
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
LIITE I 

 
LUT 

Effect of timescale on emission levels from pulp mills 
alustava raportti  

2.2.2011 
 
 
 

 



Lappeenrannna teknillinen yliopisto
Teknillinen tiedekunta. LUT Energia
Tutkimusraportti

Lappeenranta University of Technology
Faculty of Tecnology. LUT Energy
Research report

Marcelo Hamaguchi, Esa Vakkilainen

Effect of timescale on emission levels from pulp mills

Lappeenrannan teknillinen yliopisto
Teknillinen tiedekunta. LUT Energia
PL 20
53851 LAPPEENRANTA

ISBN 978-952-
ISSN 1798-

Lappeenranta 2011



Abstract
Marcelo Hamaguchi, Esa Vakkilainen
Effect of timescale on emission levels from pulp mills
Lappeenranta 2011
78 pages
research report
ISBN

The aim of this study is to examine the air emissions from Finnish recovery boilers. The
recovery boiler is largest source of air emissions in a pulp mill. In this study, the data
used is emission from the stack of several pulp mills in Finland. The studied pulp mill
emission  data  were  all  from  at  least  a  calendar  year  and  was  recorded  as  hourly
averages.

The scope of the study was to: analyze of the data by using different time point views;
study the emissions by the load and other operating factors of the recovery boiler; study
whether regulation by maximum concentration (ppm) equals to regulation by maximum
emission as weight flow per time unit and study the instability periods in the behaviour
of the emissions.

It has been discovered that the time point of view is of key importance. It is common to
see the measurement of emission with some irregularities, such as some short term
peaks with no apparent reason. Often these peaks can be locally observed. Mostly the
pulp mill emission regulations are based on yearly or monthly averages instead of
hourly data.

Recovery boiler operates normally with a high load close to its MCR, but sometimes the
load is reduced because of production problems. Recovery boilers are shut down and
started up, often several times during one calendar year.

Another point of interest was the excessive fluctuations in some emission data with no
obvious explanation. Those phenomena could be caused for various factors, such as
problems in the measurement devices. But there is also the possibility that they occur
for other factors.

Keywords: emissions, recovery boiler, renewable energy generation



Tiivistelmä
Marcelo Hamaguchi, Esa Vakkilainen
Päästötason riippuvuus tarkasteluajanjaksosta
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Tämän tutkimuksen tavoitteena on tarkastella ilmapäästöjä Suomen soodakattiloista.
Soodakattila on suurin ilmapäästöjen lähde sellutehtaalla. Tässä tutkimuksessa käytetyt
tiedot ovat useiden sellutehtaitten piippupäästöjä. Tutkittujen sellutehtaitten päästötiedot
olivat kaikki vähintään kalenterivuoden tuntikeskiarvoja.

Tarkoitus oli: analysoida kerättyjä tietoja; käyttäen erilaisia analyysiajan näkemyksiä;
tutkia päästöjä kuormituksen ja muiden soodakattilan toiminta-arvojen avulla,
tutkimaan onko suurin raja-arvopitoisuus (ppm) yhtä suuri kuin maksimi-päästö
painotettuna virtauksella aikayksikköä kohden ja tutkia epävakauksien käyttäytymistä ja
päästöjä.

On  havaittu,  että  käytetty  ajan  näkökulma  on  erittäin  tärkeää.  On  yleistä  nähdä
mittauksissa päästöjen joitakin sääntöjenvastaisuuksia, kuten lyhyen aikavälin huippuja
ilman näkyvää syytä. Usein nämä huiput voidaan havaita vain paikallisesti.
Enimmäkseen sellutehtaan päästömääräykset perustuvat vuosi- tai
kuukausikeskiarvoihin tunnin mittaustuloksien sijaan.

Soodakattila toimii normaalisti suurella kuormituksella lähellä huippukuormaa, mutta
joskus kuormaa on vähennettävä, koska tuotannossa on ongelmia. Soodakattiloita on
suljettu ja käynnistetty uudelleen, usein monta kertaa kalenterivuoden aikana.

Lisäksi tutkittiin, oli liikaa vaihtelua joissain päästötiedoissa ilman selvää selitystä.
Nämä ilmiöt voisivat johtua eri tekijöistä, kuten ongelmista mittauslaitteista. Mutta on
olemassa myös mahdollisuus, että ne syntyvät muista tekijöistä.

Keywords: energy taxes, electricity price, renewable energy generation
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Abbreviations

CO Carbon monoxide

NOx Nitrogen oxide emissions

SD Standard deviation

TRS Total reduced sulfur

VOC Volatile organic carbohydrates





1 Introduction
The pulp and paper industry has in the recent past significantly reduced emissions from
recovery boilers [Bruuce and van der Vooren, 2003]. Despite recent progress in
reducing emissions, the pulp industry generates emissions to air similar to many other
industries. Currently the emission limits are based on long time periods; yearly or
monthly averages. Therefore examining them through hourly data brings a new
perspective on used data.

It is important to know where the main sources of emissions are in the pulp mill. Figure
1 shows an overview of all process steps within a pulp mill detailing where the
emissions are released. These sources can be divided into two groups. Firstly the stages
in the process which emit small amounts of VOC, malodorous gases or chlorine
compounds. They are chip storage, digester, pulp washing, bleaching, bleaching
chemical preparation, various tanks and evaporation. Secondly there is another group
which emits particulates, SO2 NOx,  TRS  and  other  minor  emissions  through
combustion. These are lime kiln, bark boiler, recovery boiler, odorous gas combustion
and sometimes other auxiliary boilers. The trend has been that gas flows from the first
group are collected and sent to combustion devices in the second group for destruction.

Figure 1. Emissions to the atmosphere from kraft pulp mills [EU IPPC, 2001].



The aim of this paper is to study the emissions from the recovery boilers. Recovery
boiler carries out several functions, it burns the organic material that is contained in the
black liquor to generate high pressure steam; it regenerates the used chemicals in black
liquor, and reduces some waste streams in an environmentally friendly way
[Vakkilainen, 2000]. The recovery boiler is the major source of atmospheric emissions
in a kraft pulp mill, with sulphur dioxide, nitrogen oxide and particulate as the largest
emissions. The recovery boiler is fired with evaporated black liquor. The current
average black liquor dry solids content in Finland is around 80% dry solids. One benefit
of this level of black liquor dry solids is the reduction of sulphur emissions as a result of
the increase in the furnace temperature[Wallen et al., 2004]. On the other hand with a
higher temperature and introduction of malodorous gases to furnace the emission of
NOx has not decreased[Brink et al., 2009]. An electrostatic precipitator removes a large
amount of particulates from the flue gases[EU IPPC, 2001]. Another problematic
emission is total reduced sulfur (TRS)[Adams et al., 1997]. Typical emissions to the air
from the modern recovery boiler are shown in table 1 for 3% excess oxygen and dry
flue gas.

Table 1. Typical  emission  (dry,  3%  O2) to air from recovery boilers[Vakkilainen,
2005].

Emission ppm mg/ m3n mg/MJ kg/ADt

SO2 35-275 100-800 60-250 1-4

TRS <7 <10 <5 <0,05

NOx 50-125 100-260 50-80 0,8-1,8

Dust 10-200 0,1-1,8

The modern view is to look at the total amount of the air emissions from kraft pulping.
Typical emissions from the modern pulp mill are shown in table 2.

Table 2. BAT emission levels from kraft pulping process and recovery boiler[EU IPPC,
2001].

Emission Unit Kraft pulping Recovery
boiler

SO2 kg(S)/ADt 0,2… 0,4 <0,1

TRS kg(S)/ADt 0,1… 0,2 <0,1

NOx kg(NO2)/ADt 1,0… 1,5 0,7… 1,1

Dust kg/ADt 0,2… 0,5 0,2… 0,5



Effect of operation values to emissions has been studied[Costa et al., 2004 and
Alameida et al., 2000]. Monthly variability of NOx and SO2 emissions from modern
recovery boilers was noted by Salmenoja[2009]. Expressing the statistical variability of
recovery boiler emissions is still lacking, which this study tries to address.



2 Study of emissions from recovery boiler

Figure 2. View of the recovery emissions from one pulp mill[Tikka, 2008].

The  aim of  this  paper  is  to  study  the  statistical  variability  of  emissions  from recovery
boilers. Recovery boiler is largest source of air emission in a pulp mill. Data used in this
study are the emissions from the stack of pulp mills in Finland, Table 3.

Table 3. Data on studied mills
Mill Study period,

hours (days)
Boiler up,

hours
Steam MCR,

kg/s
Analyzed

emissions1)

Mill A 11688 (487) 11104 128.7 SO2, NOx, CO, TRS

Mill B 10926 (455) 10634 152.5 SO2, NOx, CO, TRS,
Dust

Mill C 10416 (434) 10159 122.6 SO2, NOx, CO, TRS,
Dust

1) For all emissions reliable online measurements were not available



2.1 Determination of recovery boiler load

The maximum continuous rate (MCR) can be defined as the flow value that corresponds
to the ten percent of the uptime in the recovery boiler main steam flow duration graphic,
Figure 3. Steam flow duration graphic is formed by arranging all hourly steam flows
from largest to smallest. In the case in Figure 3 the value of MCR is 128,7 kg/s.

Figure  3. MCR of the recovery boiler from main steam flow duration curve.

Uptime can be defined as those hours where the main steam flow of a recovery boiler
has  been  higher  than  10  %  of  the  MCR  flow.  The  definition  of  MCR  and  uptime  as
presented here are standard industry practices.

2.2 Data collection

Recovery boiler emissions were recorded on each mills control system as hourly
averages and retrieved to excel form. Stack emission data and some operating
parameters such as flow of flue gas (Nm3/s(dry)), temperature in the stack (ºC), O2%,
SO2, NOx, CO, TRS and dust (mg/Nm3) were retrieved for study periods. Emission data
were retrieved as actual i.e. not corrected to 3 % O2. There are also unwanted
deviations; devices can malfunction or will record zero as well maximum during
calibration or maintenance for several hours with the recovery boiler in operation. For
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some of the boilers, various boiler operating parameters such as steam flows, black
liquor dry solids, black liquor flows etc were recorded. This data was also stored and
retrieved as hourly averages.

2.3 Analysing of the emission data

In Figure 2 the recovery boiler emissions to air are presented as hourly averages for the
whole fourteen month period. The emissions are expressed as mg/Nm3 (dry) and are not
corrected to fixed % of O2. It can be seen that SO2 is very unsteady. There is no overall
trend. Large peaks seem to appear almost randomly. The NOx emissions are clearly
making a trend and are ranging between maximum and minimum. CO behaves similar
to SO2. It has some peaks, but mostly CO emission keeps stably in the lower part of the
graphic. TRS is not as high as others. Nevertheless some peaks of TRS are visible
covering the whole range of the measurement device. The last measured emission is
dust. It seems that there are some problems with this emission measurement. Dust
emission seems to behave irrationally and it is an clear example of why several dust
measurements have not been further considered in this study

Figure  4. Example emission data of the recovery boiler.

Typically emissions are discussed as averages of long time periods. Even if it is
common to see the emission display short time irregularities, such as, large peaks. With
different time point of views we can look at emissions from fresh perspectives. Also we



can  find  out  how the  emission  indicators  differ  if  we  review them on  a  daily  or  on  a
monthly  basis.  For  this  study  the  emissions  have  been  measured  for  at  least  a  whole
calendar year operating period. Thus, the emissions can be studied from different time
scales up to one year.

In addition to retrieved hourly data also daily (calendar day from 0:00 to 24:00) and
monthly average data were calculated. For those days that contained hours when the
recovery boiler was up an average was calculated. So in theory average calendar day
can contain data from one to twenty four hours, but in practice they contain at least
fourteen hours. The monthly data contained all the days of that month when the boiler
was up. In theory a calendar month can contain data from one to thirty one days, but in
practice they all contain at least twenty five days.

2.4 Study of the emissions as a function of the load of the recovery
boiler

The emission data are usually presented chronologically. This is not the only way to
present emission data. Recovery boiler emissions are a function of many process
variables such as temperatures (in many different points of the combustion process),
where and how much air is inserted, composition of the black liquor and other operating
parameters[Salmenoja, 2009]. Another way to examine the data is to review it as a
function of the load of the recovery boiler. The load can be expressed as either steam
flow or what was used the flue gas flow, Figure 5.

Figure  5. MCR of the recovery boiler from flue gas flow duration curve
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2.5 Study of the emissions as durability curves

In emission duration graphics the emission data from boiler uptime is ordered in
descending order of magnitude, rather than chronologically. Example of this is shown
Figure 6. Black line represents the hourly emissions. More jagged blue line represents
daily average emissions. Green line with flat parts represents monthly emissions. It can
be seen that different time scales change average hourly emission duration graphs.
Higher averaging time means that peaks are reduced and emission values concentrate
more around average value. Yearly average would be a straight line.

Figure  6. Example recovery boiler SO2 emission durability distribution by hourly,
daily and monthly averages, concentration.

The similar treatment has been given to emissions by flow. Emissions by flow have
been calculated by multiplying the hourly average concentration by hourly average
flow.
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3 Mill A: Recovery boiler
The recovery boiler in question is a large new recovery boiler. The emission data were
retrieved from 1.9.2009 to 31.12.2011. The period was sixteen months or 11688 hours.
Of that time the recovery boiler was up 11104 hours or 95.0 %

The retrieved emission data were SO2,  NOx,  CO,  TRS  and  dust.  Of  these,  based  on
mills own opinion, the dust data were left out as the mill had had continuous problems
with dust measuring device.

3.1 Operation during measuring time

Figure  7. Recovery boiler A emissions by concentration (hourly averages).

As  can  be  seen  from  Figure  7  the  TRS  emissions  are  typically  very  low,  SO2, peaks
very seldom, NOx varies around rather fixed value and CO keeps peaking regularly. It
should be pointed out that typically O2 is lowered to increase boiler efficiency until the
CO starts peaking.

0

50

100

150

200

250

300

350

400

450

500

1 2001 4001 6001 8001 10001

Em
is

si
on

 a
s 

m
g/

m
3 n

, d
ry

Hours of operating time

SO2

NOx

CO

TRS



Figure  8. Recovery boiler A O2-concentration in flue gas versus flue gas flow
(hourly averages).

As seen in the Figure 8 the O2 content in the flue gases is mainly below 5 %. One can
observe large number of values around 21 %. Theoretically this would mean that no fuel
is fired and recovery boiler produces steam by blowing air through the boiler which is
not  possible.  More  relevant  explanation  is  calibration  or  malfunction  of  the  O2
measurement device.

It can be observed that keeping the air ratio (=flue gas oxygen content) low all the time
has not succeeded. From pure optimum operation point of view it should be preferable
to keep O2 close to 3. In actual operation this does not seem to succeed.

There are very few flue gas flow values below 100 Nm3/s. In practice it is very difficult
to  operate  at  much  lower  than  60  %  of  recovery  boiler  MCR  load.  Smaller  loads  are
mostly during recovery boiler shut-downs or start-ups.
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3.2 Stability of operation during measuring time

Figure  9. Recovery boiler A main steam and flue gas flow (hourly averages).

Recovery boiler a main steam flow (lower line) can be seen to correspond to flue gas
flow (upper line), Figure 9. As seen the Mill A has had to make four large stoppages
and roughly the same amount of load decreases to accommodate operating and
maintenance demands. But overall the load of the recovery boiler has been stable.

One should note the abrupt swings in flue gas flow around 7700 hours first up to close
of 300 m3n/s and then to almost zero during two days while e.g. steam flow, NOx and
O2 remain fairly stable. This incident was classified as flue gas flow measurement
malfunction.
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Figure 10. Recovery boiler A flue gas flow frequency curve (hourly averages).

As seen in Figure 9 practically all operation is done above 60 % of MCR flue gas flow.
The flue gas flow data is a bit skewed but otherwise it corresponds to a bell curve with
some randomly distributed flows during start-up and shutdown. The peak in <10 % data
(~3 %) is the boiler operating with fossil fuel during start-up and shut-down.

3.3 Emission durability curves

The retrieved hourly averages emission values as concentration from boiler uptime were
arranged as durability curves. These durability curves were done based on hourly, daily
and monthly data. The curves are shown not as absolute values but as differences to
averages for uptime hours for the whole period. Following each durability curve there is
an emission frequency chart.
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Figure 11. Recovery boiler A SO2-durability curve, concentration.

Figure 12. Recovery boiler A SO2-emission frequency curve, concentration.

One notices on SO2 curve that it has only a few months (three) higher than average. It
has 6.6 % days and 1.8 % hours higher than average. One can see from the frequency
curve that apart from high frequency below 200 % there is a peak close to 7000 %. This
is because the maximum measured (recorded) value is 7000 %. It is difficult to have
measurements that accurately reflect small typical values and record extreme peaks.
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Figure 13. Recovery boiler A TRS-durability curve, concentration.

Figure 14. Recovery boiler A TRS- emission frequency curve, concentration.

The TRS behaves similarly to SO2. The upper range of TRS measurement is ~4700 %.
But practically all the measurements are at lower edge of range with average value
below the measurement error. There are four months above average, 7 % of hours and
27 % of days above average.
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Figure 15. Recovery boiler A CO-durability curve, concentration.

Figure 16. Recovery boiler A CO- emission frequency curve, concentration.

CO shows much more regular peaking behaviour with most of the values below 200 %.
There is practically only one month above average. Days and hours are roughly equal.
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Figure 17. Recovery boiler A NOx-durability curve, concentration.

Figure 18. Recovery boiler A NOx - emission frequency curve, concentration.

NOx behaves close to a bell curve with values distributed around average. The
distribution of hourly, daily and monthly values does not differ much. NOx is the only
emission which varies with bell shape around one average value.
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3.4 Emission as function of load

The recovery boiler emission values were organized to classes based on the flue gas
flow and  emission  averages  for  each  of  these  classes  were  calculated.  The  results  are
shown in Figure 19.

Figure 19. Emission data as class averages (mg/m3n) organized by recovery boiler
load to classes based on flue gas flow.

The emissions do change when we dilute them with air. So based on retrieved oxygen
content the emission data were corrected for changes in flue gas oxygen content. The
resulting data are shown in Figure 19. It should be pointed out that for low loads not as
many data points are used for averages as for higher loads. So validity of emission
versus load is weak below 60 % with only about 7 % of data points.

It  should  be  pointed  out  that  the  emissions  in  Figure  19  are  corrected  to  3  %  O2. In
Figure 20 the same emissions are shown as not corrected to 3 % O2.
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Figure 20. Emission data as class averages (mg/m3n, uncorrected to 3 % O2)
organized by recovery boiler load.

We notice from both sets of data that there are two operating regimes. Above 60 % the
boiler is run almost all the time with black liquor firing only. Below 60 % the natural
gas firing dominates as seen from NOx values.

Whether we correct the emissions or not they seem approximately equal. The reason for
it is that the needed correction is below 10 % as long as the O2 level is between 1.2 and
4.8 % in dry gases. From Figure 8 we note that O2 is not dependent on the load.
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4 Mill B: Recovery boiler
The recovery boiler in question is a large recovery boiler. The emission data were
retrieved from 2.1.2007 to 1.4.2008. The period was fifteen months or 10926 hours. Of
that time the recovery boiler was up 10634 hours or 97.4 %

The retrieved emission data were SO2, NOx, CO, TRS and dust. Of these the dust data
were left out as the dust emission clearly didn’t follow any known trends. Obviously the
mill had problems with the dust measuring device.

4.1 Operation during measuring time

Figure 21. Recovery boiler B emissions by concentration (hourly averages).

As  can  be  seen  from Figure  21  the  TRS emissions  are  typically  very  low,  SO2, peaks
seldom, NOx varies around rather fixed value and CO keeps peaking regularly. It
should be pointed out that typically O2 is lowered to increase boiler efficiency until the
CO starts peaking.

As can be seen the dust is low the first about 4000 hours, then starts climbing. It reaches
double the value at about 7000 hours. Then it is practically zero for more than 2000
hours after which it again starts to behave normally. The dust emission data was deemed
not to be fit for processing.
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Figure 22. Recovery boiler B O2-concentration in flue gas versus flue gas flow
(hourly averages).

As seen in Figure 22 the flue gas oxygen concentration tends to increase when the flow
is less than about 130 m3n/s. Below about 70 m3n/s  the  oxygen  content  hits  the
recording maximum 10 %.

4.2 Stability of operation during measuring time

Recovery boiler main steam flow (lower line) can be seen to correspond to flue gas flow
(upper line) in Figure 23. As seen the Mill B has had to make two large stoppages and
roughly a dozen load decreases to accommodate operating and maintenance demands.
But overall the load of the recovery boiler has been fairly stable except a decline at the
end of the period.

One should note the abrupt downward swings in steam and flue gas flow. Even though
during several of more than 24 hour incidents the steam generation stays above 20 kg/s
but the flue gas flow hits long periods of zero. This kind of behaviour can be considered
as malfunction of the flue gas flow measurement.
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Figure 23. Recovery boiler C steam and flue gas flow (hourly averages).

As  seen  most  of  the  time  the  recovery  boiler  has  been  operating  between  100  to  160
kg/s and 100 to 180 m3n/s.
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4.3 Emission durability curves

Figure 24. Recovery boiler B SO2-durability concentration, curve.

Figure 25. Recovery boiler B SO2 - emission frequency curve, concentration.

The SO2 peaks around 5 % of time and maintains few mg/m3n concentration the rest of
the time. The 100 % concentration is still within the error margin of the measuring
device. The peak around 1000 % represents the upper range of measurements.
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Figure 26. Recovery boiler B TRS-durability concentration, curve.

Figure 27. Recovery boiler B TRS - emission frequency curve, concentration.

TRS shows similar behaviour to SO2. The average is below one mg/m3n concentration.
The second peak can be explained by this. The second peak shows as a bump around
500 % in the frequency curve, Figure 27. The data shows again the problems associated
with operation around the lowest measuring range during most of the operation.
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Figure 28. Recovery boiler B CO-durability concentration, curve.

Figure 29. Recovery boiler B CO - emission frequency curve, concentration.

CO exhibits similar behaviour to SO2 and TRS.
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Figure 30. Recovery boiler B NOx-durability concentration, curve.

Figure 31. Recovery boiler B NOx - emission frequency curve, concentration.

NOx emission is showing bell shape behaviour. It is slanted towards higher values
because at the beginning of measuring period the NOx was lower for bit more than 1000
hours.

0

100

200

300

400

500

600

700

800

900

1000

0 % 10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 %

N
O

x 
Em

is
si

on
/A

ve
ra

ge
 e

m
is

si
on

Hours of operating time

Hourly

Daily

Monthly

0 %

1 %

1 %

2 %

2 %

3 %

3 %

4 %

4 %

5 %

5 %

0 % 50 % 100 % 150 % 200 %

Fr
eq

ue
nc

y,
 %

Emission as concentration from average



4.4 Emission as function of load

Figure  32. Emission data as class averages (mg/m3n) organized by recovery boiler
flue gas load.

One can clearly see that the lower the load the higher is SO2. Decrease in NOx is not
real but is caused by the higher O2 at loads below 85 %. Note that in the largest two
categories >110 % and 110%-105% there are only a few datapoints.
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5 Mill C: Recovery boiler
The recovery boiler in question is a large recovery boiler. The emission data were
retrieved from 1.1.2007 to 10.3.2008. The period was fourteen months or 10416 hours.
Of that time the recovery boiler was up 10159 hours or 97.5 %

The retrieved emission data were SO2, NOx, CO, TRS and dust. Of these the dust data
were left out as the dust emission clearly didn’t follow any known trends. Obviously the
mill had problems with the dust measuring device.

