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COD discharges out of processes have increasemdanwlith elevating brightness

demands for mechanical pulp and papers. The slidignm-like substances in COD

discharges is on average 75%. In this thesis, it pgnamic model was created and
validated as a means to predict COD loading anchdiges out of a mill. The assays
were carried out in one paper mill integrate pradgianechanical printing papers.

The objective in the modeling of plant dynamics wagredict day averages of COD
load and discharges out of mills. This means théihe data, like 1) the level of large
storage towers of pulp and white water 2) pulp desa3) production rates and 4)
internal white water flows and discharges were usedreate transients into the
balances of solids and white water, referred t{pst dynamics”.

A conversion coefficient was verified between TO@GdaCOD. The conversion

coefficient was used for predicting the flows frar®C to COD to the waste water
treatment plant. The COD load was modeled with lsimincertainty as in reference
TOC sampling. The water balance of waste watertrreat was validated by the

reference concentration of COD. The difference dDDC predictions against

references was within the same deviation of TOGHpt®Nns. The modeled yield

losses and retention values of TOC in pulping atehdhing processes and the
modeled fixing of colloidal TOC to solids betwedw tpulping plant and the aeration
basin in the waste water treatment plant were aimtib references presented in
literature.

The valid water balances of the waste water treatmpiant and the reduction model
of lignin-like substances produced a valid predictof COD discharges out of the
mill. A 30% increase in the release of lignin-likebstances in the form of production
problems was observed in pulping and bleaching ges&s. The same increase was
observed in COD discharges out of waste waterrtresat. In the prediction of annual
COD discharge, it was noticed that the reductioligrfin has a wide deviation from
year to year and from one mill to another. This end@ddifficult to compare the
parameters of COD discharges validated in planadhya simulation with another
mill producing mechanical printing papers. However,trend of moving from
unbleached towards high-brightness TMP in COD disgbs was valid.

Keywords: COD, TOC, online data, plant dynamics, COD discharges, COD load,
conversion of TOC and COD, printing paper
UDC 676.22 : 676.088 : 628.312
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ADT air dry ton
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COD chemical oxygen demand
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DCS dissolved and colloidal substances
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HC high consistency
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LwC1 light weight coated paper 1

LWC2 light weight coated paper 2

MC medium consistency

MTBE methyl tertiary butyl ether

MWL milled wood lignin

OAS other aromatic substances

PM paper machine

SC1 super calandared paper 1

SC2 super calandared paper 2

TMP thermo mechanical pulping or thermo mecharpcdp
TOC total organic carbon

TSS total suspended solids

UF ultra filtration
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1. INTRODUCTION

Mechanical pulp is the main pulp component in thniEh of mechanical printing
papers. Thermomechanical pulping (TMP) and grindirggthe most traditional ways
to defiberize the wood matrix to obtain mechanipalp. In mechanical pulping,
different constituents have been released intonter phase which results in yield
losses of wood to the water phase. Yield losseIMP production have been
evaluated to be 40 kg of dissolved and colloidddssances per BDT of TMP. In
peroxide bleaching, an additional release of digsbland colloidal substances from
fibers has been reported to be in the range of?fl kto 20 kg per BDT of TMP [2,
3] depending on the reference.

In grinding, the amount of material dissolved imthite water is lower than in TMP
production. However, the same constituents areeptes white water in both
thermomechanical pulping and grinding. The tempeeatof the shower water
determines the level of yield losses in grindindgpe Thigher the temperature of the
shower water used, the more the yield losses indgwy resemble those in TMP
production. [4, 5, 6]. Additional yield losses whitake place in the paper machine
are minor. Only about 2 kg of organic matter pgrgraon has been released to white
water in the unit processes in the PM [2]. Moreaded information on the
distribution of yield losses in mechanical printifgaper production is further
addressed in the next subchapters.

1.1 Dissolved and colloidal substances released from bileached TMP

Spruce chips are defiberized in multistage refinerswhich the major part of
dissolved and colloidal substances (DCS) are reteaso the water phase from the
wood composite induced by heat and mechanicalretiBarbohydrates are the most
abundant substance group present in the white wétenbleached TMP, [7, 8, 9].
40% of the total yield losses are composed of gaddiecomannan. This means that
16 kg of galactoglucomannan per BDT of TMP hasnbedeased into the white
water of unbleached TMP [1]. 16 kg of galactogluemman per BDT of TMP
corresponds to 6.4 kg of TOC (total organic carbpa) BDT of TMP using the
conversion coefficient presented given by Thorrgbal. [7] for carbohydrates.

Acetylated or deacetylated galactoglucomannanstwaie still present in the water
phase after deacetylation in bleaching stabilizdoicls against aggregation in
unbleached and bleached mechanical pulp suspendibds 11]. However,
glucomannans have high affinity to absorb onto utedic fibers. In addition,
absorption reduces the stability of colloids whialso results in salt induced
aggregation of colloidal wood resins to the fib§t8]. Adsorption even increases
yield by 1% in thermomechanical pulping [13].

About 2 kg of other hemicelluloses per BDT of TMiRe arabinogalactan or xylan,
has been released to the water circuits in unbésh@MP production. The total yield
loss of carbohydrates as TOC is 7.5 kg of TOC pbff Bof pulp, based on the
coefficient for carbohydrates given by Thornton &almbom et al. [1, 7].
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The second most abundant substance group whiglesemt in the water circuits of a
TMP plant consists of aromatic substances. Theps®ari extractives (lignans) can be
isolated from white water of TMP by aprotic polah&nts (e.g. MTBE). Sjostrom et
al. [14] and Holmbon et al. [15] have been refemedextractible substances by e.g.
MTBE as “lignin-like substances” and “lignin”. O other hand, there has been
reported in literature that these substances hawessarily no similarities with lignin
in milled wood. The defined group names for thadestances, “hydrophilic lignin”,
[16] “lignosaccharides” and “lignan-related subsest? [17], are results of these
findings.

The amount of dissolved lignin in unbleached TMRnighe range of 1 to 7 kg of
lignin per TMP BDT . In addition, the amount of higns separated by MTBE
extraction has been reported to be 2-3 kg of lignper BDT of TMP [1, 18].
However, Pranovich et al. [18, 19] have reported tignin released is 1 kg per BDT
of unbleached TMP and respectively released ligBakts per unbleached TMP BDT.
The rest of the no extractible compounds by MTBRl®ut 2-6 kg of aromatic
substances per BDT of TMP and are classified asr @tomatic substances. They are
identified to be semipolar compounds, particularigomeric aromatic substances. In
addition, Pranovich et al. [18, 19] have not obedrgimilarity between oligomeric
aromatic substances and lignin in milled wood.

In this thesis, the average amounts of releaseiltefdwood lignin (MWL) and other
aromatic substances (OAS) and lignan were usedavéeage releases in TMP were
1 kg of MWL, 4 kg of OAS and 2.5 kg of lignan peDB of TMP. Based on the
carbon content given by Pranovich [18], the relseafeDAS and MWL in pulping as
TOC were 2.9 kg per BDT of pulp, and only 0.5 kgr@C per TMP BDT originated
from MWL.

Ekman [20] has shown than 1% of sapwood in sprumesists of non-volatile

lipophilic extractives. In the heartwood, the camtef lipophilic extractives is a little

lower than in sapwood. On the other hand, Kayhkd] [2as shown that 56% of
lipophilic extractives in wood chips are dispersedhe water phase in refining. This
means that 4.2 kg of TOC per TMP BDT according lte tarbon content of the
extractive given by Thornton [7] has been crushedad the pitch channels in TMP
[22].

Thornton et al. [7] have classified 40% of the nmead TOC into the colloidal phase
in the white water of TMP. Lipophilic extractivesrstitute a major part of colloidal
substances released in mechanical pulping. Carbates] and other unidentified
substances [7], as micro fines, are assessedthe®cond most abundant substances
in the colloidal phase. Thornton et al. [7] havealeated that the amount
carbohydrates and unidentified substances as T@gdsof TOC per BDT of TMP.
Holmbom el al. [1] has been evaluated that 4 kgizio fines per BDT of TMP like
colloidal fragments and fiber fibrils are releadedthe water phase in TMP. If the
carbon content in fines is assumed to be 50%, @ KPC per TMP BDT is released
with micro fines.

Holmbom et al. [1] and Thornton [7] have reporthdttthe generation of low-molar
mass acids in unbleached TMP production is veryomiithe generation is in the
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range of 1 to 2 kg of acetic and formic acids pBTBf unbleached TMP [1, 7]. Only
5% of the TOC released in pulping originates frozstms (galacturonans). However,
pectins contribute to 50% of the cationic demangeroxide-bleached pulp [23, 24,
1] and are a major “anionic trash” in unbleachedPTM]. Thus it is important to

know the concentration of pectins in the simulatioh anionic trash, but the

consideration of pectins as a COD loader in anraatdreatment plant is probably
insignificant.

Table | shows the most significant dissolved antlomal substances which are
released in unbleached TMP production.

Table I. Yield losses in unbleached TMP and esahahares of colloids and
dissolved substances
TOC Carbon content used
[% of TMP BDT] [%]
Carbohydrates 0.8 (60%) 40 [7]
Aromatic substances 0.5 57 [17]
Lipophilic extractives 0.4 (100%) 75 [7]
Micro fines 0.2 (100%Y 50
Other substances 0.2 50
Total release TOC [%)], [1, 7] 2.1
Total release TOC [%)], [4] 1.8-2.8
Calculated ratio
colloidal:dissolved TOC from
assumptions 1) 51:49
1) assumed shares in colloidal phase

1.2 Additional dissolution of dissolved and colloidal sbstances in bleaching

In the production of mechanical printing paper, TNdPsometimes bleached by
dithionite. The prevailing opinion concerning yieldsses occurring in dithionite
bleaching is inconsistent. On one hand, it is gaherassumed that dithionite
bleaching has no significant impact on the relea$edissolved and colloidal

substances in dithionite bleaching. On the otherdhahere are also reported yield
losses in the literature. Lindholm [3] has assesseldl losses into a range of 0 to
0.8% of dissolved and colloidal substances per BOTMP. Kokko et al. [25] have

observed extended dissolution of hemicellulosestip® lignin and lignans in their

studies. On the other hand, Zabihian et al. [26] rast able to identify a significant
part of substances in additional yield loss aft#mianite bleaching. The unidentified
part is estimated to contain mainly low molar masisls. The average additional yield
loss resulting from dithionite bleaching was ab60% [25, 26]. This means that 13
kg of additional dissolved colloidal TOC would beleased into water circuits in
dithionite bleaching or it would be extracted ofittee fibers in any case in the post-
dilution of mechanical pulp after storage.
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In peroxide bleaching, brightness gain is highantim dithionite bleaching. The trend
has been that TMP is peroxide bleached further usecaof customers’ higher
brightness requirements in the near past and futugeroxide bleaching, pH is lifted
up to about 10 to 11. Alkaline conditions and okl bleaching reactions by
peroxide result in significant additional yield ¢&s. The additional yield losses are in
a range of 20 to 40 kg of dissolved and colloiddystances per BDT of bleached
TMP [1, 3, 27].

The generation of low-molar mass acids causes th& gignificant yield losses in

alkaline peroxide bleaching. Thornton [27], anddgieet al. [28] have shown that in
peroxide bleaching in alkaline conditions low-motaass acids are mainly produced
in the reactions of

- deacetylation of O-acetyl-galactoglucomannans,
- demethylation of pectins
- degradation of lignin.

