välille ja ymmärrystä lukujen merkitykseen.”

- Kirsi S. Hovikorpi  –
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Projektin väliraportti: 
Evaluation of three different gas phase chemistry mechanisms for 

predicting NOx emission formation in recovery boilers, ÅA 



Evaluation of three different gas 
phase chemistry mechnisms for 

predicting NOx emission 
formation in recovery boilers 

Markus Engblom
13.11.2018



”Jet-NOx” model
Furnace

NO profile
 Simplified fluid dynamics

 Furnace sections and air jets
 CFD for input

 Detailed kinetics
 ÅA mechanism
 CHEMKIN reactor network
 ”Zwietering” reactors

 Prediction result is profiles of NO and 
other species as function of boiler 
height



”Jet-NOx” model
Bubbling Fluidized Bed boiler Kraft recovery boiler

 Tool for understanding and predicting boiler NOx chemistry
 Boiler NO in general well predicted



Objective
 Evaluate three different gas phase chemistry

mechanisms in terms of NO formation 
predictions
 1) Detailed mechanism: reference. In terms of

chemistry this type of mechanism is the most
comprehensive. In some cases, this types of
mechanisms have been combined with CFD, but
mostly in simulation of laminar flames, not boiler 
simulations. 



Objective

 Evaluate three different gas phase chemistry
mechanisms in terms of NO formation 
predictions
 2) Skeletal mechanism: Based on a detailed

mechnism, but with some reactions removed. Could
be considered possible to be used in CFD boiler 
simulations. The key is to have a mechanism which
still describes the chemisty well when compared to 
detailed mechanism. In practice this means that the 
relevant reactions have been retained, not removed



Objective

 Evaluate three different gas phase chemistry
mechanisms in terms of NO formation 
predictions
 3) Global reaction mechansm, typically only two or a 

few reactions. Traditionally this type of mechanism
has been used in CFD boiler simulations. Perhaps the 
most important objective of this work is to compare
predictions using this type of simplified mechanism
with predictions using detailed and skeletal
mechanisms



Simulation cases
 Model an actual boiler operation situation, for which

there is in-furnace data on nitrogen species (see slides
below)

 The operational situation is characterized by asymmetric
combustion
 Righ side of boiler operating with high fuel/air ratio, reducing

conditions, higher temperatures. The right side and locations
where liquor hits walls, are characterized by higher NH3 and 
HCN compared to NO

 Left side having an excess of oxygen, operating under oxidizing
conditions and lower temperatures. The left side is characterized
by lower NH3 and HCN, and higher NO compared to right side

 Simulation strategy: model right and left side of boiler 
separately, using three chemistry mechanisms
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Flue gas: 
NO  67 ± 4  ppm
NH3     n.a.

NO NH3 HCN

1m 54 1 3

2m 59 2 2

NO NH3 HCN

1m 38 6 1

2m 39 16 4

NO NH3 HCN

1m 24 22 0

2m 17 33 0

NO NH3 HCN

1m 5 122 64

2m 15 140 66

NO NH3 HCN

1m 72 94 1

2m 41 177 3

NO NH3 HCN

1m 3 60 6

2m 1 87 3

NO NH3 HCN

0.5m 200 153 41

ChemCom 2.0
(Vainio et al.)

Green boxes refer to locations of
excess oxygen, where most of the
nitrogen is NO

Blue boxes refer to locations of
reducing conditions, where there is
considerable NH3 and some HCN

Red boxes refer to locations where liquor
hits walls. High NH3 and HCN, and also high
NO between liquor guns (location 2)



Results (1/2)

 Detailed chemistry mechanism
 Model correctly captures low NH3 and low

HCN on left side of boiler, most of the 
nitrogen is NO

 Final NO is also relatively well predicted
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Results (2/2)

 Detailed chemistry mechanism
 Model correctly captures high NH3 and 

existence of some HCN on right side of
boiler

 NO level including final NO relatively well
predicted
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Summary
 Simulations using detailed chemistry done

 Model correctly predicts trends when comparing left and right side of
boiler

 Simulations using skeletal mechanism not done
 However, with the simulation cases now set up, changing to skeletal

mechanism straighforward

 Simplified chemistry simulations not done
 Further work needed to implement simplified chemistry into Chemkin

software. Requires adding own code

 Timeline: skeletal simulations will be completed during 2018, 
simplfied chemistry may require more time, until Q1 2019
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Soodakattilan NOx-päästön riippuvuus puuraaka-aineen typpipitoisuudesta, 
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1. Introduction 

During the past 20-30 years, the knowledge on the fate of wood-derived nitrogen at kraft pulp 
mills and on the factors affecting (and reducing) nitrogen oxide emissions has significantly 
increased. It still looks, however, that there is not yet sound reliable information available on 
all the correlations between the nitrogen contents in wood and black liquor, and the nitrogen 
oxide emissions. The creation of these correlations has apparently been hampered by 
varying data available (from literature and different laboratories) on the nitrogen contents, 
both in wood raw material and black liquors. 
 
Therefore, the current review work was planned to cover the available literature and other 
potential information sources on the following questions: nitrogen contents in stemwood or 
pulp mill chips of the key Nordic wood raw materials (pine, spruce and birch), the chemical 
nature of the wood nitrogen, and the behaviour of nitrogen at the kraft pulp mills (covering 
both fibrelines and recovery lines). 
 
The material for the current review was based on two different sets: 1) comprehensive 
collection of literature on wood nitrogen, collected at KCL during 2000–2002 as part of the 
Rempulp EU project, and 2) further literature searches that especially focused on the new 
material published during the past 15 years. For the searches, different databases and 
information sources available at VTT were used, strengthened by comprehensive searches 
with the help of Scopus and Google Scholar websites. 
 
It can be mentioned here that the elemental composition of wood began to attract chemists 
during the second half of the 19th century. One of the first investigators was König, who in 
1861 found that wood losses some of its nitrogen by copper sulphate treatment (but no exact 
figures were given). More precise data was later reported by Schroeder (1874), Gottlieb 
(1883), and Hartig (1888). According to Schroeder (1874), spruce and other woods always 
contain less than 0.3% of nitrogen. Slightly lower nitrogen figures were reported by Gottlieb 
(1883), whose numbers are in good agreement with the best current data. Today, there is a 
lot of wood nitrogen related information available, created for largely varying purposes. 
These have varied from industrial wood uses to environmental questions and numerous 
other needs. As a result, the data is also often heterogeneous and challenging to review and 
analyse; also different analytical methods easily make sound conclusions challenges. 
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2. NITROGEN IN WOOD – CONTENTS AND DISTRIBUTION 

2.1 Nitrogen in softwood 

During the comprehensive literature searches it became evident that there is a huge amount 
of information available on nitrogen contents in dozens of different softwood species covering 
numerous industrially important genera, including pines, spruces, firs, larches, hemlocks, 
cypresses and many others. It also became clear that the studies cover all different tree 
parts, including twigs and branches, bark, roots, and needles. Furthermore, it is evident that 
practically taken all the main softwood species contain equally low amounts of nitrogen in 
mature stemwood, as the figures above >0.2–0.3% have only seldom been reported. As will 
be shown later by selected examples, the highest nitrogen contents are typically found only 
in the outer layers of sapwood.  
 
Due to the availability of the vast amount of published data, the present Section will mainly 
focus on the main Nordic softwood species, Scots pine (Pinus sylvestris) and Norway spruce 
(Picea abies). For comparison, however, selected data on other pine and spruce species will 
also be provided, strengthened by examples on other types of softwood species. The 
currently available information on wood nitrogen does not focus only on the total nitrogen 
contents. In addition, there is detailed information available on the distribution of nitrogen in 
different parts of stemwood. This type of variation will also be demonstrated below, with the 
help of selected examples.  
 
For the nitrogen contents of Scots pine (Table 1) and Norway spruce (Table 2), most of the 
figures reported during the past 100 years have remained below 0.15%. In only a few cases 
any figures on the levels of >0.15% have been published. The highest figures for both pine 
(0.24%) and spruce (0.25%) are derived from the Swedish Ecocyclic pulp mill project (Anon. 
1999) and may be explained by systematically different analytical approach.  
 
Table 1. Nitrogen contents (%) of Scots pine, according to different sources. 

 
 
 
 
  

Contents (%) Reference Contents (%) Reference
0,07-0,13 Magnusson et al. 1979 0,13 Schwalbe & Becker 1919

0,04 Paavilainen 1980 0,05-0,09 Nickel 1960
c. 0,05-0,1 Siltala 1988, Helmisaari 1989 0,08-0,11 Becker 1962
0,06-0,07 Finér 1989 0,03-0,08 Popović 1966

0,05-0,08 Häsänen & Huttunen 1989 0,06 Keller & Nussbaumer 1993
0,04-0,08 Boutelje et al. 1990 0,07 Marutsky & Roffael 1977
0,09-0,11 Terziev et al. 1997 0,05-0,08 Adelsberger & Petrowitz 1976

0,06 Terziev 1995 0,13 Allsop & Misra 1940
0,04-0,06 Varhimo 1988 0,07 Ovington 1957

0,05 Telkkinen 1996, 1999 0,08-0,1 Wright and Will 1958
0,05-0,08 Hedenberg 1996 0,06-0,09 Laidlaw & Smith 1965
0,12-0,24 Anon. 1999 c. 0,04-0,1 King et al. 1974

0,07 Nurmi 1997
0,04 Niemelä & Ulmgren 2002

c. 0,05 Palvianen et al. 2010

Nordic studies Other European studies
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Table 2. Nitrogen contents (%) of Norway spruce, according to different sources. 