5.1 Operation during measuring time

Figure 33. Recovery boiler C emissions by concentration (hourly averages).

As can be seen from Figure 33 the TRS emissions are live and exhibit regular peaking.
Similarly SO2, peaks especially during the latter two thirds of the recorded period, NOx
varies around rather fixed value between 150 and 200 mg/m3n. CO keeps peaking
regularly. It should be pointed out that typically O2 is lowered to increase boiler
efficiency until the CO starts peaking.

As can be seen the dust is low the first about 2000 hours, then starts climbing. It reaches
very high value at about 400 hours. Then it is practically zero for about 500 hours after
which it claims again and starts to behave normally. The dust emission data was deemed
not to be fit for processing.
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Figure 34. Recovery boiler C O2-concentration in flue gas versus flue gas flow
(hourly averages).

As seen in Figure 34 the flue gas oxygen concentration tends to increase when the flow
is less than about 130 m3n/s. Below about 80 m3n/s  the  oxygen  content  hits  the
recording maximum 10 %.

5.2 Stability of operation during measuring time

Recovery boiler a main steam flow (Figure 35, lower line) can be seen to correspond to
flue gas flow (upper line). As seen the Mill C has had to make one short and one large
stoppage and roughly twenty large load decreases to accommodate operating and
maintenance demands. But overall the load of the recovery boiler has been fairly stable
except a decline at the end of the period.

0

2

4

6

8

10

12

0 50 100 150 200

O
2, 

%
, d

ry

Flue gas flow, Nm3/s, dry



Figure 35. Recovery boiler C steam and flue gas flow (hourly averages).

Figure 36. Recovery boiler C frequency of flue gas flow (hourly averages).
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In Figure 36 we can see that boiler C operates very steadily. The flue gas flow
frequency curve is almost a bell shaped curve.

5.3 Emission durability curves

Figure 37. Recovery boiler C SO2-durability concentration, curve.

Figure 38. Recovery boiler C SO2 - emission frequency curve, concentration.

0

100

200

300

400

500

600

700

800

900

1000

1 1001 2001 3001 4001 5001 6001 7001 8001 9001 10001

SO
2

Em
is

si
on

/A
ve

ra
ge

 e
m

is
si

on

Hours of operating time

Hourly

Daily

Monthly

0.0 %

1.0 %

2.0 %

3.0 %

4.0 %

5.0 %

6.0 %

7.0 %

8.0 %

9.0 %

10.0 %

0 % 50 % 100 % 150 % 200 % 250 %

Fr
eq

ue
nc

y,
 %

Emission as concentration from average



The SO2 peaks around 20 % of time and is below five mg/m3n concentration the rest of
the time. The 100 % concentration is still within the error margin of measuring device.

Figure 39. Recovery boiler C TRS-durability concentration,curve.

Figure 40. Recovery boiler C TRS - emission frequency curve, concentration.

TRS shows similar behaviour to SO2. The average is below one mg/m3n concentration.
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Figure 41. Recovery boiler C CO-durability concentration,curve.

Figure 42. Recovery boiler C CO - emission frequency curve, concentration.

CO exhibits similar behaviour to SO2 and TRS.
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Figure 43. Recovery boiler C NOx-durability concentration,curve.

Figure 44. Recovery boiler C NOx - emission frequency curve, concentration.

NOx emission is showing bell shape behaviour.
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5.4 Emission as function of load

Figure  45. Emission data as class averages (mg/m3n) organized by recovery boiler
flue gas load.

Contrary to boilers A and B, boiler C operates with higher sulphur emission. One can
clearly see that the lower the load the higher is SO2. NOx is fairly stable. TRS starts to
come apparent at lower than 45% loads.
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6 Emission durability distributions
The emission curves change if we organize the data by hour, day or month. Even the
maximum is reduced strongly when we look at the monthly averages. The averages and
standard deviations for each time scale of representing the SO2 emission data are shown
for each boiler in Appendices I to III. Differences in averages are caused by the time
periods omitted from averaging i.e. not all months have the same number of hours, but
still they are treated equally when we average months. All collected hourly operating
data above 10 % steam flow was used but only operating days and months without any
data were left off.

Recovery boilers are regulated based on emission concentrations in the flue gs flow at
the stack. The ground concentrations depend on the mass flow of each emission from
the stack. The mass flow of each emission as calculated simply by multiplying the
concentration (mg/m3n) by flue gas flow (m3n/s) and expressing the result as g/s.

Table 4: Average and standard deviation of SO2 data hourly/daily/monthly.
A B C

Average 100 % 100 % 100 %
Hourly SD 1124 % 392 % 256 %
Daily SD 720 % 242 % 207 %
Monthly SD 212 % 72 % 78 %
Hourly average 100 % 100 % 100 %

99 % 3446 % 2174 % 1109 %
95 % 2 % 116 % 846 %
90 % 0 % 94 % 343 %
80 % 0 % 75 % 40 %
70 % 0 % 67 % 5 %
60 % 0 % 59 % 4 %

Daily Average 100 % 100 % 100 %
99 % 4649 % 1499 % 1025 %
95 % 155 % 468 % 624 %
90 % 22 % 109 % 364 %
80 % 0 % 83 % 126 %
70 % 0 % 70 % 33 %
60 % 0 % 62 % 8 %

Montlhly Average 100 % 100 % 100 %
99 % 835 % 326 % 276 %
95 % 835 % 326 % 276 %
90 % 315 % 166 % 268 %
80 % 53 % 133 % 134 %
70 % 28 % 120 % 106 %
60 % 17 % 93 % 102 %

Durability curves based on flow for SO2, TRS, CO and NOx can be seen as Figures 46 –
50 respectively.



Figure 46. Recovery boiler SO2-durability, concentration left flow right, curves.

There seems to be no difference between SO2 emission distributions expressed as mass
flow of emission or as concentration from recovery boiler stack. This is mainly because
the boilers mostly operate around the MCR load.

If we look at emissions we note that they look alike. In practice boiler A has lowest SO2
emission followed by the boiler B and then C. This can be seen in Table 4 where the
durabilities follow the same respective trend. Low SO2 is also signified by high standard
deviation (SD).

We note, for example, that hourly SO2 emissions exceeded the average emission about
2, 10 or 15 % of time respectively for boilers A, B and C. Daily averages exceeded the
average emission by about 7, 10 and 25 % of time and in each case 3, 5 and 5 monthly
averages exceeded the average emission. So the consequence of analyzing emission data
with these different time scales is that depending on the used averaging time scale we
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get a different answer to question; How often does the SO2 emissions exceeded the
yearly average emission. The larger time averaging results in smaller standard
deviation. This means that if some value is used as e.g. not to be exceeded 5 % of time
the resulting maximum average yearly emission depends on the averaging time scale.

Figure 47. Recovery boiler TRS-durability, concentration left flow right, curves.

There is much more shape variation in the TRS emissions than in the SO2 emissions.
This was because in all cases the level of TRS emissions was very low and practically
all the time at the limit of measuring accuracy.

If  we  look  at  the  Standard  deviations  of  TRS,  Table  5,  we  note  that  TRS varies  more
than SO2. Statistically the TRS is then signified by abrupt spikes followed by long
periods of practically zero.
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Table 5: Average and standard deviation of TRS data hourly/daily/monthly.
A B C

Average 100 % 100 % 100 %
Hourly SD 434 % 255 % 980 %
Daily SD 494 % 192 % 457 %
Monthly SD 156 % 148 % 219 %
Hourly average 100 % 100 % 100 %

99 % 622 % 637 % 2404 %
95 % 276 % 519 % 128 %
90 % 215 % 455 % 47 %
80 % 142 % 96 % 8 %
70 % 91 % 68 % 0 %
60 % 63 % 51 % 0 %

Daily Average 100 % 100 % 100 %
99 % 3918 % 627 % 3158 %
95 % 115 % 532 % 267 %
90 % 87 % 473 % 75 %
80 % 56 % 99 % 28 %
70 % 40 % 73 % 13 %
60 % 26 % 57 % 5 %

Montlhly Average 100 % 100 % 100 %
99 % 549 % 561 % 820 %
95 % 549 % 561 % 820 %
90 % 430 % 350 % 496 %
80 % 152 % 97 % 49 %
70 % 60 % 89 % 38 %
60 % 42 % 65 % 18 %

Allowable recovery boiler TRS emission is often unlike the other emissions regulated
based on “time over limit”. Average TRS emission for all recovery boilers is very low,
Table 5. The standard deviation of TRS is however very high. TRS is known to “peak
every now and then”. If we look at the requirement “95 percent of the time below limit”,
then the hourly data shows that average for boiler C almost fulfils this requirement. For
boilers A and B the average is close to 80 percent of the time. If we look at the daily
value, then the limit is from close to five times the average value.



Figure 48. Recovery boiler CO-durability, concentration left flow right, curves.

The emission of CO has a shape like the TRS and SO2 emissions. It is influenced by the
excess air factor shown as O2 in the flue gases. It can be seen that the difference
between the hourly and daily data is rather small. The monthly data tends again to cut
the maximum and flatten the peaks.

Table 6 shows standard deviations and durability distributions for carbon monoxide
emission fro the tree recovery boilers A, B and C. It can be seen that 95 percent of time
means about 400 % for hourly data. The variability does not decrease much even if we
look at daily or monthly variation. This is because CO is fairly high all the time and the
swings tend to happen fairly regularly.
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Table 6: Average and standard deviation of COx data hourly/daily/monthly.
A B C

Average 100 % 100 % 100 %
Hourly SD 151 % 236 % 376 %
Daily SD 97 % 107 % 278 %
Monthly SD 42 % 38 % 86 %
Hourly average 100 % 100 % 100 %

99 % 806 % 1165 % 2060 %
95 % 376 % 411 % 396 %
90 % 247 % 224 % 161 %
80 % 142 % 113 % 74 %
70 % 89 % 70 % 48 %
60 % 60 % 50 % 33 %

Daily Average 100 % 100 % 100 %
99 % 447 % 623 % 2008 %
95 % 303 % 310 % 394 %
90 % 231 % 211 % 158 %
80 % 159 % 134 % 89 %
70 % 120 % 102 % 62 %
60 % 92 % 83 % 44 %

Montlhly Average 100 % 100 % 100 %
99 % 244 % 173 % 270 %
95 % 244 % 173 % 270 %
90 % 122 % 159 % 240 %
80 % 116 % 158 % 215 %
70 % 112 % 121 % 152 %
60 % 90 % 114 % 75 %



Figure 49. Recovery boiler NOx-durability, concentration left flow right, curves.

The stability of NOx emission is a model of how all the emissions are often though to
behave. The formation of NOx in a recovery boiler is influenced mainly by the nitrogen
content in the black liquor, excess O2 during combustion and amount of additional
nitrogen containing flows. We could guess that these variables were also behaving
rather steadily as well as the way of how the boiler was run.
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Table 7: Average and standard deviation of NOx data hourly/daily/monthly.
A B C

Average 100 % 100 % 100 %
Hourly SD 15 % 29 % 15 %
Daily SD 24 % 25 % 14 %
Monthly SD 9 % 17 % 7 %
Hourly average 100 % 100 % 100 %

99 % 123 % 140 % 127 %
95 % 114 % 132 % 120 %
90 % 112 % 128 % 114 %
80 % 108 % 123 % 107 %
70 % 106 % 118 % 105 %
60 % 104 % 113 % 103 %

Daily Average 100 % 100 % 100 %
99 % 127 % 133 % 127 %
95 % 117 % 128 % 121 %
90 % 115 % 124 % 114 %
80 % 112 % 119 % 107 %
70 % 110 % 116 % 105 %
60 % 108 % 111 % 103 %

Montlhly Average 100 % 100 % 100 %
99 % 115 % 118 % 114 %
95 % 115 % 118 % 114 %
90 % 111 % 118 % 112 %
80 % 108 % 117 % 106 %
70 % 108 % 112 % 101 %
60 % 102 % 109 % 100 %

The emission durability curves as concentration and as flow look remarkably the same.
This is based on the fact that most of the time the recovery boiler seems to operate
around some mean target value, with variations. If we assume that emissions are
independent  of  flow  then  the  curves  would  be  exactly  alike.  Looking  at  the  emission
data as classes arranged with load we can conclude that for practical purposes the
gaseous emissions do not differ much in during typical operation.

It can also be concluded that limiting recovery boiler emissions by concentration at the
stack leads to the same end result as limiting the recovery boiler emissions by mass flow
of  the  same  emission  at  the  stack.  Concentration  variations,  therefore,  can  be  used  to
model the distribution of recovery boiler emissions when we are interested on the total
mass flow of some emission.



7 Emission instabilities
Emission instabilities were studied with respect of various recovery boiler parameters.

7.1 Emissions by the load of the recovery boiler

Figure 50. Data organized by recovery boiler load, top A, then B bottom C; left
emissions at 3 % O2, right emissions uncorrected.

The data of emissions normally are presented chronologically, though there are many
other ways to study the emissions depending in what we are interested. Analyzing the
emission  from  the  recovery  boiler  we  can  find  out  that  they  are  function  of  many
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variables as temperature (in many different points of the combustion process), how is
(air pattern) and how much air is supplied, composition of the black liquor, and others.

We can assume that MCR is how the RB should work at optimum load; this means that
we can calculate how the emissions are according with the recovery boiler load. That is
represented in the following figure where the emissions are ordered by the load, and the
load is split 5% by 5%, Figure 50. This figure is not useful to evaluate the quantities of
the emissions, but it is useful to see how they behave with the load, and to observe how
emissions follow a trend.

Looking all the emission together, it is possible to realize that around 60 - 70 % there is
a change in the behaviour of the emissions.  It  is  also possible to appreciate how fairly
steady  the  emissions  NOx  are  down  to  the  60  -  70  %  range.  NOx  seems  to  slightly
increase with the load. TRS and SO2 seem to be very low at full load in all the boilers.
Looking at the boilers we notice that lowering the load increases TRS and SO2 at same
manner no matter what the final emission seems to be. CO is low and steady when the
RB is run over 70% load.

7.2 Operation by the stack temperature of the recovery boiler

Figure 51. Stack flue gas temperature versus load in the recovery boiler C.
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We have also studied how the load in a recovery boiler affects stack temperature. The
temperature is a variable that is easy to measure and it can give us some information
about how the recovery boiler is working. We can observe in the figure that when the
recovery boiler is working over rate 60 % load, there is a correlation (in this case clearly
lineal) between the load and the temperature, below this value it is difficult to find out
correlation.  This  is  because  the  air  ratio  (flue  gas  O2)  varies.  We can  observe  that  the
range of temperature is large. There is a 30 oC of difference between the lowest
temperature (~150 oC) and highest temperature (~180 oC) when the recovery boiler is
working at 100% load. The temperature differences are caused by differing flue gas
flows. High load means higher flue gas flow which is more difficult to cool down.

We reach the same conclusion again from this point of view. The recovery boiler
follows some how a trend from the 60% of its load. In the case of stack temperature and
load it was easy to suppose that they should have a lineal correlation.

7.3 Operation by the stack oxygen of the recovery boiler

The measured oxygen indicates us how close to the full oxidation the combustion has
been done. The Figure 52 is showing us again two different regimes, one until 60% and
other from 60% until over 100% of MCR. Between 0% and up to almost 60% the level
of oxygen is the maximum measured, after 60 % the oxygen has a clear trend, but some
of  the  measurements  are  out  of  this  trend.  It  seems  that  the  recovery  boiler  when  is
working at full load, the stack is emitting an average of 3% of oxygen.

Oxygen is typically regulated though CO. One lowers the oxygen content until CO
starts to spike. It is possible to look the NOx as function of carbon monoxide, Figure 52.
In  all  three  boilers  one  sees  a  clear  trend  of  lower  NOx with  higher  CO.  It  should  be
noted that A has the highest CO, then B and boiler C runs the lowest carbon monoxide.



Figure 52. Left O2 versus load in the recovery boiler, top A, then B bottom C. Right
NOx versus O2 in the recovery boiler, top A, then B bottom C.

7.4 Instabilities in the behaviour of the emission

The idea is to find an explanation with the moments when the recovery boiler C is
working below the 60% of the load. Actually, time that the recovery boiler is working
with this load is considerable. This time is over the 7% of the all time, as we can see in
the figure “time versus recovery boiler load” in the previous point of the paper. If we
plot the load of the data we get the following graphic, Figure 53.

In the figure we can see that the recovery boiler has been running below 60 % MCR
loads many times. The “low loads” have been organized into three groups. They are
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distinguished by colour. The organisation is based on dividing load decreases into three
groups. The first group is indicated with red circle, (circles one, three and five starting
from the left). The drops of load in red circles are strong and last long. The second kind
is indicated with green circle (circles two six and eight). The load decrease at these
points is not to as low as at the red ones. The third group is indicated with purple (four
and seven). The load drop in purple circles is quicker than at the red ones.

Figure 53. Steam flow versus hours.

It is not simple to make conclusions from these kinds of graphics, but analysis can give
some hints to further research. So

Looking into the load change 1, Figure 54, we can see four different changes. They have
been numbered as 1 2 3 and 4. The number 1 (around the second hour) starts with SO2
increase, NOx decrease, CO increase and TRS decrease. The number 2 (around
thirteenth hour) is triggered by decrease of load; it means in this case, SO2 decreases,
NOx decreases, CO decreases and TRS spikes. Before any comment on what happens at
the point number 3, it is interesting to note that SO2 presents  a  strong  increase,  NOx
also increases a bit, CO does not seem to follow any trend. Event number 3 is also
triggered by a decrease of the liquor firing load; this is the strongest decrease in this first
event. With the drop in load, we can see in there is a decrease of SO2, also in NOx, but
on the other hand CO and TRS increase. Particularly, the increase of CO is very strong.
The event number 4 is the increase in load: It takes around ten hours to reach over 60%
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MCR.  The  reactions  of  the  emissions  are;  the  SO2 increases  similarly  with  NOx,  and
TRS. CO is reduced.

Figure 54. Load event number 1 (start of the boiler).

The start up after shut down is represented in the figure 55. Low load operation is quite
long, with a total of 96 hours below 60 % MCR. Four events are commented.

The load is decreased quickly in eight hours from 100% to below 40% (event 1). We
see an increase of SO2, first decrease and then increase of NOx and a very strong
increase of CO with some TRS. Then at event number 2 the liquor firing is stopped. The
emissions answer with a somewhat steady behaviour. We can observe that the O2% was
all the time over the maximum level that the device can record, or over 10% O2.
Looking at the event number 3, where the steam load keeps constant, but the gaseous
emissions have a jump upwards and later start unstable downward trend with the
exception of NOx, that keeps flat. The change during event number four coincides with
an increase of the load. The instability finishes with the load being constant. The
emissions react with SO2 spiking strongly and then decreasing, when the recovery boiler
is reaching 70% of the load. NOx also increases but at the end it keeps up. CO starts a
strong descent untill levels very low. TRS, as it has done during the whole shut down,
maintains unsteady spiking.
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Figure  55. Load event number 3.

In the following tables the previous paragraphs are put as arrows. The arrows mean the
trend of the emission during each event. The number in the load means the range where
it is situated versus the MCR load of the recovery boiler C.

Table 8: Trends of emission and loads during load event number one.
Line1 Line2 Line3 Line4

%load 50-100 0-50 0-50 0-50 

SO2

NOx

CO

TRS

The other load event three looks similar
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Table 9: Trends of emission and load event number three.
Line1 Line2 Line3 Line4

%load 50-100 0-50 0-50 50-100 

SO2

NOx

CO

TRS

The conclusion is that the emissions exhibit large changes when there is a strong change
of load. SO2 is really sensible to load changes. The reason is the lower furnace
temperature which affects to sodium volatilization when load changes happen. NOx
seems to be more insensible to these changes. NOx seems to depend mainly on the
amount  of  nitrogen  put  in  to  the  furnace  with  the  fuels.  TRS  is  all  the  time  low.  CO
exhibits large spikes.



8 Conclusions
Recovery boiler operation in a pulp mill is a complex process with several interrelated
parameters and almost infinite variables. To better understand these phenomena, the
present study gathered emission and operation data on more than 10 000 continuous
hours. Recovery boiler average emissions can be expressed with different time scales.
Hourly averages can be compiled to daily, monthly and yearly average emissions. The
hourly average emission as mass flow (g/s) is the hourly average concentration
multiplied with the hourly average flue gas flow. This emission flow data can similarly
be expressed also as daily, monthly and yearly average.

The averages change only slightly if we organize the data by hour, day or month. This is
due to the fact that there are hours in the year when no reliable emission measurement
exist. It was noted that the larger the averaging time period the smaller the variation for
every emission. The maximum emission is reduced strongly for the monthly averages.
There  seems to  be  no  difference  between emission  duration  distributions  expressed  as
mass flow of emission or as concentration from recovery boiler stack. It can be
concluded that during at least most of the recovery boiler operating time the flue gas
flow is independent from the emission concentration.

It can also be concluded that limiting recovery boiler emissions by concentration at the
stack leads closely to the same end result than limiting the recovery boiler emissions by
mass flow of the same emission at the stack. One can also conclude that concentration
variations can be used to model the distribution of recovery boiler emissions when one
is interested in the total mass flow of some emission. It should be noted that emissions
are strongly related the load of the recovery boiler. It seems that for this boiler the
emissions are rather stable from the 60 to 70 percent load.