Thornton et al. [7] and Pranovich et al. [29] haegtimated that these splitting
reactions produce as much as 18-20 kg of acetit@mi BDT of bleached TMP and
respectively 2-4 kg of methanol acids per TMP BDTalkaline peroxide bleaching
The acetic acid and methanol constitute 33% of ES yield losses in bleaching. In
addition, Pranovich et al. [29] have assesseddtimr low-molar mass oxo-acids, like
hydroacetic, malic, ethanedioic, 3-hydroxyproparaicl propanedioic type acids is
generated in peroxide bleaching. Amount of thesdamiified low molar mass acids
is 8 kg of oxo-acids per BDT of TMP. As TOC, it(s38 kg of TOC per BDT of

bleached TMP. This means that the release of lovemmass acids by splitting

reaction in peroxide bleaching is approximatelykty2of TOC per BDT of peroxide-

bleached TMP.

The sorption of DCS in mechanical pulp productiacws in the alkaline media of

peroxide bleaching. The sorption of galactoglucomaanfrom the water phase onto
fibers can result in a yield gain of as much asdif% bleaching [9, 13]. The release
of hemicelluloses xylans and pectins to water dscueduces the total yield

simultaneously [1, 9] by 11 kg of DCS per BDT oédthed TMP. There is additional
dissolution of xylan by 4.4 kg and respectively pgfictins by 3.7 kg per BDT of

bleached TMP in the bleaching plant. [29]. The d/ieisses from carbohydrates, as
TOC based on the conversion parameter given bynitwoi7], are 4.4 kg TOC per

BDT of peroxide-bleached pulp.

Pranovich et al. [18, 29] have reported that thesalution of lignin from fibers in
alkaline peroxide bleaching is the range of 6.41dg of lignin per BDT of bleached
TMP. The release of lignin in bleaching is retemtiime limited [29]. The
concentration of other aromatic substances is emtlin peroxide bleaching. The
amount of MTBE extractives (predominantly lignatis)reduced to one third, and
other semipolar oligomeric aromatic substancesredaced to one half of the level
before peroxide bleaching. However, the releasenified wood lignin increases
fivefold to tenfold up to 10 kg of additional did¢ed MWL per BDT of TMP in
peroxide bleaching [18]. This means that additidr@C yield losses from dissolution
of milled wood lignin in peroxide bleaching is inet range of 3.6 to 6 kg of TOC per
TMP BDT.
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In peroxide bleaching, 50% of the fiber-bound woesin is released out of the fibers
to the water phase. Dissolved conjugated doublenddype resin acids have been
oxidized by 17% in alkaline peroxide bleaching [Z], The concluded values for
released wood resins are 4 kg of resins dissohegdBPT of unbleached TMP. An
additional wood resin release in the range of 6.3 kg of resins per TMP BDT can
be seen in alkaline peroxide bleaching [7, 21].T&C, this is in the range of 0.5 to
2.3 kg of TOC per bleached TMP BDT, on averagekKg4er BDT of peroxide-
bleached TMP BDT.

When pH is elevated, the dissolution of resin arek ffatty acids increases. This
increases the solubility of neutral extractive® itiie filtrate. The amount of dispersed
wood resin in the water phase after neutralizirepbhing agents may remain at a
higher level than what it was prior to alkaline geéde bleaching [7, 21]. A major part
of fatty and resin acids have converted to an wodiated form and have constituted
colloidal droplets with resin and other neutral poments released in the pulp
suspension [30]. The sorption of glucomannan taglege onto the fibers by
deacetylation reactions in bleaching. This resirit@ weaker stability of colloids
against salt-induced aggregation in filtrate. lamethat the steric stability of colloids
has been destroyed permanently. However, glucomacaanot pull colloidal wood
resin onto the fibers. [31] On one hand, pecticddsavith calcium ions induce
aggregation of colloids to the fiber surface ingpgde-bleached filtrate [10]. Kéayhko
[21] has shown that the total balance of wood rasithe white water of TMP has
been defined by

- the freeness value of pulp
- pH
- electrolyte concentrations.

Table Il presents a summary of yield losses fohlatithionite and peroxide-bleached
TMP.
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Table II. Summary of yield losses in dithionitedgreroxide bleaching.
TOC [%]
In unbleached TMP, see Table | 2.1
Caused by dithionite bleaching,
[25, 26] or by post-dilution (2.1:1.6-2.1)=1.3
Dithionite-bleached pulp 3.4
In unbleached TMP 2.1

Peroxide bleaching:
dosage 3%/BDMt, 3 h [39

Carbohydrates 0.46
Aromatic substances 0.58
Acetic acids 0.72
Methanol 0.08
Other oxo-acids 0.38
Lipophilic extractives [7, 21] 0.14
Peroxide bleaching 2.38
Peroxide-bleached pulp 4.5

1.3 Dissolution of dissolved and colloidal substances grinding

It has been generally identified that similar DGSréleased into water in both
thermomechanical pulping and grinding. However,dbecentration of DCS in TMP

is higher than in groundwood pulping. The genesduaption has been that the
higher the process temperature in pulping, the drighe dissolution of DCS into

white waters.

Orsa et al. [5, 6] have shown that the temperatiréhe shower water has the
significant effect on the amount of DCS releasedgimundwood pulping. In
laboratory-scale groundwood pulping, the TOC yielskes is observed to be in the
range of 9 to 14 kg of TOC per BDT of ground pule temperature of the shower
water being in the range of 90 to 14D.

When the temperature of the shower water is inetap to 140C from 80°C, yield
losses increase by 5 kg of TOC per GW pulp BDTsTihcrease is mainly due to the
additional dissolution of carbohydrates. The diggoh of other substances is not
significantly dependent on the process temperatugeinding. However, a higher pH
of the shower water results in increased dissalubbDCS, and a higher electrolyte
concentration decreases the liberation of woodaetitres from wood to the water
phase [4, 5, 6]. The general average of yield bsseTOC in grinding is in the range
of 9 to 18 kg of TOC per pulp BDT, [4, 5].
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1.4 Affecting parameters in carry-over of DCS to papemachine

The thickening stages in the pulping plant and dileay plant carry DCS over
dewatering to the paper machine. On the other haedpaper machine returns some
of the DCS with white water back to the pulpingrplar bleaching plant. There is a
closed loop in the paper production line in whic® circulates as long as it is
discharged out of the closed loop with paper onvaste water to the treatment plant.
The fixing of DCS to paper increases the yield olippg and reduces the amount of
effluent load at the treatment plant. The most irtgot process parameters that affect
the amount of carry-over to the PM are presentébie Ill. K-values were used as
carry-over parameter of DCS in this study, see ggu&4.

Table Ill. Effect of different parameters on DC8ry-over to PM and paper in PM.
Parameter that increases Effect on calry-
over to PM

Freeness of puld,
pH in the process,
Share of D-phasé,
Retention time of DCS in proces
(closure level of process),
Consistency in dewaterindg,

n

| ol

The separation of the water circuits between thgepanachine and mechanical
pulping plant has a significant influence on thergaver of DCS over pulping and
bleaching to the PM. Kéayhko [21] has shown pararsetigat affect the deresination
efficiency in mechanical pulp washing. Significaetention of wood resin into the
fiber is observed in the range of freeness valugdern 50 ml CSF. The overall
retention in the disc filter is very high, with tip 70% of wood resins carry over the
disc filter to the PM [21]. This is very near tcetBhare of colloidal wood resin to
dissolved wood resins in unbleached TMP, whicteported by Sundberg et al. [30].
This probably promotes the total carry-over of @iols over the disc filter to the
further parts of the process.

Kéayhko [21] has reported that the average oveeténtion is 32% and the average
first pass retention is 20% in the wire press.tHiEss retentions are very similar in
both disc filter and wire press technologies [22h the other hand Sundberg et al.
[30] have estimated that the share of colloidal ev@esin in bleached filtrate is

approximately 80% of total wood resins. Colloide @robably retained in the wire

press into the fiber mat. This can increase theyaarer of DCS to paper machine
processes to a significant extent.
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1.5 Fixing of DCS onto solids in paper making processes

The specific fresh water consumption in paper petida has been reduced in recent
decades, and this trend seems to continue in thefatire. Dissolved and colloidal
substances from the mechanical pulping plant appgreause problems in paper
making processes. In mechanical pulp washing, Istets in the dissolved phase are
removed out of the process more efficiently thatio@al wood resins, which are
further addressed in the unit processes of therpapehine and in stock preparation
processes.

Nowadays, fixing is the major technique used tw@né the impairment of runnability

of the PM caused by DCS. In unbleached filtrate, steric stability has been lost
irreversibly by the adsorption of hemicelluloses¢diulose fibers in stock preparation
[12]. In peroxide-bleached filtrate, the steric bdlity has been lost irreversibly

primarily by deacetylation-induced adsorption ofagtoglucomannan and mannans
onto the fibers in peroxide bleaching [9]. On thbBep hand, pectin substances with
calcium induced aggregation of colloids can aldeetplace in the paper machine
processes [10]. Other DCS are less fixed to thdssal water circuits

In unbleached pulp, pectins and other anionic daythates are not present in fixing

to the same extent as in peroxide-bleached pul. décreases the dosages of fixing
agents compared to peroxide-bleached pulp. The T&Gction in unbleached pulp

has been reported to be 35% of the total TOC, whigans total aggregation of

colloids. [32]

Respectively, the fixing efficiency of TOC in peida-bleached pulp is 30% of total
TOC. Anionic hemicelluloses are more present iropieie-bleached filtrate and they
are fixed out of the filtrate more efficiently the fibers from water circuits. The
concentration reduction of hemicelluloses is 50%pémoxide-bleached pulp. In the
suspension of unbleached mechanical pulp, the tietduof hemicelluloses is 20%
respectively. [32]

The TOC reduction introduced by a filler is 25%uimbleached and 20% in peroxide-
bleached suspensions. However, only 40% of the T&dGction can be explained by
the decrease in the concentration of lipophilicaotives, lignans and carbohydrates
[33].
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1.6 COD loads from debarking to waste water treatment fant

Wood is always debarked prior to mechanical pulpiark contains many
substances that are released from bark to the ypatese. In Table 1V, the specific
water consumption and COD discharges have beenrshidve COD discharges from
debarking are much higher in winter than the preskralues for summer, see Table
IV. In the plant dynamic simulation studies of ttfiesis, the average release of COD
in debarking was 5 kg of COD per cubic of debarkedd.

Table IV. Specific water consumption and COD disgkaranges in different
processes [4, 56].
Specific water COD discharges
consumption
[m? dry ton wood] | [kg COD/n? of debarked wood]
Wet debarking:
Summer 0.9-6.0
Winter 1.0-6.0
BREF (2001) 0.6-2 4-6
Dry debarking:
Summer 2.1
Winter 1.8
BREF (2001) 0.1-0.5 0.2-2

1.7 Reduction of different COD constituents in waste wir treatment

Waste water is treated at Finnish pulp and papéds oy activated sludge process.
Rintala et al. [34] have assessed that the reductfaCOD is in the range of 80 to
85% in a mesophilic activated sludge process atihgarates of 2—4 kg of COD per
m°d. Kostamo et al. [35] have shown that a bettenctidn of COD can be achieved
in waste water treatment when the loading ratesedse. At a loading rate of 1.4 kg
of COD m?d™ at the treatment plant, COD has been reduced lew88%.