 
 
There is an interesting difference between the above data reported for pine and spruce. 
Namely, nearly all the figures for pine are below 0.1%, whereas for spruce two different data 
sets can be recognised: those around from c. 0,04 to 0,08%, and those going clearly above 
0.1% (up to 0.16-0.18%). No unambiguous explanation for that can now be given, and for 
example, no apparent differences could be recognised in the applied analytical methods to 
readily explain the differences. 
 
For many of the above nitrogen contents figures there are ranges given, for a number of 
reasons. For example, Magnusson (1979), Varhimo (1988), Häsänen & Huttunen (1989) and 
Hedenberg (1996) have studied wood samples from several geographical areas. On the 
other hand, Nickel (1960), Siltala (1988), Boutelje et al. (1990) and many others have 
provided figures from different parts of the logs. There is also variation in the nitrogen 
contents caused by the use of different levels of fertilisation, e.g. those by Ingerslev (1999), 
Anttonen et al. (2002) and Kaakinen et al. (2007, 2009). Selected examples are given below 
to further demonstrate the extent of this type of variations. 
 
Nickel (1960) investigated nitrogen and protein contents in a 100-year-old Scots pine wood 
and found a steep decrease from the utmost sapwood towards the heartwood, followed by a 
small rise in the inner heartwood zone towards the centre (Fig. 2). Orman and Will (1960) 
found a similar distribution pattern in a 26-year-old radiata pine. Becker (1962) investigated 
in detail nitrogen contents (expressed as proteins by multiplying with 6.25) in Scots pine and 
other softwoods (Fig. 2). His results support (and widen) those from the earlier investigations. 
 

Contents (%) Reference Contents (%) Reference
0,07-0,17 Magnusson 1979 0,07 Marutsky & Roffael 1977

0,06 Finér 1989 0,04 Gottlieb 1883
0,05 Boutelje et al. 1990 0,11 Schwalbe & Becker 1919
0,03 Westernark et al. 1986 0,18 König  & Becker 1919

0,04-0,05 Varhimo 1988 0,04-0,08 Becker 1962
0,05 Telkkinen 1996, 1999 0,07 Keller & Nussbaumer 1993

0,04-0,05 Hedenberg 1996 0,07-0,10 Ovington 1957
0,12-0,25 Anon. 1999 0,17 Ovington 1957

0,04 Nurmi 1997 0,07 Merrill and Cowling 1966a
0,09-0,13 Ingersleve 1999 c. 0,04-0,08 King et al. 1974
0,06-0,11 Anttonen et al. 2002
0,08-0,15 Kaakinen et al. 2007
0,14-0,16 Kaakinen et al. 2009
c. 0,07 Palviainen et al. 2010

Nordic studies Other European studies
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Fig. 1. Nitrogen and protein concentrations in a 100-year-old Scots pine (Nickel 1960). 
 

  
Fig. 2. Protein concentrations over cross sections in Scots pine (left) and Italian spruce 
(Picea excelsa, right) at three different heights (oben, Mitte, unten) corresponding to 2.5, 5, 
and 7.5 metres (Becker 1962). Similar distribution was also found (figure not reproduced) for 
a noble fir (Abies pectinata). 
 
Apparently one of the most comprehensive of the above-mentioned distribution-related 
studies is that by Siltala (1988). In his M.Sc. Thesis, he investigated distribution of nitrogen in 
pine seedlings, young trees, and mature trees, paying attention to xylem, inner bark, outer 
bark, seasonal changes, and soil fertilisation (Figs. 3–8). The major results from the Siltala’s 
Thesis are also published in a scientific paper by Helmisaari and Siltala (1989). 
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Fig. 3. Horizontal distribution of nitrogen in pine wood (xylem) at relative heights of 20% and 
60%, according to Siltala (1988). Ikä refers to number of growth rings;  indicates pine grown 
in a fertilised area; and  refers to pine grown in a non-fertilised area. 
 

 
Fig. 4. Vertical distribution of nitrogen in pine wood grown in a fertilised (left) and non-
fertilised (right) area, according to Siltala (1988). Korkeus refers to relative tree height;  
indicates xylem;  indicates inner bark, and  indicates outer bark. 
 

 
Fig. 5. Vertical distribution of nitrogen in pine wood grown in different localities, according to 
Siltala (1988). Symbols as in Fig. 3. 
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Fig. 6. Seasonal variation of nitrogen content in pine wood xylem (left), inner bark (middle), 
and outer bark (right), according to Siltala (1988).  indicates seedlings;  indicates young 
forest, and  indicates mature trees. 
 
 

 
Fig. 7. Seasonal variation in vertical nitrogen content in inner bark of pine: mature trees (left), 
young trees (middle), and seedlings (right), according to Siltala (1988). Sampling in February 
( ), May (), July (), and September (+). 
 

 
Fig. 8. Seasonal variation in vertical nitrogen content in outer sapwood of pine: mature trees 
(left), young trees (middle), and seedlings (right), according to Siltala (1988). Sampling in 
February ( ), May (), July (), and September (+). 
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The above Siltala’s (1988) figures for Scots pine clearly confirm earlier findings on higher 
nitrogen content in wood bark, and also reveal some seasonal variation. This type of 
variation is, however, much more typical for hardwood (Section 2.2). 
 
Results from a highly interesting study were published by Kaakinen et al (2007) some years 
ago, including measurements on the effects of nitrogen-fertilisation on the nitrogen contents 
of Norway spruce on two locations in Finland. They studied “the effect of long-term nitrogen 
fertilisation on wood chemistry at two boreal sites in Finland: the northern site (Kemijärvi) and 
the southern site (Heinola). N-fertilisation was repeated in five-year intervals from the 1960s. 
The trees that had been planted in 1938 and 1954, in the northern and the southern site, 
respectively, were harvested in October 2002. Altogether 20 trees, in five different size 
classes, either unfertilised or fertilised, were felled. Wood sections at breast height, 
consisting of five consecutive annual rings, from six (Kemijärvi) or five (Heinola) points with 
different distances from the pith were examined. Differences in growth between the northern 
and southern sites were marked in favour of the southern site. In the northern site fertilisation 
had clearly increased the diameter growth, while in the southern site fertilisation had no 
effect. Nitrogen fertilisation resulted in slight changes in wood chemistry that included 
increased nitrogen concentrations in the northern site and extractives in the southern site 
(Table 3). Stem wood had higher concentrations of extractives, starch, and uronic acids, and 
lower concentration of cellulose, in the northern than in the southern site”. 
 
Table 3. Wood component concentrations (% DM) and ratios from the pith to the bark in the 
northern site (Kemijärvi) and in the southern site (Heinola) in Finland (Kaakinen et al. 2007). 
U, unfertilised; F, nitrogen-fertilised.  

 
 
Kaakinen et al. (2009) also compared the properties and composition of control and nutrient 
optimised Norway spruce stems, grown in Sweden. The reported nitrogen contents were 
0.14 and 0.16% for the control and nutrient optimised samples, respectively. Anttonen et al. 
(2002) also studied in Sweden the impacts of optimal fertilization of chemistry of spruce and 
found the wood nitrogen increase from 0.06 to 1.1% 
 
Other type of data on concentrations and distribution of nitrogen in pines comes from several 
studies on the effect of drying on nitrogen compounds. For example, Boutelje (1990) 
analysed a large number of pine plank samples (at different locations) with both Antek and 
Dumas methods (Table 4). The latter method always gave somewhat higher nitrogen figures. 
The results are also discussed by Theander et al. (1993). 
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Table 4. Nitrogen content in 32 samples taken from two Scots pine planks (A and B), 
according to Boutelje et al. (1990). IS, inner sapwood; H, heartwood. See the original work 
for the sampling details and for the effects of drying on the nitrogen content. The original 
work also gives some nitrogen concentrations for Norway spruce. 

 
 
The above studies, substantiated by that of King et al. (1974), also reveal some re-
distribution of nitrogen during drying. This was studied in more detail by Terziev (1995) and 
Kreber et al. (1998). Selected examples shown in Figs. 9–10 show the tendencies of 
(soluble) nitrogen to migrate from deeper layers towards the surface, particularly during kiln 
drying. There is also some stain formation, believed to be caused by Maillard-type reactions 
between amino acids and carbohydrates. This has also been evidenced in a more detailed 
study of the nitrogen compounds (Donald et al. 2000).  
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Fig. 9. Concentration of nitrogen in unedged planks of Scots pine during kiln drying at 80 C, 
as a function of moisture content. (Terziev 1995). Note the increase of nitrogen content in the 
surface layers, as a result of nitrogen migration from deeper layers. Similar tend was not 
found during air drying (see the original publication for that). 
 