Of special interest is the start-up and the shut-down of the recovery boilers. To
understand the effect of these on boiler emission, more data is required. Also it is
beneficial to make a comparative study of the recovery boiler with other boiler types, to
obtain a better understanding of how the emissions from boilers in general behave.
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Appendix I  Boiler A, Data by concentration and by flow

Variation, concentration mg/m3n,
dry

Variation, flow g/s

SO2 NOx CO TRS SO2 NOx CO TRS
Average 1 195 38 0 Average 4 15 0 0
Hrly SD 11 28 57 1 Hrly SD 10 7 1 1
Daily SD 8 45 36 3 Daily SD 8 6 1 0
Mthly SD 2 17 15 1 Mthly SD 3 4 0 0

Variation, concentration from average 100% Variation, flow from average 100%

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %
Hrly SD 1124% 15 % 151 % 434 % Hrly SD 257 % 44 % 274 % 1005%
Daily SD 720 % 24 % 97 % 494 % Daily SD 202 % 42 % 176 % 455 %
MthlySD 212 % 9 % 42 % 156 % Mthly SD 84 % 27 % 88 % 210 %

Time below average concentration, hourly Time below average flow, hourly

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %

99 % 3446% 123 % 806 % 622 % 99 % 1245% 160 % 1354% 2372%
95 % 2 % 114 % 376 % 276 % 95 % 825 % 152 % 548 % 143 %
90 % 0 % 112 % 247 % 215 % 90 % 347 % 147 % 221 % 55 %
80 % 0 % 108 % 142 % 142 % 80 % 53 % 139 % 100 % 10 %
70 % 0 % 106 % 89 % 91 % 70 % 7 % 134 % 63 % 0 %
60 % 0 % 104 % 60 % 63 % 60 % 6 % 125 % 43 % 0 %

Time below average concentration, daily Time below average flow, daily

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %

99 % 4649% 127 % 447 % 3918% 99 % 995 % 158 % 1116% 3089%
95 % 155 % 117 % 303 % 115 % 95 % 575 % 150 % 488 % 282 %
90 % 22 % 115 % 231 % 87 % 90 % 355 % 146 % 243 % 81 %
80 % 0 % 112 % 159 % 56 % 80 % 141 % 138 % 129 % 30 %
70 % 0 % 110 % 120 % 40 % 70 % 45 % 133 % 87 % 14 %
60 % 0 % 108 % 92 % 26 % 60 % 10 % 125 % 63 % 5 %

Time below average concentration, monthly Time below average flow, monthly

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 %  Average 100 % 100 % 100 % 100 %

99 % 835 % 115 % 244 % 549 % 99 % 299 % 134 % 364 % 688 %
95 % 835 % 115 % 244 % 549 % 95 % 299 % 134 % 364 % 688 %
90 % 315 % 111 % 122 % 430 % 90 % 264 % 132 % 180 % 525 %
80 % 53 % 108 % 116 % 152 % 80 % 123 % 126 % 160 % 70 %
70 % 28 % 108 % 112 % 60 % 70 % 116 % 120 % 115 % 18 %
60 % 17 % 102 % 90 % 42 % 60 % 110 % 115 % 90 % 16 %



Appendix II  Boiler B, Data by concentration and by flow

Variation, concentration mg/m3n,
dry

Variation, flow g/s

SO2 NOx CO TRS SO2 NOx CO TRS
Average 6 160 10 0 Average 4 15 0 0
Hrly SD 24 46 25 1 Hrly SD 10 7 1 1
Daily SD 15 41 11 1 Daily SD 8 6 1 0
Mthly SD 5 28 4 1 Mthly SD 3 4 0 0

Variation, concentration from average 100% Variation, flow from average 100%

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %
Hrly SD 392 % 29 % 236 % 255 % Hrly SD 257 % 44 % 274 % 1005%
Daily SD 242 % 25 % 107 % 192 % Daily SD 202 % 42 % 176 % 455 %
Mthly SD 72 % 17 % 38 % 148 % Mthly SD 84 % 27 % 88 % 210 %

Time below average concentration, hourly Time below average flow, hourly

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %

99 % 2174% 140 % 1165% 637 % 99 % 1245% 160 % 1354% 2372%
95 % 116 % 132 % 411 % 519 % 95 % 825 % 152 % 548 % 143 %
90 % 94 % 128 % 224 % 455 % 90 % 347 % 147 % 221 % 55 %
80 % 75 % 123 % 113 % 96 % 80 % 53 % 139 % 100 % 10 %
70 % 67 % 118 % 70 % 68 % 70 % 7 % 134 % 63 % 0 %
60 % 59 % 113 % 50 % 51 % 60 % 6 % 125 % 43 % 0 %

Time below average concentration, daily Time below average flow, daily

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 %

99 % 1499% 133 % 623 % 627 % 99 % 995 % 158 % 1116% 3089%
95 % 468 % 128 % 310 % 532 % 95 % 575 % 150 % 488 % 282 %
90 % 109 % 124 % 211 % 473 % 90 % 355 % 146 % 243 % 81 %
80 % 83 % 119 % 134 % 99 % 80 % 141 % 138 % 129 % 30 %
70 % 70 % 116 % 102 % 73 % 70 % 45 % 133 % 87 % 14 %
60 % 62 % 111 % 83 % 57 % 60 % 10 % 125 % 63 % 5 %

Time below average concentration, monthly Time below average flow, monthly

SO2 NOx CO TRS SO2 NOx CO TRS
Average 100 % 100 % 100 % 100 %  Average 100 % 100 % 100 % 100 %

99 % 326 % 118 % 173 % 561 % 99 % 299 % 134 % 364 % 688 %
95 % 326 % 118 % 173 % 561 % 95 % 299 % 134 % 364 % 688 %
90 % 166 % 118 % 159 % 350 % 90 % 264 % 132 % 180 % 525 %
80 % 133 % 117 % 158 % 97 % 80 % 123 % 126 % 160 % 70 %
70 % 120 % 112 % 121 % 89 % 70 % 116 % 120 % 115 % 18 %
60 % 93 % 109 % 114 % 65 % 60 % 110 % 115 % 90 % 16 %



Appendix III  Boiler C, Data by concentration and by flow

Variation, concentration mg/m3n,
dry

Variation, flow g/s

SO2 NOx CO TRS  Dust SO2 NOx CO TRS  Dust
Average 45 174 6 1 166 Average 4 15 0 0 17
Hrly SD 116 25 22 8 114 Hrly SD 10 7 1 1 12
Daily SD 94 24 18 4 103 Daily SD 8 6 1 0 12
Mhly SD 35 12 6 1 105 Mthly SD 3 4 0 0 9

Variation, concentration from average 100% Variation, flow from average 100%

SO2 NOx CO TRS  Dust SO2 NOx CO TRS  Dust
Average 100 % 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 % 100 %
Hrly SD 256 % 15 % 376 % 980 % 69 % Hrly SD 257 % 44 % 274 % 1005% 71 %
Daily SD 207 % 14 % 278 % 457 % 68 % Daily SD 202 % 42 % 176 % 455 % 70 %
Mthly SD 78 % 7 % 86 % 219 % 65 % Mthly SD 84 % 27 % 88 % 210 % 53 %

Time below average concentration, hourly Time below average flow, hourly

SO2 NOx CO TRS  Dust SO2 NOx CO TRS  Dust
Average 100 % 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 % 100 %

99 % 1109% 127 % 2060% 2404% 297 % 99 % 1245% 160 % 1354% 2372% 299 %
95 % 846 % 120 % 396 % 128 % 252 % 95 % 825 % 152 % 548 % 143 % 261 %
90 % 343 % 114 % 161 % 47 % 220 % 90 % 347 % 147 % 221 % 55 % 231 %
80 % 40 % 107 % 74 % 8 % 130 % 80 % 53 % 139 % 100 % 10 % 137 %
70 % 5 % 105 % 48 % 0 % 109 % 70 % 7 % 134 % 63 % 0 % 120 %
60 % 4 % 103 % 33 % 0 % 98 % 60 % 6 % 125 % 43 % 0 % 101 %

Time below average concentration, daily Time below average flow, daily

SO2 NOx CO TRS  Dust SO2 NOx CO TRS  Dust
Average 100 % 100 % 100 % 100 % 100 % Average 100 % 100 % 100 % 100 % 100 %

99 % 1025% 127 % 2008% 3158% 284 % 99 % 995 % 158 % 1116% 3089% 295 %
95 % 624 % 121 % 394 % 267 % 265 % 95 % 575 % 150 % 488 % 282 % 260 %
90 % 364 % 114 % 158 % 75 % 225 % 90 % 355 % 146 % 243 % 81 % 233 %
80 % 126 % 107 % 89 % 28 % 126 % 80 % 141 % 138 % 129 % 30 % 137 %
70 % 33 % 105 % 62 % 13 % 117 % 70 % 45 % 133 % 87 % 14 % 119 %
60 % 8 % 103 % 44 % 5 % 105 % 60 % 10 % 125 % 63 % 5 % 100 %

Time below average concentration, monthly Time below average flow, monthly

SO2 NOx CO TRS  Dust SO2 NOx CO TRS  Dust
Average 100 % 100 % 100 % 100 % 100 %  Average 100 % 100 % 100 % 100 % 100 %

99 % 276 % 114 % 270 % 820 % 254 % 99 % 299 % 134 % 364 % 688 % 193 %
95 % 276 % 114 % 270 % 820 % 254 % 95 % 299 % 134 % 364 % 688 % 193 %
90 % 268 % 112 % 240 % 496 % 176 % 90 % 264 % 132 % 180 % 525 % 181 %
80 % 134 % 106 % 215 % 49 % 166 % 80 % 123 % 126 % 160 % 70 % 169 %
70 % 106 % 101 % 152 % 38 % 114 % 70 % 116 % 120 % 115 % 18 % 126 %
60 % 102 % 100 % 75 % 18 % 105 % 60 % 110 % 115 % 90 % 16 % 113 %
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Polttoperäisten päästöjen ja nanohiukkasten haitallisuuden määrittäminen uudella
Tutkimusmenetelmällä, POPE

JOHTORYHMÄN 2. KOKOUS

Aika Tiistai 27.9.2011, klo 9:30 – 12:00
Paikka Itä-Suomen yliopisto, Kuopion kampus, Melania, huone 118, 1 krs

Läsnä Hirvonen Maija-Riitta, UEF/Ymp.
Jokiniemi Jorma, UEF/Ymp.
Kohlmann Jens, Pöyry Finland Oy (Soodakattilayhdistys ry)
Lehtinen Kari, FMI ja UEF/Fys.
Timonen Juha, Tulikivi Oyj
Jalava Pasi, UEF/Ymp.
Leskinen Ari, FMI
Kuuspalo Kari, UEF/Ymp.

1. Kokouksen avaus

Hankkeen vastuullinen johtaja Jorma Jokiniemi avasi kokouksen.

2. Puheenjohtajan ja sihteerin valinta

Puheenjohtajaksi valittiin Jorma Jokiniemi ja sihteeriksi Kari Kuuspalo.

3. Asialistan hyväksyminen

Todettiin asialistalta puuttuvan edellisen kokouksen pöytäkirjan hyväksyminen. Lisät-
tiin asialistaan kohdaksi 4 edellisen johtoryhmän kokouksen pöytäkirjan hyväksymi-
nen.

4. Edellisen kokouksen pöytäkirjan hyväksyminen

Johtoryhmän edellisen kokouksen 7.2.2011 pöytäkirjat liitteineen toimitettiin sähkö-
postitse johtoryhmän jäsenille 11.2.2011. Mahdolliset muutokset ja huomautukset
pyydettiin toimittamaan 18.2.2011 mennessä. Huomautuksia tai muutoksia ei tullut.
Hyväksyttiin edellisen kokouksen pöytäkirja.

5. Tutkimussopimuksen tilanne

Tutkimusyhteistyösopimuksen luonnos lähetettiin 28.8.2011 kommentoitavaksi so-
pimuksen osapuolille. Määräaikaan 12.9.2011 mennessä kommentteja tai muutos-
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pyyntöjä sopimukseen ei saapunut. Sopimus toimitetaan esitetyssä muodossa asian-
osaisille allekirjoitusta varten.

6. Projektin tilannekatsaus: UEF Fine, IL Kuopio, UEF Inhalaatiotoksikologia

Jokiniemi esitteli hanketta yleisellä tasolla jonka jälkeen Kuuspalo, Leskinen ja jalava
kertoivat hankkeen etenemisestä ja tilanteesta.
Ari Leskinen esitti lyhyesti Euroopan Aerosoli Konferenssissa (EAC 2011) Mancheste-
rissä syyskuussa pitämänsä hankkeeseen liittyvän suullisen esitelmän. Abstrakti on
pöytäkirjan liitteenä (liite 1).
Ari Leskisen hankkeeseen liittyvä poster-esitys EAC 2011 kokouksen satelliittikokouk-
sesta Manchesteristä päätettiin liittää pöytäkirjaan nähtäväksi (liite 2).
Todettiin hankkeen edistyneen aikataulussa ilman merkittäviä ongelmia.

7. Muut esille tulevat asiat

Keskusteltiin projektisuunnitelmaan kuuluvista mittauksista ja näytteenottokampan-
joista. Jens Kohlmann esitti että yhdeltä soodakattilalta tapahtuvan näytteenoton si-
jaan voitaisiin tehdä kaksi testiä. Toinen testattavista soodakattilalaitoksista olisi uu-
denaikainen ja toinen vanha. Todettiin mittauksien vaativan valmistelevaa käyntiä
paikanpäällä jolloin suoritettaisiin testikeräys hiukkasten saannon selvittämiseksi.
Varsinainen näytteenkeräys toteutettaisiin toisella käynnillä. Jens Kohlmann lupautui
selvittämään soodakattilalaitokset joista näyte kerättäisiin. Kohlmann myös kertoi
soodakattilayhdistyksen korvaavan projektille lisämittauksesta aiheutuvat kulut.
Panospolttomittauksiin Juha Timonen lupasi Tulikivi Oyj:n toimittavan takan mittauk-
sia varten.

8. Seuraava kokous

Johtoryhmän seuraavan kokouksen pitämiseksi esitettiin seuraavia päiviä: 20, 21, ja
22.3.2012. Lopullinen päivä valitaan Doodle kyselyn avulla. Päätettiin pitää kokous il-
tapäivällä osallistumisen helpottamiseksi kauempaa saapuville.

9. Kokouksen päättäminen

Puheenjohtaja päätti kokouksen kello 12.

Pöytäkirjan vakuudeksi

Professori Jorma Jokiniemi, puheenjohtaja Kari Kuuspalo, sihteeri
Itä-Suomen yliopisto Itä-Suomen yliopisto
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Jakelu:

Johtoryhmä
Hatunen Tarmo MW Biopower Oy
Hirvonen Maija-Riitta Itä-Suomen yliopisto
Jokiniemi Jorma Itä-Suomen yliopisto
Kinnunen Toni Ecocat Oy
Kohlmann Jens Pöyry Finland Oy (Soodakattilayhdistys ry:n edustaja)
Kouki Juha Pohjolan Voima (Energiateollisuus ry:n edustaja)
Lehtinen Kari Ilmatieteen laitos
Pikku-Pyhältö Raija Tekes
Timonen Juha Tulikivi Oyj
Veijonen Timo-Pekka Stora Enso Oyj (Soodakattilayhdistys ry:n edustaja)

Projektiryhmän jäsenet
Happo Mikko Itä-Suomen yliopisto
Jalava Pasi Itä-Suomen yliopisto
Kuuspalo Kari Itä-Suomen yliopisto
Leskinen Ari Ilmatieteen laitos
Sippula Olli Itä-Suomen yliopisto
Tapanainen Maija Itä-Suomen yliopisto
Tissari Jarkko Itä-Suomen yliopisto

Muut hankkeeseen osallistuvat tahot
Nuutinen Janne Symo Oy
Venäläinen Juha Savon Voima Oyj
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Rinnakkaishanke
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1 Projektin tarve

Energiantuotanto  ja  liikenne  tuottavat  pienhiukkas-  ja  kaasupäästöjä,  joiden  koostumus  ja 
pitoisuudet vaihtelevat erilaisten polttolaitosten, polttolaitteiden ja polttoaineiden välillä. Erityisesti 
biomassan  poltossa  vaihtelu  on  suurta:  Suurimpien  polttolaitosten  ominaispäästöt  ovat  alhaisia 
johtuen tehokkaista puhdistustekniikoista, mutta pienet laitokset ovat erityisesti hiukkasten osalta 
merkittäviä  päästölähteitä  suhteessa  tuotettuun energiaan  (Sippula  et  al.,  2007;  Ohlström et  al., 
2000).  Lisäksi  pienpolton  ja  liikenteen  matala  päästökorkeus  lisää  altistumista  palamisperäisille 
ilmansaasteille pientaloalueilla ja liikenneväylien läheisyydessä.

Uutta  tutkimustietoa tarvitaan palamisperäisten päästöjen vähentämismahdollisuuksista  perustuen 
kokeelliseen  tutkimukseen  pienhiukkasten  fysikaalis-kemiallisista  ominaisuuksista  ja  niihin 
liittyvistä terveysvaikutuksista. Tämä on erityisen tärkeää, koska ilmansaasteita pidetään ihmisen 
terveydelle  haitallisimpana  ympäristöaltisteena.  Huoli  ilmansaasteiden  terveysriskeistä  on 
entisestään korostumassa, sillä lähivuosina sekä kansallisesti että koko EU:n alueella merkittävästi 
lisääntyvä bioenergian tuotanto ja käyttö voi lisätä pienhiukkaspäästöjä. Myös uudet polttotekniikat 
ja  päästöjen  jälkikäsittelytekniikat  muuttavat  päästöjen  ominaisuuksia  tuntemattomaan suuntaan. 
Tämä koskee erityisesti pienpolttoa ja pieniä bioenergialaitoksia. Pelkän päästömäärän perusteella 
terveysriskejä ei kuitenkaan voida ennustaa, sillä päästöistä muodostuneilla kemiallisilla yhdisteillä 
voi  olla  odottamattomia  yhteisvaikutuksia.  Lisäksi  uusien  materiaalien,  kuten  nanohiukkasten, 
voimakkaasti  kasvava  käyttö  esim.  erityispinnoitteissa,  materiaaleissa  ja  autoteollisuudessa 
aiheuttaa kasvavaa huolta niiden mahdollisista terveyshaitoista. 

Kansainvälisen suuntauksen mukaisesti on selvää että jatkossa toksikologinen terveystutkimus tulee 
olemaan kiinteä osa uusien, terveydelle turvallisten teknologioiden ja prosessien kehitystyötä. Tämä 
edellyttää monialaista tutkimusympäristöä, jossa voidaan luotettavasti kokeellisesti tutkia päästöjen 
haitallisuutta  ja  siihen  vaikuttavia  tekijöitä  perustuen  niiden  fysikaalis-kemiallisiin  ja 
toksikologisiin ominaisuuksiin.

Hankkeen tarvetta korostaa olemassa oleva EU:n REACH lainsäädäntö (esim. nanohiukkaset) sekä 
kehitteillä  oleva  muu kansallinen  ja  kansainvälinen  lainsäädäntö,  joiden  tavoitteena  on  suojella 
väestöä hengitettävien altisteiden terveyshaitoilta. Saksassa on jo tullut voimaan vuoden 2010 alusta 
aikaisempaa  tiukemmat  päästörajat  hiukkasille,  häkäpitoisuuksille  ja  hyötysuhteelle.  Hiukkasille 
raja on nyt 75 mg/m3, mutta v. 2015 alusta se tiukkenee edelleen ja tulee olemaan 40 mg/m3 ja 
pellettipoltolle  20-30  mg/m3.  Saksassa  tulee  voimaan  myös  vanhojen  tulisijojen  vaihto-ohjelma 
porrastetusti  alkaen  2014  niille  tulisijoille,  jotka  eivät  täytä  määräyksiä.  Myös  EU valmistelee 
direktiiviä  (Directive  2009/125/EC)  pienpolttolaitteiden  päästöille  ja  siinä  suunnitellut  rajat 
vastaavat melko tarkasti Saksan jo asettamia rajoja. EU direktiiviin ei kuitenkaan sisälly vanhojen 
pienpolttolaitteiden vaihtovelvollisuutta. Koska EU-direktiivin määräykset tulevat koskemaan myös 
Suomea, on tärkeää, että suomalaiset alan yritykset pystyvät säilyttämään kilpailukykynsä. Jatkossa 
lainsäädännössä  tullaan  kiinnittämään  huomiota  päästömäärien  lisäksi  myös  niiden 
terveyshaittoihin. Siten tämä tulee vaikuttamaan polttoaineiden, -laitteiden ja jälkikäsittelytekniikan 
tuotekehitykseen. 

Hanke toteutetaan uudessa tutkimuslaboratoriossa, joka liittää olemassa olevat polttotekniikan 
ja  inhalaatiotoksikologian  laboratoriot  kiinteäksi,  samassa  tutkimushallissa  toimivaksi,  yhdeksi 
kokonaisuudeksi.  Tämä  mahdollistaa  erilaisten  ilmapäästöjen  (biomassojen  pienpoltto, 
liikennepolttoaineet,  nanohiukkaset)  kemiallisten  ja  toksikologisten  ominaisuuksien  sekä  syy-
seuraus-suhteen  selvittämisen  todellista  altistumista  vastaavissa  oloissa,  sekä  auttaa 
testausmenetelmien  kehitystä.  Tämän  haasteellisen  tutkimuksen  toteuttamisen  mahdollistaa 
hakijoiden jo vuosia jatkunut monitieteinen yhteistyö aerosoli- ja polttotekniikan, toksikologian ja 
mallinnuksen alalla  Itä-Suomen yliopistokampuksella  Kuopiossa sekä laaja  koti-  ja  ulkomaisten 
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yliopistojen  ja  tutkimuslaitosten  sekä  yritysten  muodostama  yhteistyöverkosto.  Ryhmät  ovat 
toteuttaneet useita Tekesin, Suomen Akatemian ja kansainvälisellä rahoituksella olleita hankkeita, 
joissa on selvitetty mm. biomassan pienpolton ja uusiutuvien moottoripolttoaineiden päästöjä sekä 
terveyshaittoihin liittyviä toksikologisia vasteita. Tähän mennessä saadut tulokset osoittavat, että 
päästöjen  määrään  ja  niiden  toksikologiin  ominaisuuksiin  voidaan  selkeästi  vaikuttaa 
polttoainevalinnoilla ja uusimmalla polttotekniikalla.  

Pohjois-Savon  liitto  on  teemaohjelmassaan  linjannut  energia-  ja  ympäristöteknologian  yhdeksi 
kehittämistarpeeksi t&k-toiminnan toimintaedellytysten kehittämisen ja verkostoitumisen. Alueella 
toimii  merkittäviä  sekä  alojen  t&k:n  asiantuntijoita  että  energiateknologian  tai  siihen  läheisesti 
liittyviä alan yrityksiä. Hanke luo alueen yrityksille paremmat kilpailuedellytykset alati kiristyvillä 
markkinoilla. 

2 Projektin tavoitteet

Tässä projektissa tutkitaan soodakattilan, hakevoimalaitoksen, pienpolton (tulisija ja arinakattila) 
päästöjä  ja  jälkikäsittelytekniikoiden  vaikutusta  dieselajoneuvon  päästöihin  sekä  päästöjen 
fysikaalis-kemiallisia ja toksikologisia ominaisuuksia. Lisäksi tutkitaan teollisten nanohiukkasten 
vastaavia ominaisuuksia.

Projektin tuloksena syntyy uusi kokeellinen tutkimusmenetelmä, jonka avulla voidaan luotettavasti 
arvioida  päästöjen  haitallisuutta  ja  haitallisuuteen  vaikuttavia  tekijöitä perustuen  niiden 
fysikaalisiin  ja  kemiallisiin  sekä  toksikologisiin  ominaisuuksiin.  Näitä  tekijöitä  ovat  mm. 
polttoaineen laatu, polttolaitteen toiminta ja käyttötapa. Tutkimusmenetelmän avulla voidaan myös 
verrata poltosta vapautuvien pienhiukkasten ja teollisten nanohiukkasten haitallisuutta keskenään. 
Uudessa  menetelmässä  käytettävä  laitteisto  perustuu  alan  viimeisimpään  osaamiseen  ja 
vastaavanlaisia laitteistoja on maailmassa vain muutamia.

Tutkimus  toteutetaan  laboratorio-olosuhteissa,  missä  pystytään  simuloimaan  todellisia 
altistusolosuhteita. Aiemmin näytteet päästöjen toksikologisen haitallisuuden tutkimuksia varten on 
tehty  keräämällä  hiukkasia  suodattimille,  joilta  ne  on uutettu  ja  tämän  jälkeen  käytetty 
solualtistuksiin.  Tällöin näytteenkeräyksen ja -käsittelyn aikana osa todennäköisesti vaikuttavista 
haitallisista tekijöistä häviää (kuten kaasut) tai niiden ominaisuudet muuttuvat (kuten hiukkasten 
koko, muoto ja kemiallinen koostumus).   

Yksityiskohtaiset tavoitteet: 

1. Kehittää malli, jolla voidaan ennustaa polttolaitteen, polttotavan ja polttoaineen vaikutus polton 
päästöihin, päästöjen kemiaan ja terveysriskejä kuvaaviin indikaattoreihin. Tutkimuskohteena 
ovat polttoperäiset aerosolit ja nanohiukkaset. 

2. Määrittää tutkittavista päästölähteistä kerättävien päästöjen toksiset ominaisuudet ja verrata 
näitä samojen näytteiden kemialliseen koostumukseen ja päästötietoihin. Tietojen avulla 
voidaan arvioida eri lähteistä peräisin olevien päästöjen haitallisuutta. 