Jahren et al. [36] and Magnus et al. [37] have shdawat the removal of
carbohydrates in mesophilic conditions is in thegeof 85 to 95%. However, the
ability of biological waste water treatment to remolignin out of waste water is
apparently lower than its removal ability of otheonstituents. Jahren et al. [36],
Magnus et al. [37] and Widsten et al. [38] havevahsohat the removal of lignin-like
material is in the range of 35-80% in mesophilimditions. In thermophilic
conditions, the reduction is slightly lower thannmresophilic conditions, in the range
of 5-35% [36, 39]. However, a reduction of 80% M lignin has been measured in a
mill producing mechanical printing papers [38].
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In a mill integrate producing mechanical printingpprs and mechanical pulp
bleached by dithionite and peroxide, the reductibwood extractives is in the range
of 92-99%, total COD reduction being 93% [35]. Bxtives are mainly absorbed to
solids and 53% of them are carried over clarifmatto aeration basin [40]. The
reduction of lignans in the biological waste wateatment plant is very high, up to

99%. [41].

As a summary, it can be said that the reductiothefdifferent constituents in the
optimum conditions is high, except that of lignlts reduction is apparently lower
than that of the other compounds in the waste wiaeatment plant. Lignin-like
substances are the main COD constituents in thesatffof the mill. [37].
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2. OBJECTIVE AND STRUCTURE OF THE STUDY

The background of this study is the trend of enlmndrightness of mechanical
printing papers. This leads to an increased nedde@mch TMP further in peroxide
bleaching. When TMP is bleached to high brightn€3D load is doubled from the
pulping plant to the waste water treatment plargas®n for this mainly is that a
significant amount of lignin and low molar massdacare dissolved and generated in
peroxide bleaching. [18, 29]. Lignin-like substam@ge not as well biodegradable in
an external treatment plant as other constituedt$ This causes increased COD
discharges out of the mill and the COD reductiothia waste water treatment plant
decreases after the investment of the peroxidelieg plant.

In the production of mechanical printing papers,TBlinits for TSS (0.2-0.5 kg per
ADt paper) and COD (2-5 kg per ADt) dischargessiriet when peroxide bleaching
is used in TMP plant. [42, 43]. The COD dischatigegts in BREF-documents (BAT-
limits) are very strict especially in mills whereetshare of mechanical pulp is high
and the filler or chemical pulp contents are lowhia paper furnish.

The test site of modeling was mill integrate in e¥hithere were GW plant, TMP
plant, peroxide bleaching plant of mechanical palpd two paper machines. One PM
used peroxide bleached mechanical pulp and otheugdd dithionite bleached pulp.
Both paper machines produced mechanical printigersa Test site represented a
mill where BAT limits (2-5 kg COD per ADT paper) veeextremely challenging to
achieve. In addition, mill represented a case wheeeCOD load and discharges out
of treatment plant were at the upper limit of defirrange (2-11 kg COD per ADt) by
Vasara et al. [42] and Nilsson et al. [43] in saAm@ish mills.

Lyngsthad [44] and Widsten et al. [38] have studieel seasonal variation trend of
different constituents loaded into and out of wastter treatment plant. Qian et al.
[45, 46] have created the models of bleaching ptamt mechanical pulping plant
which take into account solid and water balancesadeling. However, their goals of
modeling and prediction have been e.g. optical entigs, reject rate, and shive
content in mechanical pulp.

This is a novel study in which COD loads into and of waste water treatment has
been predicted with online data and validated Hyodatory measurements. The
studies were mainly founded by TEKES and ERDF. Mbeleling of this test site was
fully separated to a own research entity carrigdbguauthor in these projects.
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The objectives of this study were to

1) Create plant dynamic water and solid balances from the wood storage to
paper and white water flows and from fresh water intake to discharges out
of waste water treatment.

This meant that the “plant dynamic” model was tumgth online data in the whole
mill integrate. The fluctuation in the productioates, in the level of storage towers
and in the internal flows and in the dischargesafuyirocesses from the waste water
treatment plant was modeled by the aid of onlin@a dathe positions where this was
reliable. The balances were matched by standarttatiens in the case of errors and
blanks in online data used.

2) Validate plant dynamic balances of water, solids and dissolved & colloidal
phase with the concentration of total organic carbon, acetate ions and UV
lignin measurementsin pulp and paper making processes.

The release parameters were set close to literateferences. The carry-over
parameters were fitted onto a level where the T@@centration trends would be
valid. The release parameters of acetate ionsignih [parameters were also settled
close to values presented in literature. The vhtidaof retention parameters of
dissolved TOC was carried out by measuring acetadelignin-like substances. This
procedure validated the plant dynamic model of phdping and paper making
processes.

3) Verify the correlation between model predictions of plant dynamic TOC
and COD & BOD loads to the waste water treatment plant with the
routine measurement of the mill.

COD loads to the external treatment plant wereipied by the plant dynamic model
created in parts 1 and 2. The group of the stetatg-parameters determined how
DCS (dissolved and colloidal substances) diffused spread out with paper and
COD load in the plant dynamic model of waste wateatment. The COD load was
predicted from the prediction of TOC loads by tie @ conversion parameters from
TOC to COD. The prediction of COD loads was vdkdgin part 3.

4) Predict daily dissolved and total COD discharges out of the treatment
plant by the plant dynamic model created.

and
5) Validate the release and retention parameters of lignin by annual average

COD reports and explain deviations in the lignin reduction of waste water
treatment by hydraulic loading to waste water treatment.
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The prediction of dissolved and total COD discharget of the waste water treatment
plant was modeled by the plant dynamic model oftevasater treatment. The

discharges of COD were set by lignin parameterg ahnual reductions in lignin

were calculated, and the deviation range of ligréduction in the waste water

treatment plant in different states of productiooni one year to another was studied.
Also the question of whether the deviation couldelsplained by hydraulic loading

was analyzed.

6) Compare COD discharges per paper ton out of the mill to those in other
mills and in the production of different mechanical papers.

A assumption was that the test mill representedllanhose COD discharges was at
upper limits in the range of COD discharge (2-11&QD per ADt) reported by
Vasara et al. [42], and Nilsson et al. [43]. Inutea 7, the assumption was tested. In
addition, Vasara et al. [42], and Nilsson et aB][éxplained the increasing trend of
COD discharges by additional use of peroxide blegcm Finnish mills. It was also
studied whether this study reveal the same disehéend from use of peroxide
bleaching in mechanical pulping.
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3. EXPERIMENTAL PROCEDURES

3.1 Plant dynamic modeling and simulation

The test site of the study was a mill integratedpong uncoated mechanical printing
papers. Both dithionite and peroxide were usedlesching agents in the mill. The
flow chart of the pulp and paper making processeprésented in Figure 1. Both
paper machine lines were operated within an agiHlicange.

Broke tower

#4 g
4500 m3 4000 m3|
2500 m:

TMP-plant ’@1
#3 | 300 m3| | R
#1 and #2
—_ o
A Broke tower
GW-plant —
3200 m: 3500 m
©
#7 **
el
=
®
EX ¥
< - pM#2 [
Wastewater treatment plant 60000m3
debarking 4—@ |
Figure 1. Flow chart of simulated mill integratedasampling points of TOC in

this study.

A commercial simulator called Balas® was used forusation and modeling in this
thesis. The plant dynamic solver and standard eagrip models of the Balas software
package were used in the model of the mill integrse¢e Figure 1.

Dynamics in this thesis had been defined as “pthmtamics”. All water and pulp
storage tanks in which the response time was sigmif (volume above 3003nfrom
the point of view of the concentration of hourlyeaages had a dynamic state in the
modeling. The hourly dynamic state meant that tha sf all flows into and out of
the range of plant dynamic balance was not nedgsgaro. The sum of mass and
water flows within the range of the dynamic balanceuld be a surplus or deficit.
The plant dynamic simulation took into account tkatje water and pulp storage
towers had high volumes and their storage leveredt depending on the state of
production in the pulping plants and in the pap&chmes. There was no point in
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observing the unit processes of production in tscees of minutes or tens of minutes
in plant dynamic studies, but in time scales ohelgpurs or in averages of one day.

The model was created for the prediction of the aegrages of COD loads to the
external treatment plant and of COD discharges aduthe mill. Plant dynamics
enabled to predict the average values of long-f@memomena in the different part of
the mill. All plant dynamic tanks in the modelinfjpulp and paper making processes
were ideally mixed tanks. The plant dynamic tan&sgehbeen presented in Figure 1.
The tanks were

- a latency chest of 700°m TMP and bleached mechanical pulp storage towers
of 2,500 ni and 1,200 rh

- broke towers of 4,000 fand 3,500 th

- white water towers of 4,500%and 3,200 rhof the paper machines

- white water tanks in GW

- latency chest and storage tower 1,060mGW-plant.

No plug flow elements were employed in the modepolp and paper making. The
reason for this was that all volumes in the pulg paper making processes were
assumed to be too small so that modeling with filmg calculation would produce
any additional information as compared to ideallixed volumes. However, plug
flow unit calculation was used in the unit modeltloé waste water treatment plant.
The total volume of the aeration basins and pasifirs was 60,000 ™ The
response time of COD in waste water treatment washé range of 2—4 days.
Simulation of the waste water treatment plant waithideally mixed tank would result
in distorted dynamics of waste water treatment.tAapoption would be to divide the
waste water treatment into many ideal mixed tankseries.

3.2 Separation of dissolved and colloidal TOC in wire pess filtrates

Ultrafiltration (UF) is a well-known separation mess in which colloidal substances
are retained to the retentate and dissolved sulestaffow through membranes to
permeate. A pilot ultrafiter (Metso’'s CR550/40) svemployed in this study to

separate the colloidal phase from the dissolvedsg@hanline. There were two

samplings of wire presses filtrate, #2 and #5 guFé 1 on page 25, where UF was
used for the separation of TOC to colloids andali&si phase online.

Table V presents the filtration parameters and tmms$. The membrane was washed
when the flux was decreased apparently or whenméhimbranes were fouled. In this
study, UF was connected to the process only footiime separation of colloids out
of the filtrates. The investigation of how well th@eembranes surveyed the process
conditions was not within the scope of this theSise concentration of TOC in the
UF permeates was classified to the model concémtratf dissolved TOC in the
sampling positions of the wire presses. The diffees between the total
concentration of TOC and the concentration of diggb TOC (TOC in UF
permeates) were classified into colloids in thedtle of the wire presses.
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Table V. Ultrafiltration parameters and conditioims colloids fractionation. See
sample points in Figure 1.

Average parameters Sample #2  Sample #5

Filtration temperature’(C] 70

pH (same as in the process) 5.5-6.5 6.0-7.0

VRF (based on measurement of flows in pilot UF) 10

Permeability in filtration [I/mi h bar] 330

Pressure difference in UF [bar] 0.80

Membrane type Regenerated cellulosg,
NADIR ® UC030

Cut-off size [kDa] 30

Turbidity reduction [%] 100

Zabihian and Jansson [26] studied the size digtobuf DCS in detail. Based on
these results, 60% of measured carbohydrates T@ACL@D% of wood extractives
TOC were classified into colloids in this study. whver, ion strength has a great
effect on the size distribution of colloids in thitrates.