 
Fig. 10. Concentration of nitrogen in edged planks of Scots pine during kiln drying (Terziev 
1995). 
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As already pointed out in the beginning of this Section, other pine and spruce species (as 
well as softwoods from other genera) all seem to have very similar or even equal nitrogen 
contents. In this context it is not justified to provide detailed summaries on such investiga-
tions. For the potential need of further information on this question, the following references 
can be recommended as representative examples: 
 
 Meerts (2002) has summarised contents of nitrogen and other nutrients for nearly 100 

different wood species, including >20 softwoods. For comparison, the summary tables 
from this study are provided in Appendix 1. 

 A large number of papers report the nitrogen contents of c. 0.04-0.12% for several 
foreign pine species, such as contorta, echinata, elliottii, nigra, lambertiana, monticola, 
palustris, ponderosa, taeda, radiata and strobus (e.g. Allison et al. 1963, Ovington 1957, 
Wright and Will 1958, Orman and Will 1960, Young and Guinn 1964, Merill and Cowling 
1966a, Ziegler 1968, Haas and Kremer 1964, Young 1971, Birk and Vitousek 1986, 
Wong and Wilkes 1988, Martin et al. 2015). 

 Similar (usually c. 0.05–0.15%) nitrogen contents have been reported for numerous 
foreign spruce, fir, larch and hemlock species (for example by Allison et al. 1963, 
Ovington 1957, Young and Guinn 1964, Ziegler 1968, Haas and Kremer 1964, Young 
1971, and Martin et al. 2015). 

2.2 Nitrogen in hardwood 

For the contents of nitrogen in the Nordic birch wood, there is clearly less information 
available than for softwood (Table 5). The scattered data reveals the concentration ranges 
very similar than those in softwood, covering a few examples showing values below 0.1%, 
and several examples with somewhat higher figures. The highest reported figures seem to 
be just under 0.2%. The figure of 0.18% by Palviainen et al. refers to birch stumpwood. 
 
Data collected by Meerts (2002) for dozens of different hardwood species includes only a few 
examples of any species with the nitrogen contents of c. 0.2-0.25%, more typical ranges 
being around 0.05–0.17%. It thus looks that the Nordic birch species represent typical 
nitrogen contents among many other hardwood genera. In the total dataset by Meerts, the 
average values for nitrogen were 0.08% and 0.11% in all softwood and hardwood 
(heartwood) materials, respectively. It may be added here that the typical Eucalyptus wood 
nitrogen contents were around 0.1–0.15%. 
 
Table 5. Nitrogen contents (%) in birch (Betula pendula/verrucosa), according to the selected 
Nordic and European studies. 

 

2.3 Nitrogen in wood bark 

It has already been mentioned that sapwood and especially bark contains more nitrogen than 
heartwood. As a good representative example on the nitrogen contents in the main Nordic 
(Finnish) bark, a summary table from Nurmi (1997) is reproduced (Table 6).  

Contents (%) Reference Contents (%) Reference
0,06-0,15 Magnusson et al. 1979 0,1 Gottlieb 1883

0,11-0,19 Mälkönen & Saarsalmi 1982 0,12 Schwalbe & Becker 1919

0,08-0,11 Varhimo 1988 0,19 König  & Becker 1919

0,08-0,1 Telkkinen 1996, 1999 0,14 Marutzky & Raffael 1977

0,07-0,08 Hedenberg 1996 0,14-0,15 Ovington 1957

0,04-0,07 Nurmi 1997

0,06 Niemelä and Ulmgren 2002

0,13 Niemelä et al. 2003

c. 0,18 Palviainen et al. 2010

Nordic studies Other European studies
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Table 6 Content of carbon, hydrogen and nitrogen in different parts of the main Finnish 
softwood and hardwood species (Nurmi 1997). 

 
 
Similar data for pine, spruce and birch bark nitrogen has also been reported by Hedenberg 
(1996), using material from several Swedish pulp mills. Otherwise, it is especially noteworthy 
that the highest nitrogen contents always seem to be present in inner bark, demonstrating 
the role of good debarking as one of the means to control pulp mill’s NOx emissions. 

2.4 Nature of nitrogen compounds in wood 

There should be no doubt that majority of wood nitrogen is bound to proteins, although free 
amino acids are apparently also always present. Lower amounts of miscellaneous organic 
nitrogen compounds have also been reported, and in addition, some inorganic compounds 
(ammonia and nitrate) can be found. The existing literature on wood amino acids and pro-
teins is relatively extensive (Lists 1-2), indicating that typical major plant amino acids also 
play key roles in trees.  
 
List 1. Studies on characterisation conifer proteins and free amino acids. 
Holmes and Kurth (1961), Barnes (1963), Fukuda (1963), Laidlaw and Smith (1965), Durzan 
and Steward (1967), Hodges et al. (1968), Ziegler (1968), Clark and Mills (1970), 
Adelsberger and Petrowitz (1976), Butcher and Fountain (1987), Fukuda et al. (1988), 
Wetzel and Greenwood (1989), Harms and Sauter (1991), Roberts et al. (1991), Pietiläinen 
and Lähdesmäki (1995), Lähdesmäki and Pietiläinen (1996), Donald et al. (2000), 
Sudachkova et al. (2000), Hafrén (2007). 
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List 2. Examples of studies on characterisation of hardwood proteins and amino acids. 
Mittler (1953), Reuter and Wolffgang (1954), Bollard (1957), Mugg (1959), Lamport and 
Northcote (1960), Barnes (1963), Dickson (1989), Dietrchs and Funke (1967), Sauter (1981), 
Titus et al. (1982), Cleve et al. (1988), Putman et al. (1989, 1991), Wetzel and Greenwood 
(1991a, 1991b), Harms and Sauter (1992), Sauter and van Cleve (1994), Stepien et al. 
(1992, 1994), Close (1996), Sauter and Wellenkamp (1998), Sauter et al. (1989, 1999). 
 
During the past years and, more and more attention has been paid to the roles and 
characterisation of different cell wall proteins in wood (List 3), as more advanced isolation 
and analysis techniques have been developed. For example, Gion et al. (2005) identified 175 
proteins in a wood forming tissue of maritima pine and found them play a role in either 
defence (19.4%), carbohydrates (16.6%) and amino acid (14.9%) metabolisms, genes and 
proteins expression (13.1%), cytoskeleton (8%), cell wall biosynthesis (5.7%), secondary 
(5.1%) and primary (4%) metabolisms. 
 
List 3. Studies on protein-lignin complexes, protein-polysaccharide complexes and cell wall 
proteins in wood. 
Heath et al. (1971), Whitmore (1982), Dill et al. (1984), Fukuda et al. (1988), Bao et al. 
(1992), Karácsonyi et al. (1996, 1998), Gion et al. (2005), Makarova et al. (2015), Costa et 
al. (2016), Fleming et al. (2016). 
 
Examples of amino acid compositions in Nordic softwood raw materials are given in Tables 
7-8. Of these amino acids, hydroxyproline produces a specific compound during kraft pulping 
that can be found in black liquors, condensates, and rectified methanol. Another example 
(Table 9) refers to a study by Adelsberger and Petrowitz (1976) who analysed total nitrogen 
and protein in different parts of pine wood stem, and confirmed the dominating role of 
proteins compared to total nitrogen. 
 
Tables 7-8. Amino acid composition in Scots pine (left, Bao et al. 1992) and Norway spruce 
TMP pulp proteins (Hafrén 2007). 

  
 
Table 3.21. Concentrations of total nitrogen and protein-nitrogen in different annual growth 
rings of a pine wood stem (Adelsberger and Petrowitz 1976). 
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3. Fate of wood nitrogen at kraft pulp mills 

During the past decades, more and more attention has been paid to the fate of wood 
nitrogen and its reaction products, both in the fibreline and recovery line processes. 
Important recent sources of information include extensive studies at Åbo Akademi 
(Kymäläinen, DeMartini, Vähä-Savo et al.) and EU funded project Rempulp (Reduction of air 
emissions at kraft pulp mills) (Niemelä et al. 2003). The Rempulp project included the 
creation of nitrogen balances at three pulp mills, using hardwood (birch and eucalyptus) and 
softwood as raw materials. In this Chapter, short summary on the key steps is given, 
supported by selected results mainly from the above studies. 
 
According to the current understanding, nitrogen fate in the pulping stage includes: 
 
 The nitrogen content of the wood raw material is typically 0.05–0.15% (by weight). 
 A substantial part of the nitrogen is dissolved from the wood chips into the cooking liquor 

at early pulping stages; there are no raw material-specific differences. The pulps going to 
bleaching contain only traces of nitrogen. 

 Kjeldahl method was optimised and calibrated for the determination of total nitrogen in 
black liquors. 

 The cooking conditions have only marginal effects on the release of nitrogen from chips. 
 Approximately 10–15% of wood nitrogen is converted into ammonia during pulping. 

Model compound experiments have shown that different amino acids produce ammonia 
in different yield levels (e.g. 5–20%) 

 Most of proteins are apparently linked to kraft lignin that always contains some nitrogen. 
 Small amounts of amino acids can also be found in black liquors. Also, there is a number 

of other (cyclic) compounds formed from different amino acids. Some of the products are 
specific for certain amino acids, such as the formation of pyrrole from hydroxyproline. 

 
During black liquor evaporation: 
 
 Ammonia and other volatile nitrogen compounds are readily transferred to the conden-

sates at early evaporation stages. There is only some additional ammonia formation 
during later evaporation stages. 