3. Määrittää ilmakehässä tapahuvan laimenemisen ja muutunnan vaikutusta päästön 
haitallisuudelle kokeellisesti.     

4. Verrata nykyisin käytössä olevaa hiukkasmassan suodatinkeräysmenetelmää ja hankkeessa 
käytettävää uutta suoraa altistusmenetelmää toisiinsa.   
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Strategiset tavoitteet:

• Vastata tulevaisuuden lainsäädännön vaatimiin tutkimus- ja tuotekehitystarpeisiin (sisältäen 
päästöhiukkaset, synteettiset nanohiukkaset, yhdyskuntailman pienhiukkaset).

• Edistää yritystoiminnan kansainvälistä kilpailukykyä ja kansainvälistymistä tarjoamalla 
erinomaiset puitteet haasteellisten tutkimus- ja kehityshankkeiden toteuttamiseksi. 

• Edistää Itä-Suomen alueen omien uusiutuvien energialähteiden käyttöä ja 
energiaomavaraisuuden nostamista kestävällä tavalla. 

3 Projektin toteutus

Projektissa tutkitaan seuraavia polttolaitteistoja ja polttoaineita sekä erilaisia polttotapoja:
 
Tutkittava laite Polttotapa Polttoaine Ei-

ikäännytetty
Ikäännytetty Suodatinkeräys

(perinteinen 
menetelmä) 

Selluteollisuus

Energiantuotanto-
laite 1

Soodakattila
Meesauuni

 
Hakekattila

(aluelämpökoko)

Mustalipeä

Puu/kuori

X

X

-

-

-

-

Energiantuotanto-
laite 2

Pienpolttolaite:
Takka

Arinapoltto
(40 kW)

Panospoltto

Puu/kuori

Puu

X

X

X

X

-

X

Ajoneuvo Dieselmoottori
ilman jälkikäsittelyä

Diesel, fossiilinen X X X

Ajoneuvo

Nanohiukkas-
generaattori

Dieselmoottori
Jälkikäsittelyllä

-

Diesel, fossiilinen

-

X

X

X

-

 -

-

Lisäksi hankkeessa tutkitaan, miten kokonaispäästö, eri hiukkaskokoluokat ja kaasumaiset yhdisteet 
vaikuttavat yhdessä ja erikseen tutkittaviin vasteisiin. 

Projekti toteutetaan käyttäen uutta laitteistoa, jossa hengitystien soluja altistetaan polttolaitteiden 
ilmapäästöille  (Kuva  1).  Laitteistossa  polttolaitteiden  päästöt  laimennetaan  ja  johdetaan 
muutuntakammioon,  joka  simuloi  ulkoilmassa  tapahtuvaa  fysikaalista  ja  kemiallista  muutuntaa. 
Sieltä  päästö  johdetaan  solualtistuslaitteistoon,  jossa  viljellyt  hengitysteiden  solut  altistuvat 
halutuille  hiukkasfraktioille  tai  kaasuille.  Solutason  vaikutukset  määritetään  kattavilla 
toksikologisilla  menetelmillä.  Vastaavanlaisia  testauksia  voidaan  tehdä  teollisuudessa  tuotetuille 
nanohiukkasille. Soluista määritetyt toksikologiset vasteet voidaan yhdistää päästöstä määritettäviin 
fysikaalisiin ja kemiallisiin ominaisuuksiin.  
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Kuva  1.  Itä-Suomen  yliopiston  polttotutkimuslaboratoriossa  sijaitseva  tutkimuslaitteisto 
ilmapäästöjen haitallisuuden arviointia varten. Laitteistokokonaisuuden vaiheet: 1. Palamisperäisten 
päästöjen  tuottaminen,  2.  Päästöjen  laimentaminen,  3.  Päästöjen  ikäännyttäminen 
muutuntakammiossa,  4.  Solujen  altistaminen  päästössä  oleville  aerosoleille,  5.  Solujen 
toksikologinen karakterisointi ja 6. Päästöjen fysikaaliset ja kemialliset analyysit.

Hankkeen toteutuksessa käytettävän menetelmän eri vaiheet on kuvattu seuraavassa:

Vaiheet 1 ja 2: Palamisperäisten päästöjen ja nanohiukkasten tuottaminen ja laimentaminen
Vastuuhenkilö: Professori Jorma Jokiniemi (UEF), Pienhiukkas- ja aerosoliteknologian laboratorio

Puunpolton  päästöt  tuotetaan  kontrolloidusti  uudella  polttoreaktorilla,  joka  koostuu 
arinapolttimesta,  tulipesästä  ja  lämmönvaihtimesta.  Reaktorilla  simuloidaan  polttotapahtumia 
pienpoltosta  suuren  luokan  voimalaitoksiin  ja  erilaisia  palamisoloja  täydellisestä  palamisesta 
hyvinkin epätäydelliseen palamiseen. Näitä normaalisti hyvinkin lyhytkestoisia tapahtumia (mm. 
panospoltossa)  voidaan  ylläpitää  uudella  reaktorilla  jatkuvatoimisesti  ja  pitkäkestoisesti,  mikä 
mahdollistaa  kunkin  polttotapahtuman  ja  palamisen  vaiheen  entistä  tarkemman  tutkimuksen. 
Lisäksi tutkitaan ilmajaon vaiheistuksella varustetun takan päästöjä.

Ajoneuvojen  päästöjä  tuotetaan  sekä  RotoTest  alustadynamometrillä,  jolla  voidaan  tutkia 
ajoneuvojen  päästöjä  tasaisen  kuorman  ja  kiihdytyksen  tilanteissa,  sekä  ISO  8178  standardin 
mukaan rakennetussa testipenkissä. Ajoneuvojen päästöjä sekä erilaisten jälkikäsittelytekniikoiden 
(esim.  hiukkassuodatin  DPF)  vaikutusta  päästöihin  tutkitaan  kytkemällä  ajoneuvo 
alustadynamometriin (max. 350 kW, 2000 Nm, 350 km/h) ja ottamalla näyte ennen jälkikäsittelyä 
(esim.  katalysaattori  tai  hiukkassuodatin)  ja  sen  jälkeen.  Näytteistä  määritetään 
jälkikäsittelemättömän  ja  jälkikäsitellyn  päästön  hiukkasmuodostuspotentiaali  sekä 
terveysvaikutukset. 

Päästöjen  laimentamiseen  käytetään  erilaisten  laimennusmenetelmien  yhdistelmiä 
(kokonais-/osalaimennus;  lämmin/kylmä;  laimennustunneli,  ejektorilaimennin, 
huokoisputkilaimennin) simuloimaan ilmakehässä tapahtuvia laimenemisprosesseja. 

Nanohiukkasia  tuotetaan  laminaarivirtausreaktorilla  (Sippula  et  al.,  2009).  Tuotettavat  hiukkaset 
ovat mm. KCl, K2SO4, ZnO, ZnCl2.
Prosessiperäisiä  hiukkasia  tutkitaan  uudelleenpölyttämällä  soodakattilalaitoksen  ja 
energiantuotantolaitosten sähkösuodattimelta kerättyä pölyä.
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Vaihe 3: Palamisperäisten päästöjen ikäännyttäminen
Vastuuhenkilö: Professori Kari Lehtinen (IL), Kuopion yksikkö

Valittujen päästölähteiden laimennettu päästö johdetaan muutuntakammioon (Teflon,  tilavuus 25 
m3), jossa se altistetaan ultraviolettivalolle ja otsonille. Päästöhiukkasten ja kaasufaasin fysikaaliset 
ja  kemialliset  ominaisuudet  muuttuvat  jäljitellen  ulkoilmassa  tapahtuvaa  muutuntaa.  Kammion 
olosuhteita  muuttamalla  voidaan  jäljitellä  ulkoilman  normaalia  säteilyvaihtelua.  Kammio 
puhdistetaan  kokeiden  välillä huolellisesti.  Päästön  ikääntymisen  (0–6  h)  aikana  kammiosta 
mitataan  jatkuvatoimisesti  hiukkasia  (aerosolihiukkasten  kokojakauma,  massa-  ja 
lukumääräpitoisuus  ja  kemiallinen  koostumus),  kaasujen  pitoisuuksia  (NOx,  O3,  SO2,  CO2)  ja 
olosuhteita  (lämpötila,  suhteellinen  kosteus,  säteily).  Ikääntyneelle  aerosolille  määritetään 
alkuperäisen  (primäärisen)  aerosolin,  alkuperäisiin  hiukkasiin  muodostuneen  (sekundäärisen) 
orgaanisen  aerosolin  sekä  kammiossa  muodostuneiden  aerosolihiukkasten  osuudet 
kokonaisaerosolista  lähdetiedoksi  solualtistukselle.  Ikääntymiskokeiden  perusteella  määritetään 
kunkin valitun päästön hiukkasmuodostumispotentiaali.

Vaihe 4. Solujen altistaminen
Vastuuhenkilö: Professori Maija-Riitta Hirvonen (UEF), Inhalaatiotoksikologian laboratorio

Solualtistukset tehdään johtamalla tutkittavat päästöt muutuntakammiosta linjastoja pitkin Vitrocell-
laitteistoon. Altistuksissa käytetään hiiren ja ihmisen hengitysteiden puolustusjärjestelmän soluja, 
jotka ovat olennaisia hengitettäville päästöille altistuttaessa. Laitteistossa soluja altistetaan suoraan 
hiukkas- ja kaasumaisille päästöille matalassa näytevirtauksessa tarkoitusta varten valmistetuissa 
moduleissa. Ennen kokeita solut kasvatetaan ensin 6-kuoppalevyille asetettavissa siirteissä. Siirteet 
asetetaan altistuksia varten keräysjärjestelmän moduleihin, jossa on soluille suotuisat olosuhteet. 
Altistuksen  (1/2-3  h)  jälkeen  siirteissä  kasvavat  solut  laitetaan  kuoppalevylle  hiilidioksidi-
inkubaattoriin halutuksi ajaksi. Laitteistossa voidaan tutkia ja testata kokonaispäästöjen, sekä eri  
hiukkaskokoluokkien ja kaasumaisten yhdisteiden roolia käynnistyvissä terveyshaittoihin liittyvissä 
toksikologisissa  vasteissa.  Tätä  uutta  suora-altistusmenetelmää  verrataan  perinteiseen 
keräysmenetelmään, jossa hiukkaset on kerätty ensin suodattimille,  uutettu niiltä  ja  vasta  tämän 
jälkeen käytetty solujen altistamiseen. Kaikista näytteistä tehdään kattavat toksikologiset analyysit, 
joiden tuloksia verrataan samojen näytteiden kemiallisiin koostumuksiin. 

Vaihe 5. Päästöjen toksikologiset analyysit 
Vastuuhenkilö: Professori Maija-Riitta Hirvonen (UEF), Inhalaatiotoksikologian laboratorio

– Solukokeista  tehtävät  toksikologiset  analyysit  kattavat  keskeisiä  terveyshaittojen  mekanismeja, 
mukaan lukien tulehdukselliset, solukuolemaa aiheuttavat, perimämyrkylliset ja hapettavan stressin 
mekanismit.  Sydän-  ja  hengityselinsairauksiin  liittyviä  tulehdusvälittäjäaineita  tutkitaan 
spektrofotometrisella  ELISA-menetelmällä  sekä  uudella  käyttöönotettavalla 
elektrokemiluminesenssiin  perustuvalla  ”multiplexing”  menetelmällä,  joilla  voidaan  mitata 
samanaikaisesti pienestä näytemäärästä useita erilaisia välittäjäaineita. Käytettävät ”multiplexing” 
tekniikat  edustavat  alan  uusinta  kehitystä  ja  avaavat  uusia  tutkimusmahdollisuuksia  erilaisten 
päästöjen toksikologiassa. Altistuksen aiheuttamaa hapettavaa stressiä, johon liittyy solunsisäisen 
happiradikaalituotannon  nousu  ja  joka  johtaa  solukuolemaan,  DNA  vaurioihin  sekä 
tulehdusreaktioon,  tutkitaan  virtaussytometrilla  sekä  spektro-  fluoro-  ja  luminometrisillä 
menetelmillä. Solukuolema määritetään useilla eri menetelmillä mukaan lukien apoptoosi/nekroosi 
(PI-värjäys,  virtaussytometri,  MTT)  ja  solusyklin  muutokset  (PI-värjäys,  virtaussytometri)  sekä 
”multiplexing”  tekniikalle  kehitettävät  menetelmät.  Syöpäriskiin  liittyvää  perimämyrkyllisyyttä 
tutkitaan ”Comet assay” menetelmällä, joka mittaa DNA:n juostekatkoksia ja niihin johtavia DNA-
vaurioita solutasolla.  
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Vaihe 6. Hiukkasten ja kaasujen fysikaaliset ja kemialliset analyysit
Vastuuhenkilö: Professori Jorma Jokiniemi (UEF), Pienhiukkas- ja aerosoliteknologian laboratorio

Aikaisemmat  tutkimukset  ovat  osoittaneet,  että  mm.  PAH  yhdisteillä,  metalleilla,  noella  ja 
hiukkaskoolla on yhteys niiden toksikologisin vasteisiin ja sitä kautta ihmisten terveyteen (Jalava 
ym.  2010).  Näytteistä  mitataan  seuraavat  ominaisuudet:  Massakokojakauma  (DLPI,  DGI), 
lukumääräkokojakauma  (SMPS,  FMPS,  ELPI),  massa  (TEOM,  suodattimet),  lukumäärä  (CPC, 
elektrometri), orgaaninen ja epäorgaaninen hiili (Thermal-optical method), PAH (GC-MS), kaasut 
(FID, FTIR, kaasuanalysaattorit) ja epäorgaaniset aineet (ICP-MS, XRF, PIXE, SEM/EDX, XRD).  

Vaihe 7. Mallintaminen
Vastuuhenkilö:  Professori Kari Lehtinen (IL), Kuopion yksikkö

Sekä koelaitteiston eri vaiheissa että ulkoilmassa todellisissa olosuhteissa tapahtuu prosesseja, jotka 
muuttavat  päästön  olomuotoa  ja  ominaisuuksia.  Laimentuessaan  ja  jäähtyessään  päästön 
kaasukomponentit  voivat  reagoida  keskenään  muodostaen  toisia  tiivistymiskykyisiä  kaasuja  tai 
tiivistyä itse hiukkasten pinnoille. Ne voivat myös muodostaa uusia hiukkasia. Hiukkaset voivat 
törmäillä  keskenään,  jolloin  niiden  pitoisuus  pienenee  ja  keskikoko  kasvaa.  Ne  voivat  lisäksi 
kiinnittyä koelaitteiston kammioiden tai linjojen seinille tai luonnossa maanpinnalle, kasvillisuuteen 
tai  rakennusten  seiniin.  Nämä  prosessit  voivat  muuttaa  merkittävästi  päästön  kaasujen  ja/tai 
hiukkasten kemiallista koostumusta sekä hiukkasten pitoisuutta ja kokojakaumaa.

Mallinnuksella  on  kolme  päätavoitetta:  1.  ymmärtää  ja  kvantitoida  koelaitteistossa  tapahtuvat 
päästöjen  olomuotoon  ja  ominaisuuksiin  vaikuttavat  prosessit,  2.  kehittää  työkalu,  jolla 
solualtistuskammiossa soluihin päätyvä annos saadaan ennustettua, kun päästön ominaisuudet ja 
laitteiston  yksityiskohdat/säädöt  tunnetaan,  ja  3.  optimoida  koelaitteisto  vastaamaan 
mahdollisimman hyvin todellisia olosuhteita.

Projektikonsortion  toimesta  on  aiemmin  kehitetty  menetelmiä  hiukkasten  koko-  ja 
koostumusjakaumien  dynamiikan  kuvaamiseen  eri  sovelluskohteisiin  (Korhonen  ym.  2004; 
Kokkola  ym.  2008).  Tässä  hankkeessa  yhdistetään  hiukkasmalli,  kemiallisia  reaktioita  kuvaava 
malli  ja  virtausmalli  yhdeksi  kokonaisuudeksi,  jolloin  hiukkasten  dynamiikka  ja  muutunta 
laboratoriolaitteiston kaikissa osissa saadaan mahdollisimman hyvin kuvattua.

4 Projektin aikataulu

Hankeaika: 1.1.2011 - 31.12.2013. Hankkeen toteuttaminen ajoittuu seuraavasti:

Hankkeen aikataulu
3 6 9 12 15 18 21 24 27 30 33 36

Laitteiston testaaminen ja validointi
Dieselajoneuvo
Arinapoltto
Panospoltto
Soodakattila
Hakekattila
Mallintaminen
Tulosten käsittely ja raportointi

2011 20132012

Projektin tarkastuspisteinä toimivat ohjausryhmän kokoukset, jotka järjestetään vuosittain maalis- ja 
syyskuussa (kk 2, 10, 16, 22, 28 ja 34).
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5 Projektin voimavarat

5.1 Projektiryhmä
Hankkeeseen  osallistuvat  tutkimusryhmät  edustavat  alansa  huipputasoa  Euroopassa.  Ne  ovat 
koordinoineet  ja  osallistuneet  useisiin  Euroopan  Unionin  puiteohjelmien  kansainvälisiin 
tutkimushankkeisiin  sekä  Suomen  Akatemian  ja  Tekesin  rahoittamiin  ohjelmiin,  hankkeisiin  ja 
tutkimuksen huippuyksiköihin.

1) Itä-Suomen yliopisto (UEF): ympäristötieteen laitos, Pienhiukkas- ja aerosoliteknologian 
laboratorio, Kuopion kampus
Jorma Jokiniemi, FT, professori (pitkä kokemus hiukkasten ja kaasujen mittaamisesta, 
palamisesta, ja mallinnuksesta)
Olli Sippula, FT, erikoistutkija (hiukkaspäästömittausten suunnittelu) 
Jarkko Tissari, FT, erikoistutkija (hiukkaspäästömittausten suunnittelu ja skenaariot)
Kari Kuuspalo, FM, tutkija (dieselajoneuvomittaukset)
Kati Nuutinen, FM, tutkija (PAH-yhdisteiden päästöjen mittaus) 
Heikki Lamberg, FM, tutkija (päästömittaukset) 

2) Itä-Suomen yliopisto (UEF): ympäristötieteen laitos, Inhalaatiotoksikologian laboratorio, 
Kuopion kampus
Maija-Riitta Hirvonen, FT, professori (pitkä kokemus toksikologisista solu- ja eläinkokeilla)
Pasi Jalava, FT, erikoistutkija (Uuden solualtistusmenetelmän käyttöönotto ja kokeiden suunnittelu) 
Maija Tapanainen, FM, tutkija (toksikologiset kokeet, tulehdus, solutoksisuus- ja 
happiradikaalitutkimus)
Oskari Uski, FM tutkija (toksikologiset kokeet, hapettavan stressin ja solukuoleman tutkimus) 
Jorma Mäki-Paakkanen, FT, erikoistutkija (genotoksikologian asiantuntija)

3) Ilmatieteen laitos (IL): Kuopion yksikkö 
Kari Lehtinen, TkT, professori (pitkä kokemus aerosolimallintamisesta)
Jim Smith, PhD, professori (ilmakemiallinen asiantuntemus kammiomittauksista)
Ari Leskinen, FT, erikoistutkija (aerosolihiukkasten muutuntakokeet, aerosolimittaukset)
Mika Komppula, FT, ryhmäpäällikkö (aerosolimittaukset)
Harri Kokkola, FT, dosentti (ilmakehäprosessien mallintaminen)
Emmi Laukkanen, DI, tutkija (kammiokokeiden mallintaminen)

5.2 Kansainvälinen yhteistyö ja kotimaiset verkostot

Ryhmillä on laajat, oman alan kansalliset ja kansainväliset yhteistyöverkostot. Projekti toteutetaan 
yhteistyössä  Hannoverin  Fraunhofer  Instituutin  (Saksa),  Karlsruhen  teknillisen  Instituutin  (KIT, 
Saksa) ja  Paul Scherrer  Instituutin  (Sveitsi)  kanssa.  Lisäksi  yhteistyötä menetelmänkehityksessä 
tehdään Lundin ja Uumajan yliopistojen (Ruotsi) kanssa ja päästöjen muutuntaan liittyen National 
Center  for  Atmospheric  Research  (USA)  kanssa.  KIT  (tri.  Hans-Rudolf  Paur)  valmistelee 
parhaillaan ehdotusta "Helmholzin virtuaaliseksi instituutiksi" aiheesta "biomassan ja jätteenpolton 
aerosolien  muodostuminen,  muutunta  ilmakehässä  ja  biologiset  vaikutukset"  ja  Itä-Suomen 
yliopistosta  Hirvosen,  Jokiniemen ja  Lehtisen  konsortiota  (Kuopio Center  for  Aerosol  Research 
KCAR) on pyydetty tähän kansainväliseksi partneriksi.

Päästöjen toksikologia (Prof. Maija-Riitta Hirvonen):
Hankkeessa rakennetaan ja validoidaan uusi Hannoverin Fraunhofer Instituutissa Saksassa kehitetty 
solualtistuslaitteisto  osaksi  Itä-Suomen  yliopiston  polttotutkimuslaboratoriossa  sijaitsevaa 
ilmapäästöjen  haitallisuuden  tutkimuslaitteistoa.  Kyseinen  suora  solujen  ja  keuhkokudosten 
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altistusmenetelmä  on  kehitetty  täydentämään  nykyisen  kaupallisen  Vitrocell-laitteiston 
ominaisuuksia  ja  sitä  ei  ole  kaupallisesti  saatavana.  Tämä  uusi  teknologia  mahdollistaa  usean 
soluviljelmän samanaikaisen altistamisen ja solujen tarkkailun altistuksen aikana sekä altistuksen 
aiheuttamien vasteiden tarkan ajallisen määrityksen. Lisäksi sen avulla voidaan analysoida sydän –
ja keuhdosairauksiin liittyvien hapettavan stressin välittäjäaineita aikasarjana suoraan altistuslevyltä 
epifluoresenssimikroskopian avulla.  

Tämä  sovittu  yhteistyöprojekti  Hannoverin  Fraunhofer  instituutin   (tri.  Jan   Knebel)  kanssa 
toteutetaan  kahdessa  vaiheessa.  Ensimmäisessä  vaiheessa  FT  Pasi  Jalava  tekee  n.  6  kk:n 
tutkijavaihtovierailun Hannoveriin, jona aikana hän perehtyy ja opettelee laitteiston käytön ja siellä 
olevat sovellukset (nanohiukkaset). Toisessa vaiheessa ko. saksalaisesta laboratoriosta tutkija tulee 
vierailulle  Kuopioon  ja  samanlainen  laitteisto  rakennetaan  ja  räätälöidään  osaksi  täällä  olevaa 
päästöjen tutkimuslaboratoriota. Laitteisto sovelletaan mm. poltto- ja liikenneperäisille päästöille 
sekä nanohiukkasille. Yhteistyön tuloksena Suomeen tuodaan uutta kansainvälisesti ainutlaatuista 
terveystutkimuksen  teknologiaa  ja  uusia  polton  päästöjen  tutkimussovelluksia.  Hankkeen 
yhteistyösopimuksen valmistelu on käynnissä, ja sopimus on tarkoitus allekirjoittaa  vuoden 2010 
loppuun mennessä.   