3.3 Equation of reductions used

The reduction in the different constituents in fitteate was calculated by comparing
the concentration in the permeate and in the f@edpllows:

c
R, =1-—-100% ()
f
where Riemb reduction in membrane filtration
Co concentration of constituent in permeate of filoat
Gt concentration of constituent in feed of filtration.

The COD reduction to the external waste water itneat plant was calculated with
the next equation:

C
_ 1_ out 2
Reso =152 )
where Ruyaste reduction of COD in external waste water treatment
Cout COD discharges of treatment [ton of COD, averagye p
day]
Cioad COD load to treatment plant, includes discharges f

all departments [ton of COD, average per day].
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3.4 Conversion coefficients from TOC to COD

Total organic carbon (TOC) was selected as thebbeifor quantifying dissolved and
colloidal substances in the samples. Yield lossed earry-over parameters of
dissolved colloidal substances in the pulp and pageking processes were matched
with TOC measurements. On the other hand, COD waisdirect measurement of
carbon content in the sample and it was also used anethod for quantifying
dissolved colloidal substances in the pulp and pameking processes and especially
in the waste waters of mills.

Theoretical conversions between the concentratbd#ferent constituents and COD
values have been presented in Table VI . Thornt@h ¢7], and Pranovich et al. [18,
29] have published the TOC contents or differemistituents whose TOC contents
can be calculated. Jour et al. [47] have also sheeme conversion coefficient of
COD to constituents, see Table VI. The COD coedfits of low molar mass acids in
Table VI are theoretical value of oxygen consumptid constituents. The higher the
share of low molar mass acids in the sample, therddhe value for the conversion
coefficient from TOC to COD is.

Table VI Conversion coefficients of constituents €OD [47] and to TOC
contents of constituents [7, 18 29]. The value atfios has been
calculated from the values shown in the table bydiig the COD
coefficient by TOC.

TOC | COD Conversion coefficient
from TOC to COD
Carbohydrates 0.4 1.2 3.0
Extractives 0.75 2.7 3.6
Lignin 0.57 1.9 3.3
Low-molar mass acids and other compounds:
Acetic acid 0.41 1.1 2.7
Methanol 0.38 1.5 3.9
Formic acid 0.27 0.35 1.3
Oxalic acids 0.27 0.18 0.67
Malic acids™ 0.36 0.24 0.67
Hydroxyacetic acidS | 0.32 0.63 2.0
Solid 1.6 [54]
Average 2.2
1) Assumed to be among unidentified TOC in peroxitdached
filtrate [29]




28

3.5 Procedures of laboratory analyses

The measurement periods which were used for thaifibation of steady-state model
parameters were continued over 30 hours, with lghisdmpling once an hour. After
identification session of the parameters, parametere validated with sampling on
other days at 2 to 3 times.

The concentration of total organic carbon (TOC) wsed to model the dissolved and

colloidal substances (DCS) in the filtrates. Taieganic carbon was also used as a
tracer in the validation of the plant dynamics vithigas tuned with online data and

controllers in the model. The sampling points aesented in Figure 1. They were

- permeates of pilot UF (#1 and #6)

- filtrate of wire presses (#2 and #5)

- clear filtrate of TMP plant (#3) and clear filtradé GW plant (#7)
- paper machine white waters (#4 and #8).

The procedures used in laboratory analysis arepted in the next subchapters.

3.5.1 Total organic carbon

The samples were centrifuged at the process tetoperat 3500 rpm (above 500G)
for 15 minutes. After that, the samples were stareglastic bottles and kept in a
refrigerator until the TOC (total organic carbonasvmeasured by a Shimadzu TOC
5050A device at Lappeenranta University of Techggld'he reference curves of the
measurement device were employed to quantify thecerdration of TOC in the
samples. The samples were pre-diluted with didtilleater in the analysis into a
measurement range which was 500-1000 mg of TOCI/I.

3.5.2 Chemical oxygen demand

All COD (chemical oxygen demand) measurementsisidtudy were carried out by
the mill personnel applying a standard SFS 5504hénanalysis of dissolved COD,
solids were removed by glass fiber filters (GF 30Szhleicher& Schuell) prior to
COD analysis.

3.5.3 Low-molar mass acids

In sample points #2 and #5, see Figure 1, TOC wathdr fractionated by
ultrafiltration. The concentration profiles of lomelar mass acids and lignin-like
substances were measured from the fractions ofidiFoé the filtrate points #2 and
#5.

It is a very conventional way to validate waterdpale and carry-over parameters in
the model by some substances whose TOC distribigi@nown exactly, e.g. acetate
and formiate. They are very water-soluble, thetiemdon in dewatering equipment is
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minor, and their generation in bleaching and irppg is well known in literature [7,
29]. In this study, acetate and formiate ions wereasured by capillary
electrophoresis. The length of the capillary wag/llio) 70/80 cm and inner radius
of the capillary was 5Qm. The separation voltage was 25 kV and injectiocuared

at 3 kPa (0.5 psi) in 15 second. The electrolytat®m in the measurements was 10
mM 2,6-pyridine dicarboxylicacid and 0.4 mM myristyrimethyl ammonium
hydroxide at pH 8.4.

3.5.4 Aromatic substances

Lignin-like substances were measured as UV absoebah 280 nm with a UV-VIS
spectrophotometer. The UV absorbance values weraveced to lignin
concentrations by coefficients presented in Tablé Yignans, lignin and other
aromatic substances were not separated in thesaaly extraction e.g. with MTBE.
The measured absorbance values contain all compoimdhe sample that have
absorbance at 280 nm.

Table VII. Coefficients used in converting absorta values into the
concentrations of milled wood lignin. Absorbancéues in all fractions
of UF were measured and the same converting caafigvas used in all
fractions of the same sampling points.

Sampling MWL coefficient Converting
points b coefficient
[-] c
[9/m mg]
#2 1 kg MWL/(1 kg MWL + 4 kg OAS + 2.5 kg lignans) 16.5
0.13
#5 10 kg MWL/10 kg MWL =1.0 13

In this thesis, UV absorbance at 280 nm UV-VIS smghotometer is converted to
MWL according to the following equation:

Cignin = A~100(% 3
where Ggnin  concentration of milled wood lignin

A absorbance values measured from sample

b MWL coefficient

c converting coefficient.

The following simplifications were made in the mbdg of milled wood lignin in
this thesis. It was assumed that the absorbaneesah peroxide-bleached filtrate
originated totally from milled wood lignin. It waassumed that 13% of the
absorbencies measured in samples not bleachegueritixide originated from milled
wood lignin. If the term “aromatic substances” sed in this thesis, concentration
covers MWL, OAS and lignans). The term “lignin-likeubstances” covers the
concentrations of both MWL and OAS.
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4. MODEL VALIDATION

The goals of modeling were to create a model witiohld predict online COD
loading to the external waste water treatment pdanst COD discharges out of the
mill within a certain accuracy range.

TOC flow out of pulp and paper making processes madeled and validated in this
chapter. The average standard deviation of samplagydefined with TOC in parallel
samples. The average share of colloids and dissodudbstances were modeled.
Reference for the share of colloids to dissolvedCTWas studied of permeates and
feeds of ultra filtration. Concentration of low-maol mass acids and aromatic
substances in the filtrates was used for validatibcarry-over parameters. The plant
dynamic water and pulp balances in the model whiete tuned from online data are
presented in chapter 4.2. The steady-state paresnéke yield losses and carry-overs
(K-values) are fitted and validated in 4.3. Thegpaeters of yield losses were set up
to the ranges which were published in literaturbe BBmounts of carry-overs (K-
values) were fitted to the level where the trend§@C presented in chapter 4.4 were
valid. The validity of matched K-values is tested4i.4.2 by the measurements of
acetate ions and aromatic substances. The avesdgases of acetate ions and
aromatic substances from fibers have been repbstédolmbom et al. [1], Thornton
et al. [7] and Pranovich et al. [18, 29] was usedallidation of carry-over parameters
and TOC.

4.1 Results of reference sampling

4.1.1 Minimum standard deviation of TOC sampling procedure

There were eight points in which TOC was sampledhim mill integration. The

average values shown in Table VIII were measuredinviong measurement series.
This meant over 30 hours long and parallel samplinbe minimum standard

deviation of TOC sampling was defined as follows:

1/n- Zn: s?(da)
sO=1—1 100

(4)
aL
where 5(0)  minimum standard deviation [%)]
& (da) variance in parallel samples
n number of parallel samples 30...35
a average of TOC concentration in time interval sadpl
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Table VIII.  Average TOC concentrations in differesgmpling points in the mill
integrate studied. Minimum standard deviation wstgr&ated from the
standard deviation of parallel samples and the amesr TOC
concentration in the samples.

Average| Standard deviationq Minimum standard
TOC in parallel samples deviation in TOC
sampling procedures
[mg/l] [mg/l] [%]
Production line using dithionite-bleached pulp:
Dissolved wire press, #1 1500 130 8.6
Total TOC, #2 2800 170 6.3
TMP clear filtrate, #3 2600 180 7.1
PM #1, #4 1600 110 7.2
On average: 7.3
Production line using peroxide-bleached pulp:
Total TOC in wire press, #5 2600 83 3.1
Dissolved wire press, #6 2000 110 5.7
GW clear filtrate, #7 2600 140 5.4
PM #2, #8 410 12 3.1
On average: 4.3

The standard deviations of the TOC concentratiotivénparallel samples were in the
range of 12 to 180 mg/l, see Table VIII. The estgmaof the minimum standard
deviation are errors which would remain even if T@&s measured continuously
using the same sampling procedure as in the TOFss1aThe minimum standard
deviation in parallel sampling was higher in the@duction line using dithionite-

bleached TMP. One explanation can be that thereanaigher share of colloids in
filtrate sample #1 than what was measured in sa#fle

4.1.2 Average share of dissolved and colloidal substanceswater circuits

Ultrafiltration was employed for the online sepamatof dissolved and colloidal
substances in the filtrate of the wire presses@tgss conditions. The average shares
of dissolved TOC to colloids which was used fornidgcation of dissolved and
colloidal TOC parameters have been presented ite TAb

The online prediction of the dissolved COD loadnirthe pulp and paper making

processes to the external treatment plant was basdkese separation trials and the
verified conversion from TOC and COD (chapter 5Magnus et al. [37] have shown

that extractives were absorbed to solids betweenvdste water tank and the aeration
basin. This was also modeled in this study. Alleotbonstituents in colloidal phase

were also assumed to have similar absorbtion idssol the clarification processes of
the waste water treatment plant.

Table IX presents the average value of the TOC extnation in the filtrate of the
wire presses. The generation of acetic acid anddkerption of mannans to the fibers
in the bleaching plant mainly explained the incesas the share of dissolved
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substances in the filtrates from #2 to #5. This banobserved by comparing the
acetate concentration in the wire press filtrat€able X.