 The extent of nitrogen removal during evaporation can be increased by high-temperature 
black liquor treatments. The required conditions are, however, probably too drastic for full 
mill-scale applications. The increased formation of volatile sulphur compounds in such 
treatments also needs to be taken into account. 

 Ammonia and other volatile nitrogen compounds are stripped off from foul condensates, 
and are thus also found in rectified methanol. Ammonia is always the dominating nitrogen 
compound in rectified methanol. Some amide-type compounds have not yet been fully 
identified. 

 Ammonia can also be separated as a by-product (from different streams), as happened in 
Kotka in the 1910s. 
 
In black liquor combustion and white liquor preparation: 
 

 Nitrogen entering the recovery boiler with the black liquor is converted during combustion 
to gaseous N2, NO, and cyanate (OCN–) in the smelt. The combustion conditions can be 
controlled to increase nitrogen incorporation into smelt which offers certain opportunities 
to force more nitrogen as ammonia to different gaseous streams (for separate handling or 
combustion). 

 During combustion, carefully designed air staging conditions and novel vertical air sys-
tems have strong potential for minimising the NOx emissions. 
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 Cyanate originating from the smelt is slowly converted into ammonia during green liquor 
handling and white liquor preparation. The kinetics shows significant mill-to-mill differ-
ences. 

 Some ammonia is removed from the green and white liquors with the vent gases, but 
most of it returns to cooking with the white liquor. Ammonia emissions from the 
causticisation lines may correspond to one third of all nitrogen emissions from the 
recovery cycles. 

 Proper handling of all non-condensable gases (NCGs), stripper off-gases or rectified 
methanol, and causticisation vent gases is of great importance for controlling the millwide 
NOx balances. The experience has shown that the recovery boilers offer the best option 
for the low NOx combustion of these ammonia-containing streams. 

 If necessary, it is also possible to remove ammonia from stripper off-gases, methanol or 
vent gases before combustion. The removed ammonia could be used, for example, in 
selective catalytic reduction systems at recovery boilers, or as a nutrient (ammonium 
sulphate or phosphate) at the activated sludge plants. 

 
The following illustrations from the Rempulp project will be inserted and explained to highlight 
nitrogen behaviour at selected process steps. 
 
Table 2. Characterisation of pine kraft black liquors derived from laboratory pulping at 170 C. 

Compound (fraction) Kappa number 
134 

Kappa number 
87.5 

Kappa number 
20.6 

Total nitrogen, mg/l 96 170 180 
Ammonium nitrogen, mg/l 7.5 13 16 
Lignin, g/l 11.1 40.9 62 
Nitrogen in lignin, % 0.26 0.058 0.045 
Nitrogen in lignin, mg/l 29 24 28 

 
Table 3.2. The extent of ammonia formation during laboratory-scale cooking of different raw 
materials. 

Raw material Kappa number Total N, mg/l Ammon. N, mg/l Ammon. N, % 

Birch 100 49.6 6.8 13.7 
Birch* 15 159.7 21.7 13.6 
Eucalyptus 81 66.3 8.1 12.2 
Eucalyptus** 13 100.5 12.3 12.2 
Pine 134 96 7.5 7.8 
Pine 88 170 13 7.6 
Pine 18 180 16 8.9 

*Another final black liquor contained 162 and 24.1 mg/l of total and ammon. nitrogen, 
respectively. 
**Another final black liquor contained 104 and 11.7 mg/l of total and ammon. nitrogen, 
respectively. 
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Table 3.4. The formation of ammonia (% of total nitrogen) after alkali treatment of selected model 

compounds at 160 or 170 C for 30 min. 

Material 160 C, NaOH 170 C, NaOH 170 C, NaOH/Na2S 

4-Hydroxyproline 8.0 n.s.* n.s. 
Glycine 0.6 1.2 0.5 
Serine 13.5 22.0 19.5 
Valine 1.4 1.6 0.4 
Aspartic acid n.s. 7.4 n.s. 
Glutamic acid n.s. 1.4 n.s. 
Proline n.s. 2.3 n.s. 
Phenylalanine n.s. 3.6 n.s. 
Lysine n.s. 1.5 n.s. 

*ns; not studied. 
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Fig. 3.1 (left). Release of nitrogen from wood chips vs. impregnation (imp) and cooking time for pine 

cooks with or without addition of anthraquinone (AQ) or polysulphide (PS), at 165 °C. 

Fig. 3.2 (right). Release of nitrogen from wood chips versus cooking time. The temperatures for 

eucalyptus and birch cooks were 147 and 162 °C, respectively. 
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Fig. 3.3 (left). Release of nitrogen from pine wood vs. kappa number during cooking at 
different temperatures. Unfilled and filled symbols refer to the cooking experiments with 
synthetic and industrial white liquors, respectively. 
Fig. 3.4 (right). Release of nitrogen from pine chips versus kappa number at different 
distributions of alkali charge (% of wood) between impregnation (first number) and cooking 
(second number). The cooking temperature was 165 °C. 
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Fig. 3.8. Nitrogen remaining in pulp after cooking of Scandinavian  
pine and birch, and Portuguese eucalyptus versus kappa numbers.  
The cooking temperatures are also given. 
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Table 3.5. Concentrations (mg/l) of amino acids in selected softwood black liquors. 

Amino acid D8-1 D10 EV3 

Dry solids, % 
Aspartic acid 
Glutamic acid 
Serine 
Glycine 
Arginine 
Alanine 
Tyrosine 
Cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Phenylalanine 
Total 

21.1 
5.6 

12.4 
0.6 

13.7 
21.9 

9 
6.4 

51.5 
4.7 
6.8 
2.4 
9.8 
– 

135.8 

17.6 
0.9 

13.4 
0.5 
6.9 

16.6 
6 

4.6 
10.4 
2.2 
6.8 
1.1 
9.4 
– 

78.8 

47.4 
13.7 
24.3 
0.5 
7.8 

28.8 
12.1 
10.1 
8.4 
6.6 

10.6 
3.6 

17.9 
7 

151.4 
  

 

Fig. 3.20. Total nitrogen balances for the digester at one of the study mills. The figures are given as kg 

N/ton pulp and normalised to nitrogen in wood chips (100%). 
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Fig. 3.25 and 3.26. Total release of nitrogen into condensate during laboratory evaporation 
of birch and eucalyptus black liquors (versus ds). The original nitrogen contents of the liquors 
were 0.069% for birch lab, 0.083% for birch mill, 0.051% for eucalyptus lab, and 0.086% for 
eucalyptus mill. 
 
Table 3.10. Release of total nitrogen in laboratory evaporation of black liquors, with and without heat 

treatment. Procedure: pre-evaporation to 30–50% ds, then heat treatment (HT) and finally evaporation 

to about 70% ds. N released, amount of N released from the liquors in the laboratory evaporator; –, not 

determined. The numbers given must be considered rather rough since variations in total nitrogen 

concentrations in condensates under the same experimental conditions were common. 

 
 
 
Table 3.22. Rough concentrations (mg/l) of organic nitrogen compounds (calculated as nitrogen) 

idenified in the investigated methanol samples.  

Compound (category) Mill 1 Mill 2 Mill 3 

Pyrrole 65 20 70 
1-Methylpyrrole 20 – 30 
Miscellaneous heterocyclic traces traces traces 
Aliphatic amines 220 150 190 
Total 305 170 290 
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Figs. 3. Concentration of OCN– and NH3 in causticising liquors at at one of the study mills. 
 

 
Figs. 3.132–3.134. Total nitrogen balance for the causticising areas at one of the study mills. 
The figures are given as kg N/ton of white liquor produced, and in brackets as percent of 
nitrogen entering the mills with wood chips. 
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Figs. 3.136 and 3.137. Normalised total nitrogen balances for two study mills. Nitrogen intake with 

wood chips normalised to 100%. 
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4. Summary and conclusions 

The present review focused on the contents of nitrogen in the Nordic pine, spruce and birch 
trees, as well as on the nature of organic nitrogen constituents and their behaviour in the 
kraft process. For comparison, a lot of material was also collected addressing other softwood 
and hardwood materials, but the corresponding concentrations are not tabulated in detail. 
 
During the comprehensive literature searches it became evident that there is a huge amount 
of information available on nitrogen contents in dozens of different softwood and hardwood 
species covering numerous industrially important genera. It also became clear that the 
studies cover all different tree parts, including twigs and branches, bark, roots, and needles. 
Furthermore, it is evident that practically taken all the main wood species contain equally low 
amounts of nitrogen in mature stemwood, as the figures above >0.25–0.3% have only 
seldom been reported.  
 
For the Nordic wood species, the nitrogen contents in stemwood usually vary from c. 0,05-
0,15%, although somewhat higher amounts have also been reported. For the variation, there 
are apparently many reasons, depending for example on the following factors: 
 
 different applied analytical methods used at different laboratories 
 different geographical locations, soil type, and potential fertilisation 
 age of wood 
 specific sampling point in wood, vs. a bulk sample 
 purity of sample, e.g. carefully sorted sample vs. industrial chips 
 
All those factors (known or unknown) make it hard to reach sufficiently detailed or correct 
final conclusions on the most representative values for the nitrogen contents of wood, 
especially for pulpwood used at the current pulp mills. Therefore it is now recommended to 
conduct a national sampling and analysis campaign to cover chips and black liquor samples 
from all national pulp mills, to be all analysed in the same laboratory. For the black liquors, 
VTT (KCL) has developed an improved Kjeldahl method (Niemelä and Tuominen 2005). 
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Appendix 1. Nitrogen and other nutrient concentrations (%) in a number of softwood and 
hardwood species (Meerts 2002). Softwoods cover genera from Abies to Tsuga. 