Agglomeraattihiukkasten ominaisuudet (Prof. Jorma Jokiniemi):
Pien- ja nanohiukkaset muodostavat tyypillisesti agglomeraatteja, jotka koostuvat niitä pienemmistä 
primaaripalloista  (mm. noki  ja  nanomateriaalit).  Agglomeraatit  voivat  hajota  ilmavirtauksissa  ja 
tällä on suuri merkitys tutkittaessa solujen toksikologisia vasteita hiukkasaltistuksessa. Yhteistyössä 
Paul  Scherrer  (Sveitsi)  instituutin  kanssa  on  rakennettu  laitteisto,  jolla  voidaan  tutkia 
agglomeraattien  hajoamista  erilaisissa  virtausolosuhteissa.  Tutkija  Mika  Ihalainen  toimii 
vierailevana tutkijana Paul Scherrer instituutissa (tri.  Salih Gyntau) kolmen vuoden ajan tutkien 
agglomeraattien  hajoamista.  Tuloksia  hyödynnetään  tässä  projektissa  solualtistuksen yhteydessä. 
Lisäksi agglomeraattien muodostumista tutkitaan Hannoverin Fraunhofer instituutin  (tri. Wolfgang 
Koch) kanssa.

Päästöjen muutunta (Prof. Kari Lehtinen):
Yhteistyötä tehdään prof. Jim Smithin tutkimusryhmän kanssa, National Center for Atmospheric 
Research, Boulder, USA. Prof. Smith on Itä-Suomen yliopistossa kesään 2011 saakka vierailevana 
professorina, jonka jälkeen hän palaa USA:aan. Hänellä on pitkä kokemus kokeellisesta päästöjen 
muutuntatutkimuksesta.  Prof.  Smith on  mukana muutuntakammion pystytys-  ja  testausvaiheessa 
sekä myöhemmin osallistuu hankkeessa tehtäviin kammiotutkimuksiin kiinteässä yhteistyössä.

Hanke  kohdistuu  Pohjois-Savon  Energia-  ja  ympäristöteknologian-teemaohjelman 
Energiateknologian ja  Biopolttoaineiden  tuotanto,  käyttö  ja  jalostus painopistealoille.  Hanke 
kuuluu myös Itä-Suomen yliopiston koordinoimaan KANTIVA Bioenergian tuotannon ja käytön  
vaikutukset  -tutkimuskeskukseen  ja  kohdistuu  sen  keskeisiin  strategisiin  tavoitteisiin. 
Tutkimusryhmät  kuuluvat  Ilmasto,  ilmanlaatu  ja  terveys  (IIT)  –teknologiaverkostoon,  joka  on 
valtakunnallisen osaamiskeskusohjelman (OSKE) ympäristöteknologiaklusterin yksi kärkihanke. 

6 Hankkeen kustannusarvio ja rahoitussuunnitelma

Hankkeen kokonaiskustannukset ovat  840 000 €.  Alla on yksityiskohtainen erittely hankkeeseen 
osallistuvien organisaatioiden kustannuksista ja rahoitussuunnitelmista. 
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Kustannusarvio 

Koko hankkeen kustannusarvio (€) 
 Kustannuslaji 2011 2012 2013 Yhteensä
Palkat 78 000 79 500 71 100 228 600
Henkilösivukustannukset 39 155 39 924 35 941 115 020
Yleiskustannukset 114 372 116 539 103 762 334 672
Matkat 9 000 11 500 10 322 30 822
Aineet ja tarvikkeet 51 000 32 000 27 276 110 276
Ostettavat palvelut 4 000 4 000 4 000 12 000
Laiteostot 6150 1 230 1 230 8 610
YHTEENSÄ 301 677 284 693 253 631 840 000

Itä-Suomen yliopiston Pienhiukkas- ja aerosolitekniikan laboratorio työosuuden kustannusarvio (€).
Projektissa työskentelevät tutkijatohtori ja projektitutkija. Yksilöidyt kulut ovat seuraavat:
Matkat: näytteenkeräysmatkat; kv. konferenssit
Aineet ja tarvikkeet: Polttoaineet, kemikaalit ja reagenssit, kalibrointikaasut, analysaattorien kuluvat osat,
Ostettavat palvelut: Kemialliset analyysit toteutetaan pääosin ostettavina palveluina Labtiumista

 Kustannuslaji 2011 2012 2013 Yhteensä
Palkat 25500 25500 23000 74000
Henkilösivukustannukset (48 %) 12240 12240 11040 35520
Yleiskustannukset (102 %) 38495 38495 34721 111710
Matkat 5000 5000 4000 14000
Aineet ja tarvikkeet 13000 11000 8770 32770
Ostettavat palvelut (kemialliset analyysit) 4000 4000 4000 12000
YHTEENSÄ 98235 96235 85531 280000

Itä-Suomen yliopiston Inhalaatiotoksikologian laboratorion työosuuden kustannusarvio (€). 
Projektissa työskentelee erikoistutkija. Yksilöidyt kulut ovat seuraavat:
Matkat: 

• Matkakuluja erikoistutkija Pasi Jalavan tutkijaliikkuvuudesta Hannoveriin (Saksa); lennot, 
kohtuulliset majoitus- ja muut kulut 

• Alan kansainväliset konferenssimatkat.
Aineet ja tarvikkeet: 

• Altistus: solualtistuslaitteiston kuluvat osat, solulinjat, soluviljelyreagenssit, kaasut 
• Toksikologiset analyysit : analyysikitit tulehduksen-, oksidatiivisenstressin ja solukuoleman 

markkereille, reagenssit genotoksikologisiin analyyseihin,  kaasut sekä tarvittavat muut reagenssit ja 
laboratorion kulutustarvikkeet.

Matkat
 Kustannuslaji 2011 2012 2013 Yhteensä
Palkat 28 000 28 800 22 200 79 000
Henkilösivukustannukset (48 %) 13 440 13 824 10 656 37 920
Yleiskustannukset (102 %) 42 269 43 476 33 513 119 258
Matkat 4 000 4 000 3 822 11 822
Aineet ja tarvikkeet 12 000 10 000 10 000 32 000
YHTEENSÄ 99 709 100 100 80 191 280000

Ilmatieteen laitoksen työosuuden kustannusarvio (€). Projektissa työskentelee erikoistutkija. 
Yksilöidyt kulut ovat seuraavat:
Matkat: Matkakulut yhteistyöorganisaatioon sekä alan keskeiseen kansainvälisiin kongresseihin
Aineet ja tarvikkeet: muutuntakammiosta lähtevät ja tulevat linjastot ja linjastoon kuuluvat  liittimet ja 
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venttiilit; vuosittain uusittava Tefloninen muutuntakammio; muutuntakammiohuoneen alumiinipinnoite; 
langaton tiedonkeruujärjestelmä ja tietokoneita muutuntakammion prosessin seurantalaitteille 
Laiteostot: kalibraattori pienille virtauksille; yleismittarit (lämpötila-, kosteus ja paineanturit)

 Kustannuslaji 2011 2012 2013 Yhteensä
Palkat 24500 25200 25900 75600
Henkilösivukustannukset (55 %) 13475 13860 14245 41580
Yleiskustannukset ( 88,5 %) 33608 34568 35528 103704
Matkat 0 2500 2500 5000
Aineet ja tarvikkeet 26000 11000 8506 45506
Laiteostot 6150 1230 1230 8610
YHTEENSÄ 103733 88358 87909 280000

Rahoitussuunnitelma

Koko hankkeen rahoitussuunnitelman osuudet eri rahoittajien kesken vuosille 2011-2013 ovat: 
Tekes 70 %, yritykset 5 %, organisaatioiden oma rahoitus 25 %. 

Koko hankkeen rahoitussuunnitelma (€)

Rahoittaja €
Tekes (70 %) 588000
Yritykset (5 %) 42000
Itä-Suomen yliopisto (16,67 %) 140000
Ilmatieteen laitos (8,33%) 70000

Yhteensä 840000

Yritysrahoituksen muodostuminen:

Yritys €
Energiateollisuus ry 15000
Soodakattilayhdistys 15000
Tulikivi Oyj 9000
Symo Oy 3000

Yhteensä 42000

Muu yritystuki 

• Ecocat Oy, jälkikäsittelylaitteet ja -järjestelmät (ml. suunnittelu, raaka-aineet ja valmistus) sekä 
työpanos, arvo 10000 €

• Savon Voima Oyj, työpanos (noin 3 henkilötyöpäivää näytteenottoon valittujen tuotantolaitosten 
tuhkapäästöistä), arvo 1000 €

• Symo Oy, työpanos, arvo 3000 €
• Tulikivi Oyj, tulisijan toimitus tutkimuksiin (neuvottelut käynnissä)

Itä-Suomen yliopiston Pienhiukkas- ja aerosolitekniikan laboratorion työosuuden rahoitussuunnitelma (€)

Rahoittaja €
Tekes (70%) 196000
Yritykset (5%) 14000
Itä-Suomen yliopisto (25 %) 70000

Yhteensä 280000
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Itä-Suomen yliopiston Inhalaatiotoksikologian laboratorion työosuuden rahoitussuunnitelma (€)

Rahoittaja €
Tekes (70%) 196000
Yritykset (5%) 14000
Itä-Suomen yliopisto (25 %) 70000

Yhteensä 280000

Ilmatieteen laitoksen työosuuden rahoitussuunnitelma (€)

Rahoittaja €
Tekes (70%) 196000
Yritykset (5%) 14000
Ilmatieteen laitos (25 %) 70000

Yhteensä 280000

7 Projektin riippuvuudet

Haettava  projekti  liittyy  olennaisesti  v.  2010-2011  käynnissä  olevaan  EAKR  infrastruktuurin 
vahvistamishankkeeseen ’Ilmansaasteiden haitallisuuden tutkimus- ja testauslaitteisto’. Hankkeessa 
rakennetaan  25  m3 muutuntakammio  ja  linjat  päästölähteen  laimennuslinjastosta 
muutuntakammioon ja sieltä edelleen solujen altistuskammioon. Hankkeessa ostetaan kaupallinen 
solujen altistuslaitteisto, jota tullaan jatkokehittämään kansainvälisten yhteistyökumppanien kanssa 
sekä useita muita mittalaitteita mm. kaasujen ja hiukkasten mittauksia varten. Lisäksi hankkeessa 
tehdään mittavia tilojen muutostöitä: mm. muutuntakammiolle on rakennettu tutkimushalliin toinen 
kerros  ja  solujen  altistamista  ja  analyysejä  varten  on  rakennettu  korkeat  laatukriteerit  täyttävä 
puhdas tila. Hankkeen rahoitus kattaa vain investointi- ja rakentamiskuluja. 

Lisäksi  hanke  liittyy  mm.  alla  listattuihin  käynnissä  oleviin  kansainvälisiin  ja  kotimaisella 
rahoituksella oleviin hankkeisiin. Nämä hankkeet tukevat tämän hakemuksen hanketta, mutta ovat 
siitä selkeästi erillisiä. Niissä tehtävät toksikologiset analyysit on tehty solualtistuksista, joissa solut 
on altistettu suodattimelta uutetuille hiukkasnäytteille.  

- ERA-NET  Biohealth:  Tutkitaan  biomassan  polton  päästöjen  fysikaalis-kemiallisia  ja 
toksikologisia ominaisuuksia. 

- Heatox:  Grazin  yliopiston  kanssa  yhteistyössä  selvitetään  eri  polttolaitteiden  päästöjen 
fysikaalis-kemiallisia ja toksikologisia ominaisuuksia solu- ja eläinkokeilla.

- Nanopoltto:  Selvitetään  nanokokoisten  lisäaineiden  hyödyntämismahdollisuuksia 
polttoaineiden tuhka-aineista aiheutuvien ongelmien vähentämisessä. 

- Bioher  (Suomen  Akatemia):  Tutkitaan  mm.  suurten  aluelaitosten  ja  raskaanpolttoöljyn 
päästöjen toksikologisia haittoja.

- Starship  (Suomen  Akatemia):  Tutkitaan  eri  energiatuotantovaihtoehtojen  hyvyyttä 
huomioiden kasvihuonekaasupäästöjen lisäksi myös terveysvaikutukset. 

  
8 Riskien tunnistaminen ja niihin varautuminen

• Muutuntakammion kontaminaatio-ongelmat. Kammion kontaminaatioastetta seurataan käyttäen 
tunnettua  reaktiota.  Kun  mitattu  vaste  kammiossa  muuttuu  selvästi  ja  kontaminaatiotaso 
todetaan häiritseväksi, Teflon-kammio vaihdetaan uuteen vastaavaan.

• Solualtistusvaiheeseen  liittyvä  kontaminaatioriski.  Laboratorio  on  ylipaineinen  ja  se  täyttää 
steriilin työskentelyn vaatimukset. Lisäksi kontaminaatiota seurataan jatkuvin tausta-analyysein.

• Projektin  toteuttaminen  vaatii  kolmen  ryhmän  välistä  saumatonta  yhteistyötä.  Yhteistyötä 
edistetään pitämällä projektipalavereja sekä säännöllisen aikataulun mukaan että tämän lisäksi 
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aina tarpeen vaatiessa. Lisäksi yhteishenkeä vahvistetaan vapaamuotoisin lounain ja illallisin.

9 Projektin tulosten hyödyntäminen

Projektista  saatavien  tulosten  avulla  voidaan  arvioida  eri  lähteistä  peräisin  olevien  päästöjen 
haitallisuutta  sekä  saadaan  tietoa  siitä,  mitkä  tekijät  vaikuttavat  haitallisten  komponenttien 
esiintymiseen  päästöissä  ja  miten  haitallisten  komponenttien  määrään  voidaan  vaikuttaa.  Näin 
projektissa  mukana  olevat  yritykset  voivat  ennakoida  lähitulevaisuudessa  tiukentuvia 
päästömääräyksiä  omassa  tuotekehitystoiminnassaan,  mikä  parantaa  paitsi  mukana  olevien 
yritysten,  niin  jatkossa  myös  muiden  yritysten  kilpailukykyä  kansainvälisillä  markkinoilla. 
Markkinointihyötyä saavutetaan jo projektin aikana ja se on maksimaalinen välittömästi projektin 
päätyttyä.
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SOPIJAPUOLTEN RAHOITUSOSUUDET LIITE 3

Projektin nimi:

Tutkimusosapuoli 1
raha muu panos raha muu panos raha muu panos

Tekes 138 560 137 435 116 005
Itä-Suomen yliopisto 46667 46 667 46 666
Energiateollisuus ry 3 334 3 333 3 333
Soodakattilayhdistys 3 334 3 333 3 333
Tulikivi Oyj 2 000 2 000 2 000
Symo Oy 667 667 666

YHTEENSÄ 194 562 0 193 435 0 172 003 0

Ensimmäinen erä (33,33 %) laskutetaan  31.10.2011
31.10.2012
31.10.2013

Tutkimusosapuoli 2
raha muu panos raha muu panos raha muu panos

Tekes 72 614 61 850 61 536
Ilmatieteen laitos 23 333 23 334 23 333
Energiateollisuus ry 1 667 1 667 1 666
Soodakattilayhdistys 1 667 1 667 1 666
Tulikivi Oyj 1 000 1 000 1 000
Symo Oy 334 333 333

YHTEENSÄ 100 615 0 89 851 0 89 534 0

Ensimmäinen erä (33 33 %) laskutetaan 31 10 2011

2012 2013

Tutkimusosapuoli 2 laskuttaa yrityosapuolia kolmessa erässä.  

Polttoperäisten päästöjen ja nanohiukkasten haitallisuuden määrittäminen uudella 
tutkimusmenetelmällä (POPE)

kolmas erä (33,33 %) laskutetaan

2011 2012 2013

Tutkimusosapuoli 1 laskuttaa yrityosapuolia kolmessa erässä.  

toinen erä (33,33 %) laskutetaan

2011

                                       UEF lomake sopimuksen liite   13.12.2010

Ensimmäinen erä (33,33 %) laskutetaan  31.10.2011
31.10.2012

kolmas erä (33,33 %) laskutetaan 31.10.2013

ECOCAT, laitteet/materiaalit 8000
ECOCAT, työ 2000
Symo Oy 3 000
Savon Voima Oyj 1 000

Koko projekti Euroa
Tekes 588 000
Tutkimusosapuolten omarahoitus 210 000 Euroa
Yritysrahoitus (raha) 42 000 Yritysrahoitus (muu panos) 14 000

YHTEENSÄ 840 000

toinen erä (33,33 %) laskutetaan

Lisäksi yritykset osoittavat hankekokonaisuudelle työtä sekä laitteita/materiaaleja hankeaikana (3 vuotta) projektin
etemisen vaatimalla tavalla yhteensä seuraavasti:

                                       UEF lomake sopimuksen liite   13.12.2010









Transformation of diesel exhaust in a new smog chamber
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Particulate  matter  (PM)  is  one  of  the  most  important 
environmental  health  concerns  worldwide.  Of  special 
concern  are  the  submicron  particulate  emissions  from 
combustion  sources,  because  they  deposit  into  the 
tracheobronchial and alveolar regions of the respiratory 
tract and can even penetrate through the lung tissue and 
reach the capillary blood vessel and circulating cells. It is 
noteworthy  that  the  current  data  are  based  on  the 
assumption  that  all  fine  particles  have  identical 
composition and health effects. However, this is not the 
case  according  to  recent  toxicological  studies  which 
show that the toxic potential of PM depends on aerosol 
size,  concentration,  chemistry  and  morphology  (e.g., 
Paur et al., 2008).

In  the  atmosphere  the  physical  and  chemical 
properties of the emission change considerably, e.g., due 
to photochemical reactions in the daytime and oxidation 
reactions in the nighttime, as seen in a previous study 
with diesel exhaust aging in an environmental chamber 
(Leskinen  et al., 2007). The aging may alter the health 
related  toxicological  responses  of  the  emission,  as 
discussed by Jalava et al. (2007). However, there is only 
limited scientific data pointing out which are the actual 
components of the emissions – both fresh and aged – that 
are  linked  to  the  toxicological  responses.  Thus,  more 
experiments combining the aging and the toxicological 
studies in controlled laboratory conditions are needed.

A  new  experimental  set-up  (Figure  1)  at  the 
University  of  Eastern  Finland  (UEF)  in  Kuopio, 
introduced  in  mid-2011,  enables  on-line  exposure  of 
cells  to  aerosols  and  analysis  of  related  toxicological 
health  impacts.  The  set-up  consists  of  1)  different 
biomass-fired combustion appliances, 2) a diesel engine 
test  bench  constructed  according  to  the  ISO  8178 
standard  and  equipped  with  a  30  kW  eddy  current 
dynamometer system which is capable of producing a 90 
Nm torque and 14000 rpm speed (later in 2011, a chassis 
dynamometer  designed  for  testing  vehicles  in  low-to-
medium performance class (Max 350 kW, 2000 Nm, 350 
km/h) will be installed for vehicle emission studies), 3) 
different types of dilutors (ejector dilutors, porous tube 
dilutors, a dilution tunnel), 4) a transformation chamber 
made of 125 µm FEP Teflon and 30 m3 of volume, 5) an 
air-liquid cell exposure unit (Vitrocell®), and 6) several 
instruments  for  measuring  the  physical  and  chemical 
characteristics of the emission. All parts of the set-up are 
located in the same experimental hall, which minimizes 
sampling losses and artefacts between the different parts.

Figure 1. The new experimental setup at UEF, enabling 
on-line exposure to fresh and aged combustion aerosols. 

The first test phase is bounded by the gray rectangle.

At  the  first  test  phase  the  deposition  rate  of 
monodisperse  test  aerosol  particles  onto  the  chamber 
walls  is  determined  by  size  distribution  and  number 
concentration measurements and model calculations. The 
secondary organic aerosol formation potential of diluted 
diesel  engine  emissions  is  determined  in  the  chamber 
both in the presence of UV light (350 nm) and in the 
dark, both with and without an OH (hydroxyl  radical) 
scavenger, and with and without additional ozone and/or 
reactive organics. In these experiments, the same diesel 
engine and test cell parameters as in our recent studies 
(Jalava et al., 2010) are used. The time evolution of the 
diesel  emission  and,  in  particular,  the  physical  and 
chemical  characteristics  and  the  SOA  yield  with 
different  initial  parameters  are  used  to  estimate  an 
adequate dose to the cells in the exposure unit.

A part  of the infrastructure has been supported by the 
European Regional Development Fund (ERDF) and the 
research by the Finnish Funding Agency for Technology 
and Innovation (Tekes).
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Fig. 3: The spectrum of the blacklights in the UEF transformation chamber.
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Fig. 2: The size distribution (upper panel) and total number concentration (lower
panel) as a function of time for (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d) a
population of ammoniumsulphate particles in the chamber.

Test phase 1: The transformation chamber

•wall losses for ammonium sulphate ((NH4)2SO4) aerosol particles in still

air and without UV lights (Fig. 2)

•wall loss rate coefficient (β in dN/dt = −βN) for 50, 100, and 200

nm particles 0.094 h−1, 0.048 h−1, and 0.042 h−1, respectively

• the spectrum of the UV lights resides in the UV-A region (Fig. 3)

Fig. 1: An illustration of the new research set-up for on-line exposure to fresh
and aged combustion aerosols at the University of Eastern Finland.

• consists of (Fig. 1)

1. different biomass-fired combustion appliances, including batch-

wise fired stoves, a pellet boiler, and a grate combustion reactor

with adjustable combustion conditions,

2. an engine dynamometer (Froude Consine) and a chassis dynamome-

ter (Rototest) for vehicle emission studies,

3. different types of dilutors (ejector dilutors, porous tube dilutors, a

dilution tunnel),

4. a transformation chamber made of 125 µm FEP Teflon and 27 m3

of volume,

5. an air-liquid cell exposure unit (Vitrocell), and

6. several instruments for measuring the physical and chemical char-

acteristics of the emission

• all parts are located in the same experimental hall, which minimizes

sampling losses and artefacts between the different parts

•building and testing in 2010 and 2011

• experiments with biomass combustion aerosol will be started after

the test phase

The new research set-up for on-line exposure to fresh and

aged combustion aerosols

•on-line exposure of living cells to aerosols (particles and gases) and

analysis of related toxicological health impacts

In the atmosphere the physical and chemical properties of the emission

change considerably, e.g., due to photochemical reactions in the daytime

and oxidation reactions in the nighttime, as seen in a previous study with

wood combustion aerosol in an environmental chamber (Leskinen et al.,

2007). The aging may alter the health related toxicological responses of

the emission, as discussed by Jalava et al. (2007). However, there is only

limited scientific data pointing out which are the actual components of

the emissions both fresh and aged that are linked to the toxicological

responses. Thus, more experiments combining the aging and the toxico-

logical studies in controlled laboratory conditions are needed.

Motivation

Particulate matter (PM) is one of the most important environmental

health concerns worldwide. Of special concern are the submicron par-

ticulate emissions from combustion sources, because they deposit into the

tracheobronchial and alveolar regions of the respiratory tract and can even

penetrate through the lung tissue and reach the capillary blood vessel and

circulating cells. It is noteworthy that the current data are based on the

assumption that all fine particles have identical composition and health

effects. However, this is not the case according to recent toxicological

studies which show that the toxic potential of PM depends on aerosol

size, concentration, chemistry and morphology (e.g., Paur et al., 2008).
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Fate of Biosludge Nitrogen in Black Liquor Evaporation and Combustion 

 

Niklas Vähä-Savo, Nikolai DeMartini, Mikko Hupa 

Abstract 

 

At many mills, biosludge is added to black liquor and burned in Kraft recovery boilers. Biosludge has a 

high nitrogen content, typically around 5 wt% d.s., and is successfully co-combusted without any 

considerable increases in NOx emissions. The aim of this work is to determine the fate of biosludge 

nitrogen. The objective was to determine if the biosludge nitrogen, which is added to black liquor from 

the second effect evaporator, was stable in high solids concentrators, and does the biosludge addition 

result in more NO or cyanate formation during black liquor combustion. To obtain this information,    

black liquor from different stages of evaporation, green liquor, and biosludge samples were collected 

from the chemical recovery cycle. Additionally, process data from the evaporation and recovery boiler 

was obtained. Selected samples were analyzed for total nitrogen content with a modified Kjeldahl 

method and the green liquor samples were analyzed for cyanate with ion chromatography. NO and 

cyanate formation experiments of the as-fired black liquors samples were conducted in a laboratory 

scale furnace, and the combustion characteristics (combustion times and swelling) for the as-fired black 

liquors were determined. The results show that biosludge addition to black liquor increases the nitrogen 

content of the fuel mixture. The laboratory combustion experiments clearly show an increase in NO 

formation with biosludge addition, but no increase in NOx emissions could be detected in the recovery 

boiler, presumably due to proper air staging. Both the cyanate formation experiments and the analyzed 

green liquors show an increase in cyanate amounts when biosludge was added to black liquor. The 

increased cyanate amounts will result in increased NH3 formation in the recausticizing cycle and can 



result in higher NO emissions depending on how the ammonia containing gases are collected and 

burned.  