Table IX. Average concentrations of colloid andsdised substances in the
filtrates of wire presses. The values inside tlaekets are the standard
deviations of parallel samples in the TOC measurgsne

Sample point TOC in feed TOC in Share of
permeate DS
[mg/l] [mg/l] [%6]

#2 (wire press TMP plant) 2800 + 170 1500 + 130 54
#5 (wire press of bleaching plant 2600 * 83 200014 77

4.1.3 Separation of acetate and formiate ions in ultra ftration

The theoretical separation of low-molar acids tmaufiltration is minor. Thornton [7]
et al. have shown that the concentration ratiocetate to formiate in the peroxide
bleached filtrate is in the share of 10:1, which ba seen also in Table X. There was
no significant reduction in acetate and in formigteltrafiltration as it was assumed.
Acetate and formiate ions were modeled in dissopleglse. This was reason why it
was reasonable to use acetate ions measurementsalidation of carry-over
parameters (K-values) in wire presses.

The concentrations of acetate ions and formiate @me presented in Table X. The
relative standard deviations of both TOC procedusex low-molar acids
measurements were in similar range of 4% to 20%.

Table X Concentration of acetate ions, formiate ahdl in the wire press
filtrates. TOC content of colloids in the samplewts 23% and in the
sample #2 was 43%.

Acetate ions Formiate ions pH
[mg/1] [ma/1] []
Sample #5 (peroxide bleached filtrate)
Wire press filtrate 2100 + 28 220+ 7.1 6.8
UF permeate 1900 + 17 210+ 14 6.7
UF retentate 1900 + 56 240 £ 13 6.7
Sample #2 (dithionite bleached filtrate)
Wire press filtrate 290 +£41 16 +15 5.4
UF permeate 290 + 50 20+ 2.7 5.4
UF retentate 360 + 38 19+1.9 5.3
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4.1.4 Separation of lignin-like materials in ultra filtra tion

The concentrations of aromatic substances in the press filtrate of the bleaching
plant and of the TMP plant were measured by UV dizswe in this study. The
shares of TOC derivative of lignin like substantesamples were in the range of 22-
25%, see Table XI. The percentage of MWL derivashewn in Table Xl was the
result of the assumption that all aromatic substaric the peroxide-bleached filtrate
and 13 % of aromatic substances in the dithiorgadhed filtrate are constituted of
derivatives of milled wood-like lignin.

Table XI. Average concentration of aromatic sufsés in the wire press filtrates

TOC content of colloids in the sample #5 was 23% ianthe sample

#2 43%.
TOC Aromatic | Lignin-like MWL
substances material derivative
derivative

[ma/l] [ma/l] [%] [%0]
Sample #5 (peroxide bleached filtrate)
Wire press filtrate 2600 1000 22 22
UF permeate 2000 940 27 27
UF retentate 4000 1500 22 22
Sample #2 (dithionite bleached filtrate)
Wire press filtrate 2800 1300 25 3.3
UF permeate 1500 930 35 4.6
UF retentate 7700 2200 16 2.1

The separation of colloids in UF reduced the cotreéipn of aromatic substances in
the wire press filtrate of both #2 and #5. The otidm in aromatic substances by UF
was 28% in sample #2 and 6% in sample #5. This méwah aromatic substance

derivatives were not as valid to be modeled inahesl phase and to be used in
validation of carry-over parameters as acetate. iblosvever, lignin-like substances

were modeled as a dissolved COD load from the potppaper making processes to
the effluent treatment plant and out of the millthe waste water treatment, reduction
in lignin-like material, [36, 37, 39], is lower thahat of other constituents and cause
major part of dissolved COD-discharges out of rf@§, 36, 37, 41].



4.1.5 Summary of analysis of the filtrate of wire presses

The samples of the wire press filtrates were takém a more detailed analysis.
Acetate and formiate ions and aromatic substana® \presented and analyzed.
Table XII presented the percentage of the differemstituents of TOC. It was

important to note in Table XII that the share oflaids is 50% lower peroxide

bleached filtrate than in dithionite bleached &ite. Lignin and low-molar acids were
mainly observed in a dissolved phase.

Zabihian et al. [26] classified that 60% of thebrdrydrates was retained in UF with a
cut-off size of 30 kDa. The separation with the sasharacteristic was used in this
thesis. Dissolved and colloidal TOC were kept gsasgte flows in modeling. In
addition, aromatic substances and acetate acids medeled as their own flows in
the dissolved phase and they were used for thdatah of K-values for dissolved
TOC.
Table XII. TOC percentage of different constitueahd phases in the filtrates of
wire press samples. In the brackets, there armatsts presented for
milled wood-like lignin of the filtrates.

Sample #2| Sample #5
[%] [%]

Dissolved phase:
Acetate 4.3 33
Formiate - 1.6
Aromatic substances 26 (3.5 21 (21)
Others (carbohydrates an 24 21
rest of non-identified
dissolved TOC
Colloidal phase:
Total percentage 46 23




35

4.2 Plant dynamic solids and water balances

The basic idea in the simulation of plant dynanvies to model the slow alterations
in the flow balances between different departméentbe mill. Long-term-fluctuation
of TOC concentrations in water circuits caused lrations

- in the production rates of the pulping plants

- in the balances of mechanical pulp in the diffefanmishes of papers
- inthe flows into and out of the different prodoatdepartments

- in the storage volume of pulp and white water m titwers

could be modeled by using the methodology of tiaatpdlynamics.

The main goal was to create a model which couldiptelaily average COD loads to
the external treatment plant and COD discharges aduinill online. The plant
dynamics was tuned by means of online process merasuts which are presented in
this chapter. The validity of the dynamics was sssd by offline laboratory
measurements from the production processes. Thipteh presents the idea of the
plant dynamic balances; how the balances were edeatnd tuned which was one
objective of this study.

Online data which contained consistencies and digehflows from water and pulp
towers from

- the pulping and bleaching plants
- stock preparations and paper machines

were used in the modeling of plant dynamics. Ontiata on levels and flows actually
generate transients in the material balances afitigel, referred to as plant dynamics
in this thesis. Dynamic behavior of e.g. TOC wadeatito the model by embedding
online data from a text file into the Balas model.

The simulation was calculated in one minute st&dine data was also loaded into
the model with the same frequency. The linear cuwwas matched between ten-
minute average values in the online data by Madtabhdard functions. By the aid of
the linear curve, the state of the processes wearedlsmoothly towards the next ten-
minute average in modeling. The goal of modelings veatimates phenomenan in
hours scale. This was reason why the use of liapproximation between ten-minute
averages was justified.

Lappalainen et al. [48] has reported the ideaénctieation of the plant dynamic water
and solids balances. The idea has also been shoRigure 2. If the consistency and
infows and outflows are known, the inlets can béeulated within the range of the
plant dynamic balance. The level measurements efldtge storage tanks and the
online discharge flows of the tower formed the meommand signals for the model
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estimate of inflows into the storage tower (seetiooous lines in Figure 2). It was
assumed that the consistency in the storage tomgsonstant in the simulation.

It is good to remember that the values in the daled streams (see continuous lines
in Figure 2) always trail behind the online dat@ams by one time interval. This can
dampen and distort the results of DCS dynamic&énniodeling. In the case of very

rapid changes or errors in online data, the fluatna were filtrated out using simple

standard controllers of Balas. Rapid fluctuation oacurs e.g. during web breaks in
dosage of mechanical pulp to stock preparatiorapep machines.

The way how the plant dynamic balances were tunéld enline data on production
line #1 is presented in equatiohdo 15. In the model, fresh water was taken to the
paper machine as follows,

2

ARy pw . dVWV, PM # 7[

F fresh,in = F ww,out — Fwwin+ — (5)
' 100% 2 60s
Ah\N\N,PM m = honline,ww,PM M hmoddled,ww,PM # (6)
where F fresnin inflows of fresh water

F wwout outflows of white water from white water tower etig TMP
plant (online set) or broke dilution in PM #1 oretit
discharges of white water in PM

F win white water flows from pulping plants and with keato PM #1

the short circuit
online measurements of white water level in stertmver in

PM #1
Niodenca wupm 2 White water level in storage tower in PM #1 modele

honl ine,ww,PM #1

o B diameter of white water tank.

The water balance of the TMP plant was tuned usimione data and PID controller.
The inflows and outflows were based on online détawever, there were some
positions witch lacked reliable information for thew estimates of white water out
of the TMP plant, e.g. chip washing and post-dilntstream of the disc filter. This
was the reason why the discharge of white watenfioe TMP plant was biased by
the PID controller presented in Figure 2. It wasuased that the storage consistency
remains constant throughout the whole simulationogeof three weeks. In addition,
the size of the white water tank in the TMP plaaswelatively small when compared
to the storage volume in the paper machine. In sgases, this caused that make-up
water was required from the waste water strearh@flftMP plant due to online data.
The level of the white water tower of the TMP plarts modeled to 100%. However,
the volume of the white water tank in the TMP plasats fictionally doubled and the
white water level in the clear filtrate tank wagpkat 50% in the model. The reason
for this was that some buffer capacity was reseingtle calculation for cases where
the data contained rapid fluctuations or blank desaising a great need for make-up
and over flows in the plant dynamic simulationthére was still a need for make-up
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in the clear filtrate tank, it was taken from thisatharge streamRmvewwout) Which
was set by online data. The bias for the onlinetdisge of white water in the TMP
plant was modeled by PID controller. The paramefarshe controller were as
follows: the gain was -6, integrator was -0.005 dadvation was 0.001, see equation
(15). The flow Frvpou) Was actually a flow that was adjusted as a meakeep the
level of white water in the tower at 50%, see eiguatbelow.

. . . . A m?
Fmvp,out = F e wwout = Foy s win = F chips,in+:-1‘gNé'o/Tgmp‘ 600? (7
Ah\MN,TMP = hmoddled,ww,TMP —-50% 8)
where Fwp ou white water outflows of TMP plant adjusted by theDPI
controller as a means to keap, 1o * 0

F e sout covers white water flows in online data dischargenflaViP

plant, control of TMP consistencies after disefiland
discharge of white water with TMP to production liriz #

F eu #Luwin online white water flows from PM #1 and backward wiééeer
flow from wire press

F cipsin water with wood chips
Nseicawuve  MOdeled white water level in the clear and cloudyewgank in
TMP plant.

The consistencies in each plant dynamic storagertoxgee assumed to be constant,
and the average estimates for consistencies wentfide by mill personnel. This can
cause uncertainty in the solids and water balarmeésit was accepted into the range
of uncertainty in the modeling of plant dynamicseTbroke tower was modeled as a
storage tower which was loaded at a constant consistamd according to the level
difference between the modeled level and the lavehiine data. The online dosage
of broke from the tower to PM #1 was used as outflommfthe tower. White water
from PM#1 was used in the consistency control okéroom 45% to 3.5% before the
storage tower. The next equation presents the pténeised in the calculation of
balances around the broke tower.
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. 2
Mary,broke : T d PM #1,broke
————————— = Mpwm #,dosage,broke + AN — | — 9
Cinput,broke/ omgshEe broke, PM #1 603 ( 2 j ( )
10(%
Ahbroke,PM M= honline,broke,PM o hmodelled,broke,PM #l (10)
where My ok calculated flow of dry broke to broke tower. Dmoke diluted

with white water (left side of equation) was a nean keep
ANy gepmw = 0 In broke tower

Cinput broke consistency at which broke entered the towerssiStemcy into
the tower was constant. White water from PM #1 wsed in
consistency control

Mew #dosagetroke ONliNe broke dosage to PM #1 at consisteeydproke)
Ao sproke diameter of broke tower.