 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

25 (36) 
 

 

 

 
 
 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

26 (36) 
 

 

 

5. REFERENCES 

 
Adelsberger U and Petrowitz H-J 1976. Gehalt und Zusammensetzung der Proteine 
verschie-den lange gelagerten Kiefernholzes (Pinus sylvestris L.). Holzforschung 30(1976):4, 
109–113. 
 
Aho K 1994. Nitrogen oxides formation in recovery boilers. Licentiate thesis, Åbo Akademi, 
113 p. + app. 
 
Aho K, Hupa M and Nikkanen S 1994. Fuel nitrogen release during black liquor pyrolysis. 
Part 2: comparisons between different liquors. Tappi J. 77(1994):8, 182–188. 
 
Aho K, Hupa M and Vakkilainen E 1994. Fuel nitrogen release during black liquor pyrolysis. 
Tappi J. 76(1994):5, 121–126. 
 
Allsopp A and Misra P 1940. The constitution of the cambium, the new wood and the mature 
sapwood of the common ash, the common elm and the Scotch pine. Biochem. J. 34(1940):7, 
1078–1084. 
 
Allison FE, Murphy RM and Klein CJ 1963. Nitrogen requirements for the decomposition of 
various kinds of finely ground woods in soil. Soil Sci. 96(1963), 187–190. 
 
Anderson E and Pigman WW 1947. A study of the inner bark and cambial zone of black 
spruce (Picea mariana B.S.P.). Science 105(1947), 601–602. 
 
Anon. 1999. Ecocyclic pulp mill: a MISTRA-financed research program. Final report 1996-
1999. KAM report A 32, 289 p. + app. 
 
Asquith RS and Carthew P 1972. An investigation of the mechanism of alkaline degradation 
of cystine in intact protein. Biochim. Biophys. Acta 278(1972), 8–14. 
 
Barnes RL 1963. Organic nitrogen compounds in tree xylem sap. For. Sci. 9(1963), 98–102. 
 
Becker G 1962. Über den Eiweiß-Gehal von Nadelhölzern. Holz Roh- Werkst. 20(1962):9, 
368–375. 
 
Bergström H and Fagerlind O 1908. Biprodukter vid framställning af natroncellulosa. Jern-
kontorets Ann., Bihang 9(1908), 575–587. 
 
Blackwell BR, MacKay WB, Murray FE and Oldham WK 1979. Review of kraft foul conden-
sates. Sources, quantities, chemical composition and environmental effects. Tappi 62(1979): 
10, 33–37. 
 
Bletchley JD and Taylor JM 1964. Investigations on the susceptibility of home-grown Sitka 
spruce (Picea sitchensis) to attack by the common furniture beetle (Anobium punctatum 
Deg.). J. Inst. Wood Sci. 12(1964), 29–43. 
 
Bletchly JD 1969. Seasonal differences in nitrogen content of Scots pine (Pinus sylvestris) 
sapwood and their effect on the development of the larvae of the common furniture beetle 
(Anobium punctatum De G.). J. Inst. Wood Sci. 4(1969):22, 43–47. 
 
Bollard EG 1956. Nitrogenous compounds in plant xylem sap. Nature 178(1956), 1189–
1190. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

27 (36) 
 

 

 

Bollard EG 1957a. Composition of the nitrogen fraction of apple tracheal sap. Aust. J. Biol. 
Sci. 10(1957), 279–287.. 
 
Bollard EG 1957b. Nitrogenous compounds in tracheal sap of woody members of family 
Rosaceae. Aust. J. Biol. Sci. 10(1957), 288–291. 
 
Bollard EG 1957c. Translocation of organic nitrogen in the xylem. Aust. J. Biol. Sci. 10 
(1957), 292–231. 
 
Boström C-Å, Andersson I and Pleijel H 1997. Massaindustrins roll i kvävets kretslopp. Intag, 
omvandling, utsläpp och miljöeffekter. SSVL, Miljö 95/96, Rapport nr. 20, 32 p. 
 
Boström S and Kilpinen P 1997. Nitrogen in fuelwood [in Finnish]. Tulisija-ohjelman tiedot-
teet, raportti 8-97, Åbo Akademi, 14 p. 
 
Boutelje JB 1990. Increase in the content of nitrogenous compounds at lumber surfaces 
during drying and possible biological effects. Wood Sci. Technol. 24(1990), 191–200. 
 
Butcher SM and Fountain DW 1987. Extraction of protein from Pinus tissue for analysis by 
electrophoretic and serological techniques. New Zealand J. For. Sci. 17(1987):1, 121–128. 
 
Clark EW and Mills CL 1970. Qualitative seasonal changes in the free amino acids and 
carbo-hydrates of loblolly pine inner bark. Wood Sci. 3(1970):2, 90–93. 
 
Cleve B van, Clausen S and Sauter JJ 1988. Immunochemical localization of a storage pro-
tein in poplar wood. J. Plant Physiol. 133(1988), 371–374. 
 
Close TJ 1996. Dehydrins: emergence of a biochemical role of family of plant dehydration 
proteins. Physiol. Plant. 97(1996), 795–803. 
 
Cole DW and Rapp M 1981. Elemental cycling in forest ecosystems. In: Dynamic properties 
of forest ecosystems (Ed. DE Reichle), Cambridge University Press, 341–405. 
 
Cowling EB 1970. Nitrogen in forest trees and its role in wood deterioration. Acta Univ. 
Upsal. 164, 19 p. 
 
Cowling BE and Merrill W 1966. Role of nitrogen in wood deterioration. Can. J. Bot. 44 
(1966), 1539–1554. 
 
Crawford RJ and Jain AK 2001. Effect of stripper off-gas burning on nitrogen oxide emis-
sions. International Environmental, Health and Safety Conference and Exhibit, Charlotte, NC, 
USA, April 22–25, 2001, session 60, 9 p. 
 
Crawford RJ and Someshwar AV 2000. Effect of stripper off-gas burning on NOx emissions. 
NCASI Techn. Bull. 802, 96 p. + app. 
 
Dickson RE 1989. Carbon and nitrogen allocation in trees. Ann. Sci. For. 46(1989):Supple-
ment, 631–647. 
 
Dietrichs HH and Funke H 1967. Freie aminosäuren im Phloem- und Frühjahrsblutungssaft 
der Rotbuche (Fagus sylvatica Linn.). Holzforschung 21(1967):4, 102–107. 
 
Dill I, Salnikow J and Kraepelin G 1984. Hydroxyproline-rich protein material in wood and 
lignin of Fagus sylvatica. Appl. Environ. Micobiol. 48(1984):6, 1259–1261. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

28 (36) 
 

 

 

Durzan DJ and Steward FC 1967. The nitrogen metabolism of Picea glauca (Moench) Voss 
and Pinus banksiana Lamb. as influenced by mineral nutrition. Can. J. Bot. 45(1967), 695–
710. 
 
Edvast A-B 1997. Nitrogenous compounds as indicators of nitrogen saturation in Scots pine, 
Norway spruce and other boreal forest plants. Acta Univ. Agric. Suec., Silvestria 18, 31 p. 
 
Emilsson K, Danielsson G and Håkansson M 1997. Extended stripping and usage of evapo-
rator condensates at Värö mill, Sweden. Minimum Effluent Mills Symposium, TAPPI, San 
Francisco, CA, USA, October 23–24, 1997, 191–197. 
 
Engel MH 1976. Racemization of amino acids in wood. Exeprimental results, problems, and 
perspectives. MS Thesis, University of Arizona, 69 p. [copy not available] 
 
Falk H 1909. Ueber Beiprodukte bei der Sodazellulose-Fabrikation. Papier-Fabrikant 7 
(1909):9, 469–472. 
 
Feng Z, Alén R and Niemelä K 2000. Formation of aliphatic carboxylic acids during soda-AQ 
pulping of wheat straw and reed canary grass. International Symposium on Cellulose and 
Lignocellulosics Chemistry 2000, Kunming, China, December 16–18, 2000, 245–250. 
 
Forssén M, Hupa M, Pettersson R and Martin D 1997. Nitrogen oxide formation during black 
liquor char combustion and gasification. J. Pulp Pap. Sci. 23(1997):9, J439–J446. 
 
Fukuda T 1963. Studies on the chemical composition of wood. I. On the amino acids. J. Jap. 
Wood Res. Soc. 9(1963):5, 166–170. 
 
Fukuda T, Mott RL and Harada C 1988. Studies on tissue culture of tree-cambium XI. Char-
acterization of lignin in suspension-cultured cells of loblolly pine. Mokuzai Gakkaishi 34 
(1988):2, 149–154. 
 
Gellerstedt G and Lindfrors E-L 1984. Structural changes in lignin during kraft pulping. 
Holzforschung 38(1984):3, 151–158. 
 