 

Keywords: Biosludge, Chemical Recovery, Cyanate, Nitrogen, Recovery Boiler 

 

 

Introduction 

 

The NOx emissions in recovery boiler furnaces originate mainly from black liquor nitrogen (fuel 

nitrogen). Due to the relatively low furnace temperature, it is generally believed that no thermal NOx is 

formed, and only minor portion of the NOx emissions is thought to originate from prompt NOx  [1-3]. 

The nitrogen in black liquor originates mainly from the wood and the white liquor used in kraft pulping 

[4]. Wood contains roughly 0.05-0.25 wt-% nitrogen, being higher for hardwood than softwood [5]. 

After cooking, nitrogen exits the digester mainly in weak black liquor (~87%) and with the blow gases 

(~13%) [6]. Between 10 and 20 % of the of the nitrogen in weak black liquor is volatilized in the early 

evaporation stages as NH3 or other volatile nitrogen compounds ending up in methanol and non-

condensable gases (NGC) [4, 6]. 

 

Figure 1 shows the different pathways for nitrogen entering the recovery boiler with black liquor [7]. 

Roughly 70% of the nitrogen in as-fired black liquor is released during devolatilization mainly as N2 

and NH3. NH3 is further oxidized to NO or reduced to N2 [7-10]. The rest of the nitrogen remains in the 

char. A small portion of the char nitrogen is converted to NO or N2, and the rest remains in the smelt as 

cyanate (OCN-). A portion of the smelt nitrogen is oxidized in smelt spouts, or the case of in-flight 

burning, to NO, but most of it will end up in green liquor [6, 11, 12]. 



 

 

Figure 1. Path of nitrogen in black liquor combustion[7]. 

 

The exact mechanisms behind cyanate formation in black liquor combustion are unknown [13]. 

Previous studies show that black liquor promotes cyanate formation when a high nitrogen content fuel 

is mixed with black liquor [14].  This gives a is reason to believe that cyanate formation is related to 

catalytic gasification of char through different oxidation-reduction cycles caused by alkali carbonates, 

which are formed during black liquor combustion [15].  Smelt, from the recovery boiler, is mixed with 

water in the smelt dissolver to form green liquor. The cyanate in green liquor decomposes to form NH3, 

which increases the pulp mills overall nitrogen emissions [13, 16, 17].  

The overall distribution of final nitrogen compounds in black liquor combustion can be roughly divided 

in to nearly equal fractions of NO, N2, and smelt nitrogen [6, 18, 19]. The ratio of NOx, N2, and smelt 

nitrogen in the recovery boiler combustion can be currently controlled with air staging and lower 

furnace temperature [18-21]. 



Kymäläinen et al. determined the effects of different process variables on the fate of nitrogen in the 

chemical recovery cycle [22]. The conclusion of this work was that addition of biosludge to black 

liquor increased the nitrogen content of the fuel mixture by about 30%. No increase in NOx emissions 

was detected at the recovery boiler, when co-combusting black liquor-biosludge mixture. The fate of 

the biosludge nitrogen remained uncertain.  

The object of this work was to get a clearer picture of the fate of the biosludge nitrogen in the 

evaporation and combustion of black liquor-biosludge mixture. This was achieved by collecting and 

analyzing mill samples, and through laboratory experiments. The variables studied in this work consists 

of: nitrogen content of the black liquor – biosludge samples at different dry solids content in the 

evaporation train, NOx emissions at the recovery boiler, NO formation in laboratory conditions, and the 

cyanate content both in mill green liquor samples and laboratory made smelts. The impact of biosludge 

addition to black liquor combustion characteristics (combustion times and swelling) was also obtained.  

 

 

Experimental 

 

The samples for this experimental work were acquired from a Finnish pulp mill in May 2011. 

Additionally, the nitrogen concentration from black liquor samples from the same mill in December 

2010 is included for comparison. The pulp mill has three digesters: one for softwood pulping, one for 

hardwood pulping, and one for sawdust pulping. The black liquor from the three digesters are mixed 

and concentrated to above 80% dry solids in a 7-effect evaporator set. The sampling campaign in May 

2011, was conducted in order to obtain mill samples with and without biosludge addition to black 

liquor. Figure 2 shows the 15 day time period in May 2011 when samples were pulled with and without 

biosludge addition.  



 

 

Figure 2. Sampling campaigns in May 2011 

 

The black liquor samples were collected from different stages of black liquor evaporation, Figure 3, 

and green liquor samples were taken from the smelt dissolver. During the period when biosludge was 

added to the black liquor, biosludge samples before and after mechanical drying were also collected. 

The biosludge had an initial dry solid content of 1.5% and was mechanically dewatered to 

approximately 13% dry solids before being mixed to the black liquor from the second effect evaporator. 

A total of 8 as-fired black liquor samples (labeled BL 1-8) and 8 green liquor samples (labeled GL 1-8) 

were collected during the two campaigns in May. Four of these samples were collected during a time 

period when no biosludge was added (samples 1-4) and four when biosludge was added to black liquor 

(samples 5-8). Additionally process data from the evaporation and recovery boiler was obtained from 

the same 15 day period.  



 

Figure 3. Sampling points at the pulp mill. 

 

The total nitrogen content of selected black liquor and biosludge samples were analyzed with a 

modified Kjeldahl method using the Devarda alloy (Cas No:8049-11-4) based on SFS 5505 standard 

method. Cyanate was analyzed in laboratory prepared smelts and in the mill green liquors with ion 

chromatography (IC) using a Metrosep Anion Dual 2 column and conductivity detector [23]. 

 

Combustion and cyanate formation experiments were conducted for the collected as-fired black liquor 

samples at Åbo Akademi University (ÅAU) in a quartz glass reactor, Figure 4. Six 10 ±0.5 mg droplets 

of each collected as-fired black liquor were burned at 1100  °C and 3% O2 in N2. The formed NO was 

measured with an on-line chemiluminescence analyzed (Teledyne Model 200EM) and the formed CO 

and CO2 were measured using an infrared analyzer (ABB AO2020). The combustion of the droplets 

was recorded with a video camera to determine swelling and combustion times.  

 



 

 

Figure 4. Schematic drawing of the quartz glass reactor used in the combustion experiments 

 

The combustion of black liquor droplets can be divided into four stages: drying, devolatilization, char 

burning and smelt coalescence [24]. The combustion times for the different stages were determined 

from the recorded video. Due to the high furnace temperature it was impossible to determine the drying 

time. Devolatilization time is defined as the time from the appearance of the flame to the disappearance 

of the flame. Char burning time is defined as the time from the point where the visible flame disappears 

to the point where smelt coalescence occurs [14]. 

 

The maximum swollen volume of the droplet was estimated by capturing an image from the recorded 

video. The captured image was compared to a circle or an ellipse with the same area. Based on the area 



the volume of a corresponding sphere or ellipsoid was calculated. The maximum swollen volume is 

represented as cm3/g of dry black liquor. 

 

Cyanate formation in the collected as-fired black liquors was determined by pyrolysing six droplets (14 

±1 mg) of each as-fired black liquor at 800 °C in 100% N2 for 10 seconds to form chars. The chars 

were then gasified at 800 °C in 13% CO2 / 87% N2 to obtain the smelt. The smelts were dissolved in 

ultrapure water and analyzed for cyanate. The water to smelt ratio was 0.7 ml of ultrapure water per 1 

mg of smelt. 

 

Combustion and cyanate formation experiments were conducted also for black liquor samples collected 

on days 14 and 15 from the 2nd effect evaporator (i.e. no biosludge added) in order to clearly determine 

the impact of biosludge addition on NO and cyanate formation and the fate of biosludge nitrogen. The 

2nd effect black liquor samples were dried at 105 °C to approximately 80% dry solids before 

conducting the experiments.  

 

Results and Discussion 

 

The results and discussion is divided in to two sections. The first section focuses on the fate of 

biosludge nitrogen, and the second part focuses on the combustion characteristics (combustion times 

and swelling) of the as-fired black liquors with and without biosludge addition.  

 

Fate of biosludge nitrogen 

 



Figure 5 shows how the nitrogen concentration of black liquor changes during different stages of 

evaporation. The dashed line shows the nitrogen content of different dry solids black liquor from 

December 2010. No biosludge was added at that time. The solid line is for the black liquor when 

biosludge was added after second the effect. It is clearly seen in Figure 5 that roughly 20% of the total 

nitrogen is removed in the early stages of evaporation due to the release of volatile species, which is 

consistent with literature [4, 6]. For the black liquor without biosludge addition the nitrogen content 

remains constant after the early stages of evaporation, indicating the remaining nitrogen is stable. 

During the period when biosludge was added, the amount of added biosludge to black liquor was under 

1 wt-% on a dry solids basis. The added biosludge had a nitrogen content of approximately 5 wt-% dry 

solids basis and an NH3 content of 0.3 wt-% N on a d.s. basis. The NH3 is expected to be volatilized in 

the concentrators. It was not clear before this study whether additional nitrogen would be volatilized 

from the biosludge, but no significant release occurred based on the black liquor analysis. Biosludge 

addition results in an increase in the nitrogen content of about 25% and remains stable during the final 

stages of evaporation of the fuel mixture.  

 

 

 

Figure 5. Nitrogen concentration (mg N/kg dry black Liquor) of different dry solids black liquor. 
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Figure 6 shows the NOx emissions as g N/ kg black liquor dry solids and biosludge addition as kg/s dry 

solids on the primary y-axis during a 15 day period. In Figure 6 the secondary y-axis shows the black 

liquor firing as kg/s dry solids. During day 7, biosludge was added to black liquor after the second 

effect evaporator. Figure 6 shows that, although biosludge increases the nitrogen content of the as-fired 

black liquor, no clear increase in NOx emissions in the recovery boiler was detected. The small increase 

in average  NOx emissions seen after day 7 can also be caused by changes in air staging, boiler load and 

dry solids content [18, 20]. Only clear peaks in NOx emissions were seen when the black liquor firing 

rate dropped significantly for some reason. The NOx emissions measured at the recovery boiler clearly 

shows that with proper air staging the NOx formation can be controlled.   

 

 

Figure 6. NOx emissions, black liquor firing rate and biosludge addition during a 15 day period. 

 

Figure 7 shows the average NO and CO+CO2 evolution in ppm (mole fraction) of the as-fired black 

liquors when incinerated in the laboratory furnace. The averages in Figure 7 for black liquor without 

biosludge addition are calculated as an average of 6 droplets each of black liquors 1-4 and the averages 

for black liquor with biosludge additions as an average of 6 droplets each of black liquors 5-8. Figure 7 

shows that, there is almost no difference in CO+CO2 evolution between the two black liquors. The NO 
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evolution is clearly higher for the black liquor with biosludge addition, but the shape of the curve and 

time of release is similar. 

The NO formation (g N/kg black liquor solids) for the individual as-fired black liquors and the black 

liquor collected from the 2nd effect evaporator before biosludge addition is shown in Figure 8. There is 

a clear increase in NO formation in the droplet combustion tests for the liquors with biosludge addition 

This is because of the high nitrogen content in biosludge. In the droplet combustion tests, the smelt 

nitrogen also reacts, whereas in a recovery boiler, about 20-30% of the nitrogen in black liquor exits 

with the smelt. This partially explains the increases in the NO formation seen in the single particle 

reactor, while no increase in the recovery boilers NOx emissions was detected. The other reason for no 

clear increase in NO is seen in the recovery boiler emissions is likely due to proper air staging. One of 

the key questions we were interested in was does more nitrogen exit with the smelt. 
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Figure 7. NO (top) and CO+CO2 evolution (bottom) in ppm of the as-fired black liquors with (average 

of BL 1-4) and without biosludge (average of BL 5-8) addition at 1100 °C and 3.3% O2. 

 

 

 

Figure 8. Average NO formation of black liquor samples at 1100 °C and 3.3% O2. 

 

Figure 9 shows the cyanate content (mg N/ l of green liquor) of the 8 green liquors collected from the 

mill. Green liquors 1-4 (GL 1-4) were collected during a time period when no biosludge was added and 

green liquors 5-8 (GL 5-8) were collected when biosludge was added to black liquor. Figure 9 clearly 

shows that biosludge addition to black liquor increased the amount of cyanate in the green liquor 

samples.  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

BL 1 BL 2 BL 3 BL 4 BL 5 BL 6 BL 7 BL 8

N
O
 fo

rm
at
io
n 
(g
 N
/ 
kg
 B
LS
)

2nd effect black liquor

As‐fired black liquor

Black liquor with biosludge additionBlack liquor without biosludge addition



 

 

Figure 9. Cyanate content of the mill green liquors 

 

Figure 10 shows the amount of cyanate in the laboratory made smelts, as mg N/kg smelt, from the 

collected as-fired black liquor (with and without biosludge addition) and from the 2nd effect black 

liquors collected on days 5 to 7 (i.e. no biosludge). The 2nd effect black liquor sample 8 was disposed of 

by an outside laboratory after nitrogen analysis and thus not available for combustion tests. Biosludge 

addition to black liquor clearly increases the cyanate formation. This is consistent with the observed 

higher nitrogen content in the mill green liquors when biosludge was added to the black liquor. The 

impact of mixed biomasses higher nitrogen content to cyanate formation in black liquor smelts has 

been previously established [14]. Both the laboratory made smelts and the green liquor samples from 

the mill show roughly a 40% increase in cyanate when biosludge is added to black liquor. This increase 

corresponds to about 60% of the biosludge nitrogen. The remaining 40% is most likely released during 

pyrolysis, but does not apparently lead to any significant increase in NO in recovery boilers. This 

increase in cyanate amounts could result in higher nitrogen emissions for the pulp mill, as cyanate 

decomposes to NH3. 
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Figure 10. Cyanate formation after pyrolysis and gasification to 100% smelt for the black liquor 

samples 

 

Combustion characterization of the as-fired black liquors 

 

No considerable difference was detected in the average devolatilization time, but some increase was 

seen in the char burning time with biosludge addition and thus a small increase in the total combustion 

time, Figure 11. For BL 7 and BL 8 this difference is within one standard deviation and not significant. 

The high temperature and low oxygen ratio used in the combustion experiments lead to the droplet 

igniting as soon as it entered the reactor; and also, extensive fuming during devolatiliation which made 

it difficult to detect the appearance and disappearance of the flame. These two phenomena result in 

some uncertainties in the detected devolatilization times shown in Figure 11.  
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Figure 11. Combustion times for black liquor samples at 1100 °C and 3.3% O2. 

 

Figure 12 shows the impact of maximum swollen volume (cm3 / g dry solids) for the black liquor 

samples with and without biosludge addition. The non-uniform nature of black liquor swelling and the 

use of a two dimensional image for estimating volume, results in a high standard deviation the 

measured maximum swollen volume. However, the average swollen volume has been successfully 

utilized in CFD modeling of black liquor recovery boilers and is considered useful in understanding the 

relative swelling tendency of black liquors and their subsequent behavior in flight. A very small 

difference was seen in the average maximum swollen volume, but this increase is not expected to 

impact the droplet combustion to any significant extent. 
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Figure 12. Maximum swollen volume of black liquor samples at 1100 °C and 3.3% O2. 

 

Previous studies also show that addition of biosludge and other biomasses prolongs the total 

combustion time [14, 25], while different biosludge addition levels had different effects on swelling 

[25]. Earlier work by Harila et al. concluded that a 0.5 wt-% biosludge addition had no significant 

effect on the combustion properties of black liquor [26]. It should be noted that black liquor swelling in 

laboratory conditions depends largely on e.g. furnace temperature and atmosphere, and black liquor 

viscosity and composition [27-29].  

 

 

Conclusions 

 

This research helps clarify the fate of biosludge nitrogen in black liquor evaporation and combustion. 

These results are consistent with earlier findings in which 10-20% of the black liquor nitrogen is 

removed during the early stages of evaporation, and the nitrogen content of the black liquor remains 

constant through the final stages of evaporation when no biosludge is added to the black liquor. The 

addition of biosludge to black liquor increases the nitrogen content, and the biosludge nitrogen remains 
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stable during the final stages of evaporation thus increasing the nitrogen content of the as-fired black 

liquor. The increased nitrogen content of the as-fired black liquor can result in an increase in cyanate 

that will then result in more ammonia formation in the chemical recovery cycle. The higher nitrogen 

content does not appear to result in a higher NO emission from the recovery boiler even though more 

nitrogen is volatilized. The difference in NO formation when firing black liquor with biosludge would 

indicate that the nitrogen in biosludge follows the same pathway as black liquor nitrogen, but the air 

staging in recovery boilers allows for reduction of NH3 and NO so that there is no measureable increase 

in NO. This new data helps clarify the fate of biosludge nitrogen which has been observed earlier to 

result in no observable increase in NO, but without a clear explanation of what the fate of this nitrogen 

was. The combustion characterization showed that biosludge addition slightly prolongs the average 

char burning time and total combustion time with only a minor increase in the maximum swollen 

volume. 
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YTR kokous
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Työryhmien toiminta

• Valmistuneet projektit
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3

ATR: TAJ:n määräaikaistestaukset, BMS/Pöyry

• Selvityksen tavoitteena oli saada soodakattiloille sekä samalla muille 
tehdaslaitoksille ohje TAJ:n määräaikaistestaustyön saamiseksi 
helpommaksi ja selkeämmäksi. 

• Koska TAJ:n toteutukset eri laitoksissa poikkeavat lukitusten ja 
laitteistojen osalta suurestikkin toisistaan, niin tarkkaa testausohjetta 
selvityksessä ei voitu tehdä, vaan selvityksessä on esitetty 
menettelytapa, jolla eri suojauslaiterakenteisiin saadaan määritettyä 
paras mahdollinen määräikaistestausväli.

• Koska olemassa olevat turva- ja painelaitestandardit ja –säädökset 
eivät määrittele TAJ:n määräaikaistestausten teolle ja testausväleille 
selviä tapoja ja aikavälejä, selvityksessä päädyttiin toteuttamaan 
turvapiirien testaukset jo osittain vakiintuneella tavalla eli jakamalla 
suoja osajärjestelmiin ja testaamalla osajärjestelmät sopivien 
aikavälien mukaisesti. Tämä menettely sallii suojien osajärjestelmien, 
joissa ei ole havaittu käytännössä vikoja, testata huomattavasti 
harvemmin kuin järjestelmät, joissa vikoja on ollut ja joissa niitä 
oletetaan olevan useammin.
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4

Työryhmien toiminta

• Käynnissä olevat projektit
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ATR: Turva-automaatiosuosituksen käännös 
englanniksi

• Käännöstyö valmis ja hyväksytty ATR:n toimesta

• Julkaistaan esipuheen kommentoinnin 
(vastuuvapautuslauseke) jälkeen (Pöyryn lakimies)
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6

ATR/YTR: Hajukaasujen polttosuosituksen päivitys

• Päivitystyöryhmä kokoontui edellisen kerran 1.12.2011 
Andritzilla 

• Seuraava työryhmän kokous 17.2 Pöyryllä
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FINNISH RECOVERY BOILER COMMITTEE

ATR/YTR: Hajukaasujen polttosuosituksen päivitys

Ehdotukset väkevien polton aloituksesta:
• 1. ”kaikki” (1-2 varalla) startit päällä  20-30% MCR höyrystyksestä

– CNCG päällä tukiliekillä
– tukiliekin suunta

• 2. Tuliteho > 1 MW/m2  42 % MCR
– vaatii lipeäkuorman

• 3. Tuliteho > 0,7 MW/m2 30 % MCR

• Ehdotus tukiliekin sammuttamisesta:
– Tukiliekin pois 50%- 60% MCR-kuorman jälkeen

7
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ATR: Ohje UPS-järjestelmän periaatteeksi

• Projektia varten perustettu työryhmä on pitänyt 
ensimmäisen kokouksen 1.9.2011. 

• Vertaillaan vikapuuanalyysin avulla neljää eri UPS-
kytkentävaihtoehtoa,
– Vikapuuanalyysien laadinnan työkaluna käytettiin OpenFTA-

nimistä freeware-ohjelmaa
– Analyysissä käytetty vikadata (vikataajuudet) ovat peräisin kirjasta 

Tboken (data kerätty ydinvoimaloista)
– Saadut luotettavuus arvot eivät ole absoluuttisia, tuloksista 

nähdään eri vaihtoehtojen luotettavuus toisiinsa nähden.
– Luotettavimmat vaihtoehdot ovat No. 2 ja 4 (yhtä luotettavia) > No 

1. > No 3
– Ei käsitelty seurausvaikutuksia mikäli UPS-verkko menetetään
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KTR: uudet vauriot

• 1/2012, Äänekoski, miesluukun tiiviste
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LTR: Mustalipeän viskositeetti

• Yksi näyte, 2 viskositeettia per tehdas:
• hinta 1000 euroa, 15 tehdasta
• polttolipeä
• yksi yhteinen lämpötila 135 °C
• toinen lämpötila tehtaan valitsema, jos ei sama 1.näyte
• tehdas valitsee kiinnostavimman edustavan lipeän (seka/koivu/havu)
• tehdas voi teettää useampia näyteitä omalla kustannuksella
• mielenkiintoisista näytteistä voidaan tehdä jatkotutkimusta
• Kaikilta tehtailta ole saatu näytettä, jäljelle jäävät analyysit käytetty 

laitetoimittajien lähettämiin lipeänäytteisiin.
• Tuloksia esitetty Soodakattilapäivillä 2011 ja LTR:n kokouksessa 

9.12.2011
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OTR: Konemestaripäivä, Sunila

• 25.1 Vauriokeskustelu
• 26.1. Konemestaripäivä

– Sokos Hotel Seurahuone
– ~ 70 henkilöä osallistui
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OTR: 50-vuotisjuhla ja ICRC 2014

• Tampere-talosta varattu ma 9.6.2014 - to 
12.6.2014

• ICRC Ma, Ti, To
• Ke 11.6 SKY 50v-juhla. 
• Pe 13.6 jää mahdollisuus järjestää excursioita

• Seuraavaksi perustetaan 50v-juhlatoimikunta 
miettimään juhlapäivän ohjelmaa/luennoitsijoita, 
ICRCn-toimikunnat vastaavat muiden päivien 
ohjelmasta. Yhteistyö ICRC kanssa?
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Projektiehdotuksia

• KTR: Savukaasuräjähdyksen riippuvuus 
savukaasun koostumuksesta
– Projektin tavoitteena olisi selvittää milloin kaasuseos on 

räjähdysvaarallinen ja minkälaiset lukitukset ovat 
tarpeellisia estämään räjähdys.