The bias flow in the loading of fibers to the papaachines had to be used, because
all pulp components were dosed and the productitsaf the paper machines was set
by online data. In the model the production ofplager was controlled by online data,
and the production signal from the short circulativas assumed to be command
signal. There was a contradiction between the dofsegchanical pulps and chemical
pulps, based on consistency measurements at theolasistency range in the wet end
and at the medium consistency range in stock patipar used as the doses of the
pulp components in the previous calculation steghim model. The principle of
balancing the solids streams in PM #1 is preseintdte next equation.

Mchem,PM #.+ Mimech, PM 7.+ MiilterPM #.4+ Moroke,PM #. = Mpaper PM s+ AMpm 1. (12)

where Maempu i dose of chemical pulp in the furnish (from onlaeta)
Mhech M 2 dose of mechanical pulp in the furnish (from oaldata)
Miiter, P 12 dose of filler in the furnish (from online data)
Mhroke, oM 1 dose of broke (from online data)

Mpaper PV 2 paper production based on consistency measuremeritse
wet end (from online data)

AMepy 1 mass balance error between the dosage of pulpamns in
the furnish and paper production rate in PM #1thkn case of
make-up, pulp was needed in furnish, chemical mldpage
was increased. If the pulp components were overdtsehe
stock furnish, the surplus pulp was returned bacth¢ storage
tower of TMP.
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The next equation presents how the mechanical lpalipnces were modeled in the
TMP plant from chip washing to the storage towddCT lignin-like substances and
acetate ions flowed separately as a function ofptiegluction rate of the TMP, GW
and bleaching plants as they are presented ind-igurhe accept stream of screening
in the TMP plant and the total production of TMPrevealculated as follows:

MrmPacceptprod = MvPpleach MrvppPm s+ CTMP . AhrMP .

ﬂ,(dmp
60 | 2

2
j — AMpy 45— MvPreiect prod (12)

AhFMP = hTMP,onIine_ hTMP,mocbI (13)

. . . T
rnTMP,totaI,prod = mTMP,aocept, prod + mTMP,reject,prod + qatency : Ahlatency : @ : 700“3 (14)

AhatencyzSCP/O_ hatencymocbi (15)
where Mrvp acept,prod modeled production rate in accept line, a meanseio

Ahmmp=0

M beach TMP dose to bleaching plant (from online data)

Mirve v 1 TMP dose to PM #1 (from online data)

Mp total, prod production rate of TMP, a means to ke¥fuene~0 by P-
controller

M reject, prod production rate in reject refining (from onlinetap

Crwp + Ciatency consistencies in TMP storage tower and latencgtche

Powe oniine online level measurement in TMP storage tower

Nrve mode modeled level in TMP storage tower

R atency modes modeled level in latency chest.

The noise in the level measurement of TMP storamikst caused substantial
oscillation in the production rate of mainline refig. This oscillation was filtrated
out by using a P-controller in the production raferefining. This was justified,

because the consistency in the storage tower waschastant, which mainly caused
the oscillation.Ahizeney Was adjusted te 0% by the controller. The gain in the
controller of the production rate was 0.08. Themwhjective of the controller was to
keep the level of the latency chest at 50%.
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Calculated by model _ ¥ :

Online data used in modelling > o _——_ L ]
| I A
White |1
Water || Broke
tank
tank I
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1 _ _I
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Figure 2. Idea of validation of solids and watelances in plant dynamics

modeling.

The plant dynamic solids and white water balanceBM #2 were calculated with
similar procedures as in PM #1. The inflow of fregiter to PM #2 was defined by

- difference(Ah) between modeled and online level white water weto
- white water flows that was used in short and loinguits of PM #2.

The broke flow and its dilution streams were defifiy the level of the broke tower
as it was implemented in the balances of brokeajpep machine #1, see equations 5
to 15. The overflow in mechanical pulp dosage vedigrned into the storage tower of
bleached mechanical pulp, as was also done on gtioddine #1. Fresh water intake
was defined as follows:
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F pw #2.min = F owmint F bieachwwin+ F shortwin— F bieachww+ AV (16)

F e #2.min calculated fresh water into PM #2

F ow.awin white water flow to GW plant

F bleach,wmein white water flow to bleaching plant

F stortamin white water used in short circuits and stock prafien e.qg.
in pulp dilutions

F bleach.vow white water carried over dewatering from bleactpitant to
PM#2

AV balance error which was kept computationally ab ze

long-term studies, online data always one steplettia
forward in calculation.

and solids balances as follows:

where

Mchem,PM #2 + Mimech, PM #2 + MiillerPM #2 + Mbroke,PM #2 = Mpaper PM #2+ AMpm #2 a7

Mchem,PM #2

dose of chemical pulp in the furnish (from onlafeta)

Mueachea, v 2 dOse of bleached mechanical pulp in the furnisbngfonline

Miiller,Pm #2
Mbroke,PM #2

Mpaper,PM #2

AMepy 42

data)

dose of filler in the furnish (from online data)
dose of broke (from online data)

paper production based on consistency measurenteritse
wet end (from online data)

mass balance error between the dosage of pulp@mngs in
furnish and paper production rate in PM #2. In dase of
make-up, pulp was needed in furnish, chemical mldpage
was increased. If the pulp components were overtfieen the
stock furnish, the surplus pulp was returned bacth¢ storage
tower of bleached TMP.
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The principle of the plant dynamic solids balangeshe bleaching plant has been
presented in the equations below. The dischardeathed mechanical pulp from the
tower was set online. The production rate of bledchmechanical pulp was
established from

- the level difference in the level modeled and tieel in online data in the
storage tower
- online dosage of mechanical pulp in stock prepanati

as follows:

2
. . z (d ,
Mbleached, prod = Mbleached, PM #2+ Cojenched * Ayjeached * s (b'e“hedj —AMem#z (18)

2
AIQ'oleached = haleached,online - holeached,model (19)
Where Myeached, prod calculated bleaching plant production rate
Chjeached consistency of bleached mechanical pulp in stotager
Oyeached diameter of storage tower of bleached mechanigial p
AMey 2 if this term was positive, the overdosage of pimlstock

furnish was returned back to the tower of bleached
mechanical pulp. If delta was negative the dosafe o
chemical pulp was increased.

Py eached oniine level of bleached mechanical pulp in storage tawemnline
data

Py eached model modeled level of bleached mechanical pulp in gi@ra
tower.

When the production rate was known, the feed ofhaeical pulp to the high-
consistency bleaching tower could be calculateddiyg the following equations:

2
. . T d
Mteed HC = Mbleached, prod + Cye - ANy 605[?] (20)
Ah,c =50%— hHC,modd (21)
where Mieed e flow of mechanical pulp into high-consistency towe
Cic consistency in which mechanical pulp was bleached

Pic mode modeled level of mechanical pulp in HC bleachionyer.
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TMP was pre-bleached by residual peroxide in thdiame consistency range. TMP
to the MC bleaching tower was dosed according tbnendata, and bias was
controlled byAh,,.. The dose of GW to the bleaching plant was iteesticalculated

with the following equations:

. . d _\?

Mbleached MC = Mirvp bieach+ Cye - ANy é [ '\;C J (22)
AhMc =50%- hMC,modeI (23)
rhGW,bIeach = mfeed,Hc— rh)leached,MC (24)

where rmeached,Mc production rate of MC-bleached TMP

Cyc bleaching consistency in MC tower
dyc diameter of MC tower
Puc mode level of TMP in MC tower

Mow ieach dosage of GW in bleaching furnish.

The water discharges in the bleaching plant werdge¢he basis of online data. The
infow of white water to the bleaching plant wadcoéated from online data. The
water balance in the GW plant was calculated bydhewing equations:

. . , : A m?
F GW,ww,in = F GW,ww,out — F bleached,ww,GW — F logs,in + M . 600; (25)
100% S
Ah/wv,ew = hmoddled,ww,GW —-50% (26)
where F cw,wwin calculated white water inflows from PM #2 to GW plant
F ow wwou covered all white water flows in online data digges from

GW plant, control of GW consistencies after distefiland
discharges of white water with GW to production lirle #

F logsin water flows with logs to grinding plant

Nocaiedwew  Modeled white water level in clear and cloudy wagak in
GW plant.



In some cases, the white water tank of the GW ptamrflowed which is also
described in Figure 3, but has not been separateduation 24. The production rate
of the GW plant was set by

- GW dosage in PM #1
- GW dose to the bleaching plant
- the level difference of modeled and online datlnénGW storage tower

as follows:

- - - 7 (dg,

Miogsin = Mow bleach+ Maw,pm s+ Cgyy - ANgyy 508 (Z\Nj 27)

AhGW = hGW,onIine - hGW,model (28)
where Migsin calculated inputs of logs into GW plant

Mow bleach dosage of GW into bleaching plant from online data

Mow.pv 4 dosage of GW in the pulp furnish of PM #1

Cow consistency of GW in storage tower

New ontine online level of pulp in GW storage tower

New mode level of modeled pulp in GW storage tower.

The flows which were calculated and set by onlineadat production line #2 are
summarized in Figure 3.

Online data used in modelling

———————— —
Calculated by model R
TMP  —
> PM#1 |
GwW
Bleach L o PM#2
plant
v | | A
— 5 | |l
] v L — — — _ J \/
Figure 3. Scheme of solids and water balance aiggon paper making line

#2.
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One of the goals of the model created was to prélaéciCOD loads out of the mill.
The model of COD loading is presented in equat®ts28. The hydraulic load from
the pulp and paper making processes was as follows:

F wastewater e P = F 1vp out+ F w,wwout + F bleach wwout + F v sww,out + F pv #2.mw.0ut + F cooling (29)

where Fwasevate pap hydraulic load from pulp and paper making procgsse

Femamon  White water discharges to channel in PM #1, comgiaill
reject flows from short circuits

Feusmon  White water discharges to channel in PM #1, contgiil
reject flows from short circuits

F cooling cooling water fractions from pulp and paper makifidhe
volumetric flows of cooling water to the externakatment
plant were calculated from paper production Y8BT of
paper), and they were TOC free water fractions.

The model of waste water treatment was based on shenasion that the waste water
level in the clarification steps and in the aenmati@msins remains at a constant level.
The waste water stream from debarking had a highorangariation depending on the
use of logs in the GW plant. The next equation shioevg the random hydraulic load,
which is called leaks to waste water treatment, wasifzded.

Ah

pre—clarification

10c% : pre-clarification (30)

Fleas = F Wastewater total FWaSewater,debark - FWas.aNater,P&P +

Ah =50%-h

pre-clarificaion pre-clarificaon modslled (31)

where F jess flow which was used to model the TOC free leaks & th
waste water treatment plant which were adjusted by PI
controller, as a means to keah,,. yuiicaion ¥ - e gain

was 10 and integrator was 0.001.

F Wastewater debark water flow was proportioned with the production of GW
30% of refined chips were also debarked locally. @nli
data of the production rate in the GW plant was rdove
backward by 1 day 3 hours. The waste water stream was
calculated based on the moved production rateeoGV
plant. 2.5 m per absolute dry wood and 8.7 kg of COD
per BDT of wood was discharged to the waste water
treatment plant. 10% of COD discharged from debarking
was not degraded in the waste water treatment plant.