Goheen DW 1962. Chemicals from lignin by nucleophilic demethylation. For. Prod. J. 12 
(1962):10, 471–473. 
 
Gottlieb E 1883. Untersuchung über die elementare Zusammensetzung einiger Holzsorten in 
Verbindung mit calorimetrischen Versuchen über ihre Verbrennungsfähigkeit. Z. Prakt. 
Chem. 28(1883), 385–421. 
 
Gronow M and Thakrach TM 1979. Alkaline hydrolysis of nuclear proteins. Biochem. Soc. 
Trans. 7(1979);1, 196–198. 
 
Grozdits GA and Ifju G 1973. Nitrogen distribution on eastern hemlock and its relation to 
wood formation. Wood Sci. 6(1973):1, 1–8. 
 
Guérin G 1897. Sur un composé organique, riche en manganèse, retiré du tissue ligneux. 
Compt. Rend. 125(1897), 311–312. 
 
Haas BR and Kremers RE 1964. The pectic substances as an index to the chemistry of wood 
formation. Tappi 47(1964):9, 568–573. 
 
Harms U and Sauter JJ 1992. Changes in content of starch, protein, fat and sugars in the 
branchwood of Betula pendula Roth during fall. Holzforschung 46(1992):6, 455–461. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

29 (36) 
 

 

 

Hartig R 1888. Ueber die Bedeutung der Reservestoffe für den Baum. Bot. Zeit. 46(1888):52, 
837–842.  
 
Heath MF and Northcote DH 1971. Glycoprotein of the cell wall of sycamore tissue-culture 
cells. Biochem. J. 125(1971), 953–961. 
 
Hedenberg Ö 1996. Kväve och fosfor i massaved. SSVL, Miljö 95/96, Rapport nr. 2, 13 p. 
 
Herzfeld E 1913. Über Indolbildung bei der alkalischen Hydrolyse der Eiweßkörper. Biochem. 
Z. 56(1913), 82–94. 
 
Hodges JD, Barras SJ and Mauldin JK 1968. Free and protein-bound amino acids in inner 
bark of loblolly pine. For. Sci. 14(1968), 330–333. 
 
Holmes GW and Kurth EF 1961. The chemical composition of the newly formed inner bark of 
douglas-fir. Tappi 44(1961):12, 893–898. 
 
Holmström M 1999. Kvävet i en sulfatmassafabriks kemikalieåtervinningscykel. Diploma 
thesis, Åbo Akademi, kemisk-tekniska fakulteten, 63 p. + app. 
 
Horejsí V, Haskovec C and Kocourek J 1978. Studies on lectins XXVIII. Isolation and 
characterization of the lectin from black locust bark (Robinia pseudoacacia L.). Biochim. 
Biophys. Acta 532(1978), 105–112. 
 
Hortling B, Tamminen T and Kenttä E 1997. Determination of carboxyl and non-conjugated 
carbonyl groups in dissolved and residual lignins by IR spectroscopy. Holzforschung 51 
(1997):5, 405–410. 
 
Hugli TE amd Moore S 1972. Determination of the tryptophan content of proteins by ion 
exchange chromatography of alkaline hydrolysates. J. Biol. Chem. 247(1972):9, 2828–2834. 
 
Höll W and Meyer H 1977. Enzyme catalyzed CO2 fixation by wood preparations of Tilia 
cordata Mill. and Fraxinus excelsior L. Holzforschung 31(1977):6, 184–187. 
 
Ichiba H, Niwayama H and Yajima T 1989. High-sensitive flow injection analysis of proteins 
coupled with on-line alkaline hydrolysis and the fluorescent derivatization method. Chem. 
Parm. Bull. 37(1989):11, 3155–3157. 
 
Karácsonyi Š, Kováčik V and Kákoniová D 1996. Isolation and characterisation of cell wall 
polysaccharides from Picea abies L. Cellulose Chem. Technol. 30(1996):5–6, 359–370. 
 
Karácsonyi Š, Pätoprstý V and Kubačková M 1998. Structural studies on arabinogalactan–
proteins from Picea abies L. Karst. Carbohydr. Res. 307(1998), 271–279. 
 
Keller R and Nussbaumer T 1992. Fuel nitrogen in wood: A new method to analyse nitrogen 
content and investigations of the conversion to nitric oxides during combustion. International 
Conference on Advances in Thermochemical Biomass Conversion, Interlaken, Switzerland, 
May 11–15, 1992, 549–562. 
 
Keller R and Nussbaumer T 1993. Bestimmung des Stickstoffgehalts von Holz und Holz-
Werkstoffen mittels Oxidation und Chemilumineszenz-Detektion von Stickstoffmonoxid. Holz 
Roh- Werkst. 51(1993):1, 21–26. 
 
King B, Oxley TA and Long KD 1974. Soluble nitrogen in wood and its redistribution during 
drying. Mat. Org. 9(1974):4, 241–254. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

30 (36) 
 

 

 

Klason P 1893. Bidrag till kännedomen om sammansättningen af granens ved samt de 
kemis-ka processerna vid framställning af cellulosa därur. Tekn. Tidskr., Afd. Kemi Met. 
23(1893): 3, 33–39. 
 
Klason P 1908. Undersökning af vid sulfatcellulosatillverkning erhållen terpentinolja. Svensk 
Papperstidn. 11(1908), 226, 231–232. 
 
Knösel T 1876. Einiges über Cellulosefabrikation. Dinglers Polytechn. J. 222(1876), 257–
265, 354–363. 
 
Kreber B, Fernandez M and McDonald AG 1998. Migration of kiln brown stain precursors 
during the drying of radiata pine sapwood. Holzforschung 52(1998):4, 441–446. 
 
Kurki A 1995. Nitrogen oxide emissions of pulp and paper industry, and their reduction [in 
Finnish]. Metsäteollisuus ry, Helsinki, 88 p. + app. 
 
Kymäläinen M 2001. Fate of nitrogen in the chemical recovery cycle of a kraft pulp mill. Dis-
sertation, Åbo Akademi, Process Chemistry Group, 56 p. + app. 
 
Kymäläinen M, Forssén M, DeMartini N and Hupa M 2001. The fate of nitrogen in the 
chemical recovery process in a kraft pulp mill. Part II. Ammonia formation in green liquor. J. 
Pulp Pap. Sci. 27(2001):3, 75–81. 
 
Kymäläinen M, Forssén M and Hupa M 1999. The fate of nitrogen in the chemical recovery 
process in a kraft pulp mill. Part I. A general view. J. Pulp Pap. Sci. 25(1999):12, 410–417. 
 
König CR 1861. Ueber die chemischen Vorgänge, welche beim Imprägniren des Holzes mit 
Kupfervitriol stattfinden. Chem. Zentralbl. 32(1861), 588–590. 
 
König J and Becker E 1919. Die Bestandteile des Holzes und ihre wirtschaftliche Verwer-
tung. Z. Angew. Chem. 32(1919), 155–160. 
 
Laidlaw RA and Smith GA 1965. The proteins of the timber of Scots pine (Pinus sylvestris). 
Holzforschung 19(1965):5, 129–134. 
 
Lamport DTA and Northcote DN 1960. Hydroxyproline in primary cell walls of higher plants. 
Nature 188(1960):4751, 665–666. 
 
Lankila J 1994. Soluble and protein-bound arginine in needles, bark, and buds of pine [in 
Finnish]. M.Sc. Thesis, University of Oulu, 62 p. 
 
Leckstein PM and Llewellyn M 1975. Quantitative analysis of seasonal variation in the amino 
acids in phloem sap. Planta 124(1975), 89–91. 
 
Levine RL 1982. Rapid benchtop method of alkaline hydrolysis of proteins. J. Chromatogr. 
236(1982):2, 499–502. 
 
Liitiä T, Maunu SL and Hortling B 2000. Solid-state NMR studies of residual lignin and its 
association with carbohydrates. J. Pulp Pap. Sci. 26(2000):9, 323–330. 
 
Lucas B and Sotelo A 1980. Effect of different alkalies, temperature, and hydrolysis times on 
tryptophan determination of pure proteins and of foods. Anal. Biochem. 109(1980), 192–197. 
 
Lutrick DJ, Bacca M and Roehne N 1997. Pulping, black liquor and papermaking character-
istics of plantation grown E. camaldulensis and E. viminalis. Pulping Conference, San Fran-
cisco, CA, USA, October 19–23, 1997, Book 2, 635–651. 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

31 (36) 
 

 

 

 
Lähdesmäki P and Pietiläinen P 1996. Role of arginine at different stages of pine growth [in 
Finnish]. Metsäntutkimuslaitoksen tiedonantoja 598, 71–78. 
 
Lövblad R, Malmström J, Boström C-Å, Stripple H and Cooper DA 1993. NOx-emission cha-
racteristics for lime kilns in the pulp industry. Environmental Conference, TAPPI, Boston, MA, 
USA, March 28–31, 1993, Book 2, 661–673. 
 
Madgwick HAI ja Frederick DJ 1988. Nutrient concentrations within stems of Pinus radiata. 
New Zealand J. For. Sci. 18(1988):2, 221–225. 
 