– Tarjousta odotetaan Oulun Yliopistosta
• KTR: Sularännit, käyttöongelmat ja soodasulan 

juoksevuus
– Tavoitteena on selvittää ongelmien riippuvuus keiton 

alkalista ja sulfiditeetista. Kokemuksen mukaan alle 
35%-36% ja yli 45% sulfiditeetti aiheuttaa 
käyttöongelmia.
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Sulavirran vaihtelu ajan funktiona, LUT

• Esa Vakkilainen on ehdottanut projektia, 
jossa analysoitaisiin esimerkiksi kolmen 
kattilan sulavirrat.

• Soodakattilayhdistys on aikojen kuluessa 
tehnyt työtä sulavirtojen ja sulakourujen 
kanssa. Kuitenkaan sulavirran vaihtelusta 
ajan funktiona yksittäisen kourun läpi ja 
koko kattilasta ei ole tehty raporttia. 
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Syöttövesipumppujen säätö, LUT

• Esa Vakkilainen on ehdottanut projektia, 
jossa laskettaisiin kolmen erikokoisen 
kattilan optimaalinen 
syöttövesipumppukoko ja lukumäärä

• Turbopumpun tarpeellisuus
• Projekteissa tulee aika ajoin vastaan 

kysymys, montako syöttövesipumppua ja 
miten säädettynä tulisi kattilassa olla. 



SUOMEN SOODAKATTILAYHDISTYS
FINNISH RECOVERY BOILER COMMITTEE

22

Energiapäivä, LUT

• Esa Vakkilainen ehdotti että ensi keväänä järjestettäisiin energiapäivä 
esimerkiksi Lappeenrannan Teknillisessä Yliopistossa. Järjestelytapa 
ja kustannukset voisivat olla samanlaiset kuin päästömittauspäivässä 
Aalto yliopistolla. 

• Energiapäivän aiheita voisivat olla:
– LUT tutkimus optimaalisista paineista  
– Tehtaiden energia-analyysit (Energiansäästö) Pöyry
– Tehtaiden energiankäyttö ja niiden raportointi (uusi IPPC BAT BREF) 
– Uusien energiatehokkaampien tehtaiden käytännöt
– Lisäsähkö soodakattiloilla
– LUT tutkimus soodakattilan paineista ja lämpötiloista sekä 

välitulistuksesta
– Haihdutusasiaa 
– Sekundäärilämpöasiaa
– Soodakattilan hyötysuhde
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OTR: Painelaitepäivä

• Konemestaripäivien palauteessa kysyttiin 
kannattaisiko yhdistyksen järjestää oma 
seminaari painelaiteitteista ja 
käytönvalvojan/omistajan vastuista. 

• 91 % vastanneista (32 kpl) kannatti 
seminaarin järjestämistä.
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Ammonia Balance & Fate of 
Biosludge Nitrogen at UPM‐Kymi 

Nikolai DeMartini

Niklas Vähä‐Savo
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Objective

• Ammonia Balance
– To establish the main NH3 flows

– Funded by Metsäteollisuus ry and SKY 
environmental groups

• Biosludge N Project
– To determine the fate of biosludge nitrogen duringTo determine the fate of biosludge nitrogen during 
black liquor concentration and combustion

– Funded by SKY

2/2/2012 2
Metsäteollisuus ry meeting, Helsinki, 

Finland
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Background

• 6 full N balances made at Kraft pulp mills

– 4 in Finland, 1 in Sweden, 1 in Portugal

– 2 with biosludge N, fate not fully clear 

– 2 PhD thesis (Kymäläinen, 2001; DeMartini, 2004)

• Opportunities offered by Kymi balance
– Somewhat better segregation of condensates– Somewhat better segregation of condensates

– Went from a period of operating without 
biosludge, to operating with biosludge

2/2/2012 3
Metsäteollisuus ry meeting, Helsinki, 

Finland

Background

• Sampling campaign carried out 1 Dec 2010 
when there was no biosludge addedwhen there was no biosludge added

• Problems with analysis of 1 Dec samples 
necessitated a second campaign at Kymi

• Reporting results based on both the Ammonia 
and Biosludge N projectsg p j

2/2/2012 4
Metsäteollisuus ry meeting, Helsinki, 

Finland
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Sampling Days – May 2011

Sampling campaign Sampling campaign

17       18       19      20       21      22       23      24       25       26      27       28       29       30      31

BL, WW,
& GL

BL, WW,
& GL All

Biosludge addition
started All
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Digester: K3
WL: 1.1 g NH3‐N/s

Softwood chips: KD1

SW BL: 15.9 g N/s 

Sec. Cond. 0.5 g NH3‐N/sX
X+Y+Z = 4.5 gNH3‐N/s

Pulping

Pulp:
0.5 gN/s

Digester: K4

WL: 2.0 g NH3‐N/s

Pulp:
1.0 gN/s

Hardwood chips: KD3

HW+Sawdust BL: 21.4g N/s
Y Sec. Cond. 0.65 g NH3‐N/s

Digester: Sawdust

WL: 0.1 g NH3‐N/s

Pulp:
0.04 gN/s

Sawdust: KD5 Sawdust BL: 0.8 g N/s
Z

2/2/2012 7
Metsäteollisuus ry meeting, Helsinki, 

Finland

Conclusions Pulping

• Blow gases contain both NH3 from WL and 
NH f d d i l iNH3 formed during pulping

• Very little N goes with the pulp/carryover

• Most of the wood nitrogen goes with the 
weak BL in the form of organic nitrogen 
compounds (some of which are volatile) andcompounds (some of which are volatile) and 
NH3

2/2/2012 8
Metsäteollisuus ry meeting, Helsinki, 

Finland
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Evaporation Key Measurement Points

• Weak Black liquor 
– contains both volatile N species (NH3 and volatile Org‐contains both volatile N species (NH3 and volatile Org
N species)

• Intermediate BL
– These compounds are almost entirely released by 
~30% d.s.

• BL before biosludge addition
Biosludge is about 5 wt% N (~2 5 wt% NH N)– Biosludge is about 5 wt% N ( 2.5 wt% NH3‐N)

• BL after biosludge addition
• As fired BL

2/2/2012 9
Metsäteollisuus ry meeting, Helsinki, 

Finland

Evaporation: 3 European Kraft Mills
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BL‐N at UPM‐Kymi ‐ no Biosludge 
(1 Dec 2010)
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1B 1C

2 3 4 5 6 7

CondenserBL Dry Solids Flows

1A

Interm
ediate 
BL

Weak 
BL

Weak 
BL

43.3 kg d.s./s

42.6 kg d.s./s

41.1 
kg d.s./s

Biosludge (13% d.s.)

Biosludge (1.5% d.s.)

Emä vesi

0.2 kg d.s./s

1 kg 
d.s./s

BL

K3: SW BLK4: HW BL

Sawdust BL

KD7: 1.2 kg d.s./s

15.8 kg d,s,/s 23.8 kg d.s./sAs‐
fired 
BL

To RB
40.4 kg d.s./s

g /

Stro
ng 
BL

2/2/2012 13
Metsäteollisuus ry meeting, Helsinki, 

Finland

1B 1C

2 3 4 5 6 7
38.4 
g N/s

Condenser5.3 g NH3‐N/sEvap N Balance
Most likely  due to 
analytical error

1A

Interm
ediate 
BL

Weak 
BL

Weak 
BL

39.0 g N/s
4.2 g NH3‐N/s

29.8 g N/s
Biosludge (13% d.s.)

Biosludge (1.5% d.s.)

Emä vesi

8.6 g N/s

9.3 g N/s
0.6 g NH3‐N/s

0.5 
g N/s

42.6g N/s

BL

K3: SW BLK4: HW BL

Sawdust BL

KD7: 0.8 gN/s

15.9 g N/s 21.4 g N/sAs‐
fired 
BL

To RB
40.4 g N/s

g /
0.5 gNH3‐N/s

Stro
ng 
BL
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Condensates –
NH3 BalanceSec. 

Cond. 1

Evaps.2,3,4

Evap.5

To pulping 0.2 g NH3‐N/s 

To pulping 0 5 g NH N/s

With MeOH
to incinerator 

Sec. 
Cond. 2

Sec. 
Cond. 3

1C: 0.07 gN/s 

Evaps.6, 7

Surf. Cond. 1

To pulping 0.5 g NH3‐N/s 

To pulping 
0.09 g NH3‐N/s 

7.8 g NH3‐N/s by difference

3.8 gNH3‐N/s

15

Sec. 
Cond. 3

Dirty Cond. 
Evaps. 5.3 g NH3‐N/s

Dirty Cond.
Pulping

To stripper 
9.8 g NH3‐N/s 

Stripped Cond. 2.0 gN/s 

Dirty condensates from pulping = 
4.5 gNH3‐N/s by difference

Steam Stripping of Dirty Condensates ‐
Separation of NH3 from MeOH

• Both NH3 and MeOH 
released in stripper 2pp

• NH3 then distributed 
between NCGs and 
MeOH

• Could a small amount of 
acid be added to dirty 
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Conclusions Evaporation

• Volatile N species (~20% of total N) removed 
i l ff t d i d tin early effects and seen in condensates

• Biosludge N flow was equivalent to ~30% of 
flow of BL‐N from second effect 

• Biosludge NH3 volatilized, but remainder 
appears stable and enters RB with as‐fired BLappears stable and enters RB with as‐fired BL

2/2/2012 17
Metsäteollisuus ry meeting, Helsinki, 

Finland

N Distribution in BL Combustion

N2

N2
NPyrolysis

NBL

NChar

N2

NO

NO

NH3

Pyrolysis

N2

NGL
( OCN ¯ )

NSmelt
( NaOCN )

2
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RB Balance 31 May 2011
 

BL: 40.4 g N/s

NO: 9.6 g N/s
(24 % of BL‐N)
1.43 kg NO2/ADt

NH3: 0.4 g N/s

Weak Gases, 
N flow not measured

2/2/2012 20
Metsäteollisuus ry meeting, Helsinki, 

Finland

NH3: 3.2 
g N/s

10 g N/s
5.9 OCN‐N
4.1 NH3‐N
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Impact of Biosludge on GL OCN‐N
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Single Particle Experiments 

• Single Particle 
Experiments

exhaust

exhaust exhaustxperiments
– Indirect means of 
confirming higher BL 
nitrogen in as‐fired black 
liquor with biosludge

– Include NO from smelt 
oxidation

Ai i i

sample holder section

cooling 
device

Viewing 
Port

gas sampling 
tube

• Air staging in recovery 
boiler can result in 
reduction of NO formed in 
lower furnace

2/2/2012 22
Metsäteollisuus ry meeting, Helsinki, 

Finland

main inlets
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NO – Single Particle Reactor 
Experiments
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2/2/2012 23
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Finland

Conclusions BL Combustion

• Biosludge addition results in more N to 
b ilrecovery boiler

• This does not have to result in higher NO with 
proper air staging

• It can lead to a higher cyanate flow from the 
recovery boiler which results in higher NH inrecovery boiler which results in higher NH3 in 
the recovery cycle 
– this is something that hasn’t been shown before

2/2/2012 24
Metsäteollisuus ry meeting, Helsinki, 

Finland
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10 g N/s
5.9 OCN‐N

GL Filter

7.4 g N/s
2.0 OCN‐N

3.4 g NH3‐N/s

4.0 g NH3‐N/s ?
(by difference)

1.8 g NH3‐N/s
(by difference) Recausticizing N

4.1 NH3‐N

WL Filter

Raw GL Filtered GL

WL to 
Pulping

5.4 NH3‐N

3.3 g N/s
3.2 g N/s

3.3 g N/s

Dregs
0.8 g N/s

Filtered WL

25

Weak Wash N flow 3.2 gN/s
Vented N not measured, but on order of  3.5 gN/s

Conclusions Recausticizing

• Cyanate ~fully reacted by the slaker.

• N flow out of the dissolving tank (which is or 
will form NH3) is equivalent to the NH3 flow 
with the dirty condensates, but released at 
multiple vents with about 35% returning to 
pulping and about 35% returning to weak p p g g
wash

2/2/2012 26
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Finland



2/2/2012

14

Lime Kiln and NCG Boiler

• Lime Kiln
– Natural gas

– Weak gases from recausticizing

• NCG Boiler
– MeOH

– Strong gases from stripper– Strong gases from stripper

– Natural Gas intermittently as a support fuel

2/2/2012
Metsäteollisuus ry meeting, Helsinki, 

Finland
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NOx Lime Kiln & NCG Boiler
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Conclusions NOx from Lime Kiln and 
NCG Boiler

• NCG Boiler
– 21% increase in 3 week avg before and after 
biosludge addition

– Equivalent to ~0.05 kg NO2/ADt pulp

• Lime Kiln
– No clear increase in NONo clear increase in NO

2/2/2012
Metsäteollisuus ry meeting, Helsinki, 

Finland
29

Mill NOx Emissions 31 May 2012

• RB:  1.43 kg NO2/Adt (Fuel‐N)

• Lime Kiln:  0.30 kg NO2/Adt (Thermal‐N?)

• NCG Burner:  0.23 kg NO2/Adt (Fuel N)

• Total:  1.95 kg NO2/ADt

2/2/2012
Metsäteollisuus ry meeting, Helsinki, 

Finland
30
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Conclusions N balance

• A maximum of 20 gN/s (~0.9 kgN/ADt pulp) 
bl NH if ll f th NH i di trecoverable as NH3 if all of the NH3 in dirty 

condensates and GL/WL is captured.

• This is evenly distributed between dirty 
condensates and GL/WL
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Conclusions Biosludge Addition

• Biosludge N mostly stable in BL concentrators
– Results in higher as‐fired BL‐N concentration

• Does not result in higher NO due to air staging

• Can result in higher cyanate which in turn 
results in higher NH3
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NH3 Stripping

• Solution pH should be above 9.25

• Stripper at mill removed ~80% from dirty 
condensates

• WL before oxidation removed 94%

• Air stripping experiments showed stripping 
required little more than the theoretical airrequired little more than the theoretical air 
required to reduce the NH3 concentration 
from 33 mg N/l to 2 mg N/l
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Finland
33

WL Stripping Experiments
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Thank you!
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Nikolai DeMartini, Niklas Vähä‐Savo, Mikko Hupa 

Summary and Conclusions 

A mill nitrogen balance was carried out at the UPM‐Kymi mill  in May 2011 during a period when the mill 
was adding biosludge to the black liquor. The emphasis was on NH3 and where it could be captured in the 
recovery cycle. The nitrogen  in the recovery cycle originates fromthe wood. Between 95 and 100% of the 
wood nitrogen enters the chemical recovery cycle. The unique chemistry of black liquor combustion results 
in the formation of cyanate which then reacts to form ammonia. Thus, a significant portion of the nitrogen 
in wood (about 15%) makes a full loop of the pulping/recovery cycle. The results of this mill balance were 
consistent with six earlier mill balances referenced in the introduction. 

Nitrogen  is  present  throughout  the  recovery  cycle,  partly  as  inorganic  and  partly  as  organic  nitrogen 
compounds.  Mills  have  an  opportunity  to  collect  nitrogen  as  ammonia  from  both  condensates  and 
recausticizing  streams. The  flow of ammonia  is highest with  the dirty condensates  to  the  stripper at 9.8 
gN/s  or  0.44  kg  N/ADt  pulp.  A  similar  amount  of  inorganic  nitrogen  could  be  collected  from  the 
recausticizing process if all of the NH3 was removed from the green and white liquor and captured over the 
recausticizing process. The challenge  is that the cyanate slowly reacts to form ammonia, so ammonia can 
be  formed  through  the  slaking  and  recausticizing  process.  Both  steam  stripping  and  air  stripping  are 
effective for ammonia removal. Ammonia can be captured by scrubbing with an acidic solution, in which it 
forms NH4

+. 

Biosludge was found to increase the nitrogen concentration in the as‐fired black liquor, but was not found 
to  lead to a clear  increase  in the NO formed at the mill.  It does, however,  lead to an  increase  in cyanate 
formation, which then leads to an increase in NH3 formation. The full mill balance was done with biosludge 
addition and therefore represents the case of maximum N in the recovery cycle for Kymi. 
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Introduction 
 
The nitrogen in black liquor originates mainly from the wood and the white liquor used in kraft pulping 
[Kymäläinen, 2001b; DeMartini, 2004]. Wood contains roughly 0.05-0.25 wt-% nitrogen, being higher 
for hardwood than softwood [Ververka, 1993]. The nitrogen in wood is primarily associated with 
amino acids and proteins [Sudachkova, 2000; Dietrichs, 1967; Dill, 1984] and vegetative storage 
proteins [Stepien, 1992a; 1992b; Langheinrich, 1991]. After cooking, the nitrogen exits the digester 
primarily with the weak black liquor and blow gases with a small amount leaving with the pulp and 
carryover [DeMartini, 2004]. Volatile nitrogen species such as NH3, pyrrole and other volatile organic 
nitrogen species are released from the black liquor in the early effects of black liquor evaporation 
[DeMartini, 2004; Niemelä, 2004]. This volatilized nitrogen is eventually found mostly in methanol 
and non-condensable gases (NGC) [Kymäläinen, 1999; DeMartini, 2004; Niemelä, 2004]. 
 
The nitrogen in as-fired black liquor is the main source of NO in a Kraft recovery furnace. During 
devolatilization, about 60-70% of the black liquor nitrogen is released, primarily as an NH3 
intermediate with some NO and N2 also formed, Figure 1 [Aho, 1994a; Aho, 1994b; Forssén, 1997]. 
The remaining 30-40% is in the char. A part of this char nitrogen is released as NO and N2 during char 
conversion with 20-35% of the original black liquor nitrogen exiting the recovery boiler with the smelt 
as the cyanate ion (OCN-) [DeMartini, 2001; Kymäläinen, 1999; 2001a; 2001b; 2001c; 2002´; Vähä-
Savo, 2011]. Cyanate dissolves with the smelt in the smelt dissolving tank and reacts to form ammonia 
in the recausticizing process [DeMartini, 2001]. The reaction of cyanate to ammonia is slow in alkaline 
solutions and reacts throughout the chemical recovery cycle [Kymäläinen, 1999]. This ammonia is 
released in the vent gases of recausticizing and is ultimately vented in the digester blow gases and in 
the early effects of black liquor evaporation [Kymäläinen, 1999]. 
 

 
Figure 1. Path of nitrogen in black liquor combustion. 
 
Prior to this study, six full mill balances have been made for nitrogen in the Kraft recovery cycle, four 
of them in Finland [DeMartini, 2004; Kymäläinen, 1999; 2001a; 2001b; 2001c; 2002], with the other 
two being European mills [DeMartini, 2004]. These studies found the same general conclusions: 

• The flow of nitrogen with the black liquor is equivalent to the flow of nitrogen with the wood 
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• 15-30% of the black liquor nitrogen is released in the early effects of evaporation 
• 25-35% of the as fired black liquor nitrogen exits the recovery boiler as NO 
• 25-35% of the as fired black liquor nitrogen exits the recovery boiler with the smelt as cyanate 
• Cyanate then reacts to form NH3, part of which is released and part of which enters the digester 

with the white liquor 
• This white liquor nitrogen is equivalent to about 15-20% of the nitrogen entering with the wood. 
• About 15% of the wood nitrogen is released as ammonia during pulping 
• About half of the ammonia in pulping is released with the digester blow gases and the other half 

exits with the weak black liquor 
 
A separate detailed study of nitrogen distribution in a Kraft recovery boiler showed that both NO and 
cyanate could be minimized at the same time [Saviharju, 2006]. 
 
In addition to the 6 balances mentioned above, 8 mill balances were made around recovery boilers in 
Finland. In those studies, analysis was made of: black liquor before and after biosludge addition; N 
with methanol and weak gases; NO in the stack gases; cyanate in the smelt and nitrogen in the weak 
wash to the smelt dissolving tank, and nitrogen out of the smelt dissolving tank with the green liquor. 
 
One unique feature of the balance at Kymi was the ability to get some information about the fate of 
biosludge nitrogen as there were some measurements made in periods with and without biosludge 
addition. 
 
Analysis 
 
Two different laboratorieswere used for the NH3 and total N analysis results used in the May 2011 
nitrogen balance. At both laboratories, ammonia was stripped using steam followed by analysis 
according to either the modified method SFS 5505:1988 or SFS5664:1988. Total nitrogen was 
analyzed by both laboratories using the modified Kjeldahl method SFS 5505:1988. Cyanate in green 
liquor samples was analyzed by ion chromatography [DeMartini, 2001]. 
 
Ammonia in the dissolving tank vent gases was captured by bubbling vent gases through two impinger 
bottles with an acidic solution (pH~2). For analysis the pH of the samples was raised and they were 
analyzed for ammonia. 
 
Combustion and cyanate formation experiments were conducted for the collected as-fired black liquor 
samples at Åbo Akademi University (ÅAU) in a quartz glass reactor. Six 10 ±0.5 mg droplets of each 
liquor were burned at 1100 °C and 3% O2 in N2. The formed NO was measured with an on-line 
chemiluminescence analyzed (Teledyne Model 200EM). Cyanate formation in the collected as-fired 
black liquors was determined by pyrolysing six droplets (14 ±1 mg) of each as-fired black liquor at 
800 °C in 100% N2 for 10 seconds to form chars. The chars were then gasified at 800 °C in 13% CO2 / 
87% N2 to obtain the smelt. The smelts were dissolved in ultrapure water and analyzed for cyanate.   
 
Mill Sampling Campaign  
 
The first sampling campaign was made on December 1, 2010 at the UPM Kymi Mill. There were 
problems with the analysis of nitrogen in the condensates and the samples were disposed of before the 
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samples could be reanalyzed. There were other questionable analytical results and it was decided to 
have another sampling campaign in May, 2011. The black liquor nitrogen results, however, were 
considered accurate and those results are presented in this report in addition to the sampling campaign 
results from May 2011. 
 
Biosludge addition was started on May 23, 2011. Black liquor and green liquor samples were pulled on 
the 19th and 20th before biosludge addition and then on the 30th and 31st after biosludge addition to 
determine the fate of biosludge nitrogen, Figure 2. Samples for the full mill balance were pulled on 
May 31 to obtain a full mill balance when the mill was adding biosludge. Samples for a full mill 
balance were also pulled on May 30th as back-up, but were not used in this work. Appendix I lists the 
samples pulled along with dates pulled. Analysis results are given in Appendix II. Mill data was 
obtained for the full 15 day period which allowed for following NO formation both before and after 
biosludge addition. 
 

17       18       19      20       21      22       23      24       25       26      27       28       29       30      31

BL, WW,
& GL

BL, WW,
& GL All

Biosludge addition
started

Sampling campaign Sampling campaign

All

 
Figure 2. Sampling days. 
 
Pulp production and black liquor solids firing during the 15 days in May is shown in Figure 3. The 
drops in pulp production were due to drops in HW pulp production. Softwood pulp production was 
nearly constant throughout the course of the trial. The operation was reasonably stable during both of 
the sampling periods. 
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Figure 3. Pulp production (red) and black liquor solids firing rate (blue) during the 15 day period 
followed in this work. 

0

500

1000

1500

2000

2500

3000

3500

4000

To
ta
l P
ul
p 
Pr
od

. (
A
D
T/
d)
 /
 B
LS
 F
ir
ed

 (t
on

/d
)

May 2011

Total Pulp Production

BLS Fired

17 May  18 May  19 May  20 May   21 May  22 May   23 May  24 May  25 May   26 May   27 May  28 May  29 May   30 May  31 May

Start of 
Biosludge
Addition

 
Pulping 
 
The wood is fed on a volumetric basis and we have not obtained a good correlation to convert this to a 
mass flow rate of wood. However, it is possible to draw the main conclusions from the results. The 
wood and pulp samples were first analyzed by a combustion technique. However, this resulted in 
nitrogen values that were high and so the samples were subsequently analyzed for total N by the 
Kjeldahl method. The total N concentration of the softwood, hardwood and sawdust are 0.057, 0.096 
and 0.123 wt% N respectively. The concentrations and flows of nitrogen with white liquor, condensates 
for pulp washing, carryover, pulp and black liquor from the three lines are given in Table I. The flows 
are also shown in Figure 4. 
 