F westenater total daily average flow of waste water to the treatmeaifpl
(from online data)
Vore darification double volume of pre-clarification

Nore garificationmodaies MOdeled height of waste water in pre-clarification.
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The fluctuation in hydraulic loading from debarkiagd pulp and paper making
processes was taken into account in the modelitigeoderation basin in the external
waste water treatment plant. The volume of the amrabiasin in the external
treatment plant was 38,000 nit was assumed that the daily feed of waste water in
the aeration basin was 38,00F per day. The waste water stream out of external
treatment was calculated by the amount of circulatvaste water back to the aeration
basin and hydraulic waste water load to the treatpiant as follows:

v aeration,basin — FWasaNata Jtotal * 36 . 24 m3 / d

F ewater ,ciruculation — 32
veseaEr aruedat 36-24s/ kg (32)
FWasaNata,out = FWaslewater Jtotal — Fmtaslmaler,ciruculation (33)
where F wesenate ciruculation flow of waste water that is circulated back to bictea
V aeration basin daily hydraulic load of waste water, 38,00Grer day
F wasenater out purified waste water discharge out of waste water

treatment plant

In the aeration basin, 70% of the TOC load was cdeseto biosludge. From the
recirculation stream, the retention of biosludges\w8% at 22% consistency. The K-
value for dissolved TOC was 0.7 in the sludge prébs. online data and calculated
streams are summarized in Figure 4.
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Online data used in modelling

Calculated by model

TMP —

COD reference

e PM #1

Clarification
<t GW ?
o — — Bleach Aeration basins
plant
- PM #2 | COD reference

> Clarification

Discharges from debarking f »

Leaks and other water fractions III

Figure 4. Scheme of solids and water balances inmbeeling of waste water
treatment plant.

Plant dynamics was tuned with online data inputsr@hwas a delta term in the
equations of this chapter, creating transients bevitbe production departments in
the mill. The delta terms in the equations altetee state of production in the
different departments from one transient to anothepoints where there was a risk
of high frequency oscillation with using a simplguation, fluctuation of balances
which originated from online data was damped withtadlers. The state of the
model was then altered smoothly from one data poirthe next point, also in the
case of high oscillation or blanks of measuremantsiline data.

4.3 Steady-state model parameters

The plant dynamic water and solids balances weredtwith online data in the model
presented in chapter 4.2. On the other hand, thenpers of yield loss and carry-
over were steady-state. The transients in the ordia caused plant dynamic
fluctuation in modeling. The steady-state paransebed effects on the concentration
levels and response times of different constituemtifferent parts of the pulping and
paper making processes. The identification of stestate parameters in the model
was fitted within a sampling period of over 30 howrsich was shown in chapter
4.1.1.
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After matching the steady state parameters, vadidagamples were taken some times
at other days. In Table VIII, the parameters ofdilelss are presented, and K-values
in Table XIV. The concentrations of TOC can be madciwith two parameters in the
model to resemble the reference measurements. driaenpters of yield losses affect
the amount of releases into water circuits. The mpatars of carry-over (K-values)
affect the carried amount of dissolved and collbigabstances over dewatering
elements to subsequent processes. In Figure 5m#ir principles of the water
circuits, parameters of yield loss and K-valueglusehe model of the pulp and paper
making processes are summarized.

—>~ Sludge press —
Q----I----' #

l— Waste water l
—_— treatment |« —_— Y — —

\ 4

=
( _ew plant ( __ _Imp
A
—_ Disc filter — """ “Discfilter g

-, S I N
K ere press s MC Wire press‘</b|th|on|te bleachlng)
\ #3 and #4 ' \bleach.J "y #1 \and post- d|Iut|on

“HC-bleach. )
N —

$ ere press *

#5 and #6 g
jmmean Y. SRR A
—— PM#2 ' PM #1 -

Yield loss parameter

—_—_———

K-values for dissolved and colloidal TOC

Figure 5. Steady-state parameters for dissolvddcatoidal TOC in the model.



49

4.3.1 Yield loss parameters of TOC

Sundholn and Manner et al. [4], Thornton et al. A Pranovich et al. [29] have
reported yield losses in mechanical pulping. Ondtieer hand, Lyngstad [44] did not
found clear seasonal regularity in yield losses. Kokt al. [25] and Zahibian et al.
[26] have shown that dithionite bleaching has addil effect on yield losses. The
parameters of yield losses in modeling were anchdoedhe same level with
references, see Table VIII.

The parameter of yield loss in the TMP plant wasosthe upper limit of the range
[4]. The same effect dithionite bleaching [25, 28) yield losses were used in
modeling. Yield losses in the GW plant were below literature range (0.9-1.9%
TOC per BDT of pulp) [5]. The reason for this was téaction which

- absorbed galactoglucomannan to fibers
- decreased lignan concentration to one third
- reduced other aromatic substances to one half

from the level of unbleached TMP in peroxide bleagt18]. The effect of these two

reactions on concentration of lignin like substanitebleaching plant was summed to
one K-values in peroxide bleaching plant. The desirgy effect of K-values on yield

loss parameter of pulping was seen in the GW plBEmiis, yield losses were valid in

modeling.

Table Xl Yield loss parameters per BDT of pulp. Gmarison of literature and
model parameters.
In literature,
TOC yield losses [%] In model | Losses per BDT| Differences
of TMP
TMP plant
Mainline ref. 2.4 2.1[7]
Reject line ref. 0.5
2.9 1.8-2.8 [4] +4%
Caused by post-dilution or hy 0.5
dithionite bleaching
3.4 2.1 1.6, [26]=3.4 Valid
GW plant
| 0.8 | 0918[4 | -11%
Bleaching plants
Peroxide bleaching | 24 | 2.4 [29] | Valid
Fixing of bl. DCS
D=10% Max. 30%
C=25%
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The total yield losses were close to the effectsST®iP processing and dithionite
bleaching (increase by 60%) [26]. In addition, nleac effect of dithionite on
increasing TOC concentration was seen in this stlildg.release term remained at the
level that was reported for dithionite-bleached p[#p], with either low or high
dithionite dosages in the TMP plant.

4.3.2 Carry-over parameter in the model of mill integrate for TOC

The parameters introduced in this chapter define hwch dissolved and colloidal
materials are carried over with pulp to dewateriggigment such as disc filters and
wire presses and over to the paper machine. Tlawiolg equations and Figures 6—8
define the meaning of K-values and retention of T®8€d in the model as follows:

C

KToc = e (34)
Cfiltrate
C.
Rroc = 1- e (35)
Cfeed
where Kroc K-value of dissolved and colloidal TOC
Coake concentration of TOC in the water phase of deveatarake
(calculated by model)
Ciiltrate concentration of TOC in the filtrate (measured aliration
measurements)
Rroc retention of dissolved and colloidal TOC
Creed concentration of TOC in the water phase of pulppsusion

(calculated by model).
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Table XIV presents K-values used in the model. Khealues of colloids in the
modeling of disc filters responded to the retentiaiues [21] for wood resins in the
dewatering of pulp in the wire press and discfilfehe first pass retention values of
colloids were assessed to be similar with woochrasthe range of 20 to 40% which
are in agreement with results obtained by Kayhkg.[2

Table XIV ~ K-values in modeling between different pdetments in the mill
integrate. The K-values are basic Balas parametbere K-values
was defined in equatio¥.

In model [K-value] GW TMP
Disc filter

Colloids 1.2 1.5
Dissolved 0.5 0.7
Wire press GW+TMP
Colloids 1.2 1.2
Dissolved 0.5 0.7
Short circuits PM #1 PM #2
Colloids 3 3
Dissolved 2 1.5
Sludge press

Dissolved lignin 0.7

K-values below 1 meant that the concentration eofstituent in the pressed fiber mat
was lower than in the filtrates of dewatering. the modeling, the K-values for
dissolved TOC expressed washing which was causeohdael structures used and
reference yield losses.

Yield losses were referred as yield losses peddridp. This ment that the amount of
yield losses carried over dewatering was excludgdob K-values modeled. Carried
amount of yield losses over dewatering was modeigdadditional yield losses after
dewatering.

The meaning of K-values in the model structure§ ®ifP plant and GW plant are
presented firstly. In a real disc filter of mectaipulping plant studied, there were

- the consistency after dewatering in the range ef@%

- separate clear and cloudy water tanks in filtek family

- additional white water loading into cloudy tankpefiping plant from PM

- dilution of dewatered pulp after the disc filtertt@ medium consistency range
by PM filtrate before the storage tower which colgldd to a minor washing
effect in mechanical pulping plant.
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In the model, the discharge consistency in dewagewas 8%. It was the same as
after the post-dilution of disc filter. In additipthere was only one ideally mixed
water tank in the water system of the disc filtewhich the water fractions from

- the paper machine
- the TMP wire press
- the disc filter

were mixed into one ideally mixed tank. All thedeepomena have been summed to
one K-value in the disc filters of pulping plants.

The background of this simplification was that thevas no reliable measurement
data available of

- the consistencies after dewatering in disc filter

- the volumetric shares of the streams to the clardi/clear filtrate tanks
- the flows in post-dilution after disc filter.

The K-value below 1 in the GW plant can be expldibg the same phenomena. The
K-value for dissolved TOC in the GW plant was lowlen in TMP-plant. The reason
for this was lower TOC in make-up water used frob#2 in GW plant. The TOC
concentration in the white water in PM #2 was ouarter of that white water of PM
#1 used in TMP-plant. Figure 6 illustrates this midy simplification. The same K-
values were used for UV lignin and acetate iongs Was the method for testing the
K-values used for dissolved TOC in modeling.

Koo = —etke ™ Ko oo o
TOC — \ TOC

\ “
- Cfiltrate \ /,ﬁchltra(e ¥
. \ .

, 8%
8%

1 \ Dithionite

! \ bleaching

," i < v f< ' +— =

T D

; Al PM filtrate

\A  E— . —1

v f PM filtrate

Figure 6. lllustration of simplification and meagif K-values for dissolved

and colloidal TOC and other simulated constituentthe disc filter.

Real scheme of circuits in the disc filter (leftnbdaside) and model
used (right hand side).

Yield losses in the TMP plant were set to the upipeits in the ranges of yield losses
per dried ton of TMP [4]. This meant that yield $es which were carried over disc
filter to wire presses were excluded out of modglim addition this resulted in cases
that there was a lack of dissolved and colloidalCTi@ the filtrate of the TMP wire
press and in dosed TMP to PM #1 with the used Ke&in modeling.
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The additional yield loss was used to simulateetffiect of

- yield losses carried over disc filter
- additional extraction of TOC in post-dilution anithibnite bleaching

on the TOC release in the stock preparation of AMA#ditional releases of both
colloids and dissolved TOC were also modeled b$0ds TMP furnish to peroxide

bleaching. The total additional release weightedhgyshares of furnishes in PM #1
and bleaching plant (75:25) was 0.3%0.75 + 1% 0.25 + = 0.5%. This allowed

speculation concerning the effects of

- retention time of pulp in the storage tower
- post-dilution
- dithionite bleaching

on additional extraction of TOC in the TMP plant-vKlues and additional yield
losses in wire press of TMP plant have been shoviigure 7

K _ Ccake RN
TOC — C AN
-~ Yiltrate \\

/
\

0.5% increase in
both dissolved and /
colloidal TOC /

\
\
|
|
M*
— ! -

\/

!
:’ L Shower water
| from PM#2
v ————
< \I/
Figure 7. K-values and additional yield losses atbthe wire press in the TMP
plant.