Magnusson H, Mörk K and Warnqvist B 1979. Non-process chemical elements in the kraft 
recovery system. Pulping Conference, TAPPI, Seattle, WA, USA, September 24–26, 1979, 
77–83. 
 
Magnusson H, Mörk K and Warnqvist B 1980. Processfrämmande ämnen i sulfatmassafab-
riken. Scan Forsk-rapport 224 (1980), 61 p.  
 
Malm H 1997. Bildning av ammoniak i alkaliska lösningar inom sulfatmassafabrikens kemi-
kalieåtervinning. Diploma thesis, Åbo Akademi, 49 p. + app. 
 
Maňkovská B 1996. Sulphur and nitrogen content of conifers and broadleaved vegetative 
organs in Slovakia. Ekológia 15(1996):2, 225–237. 
 
Martin DM 1995. The pyrolysis of fuel nitrogen from black liquor. Ph.D. Thesis, Institute of 
Paper Science and Technology, 398 p. 
 
Martin DM and Malcolm EW 1995. The impact of black liquor composition on the release of 
nitrogen in the kraft recovery furnace. Engineering Conference, TAPPI, Dallas, TX, USA, 
September 11–14, 1995, Book 2, 833–840. 
 
Martin DM, Malcolm EW and Hupa M 1994. The effect of fuel composition on nitrogen 
release during black liquor pyrolysis. In: Chemical and physical processes of combustion, 
Eastern States Section of the Combustion Institute, Pittsburgh, PA, USA, 294–297. 
 
Martin-Löf J, Mjöberg J and Sjöblom K 1992. Reduction of atmospheric emissions from pulp 
industri. Swedish Environmental Protection Agency, Report 4008, 89 p. + app. 
 
Martius C 1992. Density, humidity, and nitrogen content of dominant wood species of flood-
plain forests (várzea) in Amazonia. Holz Roh- Werkst. 50(1992), 300–303. 
 
Marutzky R and Roffael E 1977. Über den Stickstoffgehalt in Holz, Rinden und Biomasse. 
Holz-Zentralblatt 103(1977):28, 424. 
 
McDonald AG, Fernandez M, Kreber B and Laytner F 2000. The chemical nature of kiln 
brown stain on radiata pine. Holzforschung 54(2000):1, 12–22. 
 
McGrath R 1972. Protein measurement by ninhydrin determination of amino acids released 
by alkaline hydrolysis. Anal. Biochem. 49(1972), 95–102. 
 
McMullan EE and Ebell LF 1970. Disc electrophoresis of soluble proteins of conifer foliage. 
Phytochemistry 9(1970), 2281–2285. 
 
Merrill W and Cowling BE 1966a. Role of nitrogen in wood deterioration: amounts and distri-
bution if nitrogen in tree stems. Can. J. Bot. 44(1966), 1555–1580. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

32 (36) 
 

 

 

Merrill W and Cowling BE 1966b. Role of nitrogen in wood deterioration. IV. Relationship of 
natural variation in nitrogen content of wood to its susceptibility to decay. Phytopathology 56 
(1966), 1324–1325. 
 
Mothes K and Engelbrecht L 1952. Über Allantoinsäure und Allantoin. I. Ihre Rolle als Wan-
derform des Stickstoffs und ihre Beziehungen zum Eiweißstoffwechsel des Ahorns. Flora 
139 (1952), 586–616. 
 
Mugg JB 1959. The methanol-extractable materials in newly formed aspenwood. Tappi 42 
(1959):4, 289– 
 
Murneek AE 1930. Quantitative distribution and seasonal fluctuation of nitrogen in apple 
trees. Am. Soc. Hort. Sci. Proc. 27(1930), 228–231. 
 
Nelson ND 1978. Xylem ethylene, phenol-oxidising enzymes, and nitrogen and heartwood 
formation in walnut and cherry. Can. J. Bot. 56(1978), 626–634. 
 
Nichols KM, Thompson LM and Empie HJ 1993. A review of NOx formation mechanisms in 
recovery furnaces. Tappi J. 76(1993):1, 119–124. 
 
Nickel S 1960. Beitrag zur quantitativen Proteinstickstoff-Bestimmung in Holz. Holzfors-
chung 24(1960):5, 150–152. 
 
Nielsen HK and Hurrell RF 1985. Tryptophan determination of food proteins by h.p.l.c. after 
alkaline hydrolysis. J. Sci. Food Agric. 36(1985):9, 893–907. 
 
Niemelä K 1990. Low-molecular-weight organic compounds in birch kraft black liquor. Ann. 
Acad. Sci. Fenn., Ser A II. Chemica 229, 142 p. 
 
 
Niemelä K 2001c. Identification of novel volatile sulfur and nitrogen compounds in kraft 
pulping process streams. 11th International Symposium on Wood and Pulping Chemistry, 
Nice, France, June 11–14, 2001, Vol. I, 125–128. 
 
 
Niemelä K and Kottila M 1991. The formation of volatile compounds during heat treatment of 
pine and birch kraft black liquors (unpublished results recorded for M.Sc. Thesis of Kottila), 
Helsinki University of Technology, Finland. 
 
K. Niemelä and M. Tuominen, Determination of total nitrogen content in kraft black liquors, 
13th International Symposium on Wood, Fibre, and Pulping Chemistry, Auckland, New 
Zealand, May 16–19, 2005, 341–344. 
 
Nsimba-Lubaki M and Peumans WJ 1986. Seasonal fluctuations of lectins in barks of elder-
berry (Sambucus nigra) and black locust (Robinia pseudoacacia). Plant Physiol. 80 (1986), 
747–751. 
 
Ohtsuki K and Hatano H 1970. Alkaline hydrolysis of protein for amino acid analysis [in 
Japanese]. Nippon Kagaku Zasshi 91(1970):11, 1068–71. 
 
Olsson J 1999. Reduction of volatile compounds in kraft mill condensates. Licentiate Disser-
tation, Lund University, Department of Chemical Engineering 1, 44 p. + app. 
 
Onslov H 1921. On the stability of trypthophan in baryta hydrolysis. Biochem. J. 15(1921), 
383–391. 
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

33 (36) 
 

 

 

Orman HR and Will GM 1960. The nutrient content of Pinus radiata trees. New Zealand J. 
Sci. 3(1960), 510–522. 
 
Ovington JD 1957. The volatile matter, organic carbon and nitrogen contents of tree species 
grown in close stands. New Phytol. 56(1957), 1–11. 
 
Pan X-J and Sano Y 1999. Atmospheric acetic acid pulping of rice straw IV: physico-
chemical characterization of acetic acid lignins from rice straw and woods. Holzforschung 53 
(1999):6, 590–596. 
 
Pettersson M 1996. LCA för SCNR-teknik i sodapanna. SSVL, Miljö 95/96, Rapport nr. 7, 
17 p. + app. 
 
Pietiläinen P and Lähdesmäki P 1995. The key steps of nitrogen metabolism in pine cells [in 
Finnish]. Metsäntutkimuslaitoksen tiedonantoja 598, 55–70. 
 
Pollard JK and Sproston T 1954. Nitrogenous constituents of sap exuded from the sapwood 
of Acer saccharum. Plant Physiol. 29(1954), 360–364. 
 
Popović B 1966. Untersuchungen über den Stickstoffgehalt voin Kiefernstammholz in einigen 
älteren Beständen Schwedens. Oikos 17(1996):84–95. 
 
Prager EM, Fowlder DP and Wilson AC 1976. Rates of evolution in conifers (Pinaceae). 
Evolution 30(1976), 637–649. 
 
Putman LJ, Laks PE and Pruner MS 1989. Chemical constituents of black locust bark and 
their biocidal activity. Holzforschung 43(1989):4, 219–224. 
 
Putman LJ, Pruner MS and Laks PE 1991. Properties of protein constituents of black locust 
bark. Wood Sci. Technol. 25(1991):1, 1–6. 
 
Reuter G 1957. Über den Stickstoffhaushalt der Betulaceen und anderen Laub- und Nadel-
hölzer. Flora 144(1957), 420–446. 
 
Reuter G and Wolffgang H 1954. Vergleichende Untersuchungen über den Charakter der 
Stickstoff-Verbindungen von Baumblutungssäften bei Betulaceen und anderen Holzarten. 
Flora 142(1954), 146–155. 
 
Robert DR, Bardet M, Gellerstedt G and Lindfors EL 1984. Structural changes in lignin during 
kraft cooking. Part 3. On the structure of dissolved lignins. J. Wood Chem. Technol. 4 
(1984):3, 239–263. 
 
Roberts LS, Toivonen P and McInnis SM 1991. Discrete proteins associated with overwin-
tering of interior spruce and douglas-fir seedlings. Can. J. Bot. 69(1991), 437–441. 
 
Routala O 1936. Wood chemistry and wood-based chemical industry [in Finnish]. WSOY, 
Porvoo, Finland, 584 p. 
 
Sauter JJ 1981. Seasonal variation of amino acids and amides in the xylem sap of Salix. Z. 
Pflanzenphysiol. 101(1981), 399–411. 
 