Table I. Concentrations of N for the three wood sources and white liquor, pulp, carry-over and black 
liquor concentrations and flows. 

 
*The detection limit for pulp was 0.006 wt-% N. 

Wood
Pulp Line (wt-% N) (mg N/l) gN/s (wt-% N) (gN/s) (wt-% N) (gN/s) (wt % N) (gN/s)

SW 0.06 % 1.15 0.006 % 0.47 0.07 % 0.09 0.10 % 15.8
HW 0.10 % 2.05 0.007 % 0.97 1.3 % 0.32 0.09 % 21.4
Sawdust 0.12 % 0.13 0.007 % 0.04 0.12 % 0.01 0.07 % 0.83

Pulp* Carry-over Black LiquorWhite Liquor

41
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Digester: K3
WL: 1.1 g N/s

Pulp:
0.5 gN/s

Softwood chips: KD1

SW BL: 15.85 g N/s 

WL: 2.0 g N/s

Pulp:
1.0 gN/s

Hardwood chips: KD3

HW+Sawdust BL: 21.44 g N/sDigester: K4

Digester: Sawdust

 
Figure 4. Nitrogen flows around the three digesters.  

WL: 0.1 g N/s

Pulp:
0.04 gN/s

Sawdust: KD5 Sawdust BL: 0.8 g N/s

Sec. Cond. 0.5 gN/sX

Y

Z

Sec. Cond. 0.65 gN/s

X+Y+Z = 4.5 gN/s

 
Black Liquor Evaporators 
 
To ensure that measured flows were accurate, the flow of dry solids at different points were calculated 
using: black liquor solids; the recorded volumetric flow data; recorded black liquor temperatures; and, 
calculated densities based on Frederick [1997]. As can be seen in Figure 5, the flows of black liquor 
solids was similar at each measurement point which was expected as the measured tank levels were 
almost constant during sampling. This clearly indicates that variations in nitrogen flows were due to 
differences in the measured nitrogen concentrations rather than errors in the flow measurements.  
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Figure 5. Dry solids flows of black liquor, biosludge and emä vesi based on dry solids analysis and mill 
flow data. 
 
The concentration of total nitrogen in the black liquor and biosludge samples analyzed are given in 
Table II. For the May 2011 data, more sample points were analyzed. The concentrations are also 
plotted in Figure 6 vs. dry solids. The In both campaigns, the concentration of nitrogen on a dry solids 
basis decreases in the early effects of evaporation. The concentration of the as-fired black liquor is the 
same as the intermediate black liquor in Dec 2010. As can be seen, the concentration of the black liquor 
in May 2011 also drops off, but then increases again after biosludge addition and remains at that for 
both the IC liquor and the as-fired black liquor indicating the biosludge N is stable in the concentrators.  
 
 
Table II. Concentration of total N in black liquor, biosludge and emavesi samples pulled on 31.5.2011. 
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ng 
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Dry Solids Total N NH3-N Dry Solids Total N NH3-N
Name Position wt% d.s. wt% d.s. mg N/l wt% d.s. wt% d.s. wt% d.s.

UPM‐KD7 Sawdust Black liquor from washer 10.6 % 0.070 % n.a. 16.4 % 960 0.009 %
UPM‐KEV1 Softwood Black Liquor from K3 19.8 % 0.10 % n.a. 16.8 % 1100 0.013 %
UPM‐KEV2 Hardwood + Sawdust Black Liquor 19.4 % 0.09 % n.a. 11.0 % 890 0.013 %

UPM‐KEV3 Weak Black Liquor to Evaporators 20.0 % 0.09 % 21
UPM‐KEV4 Intermediate black liquor 31.5 % 0.07 % n.a. 28.6 % 860
UPM‐KEV5 Black Liquor from 2nd Effect 51.4 % 0.09 % n.a.
UPM‐KEV18 IC Black Liquor 60.5 % 0.11 % n.a.
UPM‐KEV6 As‐fired black liquor 82.9 % 0.10 % n.a. 82.2 % 850 0.001 %
UPM‐KEV15 Biosludge (wet) 1.5 % 5.00 % 40.8
UPM‐KEV16 Biosludge (mechanically dried) 13.3 % 5.30 % n.a.
UPM‐KEV17 Emävesi 48.6 % 0.05 % n.a.

31 May 2011 1 December 2010

 
Figure 6. Concentration of total Kjeldahl nitrogen vs. dry solids during the two campaigns. Biosludge 
was added to the black liquor in the May 2011 campaign, but not the Dec 2010 campaign. 
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The analyzed total nitrogen content of the HW black liquor is lower than for the SW and the analyzed 
nitrogen content of the sawdust black liquor is the lowest. Previous experience would indicate that the 
order in N content should be Sawdust BL > HW BL > SW BL. Based on the wood analysis we would 
also expect SW BL>HW BL>SW BL. The calculated total nitrogen flows in black liquor evaporation 
are given in Figure 7. The analyzed total nitrogen content in the black liquor from the 2nd effect appears 
to be too high. It is most likely 0.07 wt% since there is no stream which would add nitrogen to the 
black liquor between the intermediate tank and the 2nd effect.  
 
Ammonia was analyzed in the sample of the mixed feed black liquor and in the biosludge samples. The 
concentration in the feed black liquor was 0.01 wt%-N which is equivalent to a flow of 4.2 gN/s. This 
translates to 11% of the N flow in the feed liquor. This compares well to the measured 5.3 g N/s 
measured in the dirty condensates from evaporators 2 to 7 and the surface condensers. The biosludge 

9 
 



nitrogen from water treatment is 1.5 wt% d.s. It is concentrated to 13 wt% d.s. in the centrifuge. There 
is no loss of ammonia or total nitrogen in the centrifuge step. The nitrogen flow based on the black 
liquor from the 2nd effect plus the nitrogen with the biosludge is more than the flow of N measured with 
the IC black liquor flow indicating that the flow with the 2nd effect is lower than that based on analysis.  
 

 
Figure 7. Nitrogen flows with black liquor, biosludge and emä vesi based on nitrogen analysis and mill 
flow data. 
 
Condensate and Methanol 
 
Figure 8 shows the nitrogen flows in the condensate and stripper systems. Condensate segregation in 
evaporation also results in successful segregation of ammonia into the dirty. It represents 87% of the 
NH3 in the condensates from evaporation and 12% of the black liquor nitrogen. The ammonia flow 
with the dirty condensates from pulping can be estimated by subtracting the flow of ammonia with the 
dirty condensates from the evaporators from the flow of dirty condensates to the stripper. This gives a 
flow of NH3 with the dirty condensates from pulping of 4.5 gN/s which is similar to the flow of 
ammonia with dirty condensates from the evaporators (5.3 gN/s). The similar NH3 flows with blow 
gases from pulping and weak black liquor is consistent with earlier findings at three European pulp 
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mills [DeMartini, 2004]. The flow of ammonia with the weak black liquor is 4.2 gN/s. This is lower 
than the ammonia flow with the dirty condensates from the evaporators, but of a similar value. 
 
One of the interesting questions is the fate of biosludge nitrogen in the concentrators. Ammonia in 
biosludge is expected to be volatilized in the concentrators. The flow of NH3 with the biosludge was 
0.6 gN/s. Some of this is seen in the condensates in the 0.07 gN/s in the IC condensate. The rest of this 
is likely to be found in the condensates in the 2nd effect which would be ammonia released in the IC 
concentrator. This explains part, but not all of, the discrepancy between the NH3 flow with the dirty 
condensates and the ammonia flow with the feed black liquor. 
 
The flow of NH3 with the methanol is 3.8 gN/s. This is about half of the nitrogen released in the 
stripper based on the flow with dirty condensate to the stripper and the flow with the stripped 
condensate. The methanol is normally burned in a separate incinerator with the high concentration 
NCGs. 
 

Sec. 
Cond. 1

Sec. 
Cond. 2

Sec. 
Cond. 3

Evaps.2,3,4

Evap.5

1C: 0.07 gN/s 

Evaps.6, 7

Surf. Cond. 1

Sec. 
Cond. 3

Dirty Cond. 
Evaps. 5.3 gN/s

Dirty Cond.
Pulping

To pulping 0.2 gN/s 

To pulping 0.5 gN/s 

To pulping 0.09 gN/s 

To stripper 9.8 gN/s  Stripped Cond. 2.0 gN/s 

 
Figure 8. Condensate flows. 
 
Recovery Boiler 
 
The nitrogen flows around the recovery boiler and smelt dissolver is shown in Figure 9. The measured 
flow of nitrogen to the recovery boiler with the as-fired black liquor was 40.4 g N/s. The mill was not 
burning MeOH or strong non-condensible gases (NCGs) in the recovery boiler at any time during the 
sampling campaign. The mill did add weak NCGs to the recovery boiler. The nitrogen flow with the 
weak NCGs was not measured, but has been found to be equivalent to about 5% of the black liquor 
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nitrogen flow [Salmenoja, 2007]. The flow of nitrogen as NOx was 9.6 gN/s or 24% of the incoming 
black liquor nitrogen. The nitrogen flow of the smelt was determined by the difference in the NH3-N 
flow with the weak wash and the NH3-N + OCN-N flow with the green liquor + the NH3 flow with the 
vent gases. This gives a nitrogen flow of 7.2 gN/s or 18% of the black liquor nitrogen. While the 
cyanate flow with the green liquor from the dissolving tank is lower than this; this is presumably 
because part of the cyanate already reacts to form ammonia in the dissolving tank. It has been shown 
that a mill can obtain both low cyanate and low NO at the same time with proper operating conditions, 
which Kymi appears to achieve [Saviharju, 2006]. 

 
Figure 9. Nitrogen flows around the recovery boiler at Kymi. 

 

40.4 g N/s

NH3: 3.2 g N/s

NO: 9.6 g N/s
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5.9 OCN‐N
4.1 NH3‐N

 
Recausticizing 
 
During the recausticizing process, the cyanate will react to form ammonia. The kinetics of this reaction 
has been studied and reported elsewhere [DeMartini, 2004b; 2004c; Vogels, 1970] and the relevant 
kinetics in green liquor can be describted by the equation: 
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Where k3 and kHCO3- are the rate constants for the uncatalyzed and bicarbonate catalyzed formation of 
ammonia from cyanate. Their temperature dependence is given by an Arrhenius expression [DeMartini, 
2004b]: 
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A part of the ammonia will be vented. At Kymi, the flow of nitrogen to the recausticizing process was 
10 gN/s and the amount of nitrogen exiting with the white liquor was 3.3 gN/s. Cyanate was found in 
the green liquor from the dissolving tank and green liquor to the slaker, but not the liquor from the 
slaker. By difference about 2.6 gNH3-N is released from the green liquor tanks and 4 gNH3-N is 
released at the slaker. The NH3 in the weak wash comes from white liquor and green liquor washed out 
of dregs and lime mud. Based on the flows in Figure 10, much of the NH3 in the weak wash may come 
from washing of dregs, but no detailed balance done around the dregs or lime mud washers. 
 

 
Figure 10. Nitrogen flows in the recausticizing process. 
 
Impact of Biosludge 
 
The N flows as NOx and total load are given in Figure 11 during the 15 days of data analysis in May 
2011. The mill began adding biosludge to the black liquor on Day 7. As can be seen, there is no clear 
increase in NO (solid grey line) with biosludge addition (dashed black line). There is however, a trend 
with the recovery boiler load (dashed grey line) with NO generally decreasing with higher load and 
increasing with lower load. We collected black liquor samples both before and after biosludge addition. 
We burned those samples in a single particle reactor and did see an increase in NO for the black liquors 
with biosludge added, Figure 12. The samples BL 1&2 were pulled on 19th May, BL 3&4 were pulled 
on the 20th; BL 5&6 were pulled on the 30th and BL 7&8 were pulled on the 31st. We also concentrated 
and burned the 2nd effect black liquor samples from the 30th and 31st (i.e. without biosludge) and found 
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that they gave lower NO levels when compared to the black liquors without biosludge addition, i.e. it 
was the biosludge nitrogen resulting in higher NO in the single droplet combustion tests of the as-fired 
liquor from those days rather than some other change in the black liquor. The laboratory did not return 
the sample from the 2nd effect (Day 8) so we did not have this sample to burn. This indicates that either 
the nitrogen with the biosludge is effectively reduced in the recovery boiler; exits the recovery boiler as 
cyanate in the smelt or both.  
 
In addition to pulling black liquor samples before and after biosludge addition, we pulled green liquor 
samples from the dissolving tank before and after biosludge addition. As can be seen in Figure 13, the 
concentration of OCN-N was higher with biosludge addition. This was supported by cyanate formation 
tests in the single particle reactor where the cyanate formation, Figure 14. 
 

 
Figure 11. NOx formation as gN/s; biosludge addition rate (kg d.s./s) and black liquor firing rate (kg 
d.s./s) during the days 17-31 of May 2011. 
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Figure 12. Average NO formation for 6 droplets of black liquor burned in a single particle reactor at 
1100 C with 3.3% O2/bal. N2. Error bars represent 1 standard deviation. 
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Figure 13. OCN-N concentration in green liquor samples taken before biosludge addition (GL 1-4) and 
after biosludge addition (GL 5-8). Six replicate analysis were made for each sample and the error bars 
represent 1 standard deviation. 
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Figure 14. Cyanate formation after pyrolysis and gasification to 100% smelt for the black liquor 
samples. 
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White liquor oxidation 
 
White liquor oxidation was very effective at removing NH3. The NH3 concentration in the white liquor 
was 41.2 mg N/l and the NH3 concentration in the oxidized white liquor is 2.4 mg N/l. 
 
Stripping experiments with white liquor and air 
 
The equilibrium for ammonia between water and air can be described by Henry’s law. 

௘ݕ ൌ  
݇ு

݌ ·  ܥ

 

kH: Henry´s constant 
p: pressure 
C: concentration of ammonia (mol/l) 
 
The temperature dependence of the Henry’s constant (atm) for ammonia can be described by the 
equation below and is shown in Figure 14. 

ு݇݃݋݈ ൌ
െܣ
ܶ ൅  ܤ

 

 
A = 1887.12 
B = 6.315 
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T: temperature in K 
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Figure 14. Temperature dependence of the Henry’s law constant for NH3. 
 
The minimum amount of air needed to strip a certain amount of ammonia from water can be calculated 
assuming that the concentration of NH3 in the air is at equilibrium with the NH3 remaining in the 
solution during stripping. To determine how close to the theoretical minimum the ammonia stripping 
system might be, ammonia was stripped from a batch solution of white liquor at different temperatures. 
The volume of white liquor for each run was between 150 and 225 ml and the volumetric flow rate of 
air through the impinger bottle was 760 ml/min. Separate experiments were run for different lengths of 
time at three different white liquor temperatures (70, 80 and 90 °C). The white liquor was placed into 
an impinger bottle that was sealed. It was heated to the desired temperature and then air was bubbled 
through the bottle for a fixed time corresponding to steps equivalent to approximately 33% of the 
theoretical minimum required air. At the completion of the fixed time the impinger bottle was sealed 
and cooled before collecting the liquid solution for analysis. Figure 15 shows the ammonia 
concentration as a function of the theoretical minimum air required to reduce the NH3 concentration in 
the white liquor from the initial 33 mg N/l to 2 mg N/l. Table III gives the data shown in Figure 15. 
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Figure 15. Concentration of NH3 vs. fraction of theoretical minimum air required to reduce the 
ammonia concentration from 33 to 2 mg N/l in a alkaline solution. 
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Table III. Concentration of NH3 (mg N/l) in white liquor after stripping with air as a function of the 
theoretical minimum. 

 
 

Temp (°C) Vtot/Vtheoretical NH3 (mg N/l)

0 % 33

34 % 17

69 % 6.4

104 % 5.3

138 % 3.5

0 % 33

35 % 11

69 % 4.6

104 % 2.5

139 % 1.8
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104 % 2.2

138 % 1.1
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Appendix I. Sample List 
 

 
 

Pulping and White Liquor Oxidation
Name Position Dates Sampled (2011)
UPM‐KD1 SW Chips to K3 30.5, 31.5
UPM‐KD2 Washed Pulp from K3 30.5, 31.5
UPM‐KD2‐b Carry‐over with Pulp from K3 31.5
UPM‐KD3 HW Chips to K4 30.5, 31.5
UPM‐KD4 Washed Pulp from K4 30.5, 31.5
UPM‐KD4‐b Carry‐over with Pulp from K4 31.5
UPM‐KD5 Sawdust to Sawdust digester 30.5, 31.5
UPM‐KD6 Pulp from washer 30.5, 31.5
UPM‐KD6‐b Carry‐over with Pulp from sawdust digester 31.5
UPM‐KD7 Black liquor from washer 19,20,30,31.5
UPM‐KD8 Oxidized WL 30.5, 31.5

Evaporation and Stripper
Name Position
UPM‐KEV1 Weak Black Liquor from K3 19,20,30,31.5
UPM‐KEV2 Weak Black Liquor from K4 19,20,30,31.5
UPM‐KEV3 Weak Black Liquor to Evaporators 19,20,30,31.5
UPM‐KEV4 Intermediate black liquor 19,20,30,31.5
UPM‐KEV5 Black Liquor from 2nd Effect 19,20,30,31.5
UPM‐KEV6 As‐fired black liquor 19,20,30,31.5
UPM‐KEV7 Secondary Condensate 1 30.5, 31.5
UPM‐KEV8 Secondary Condensate 2 30.5, 31.5
UPM‐KEV9 Secondary Condensate 3 30.5, 31.5
UPM‐KEV10 Condensate from 1C 30.5, 31.5
UPM‐KEV11 Dirty Condensate from evaporators 30.5, 31.5
UPM‐KEV12 Dirty condensate to stripper 30.5, 31.5
UPM‐KEV13 Stripped Condensate 30.5, 31.5
UPM‐KEV14 MeOH 30.5, 31.5
UPM‐KEV15 Biosludge (wet) 30.5, 31.5
UPM‐KEV16 Biosludge (mechanically dried) 30.5, 31.5
UPM‐KEV17 Emävesi 30.5, 31.5
UPM‐KEV18 IC Black Liquor 19,20,30,31.5
UPM‐KEV19 Cond. From Stripper Cond.
UPM‐KEV20 Cond. From 2nd Effect Dirty
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Recovery Boiler
Name Position
UPM‐KRB1 NOx stack gases Data from 
UPM‐KRB2 Gas from Dissolving Tank 30.5, 31.5
UPM‐KRB3 Mechanically cleaned hot water from RB 30.5, 31.5

Recausticizing
Name Position
UPM‐KCW1 Weak Wash to disolving tank 19,20,30,31.5
UPM‐KCW2 GL from Dissolving tank 1 19,20,30,31.5
UPM‐KCW3 GL from Equilizing tank to x‐filter 30.5, 31.5
UPM‐KCW5 WL from slaker 30.5, 31.5
UPM‐KCW6 WL from cuasticizer 1 30.5, 31.5
UPM‐KCW7 WL from cuasticizer 2 30.5, 31.5
UPM‐KCW9 WL to digester & WL oxidation 30.5, 31.5
UPM‐KCW10 Lime Mud from CD filter 30.5, 31.5
UPM‐KCW11 Lime Mud from disc filter 30.5, 31.5
UPM‐KCW12 Filtrate from lime mud washer 30.5, 31.5
UPM‐KCW13 Dregs to Dregs Washer 30.5, 31.5
UPM‐KCW15 Filtrate from dregs washer 30.5, 31.5
UPM‐KCW16 Mechanically Cleaned Hot Water from lime kiln 30.5, 31.5

  

22 
 



Appendix II. Analytical Results 
 

 
 

Pulping and White Liquor Oxidation Total N NH3-N OCN-N Dry Solids
Name Position wt% d.s. mg N/l mg N/l wt% d.s.
UPM‐KD1 SW Chips to K3 0.057 %
UPM‐KD2 Washed Pulp from K3 0.006 %
UPM‐KD2‐b Carry‐over with Pulp from K3 0.070 % 1.9 %
UPM‐KD3 HW Chips to K4 0.096 %
UPM‐KD4 Washed Pulp from K4 0.007 %
UPM‐KD4‐b Carry‐over with Pulp from K4 1.300 % 0.1 %
UPM‐KD5 Sawdust to Sawdust digester 0.123 %
UPM‐KD6 Pulp from washer 0.007 %
UPM‐KD6‐b Carry‐over with Pulp from sawdust digester 0.120 % 1.2 %
UPM‐KD7 Black liquor from washer 0.070 % 10.6 %
UPM‐KD8 Oxidized WL 2.4

Evaporation and Stripper
Name Position
UPM‐KEV1 Weak Black Liquor from K3 0.10 % 19.8 %
UPM‐KEV2 Weak Black Liquor from K4 0.09 % 19.4 %
UPM‐KEV3 Weak Black Liquor to Evaporators 0.09 % 20.0 %
UPM‐KEV4 Intermediate black liquor 0.07 % 31.5 %
UPM‐KEV5 Black Liquor from 2nd Effect 0.09 % 51.4 %
UPM‐KEV6 As‐fired black liquor 0.10 % 82.9 %
UPM‐KEV7 Secondary Condensate 1 4.1
UPM‐KEV8 Secondary Condensate 2 26
UPM‐KEV9 Secondary Condensate 3 2.2
UPM‐KEV10 Condensate from 1C 75
UPM‐KEV11 Dirty Condensate from evaporators 124
UPM‐KEV12 Dirty condensate to stripper 173
UPM‐KEV13 Stripped Condensate 35
UPM‐KEV14 MeOH 16328
UPM‐KEV15 Biosludge (wet) 5.00 % 40.8 1.5 %
UPM‐KEV16 Biosludge (mechanically dried) 5.30 % 13.3 %
UPM‐KEV17 Emävesi 0.05 % 48.6 %
UPM‐KEV18 IC Black Liquor 0.11 % 60.5 %
UPM‐KEV19 Cond. From Stripper Cond. 1700
UPM‐KEV20 Cond. From 2nd Effect Dirty 620
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Recovery Boiler Total N NH3-N OCN-N Dry Solids
Name Position wt% d.s. mg N/l mg N/l wt% d.s.
UPM‐KRB1 NOx stack gases
UPM‐KRB2 Gas from Dissolving Tank
UPM‐KRB3 Mechanically cleaned hot water from RB

Recausticizing
Name Position
UPM‐KCW1 Weak Wash to disolving tank 42
UPM‐KCW2 GL from Dissolving tank 1 47.2 205
UPM‐KCW3 GL from Equilizing tank to x‐filter 68 119
UPM‐KCW5 WL from slaker 42.5
UPM‐KCW6 WL from cuasticizer 1 41
UPM‐KCW7 WL from cuasticizer 2 39.8
UPM‐KCW9 WL to digester & WL oxidation 41.2
UPM‐KCW10 Lime Mud from CD filter
UPM‐KCW11 Lime Mud from disc filter
UPM‐KCW12 Filtrate from lime mud washer
UPM‐KCW13 Dregs to Dregs Washer

UPM‐KCW15 Filtrate from dregs washer
UPM‐KCW16 Mechanically Cleaned Hot Water from lime kiln
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