Sauter JJ and van Cleve B 1994. Storage, mobilisation and interrelations of starch, sugars, 
protein and fat in the ray storage tissue of poplar trees. Trees 8(1994), 297–304.  
 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

34 (36) 
 

 

 

Sauter JJ, van Cleve B and Wellenkamp S 1989. Ultrastructural and biochemical results on 
the localization and distribution of storage proteins in a poplar tree and in twigs of other tree 
species. Holzforschung 43(1989):1, 1–6. 
 
Sauter JJ and Wellenkamp S 1998. Seasonal changes in content of starch, protein and 
sugars in the twig wood of Salix caprea L. Holzforschung 52(1998):3, 255–262. 
 
Sauter JJ, Westphall S and Wisniewski M 1999. Immunological identification of dehydrin-
related proteins in the wood of five species of Populus and Salix caprea L. J. Plant Physiol. 
154(1999), 781–788. 
 
Schroeder J 1874. Beiträge zur Chemie des Holzes. Tharandter Forstl. Jahrbuch 24(1874), 
52–75. 
 
Schwalbe CG and Becker E 1919. Die chemische Zusammensetzung einiger deutschen 
Holz-arten. Z. Angew. Chem. 32(1919), 229–231. 
 
Schwalbe CG and Becker E 1920. Die chemische Zusammensetzung des Erlenholzes. Z. 
Angew. Chem. 33(1920), 14–16. 
 
Sengl M, Ledl F and Severin T 1989. Maillard-Reaktion von Rinderserumalbumin mit Glu-
cose hochleistung-flüssigkeitschromatographischer Nachweis des 2-Formyl-5-(Hydoxymet-
hyl)pyrrol-1-Norleucins nach alkalischer Hydrolyse. J. Chromatogr. 463(1989):1, 119–125. 
 
Short I, Sahgal A and Hayduk W 1983. Solubility of ammonia and hydrogen sulfide in several 
polar solvents. J. Cgem. Eng. Data 28(1983):1, 63–66. 
 
Siltala M 1988. Nutrients in pine wood and their distributions [in Finnish]. M.Sc. Thesis, 
University of Helsinki, 71 p. + app. 
 
Sjöström J 1990. Fractionation and characterization of organic substances dissolved in water 
during groundwood pulping of spruce. Nord. Pulp Pap. Res. J. 5(1990):1, 9–15. 
 
Someshwar AV 1992. An analysis of kraft recovery furnace NOx emissions and related para-
meters. NCASI Techn. Bull. 636, 62 p. 
 
Someshwar AV 1999a. Ammonia emissions from kraft smelt dissolving tanks, slaker vents, 
and causticizer vents. NCASI Techn. Bull. 789, 41 p. + app. 
 
Someshwar AV 1999b. A review of NOx emission control strategies for industrial boilers, kraft 
recovery furnaces, and lime kilns. NCASI Special Report 99-01, 30 p. 
 
Stepien V, Sauter JJ and Martin F 1992. Structural and immunological homologies between 
the storage proteins in the wood and the bark of poplar. J. Plant Physiol. 140(1992), 247–
250. 
 
Stepien V, Sauter JJ and Martin F 1994. Vegetative storage proteins in wood plants (review). 
Plant Physiol. Biochem. 32(1994):2, 185–192. 
 
Stewart CM 1957. Status of cambial chemistry. Tappi 40(1957):4, 244–256. 
 
Stripple H 1997. Analys- och provtagningsmetoder för kväve i massaindustrin. Metodutveck-
ling och basinformtaion för kvävekartering. SSVL, Miljö 95/96, Rapport nr. 14, 50 p. 
 
Stripple H and Tomani P 1997. Kartering av kväve och fosfor i två massabruk. SSVL, Miljö 
95/96, Rapport nr. 15, 96 p. 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

35 (36) 
 

 

 

 
Sudachkova NE, Milyutina IL, and Semenova GP 2000. Proteins and free amino acids in 
wood of pine (Pinus sylvestris) and larch (Larix sibirica and L. gmelinii) from Central Siberia 
[in Russian]. Chem. Plant Raw Mater. 4(2000):1, 69–76. 
 
Tarpey T, Tran H and Mao X 1996. Emissions of gaseous ammonia and particulate 
containing ammonium compounds from a smelt dissolving tank. J. Pulp Pap. Sci. 22(1996):4, 
J145–J150. 
 
Telkkinen U-T 1996. The amount and influence of nitrogen in kraft pulping recovery with 
closed-loop technology [in Finnish]. Licentiate thesis, Helsinki University of Technology, 
118 p. 
 
Telkkinen U-T 1999. Nitrogen in kraft pulping [in Finnish]. Vesitalous 40(1999):3, 37–38. 
 
Terziev N 1995. Migration of low-molecular sugars and nitrogenous compounds in Pinus syl-
vestris L. during kiln and air drying. Holzforschung 49(1995):6, 565–574. 
 
Theander O, Bjurman J and Boutelje JB 1993. Increase in the content of low-molecular car-
bohydrates at lumber surfaces during drying and correlations with nitrohgen content, yellow-
ing and mould growth. Wood Sci. Technol. 27(1993), 381–389. 
 
Thornberg JP and Northcote DH 1961. Changes in the chemical composition of a cambial 
cell during its differentation into xylem and phloem tissue in trees. I. Main components. 
Biochem. J. 81(1961), 449–455. 
 
Tinkler CK 1921. “Fumed” oak and natural brown oak. Biochem. J. 15(1921), 477–486. 
 
Titus JS and Kang SM 1982. Nitrogen metabolism, translocation and recycling in apple trees. 
Hort. Rev. 4(1982), 204–246. 
 
Todd JM, Marable NL and Kehrberg NL 1984. Methionine sulfoxide determination after 
alkaline hydrolysis of amino acid mixtures, model protein systems, soy products and infant 
formulas. J. Food Sci. 49(1984):6, 1547–1551. 
 
 
Vakkilainen E 2000. Estimation of elemental composition from proximate analysis of black 
liquor. Pap. Puu 82(2000):7, 450–454. 
 
Varhimo A 1988. KCL Report (1988). 
 
Veverka PJ, Nichols KM, Horton RR and Adams TN 1993. On the form of nitrogen in wood 
and its fate during kraft pulping. Environmental Conference, TAPPI, Boston, MA, USA, March 
28–31, 1993, Book 2, 777–780. 
 
Weichelt T 1981. Reaktionsprodukt aus Stickstoff und Lignin sowie dessen oxidativer Abbau. 
Z. Acker- Pflanz. 150(1981):6, 480–488. 
 
Weichelt T and Khairy A 1981. Chemishe Bindungen des Lignins mit Ammoniak und Ami-
nen. Z. Pflanzenern. Bodenk. 144(1981), 101–111. 
 
Westermark U, Hardell H-L and Iversen T 1986. The content of protein and pectin in the lig-
nified middle lamella/primary wall from spruce fibers. Holzforschung 40(1986):2, 65–68. 
 
Wetzel S and Greenwood JS 1989. Proteins as a potential nitrogen storage compound in 
bark and leaves of several softwoods. Trees 3(1989), 149–153. 



 

CUSTOMER REPORT VTT-CR-XXXX-YY 

36 (36) 
 

 

 

 
Wetzel S and Greenwood JS 1991a. A survey of seasonal bark proteins in eight temperate 
hardwoods. Trees 5(1991), 153–157. 
 
Wetzel S and Greenwood JS 1991b. The 32-kilodalton vegetative storage protein of Salix 
microstachya Turz. Plant Physiol. 97(1991), 771–777. 
 
Whitmore FW 1982. Lignin-protein complex in cell walls of Pinus elliottii: amino acid consti-
tuents. Phytochemistry 21(1982):2, 315–318. 
 
Whitty K, Backman R, Forssén M, Hupa M, Rainio J and Sorvari V 1997. Liquor-to-liquor 
differences in combustion and gasification processes: pyrolysis behaviour and char reactivity. 
J. Pulp Pap. Sci. 23(1997):3, J119–J128. 
 
Wong AHH and Wilkes J 1988. Association of tissue characteristics with suspectibility to 
decay in the sapwood of Pinus radiata. Holzforschung 42(1988):6, 399–402. 
 
Wright TW and Will GM 1958. The nutrient content of Scots and Corsican pines growing on 
sand dunes. Forestry 31(1958):1, 13–25. 
 
Yoneda T, Yoda K and Kira T 1977. Accumulation and decomposition of big wood litter in 
Pasoh forest, West Malaysia. Jap. J. Ecol. 27(1977), 53–60. 
 
Young HE 1971. Preliminary estimates of bark percentages and chemical elements in comp-
lete trees of eight species in Maine. For. Prod. J. 21(1971):5, 56–59. 
 
Young HE and Guinn VP 1966. Chemical elements in complete mature trees of seven 
species in Maine. Tappi 49(1966):5, 190–197. 
 
Ziegler H 1968. Biologische Aspekte der Kernholzbildung. Holz Roh- Werkst. 26(1968):2, 
61–68. 
 
 

 


	Liite 1  Lisäkysymykset hajukaasujärjestelmään, Kirsi Hovikorpi, LUT
	Liite 2   Projektin väliraportti:Evaluation of three different gas phase chemistry mechanisms forpredicting NOx emission formation in recovery boilers, ÅA
	Liite 3  Projektin loppuraportti:Soodakattilan NOx-päästön riippuvuus puuraaka-aineen typpipitoisuudesta,VTT