The sorption of galactoglucomannan from the wabkesp onto the fibers can result in
a yield gain of carbohydrates in bleaching [9, &B&s high as 1%. This phenomenon
was modeled by washing out dissolved TOC with Kiealof 0.5 in the wire press
before HC bleaching. This K-value also containegl wWashing effect occurring by
white water from PM #2, see Figure 8. The errorchtthese simplifications caused
for fiber balance were insignificant. In the mqdglactoglucomannan released in
GW:-plant (K-values below 0.5) was washed out wairuits in bleaching instead of
absorption to solids. This decreased release of A®N-plant in model parameters
for balance of DC-TOC. There was the same kindnoileally mixed water tank for
the filtrates of the wire press as in the disefilbf the GW and TMP plants.



Pronovich et al. [29] have shown that yield losaesTOC were 2.4% of bleached
pulp. In the modeling similar yield losses weredusethe HC reactor and some of the
dissolved TOC was converted to colloidal TOC in thedel bleaching plant. The
background of this conversion in model was the tamtthl release of wood resin out
of fibers in peroxide bleaching. The additionakssde was shown to be in a range of
0.7 to 3 kg of resin per BDT of TMP [7, 21]. As TGfId losses, this is in a range of
0.05 to 0.23% of TMP BDT. In addition, the amouhtdspersed wood resin in the
water phase after neutralizing bleaching agentsnaaain at a higher level than what
it was prior to alkaline peroxide bleaching [7, .21]

The releases of hemicelluloses, xylans and pedtiinswater circuits reduced
simultaneously the total yield [1, 9], by 11 kg BES per BDT of bleached TMP.
There was additional dissolution of xylan by 4.4 &gd of pectins by 3.7 kg
respectively per BDT of bleached TMP in the bleaghplant. [29]. Yield losses from
carbohydrates based on the conversion parametésiped by Thornton et al. [7] are
4.4 kg of TOC per pulp BDT. 60% of these additioyiald losses are in the colloidal
phase. This resulted in 2.6 kg of colloidal TOGoithe colloidal phase in peroxide
bleaching. The sum of these released carbohydaak&xtractives was from 3 kg to
5 kg of TOC in peroxide bleaching. In the modekgsof dissolved TOC per bleached
pulp BDT was converted to colloidal TOC in the teac Extractives and

carbohydrate releases were set at the upper liditsummary of the modeling
parameters is shown in Figure 8.

K — Ccake =~
TOC Koo = e >,
_—-Ciivate . Addiional TOC yield ™ "¢\
/ \ losses by 2.38 % /// N
, \‘ 0 N ' .
/ TOC derivative from \\‘ di;’;ﬁﬁ,:do:'oc ACI‘?Iﬂcatlon
;/ galactoglucomannan | /to colloidal

! is washed out \v‘ HC

/

i phase

i < PM #2 white
M v Shower water
water wash
Shower water water
wash water from PM#2
from PM#2
Figure 8. Model structure of bleaching plant, véhgield losses and K-values

are shown.

As final stage, there was a washing press befoegestbrage tower of peroxide-
bleached mechanical pulp in the bleaching plant &ffiect of neutralization on the

fixing of dissolved and colloidal substances wasligtd with one measurement series,
see Figure 8 and Table XV.
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Table XV shows how the K-value for dissolved TOQegafthe neutralization of
bleached mechanical pulp was reached. Samplestfierfiltrate tank and peroxide-
bleached pulp after acidification were taken. Itswassumed that the fixing of
dissolved TOC onto the fibers or onto colloids s&akéace when neutralized. The rest
of the reduction of dissolved TOC in acidified pwias a consequence of the used
wash water from PM #2. The K-value without poststidn by PM #2 white water
was calculated from acidified pulp. The consisteatwcidified pulp was assumed to
be 38% instead of 9.5% which was measured fronothgnal acidified mechanical
pulp sample to model fixing of DC-TOC in neutratina.

Table XV Definition of K-value in the wash preSBOC measured by SFS-EN
1484 where the sample has been filtrated with $dide & Schuell
Micro Science GF 50. Acidified bleached pulp wastéid to 1% from
9.5%. The sample was filtrated at 1% consistency.
TOC K-values
(mg/ll | []
Filtrate of wash press 2400
Without post-dilution by PM #2 white water 1200 0.5
(calculated)
Acidified and consistency controlled pulp 880 0.4

The K-values used in modeling was shown in TabM.Xlhe K-values in both paper
machines were over one. The reason for this was dlfierent constituents are
absorbed to mechanical or chemical pulp in thetstiosuits. Even a 1% vyield gain
could be achieved because of DCS adsorption to ichémulp or because pectin
substances have reacted with the cationic retentiemical which caused the fixing
of dissolved substances. The K-values for colleigse 3 in both paper machines, see
Table X1V, indicating the occurrence of 10 to 20#emage fixing of colloids and
dissolved substances to solids in the water csafiboth paper machines.
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4.3.3 Reduction of lignin-like COD in waste water treatment plant

Lignin-like substances have lower removal in theldmical waste water treatment
plant than other constituents. In this study, #maaval model which was tested in the
case mill has been presented in the next equafite. removal of lignin-like
substances was established using the step fun@t@mied out by heavside step
function of Balas). In the equation, when the huillcaretention time (HRT) was over
38 hours, there was a shut-down of one paper madhirthe mill integrate. This
described a situation where there was a washing atagignificant production
problems on the other production line. In the aafSdRT being in the range of 36 to
38 hours, web breaks decreased water dischargefotlte pulping or bleaching
processes. This was caused by impaired functiooningvaste water treatment or
additional release of lignin in the pulping andduking plants. If HRT was under 36
hours, both production lines were in full operatamd normal production and waste
water treatment worked properly at seasonal canditi This model assumed that the
reduction of lignin-like substances in waste wdteatment and the released lignin-
like substances in pulping and bleaching were diégenon the runnability of the
paper machines. Impairment of runnability emanditech the paper machine to the
water balance of the paper machine and pulpingt gigirfluctuation of production
rates in the pulping plant. This increased retentiomes of mechanical pulps in
towers which caused additional release of lignie-Bubstances to the process waters.
On the other hand, unstable production could atgmair the reduction level of lignin
in the waste water treatment plant. The reducteuragon is as follows:

Rlignin(HRT) =X

HRT > 38, X = 0.001
36<HRT <38 X =015
HRT <36, X = 030

(36)

where R, (HRT )reduction of milled wood lignin in feed stream o&ste water
treatment as a function of hydraulic retention timéours

X reduction parameter dependent on HRT.

In the case of normal production in both paper rmead) the reduction of milled

wood lignin was as high as the amount of (OAS)asdel in pulping. 5% of milled

wood lignin was retained in the modeling of pulpdapaper making processes.
Magnus et al. [37] have shown that the share afifigike substances in COD of
effluent was 75%. This observation was also usedetiing of waste water treatment
plant in this study. 25% of dissolved COD dischargere caused by

- BOD

- DTPA

- extractives,

- 10% of COD loads from debarking in steady produrctio
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A step function was used in the model of waste magatment, and the effect of the
function on COD discharges was seen with delay, taedcorners of the step were
rounded because of counter-current circulatioruafge in waste water treatment.

4.4 Validation of plant dynamics

The plant dynamic balances were tuned by onlina.ddte parameters in the process
equipment, like the volume of storage towers angsisbency of pulp in the storage
tanks, were established from information in PI thar on the basis of the general
know-how of mill personnel. The parameters of yielss were defined to the level of
the average TOC concentrations in the differentpdiaign points. K-values defined the
amount of TOC carried over from the different dépents to others. The validation
of plant dynamics was based on the usage of TO& tacer in the mill. The K-
values and the yield loss parameters in the modelewset to the average
concentration of TOC. The average was formed wittr 80 hours long periods in
each sampling point presented in Figure 1.

Firstly, steady-state parameters were identifié, yield loss parameters of TOC
were set close to references from literature, andhlkies were matched to the level
where the TOC trends presented in each samplingt peould be valid. This is
presented in the next subchapter. Secondly, camingampling was carried out as a
means to define the degradation of the model pasmen the simulation. In
addition, plant dynamic parameters like dead tiraed response times in start-ups
were taken under consideration. The validation shib@w high the degradation of the
parameters during the three-week period is in tbelehof the TOC predictions. A
95% confidence limit in the modeling was appliedaasalidity assessment of the
TOC predictions in the sampling points.

In this study, the most important online data areddy-state parameters in the plant
dynamics simulation of pulp and paper making preessvere

- the production rates and the level of storage tewerpulping and paper
machines

- water discharge out of the processes

- steady-state parameters in the model, such asstemsies and yield loss and
retention parameters.

The effect of production rate on the TOC concemnatduring a steady-state
operation can be insignificant. The measurememtsnathe range of deviation. On the
other hand, fluctuations in the state of the preesscan be filtrated out in the
matching stage of parameters in modeling.
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White water in the pulping plant is diluted durisgut-downs. The reason for this is
that there are several water streams e.g. sealithdusdrication waters in wire presses
and simple low volume tanks in the pulping planthwa short response time. Low
volume water tanks are loaded by white water ofodqger machine in which the TOC
concentration is significantly lower than in théérfites of the pulping plant at steady-
state production.

The storage volume of white water in the paper rmaeshvaries from one day to

another, depending on the level of the broke towlershapter 4.2, water balances
were created by online data. The balances weréygaased with simple controllers.

In this chapter, the dynamics that has been turigd aentrollers and online data is
validated with TOC. The degradation in the paranseté the model was analyzed as
an uncertainty of TOC prediction.

4.4.1 TOC trends in pulp and paper making processes

When the average value parameters have been iddnttie model parameters can be
validated by comparing the concentration of TOCvalidation samples with the
concentrations predicted by the plant dynamic mo@leé most important point of
view in the prediction of COD loads out of the mdlthe validation of waste water
outflows from the TMP, GW and bleaching plants. Téason for this is that they are
the major COD loaders to the external treatmemtpld the water balances of the
plants are out of order, the correlation betweenG®D loads measured and the COD
load predicted by the model is missing.

Clear filtrate in TMP plant

The TOC prediction in clear filtrate is presented Higure 9. The average TOC
concentration in clear filtrate was 2600 mg/l atandard deviation was 300 mg/l.
The standard deviation in the parallel clear fikraample was 260 mg/l which was
ten percent of the average value. This meant thatminimum range of 95%

confidence limits established in reference measantsnwas +10-15%. In Figure 9
and Figure 10, the uncertainty of TOC predictiontie clear filtrate at 95%

confidence limits was +20%. The grey points arenefce concentration and black
line is TOC predicted by the model.
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Figure 9. Predicted and reference concentratiom@€ in clear filtrate in TMP.
Deviation at 95% confidence limits £20% of modedghiction.

In Figure 10, the days in which TOC was sampledehbeen zoomed in, and the

validity of the plant dynamics in the TMP plant daea estimated. There was only one
day when the model parameters had degraded olé afgviation range, see days #14
to #15 in Figure 10. The modeled concentration ©fCTwas not correct in the clear

filtrate and in the white water of paper machine #te reason for this was that the
bleaching plant used a significant share of TMPnfirroduction line #1. This was the

main reason why production shut-downs could be sseconcentration gradients in

PM #1 and in the TMP plant if PM #1 had no straigtgportional water discharge to

the water canal in PM #1 during shut-downs of potidn line #2.

The dead times in the model was apparently toot d®icompared to the reference
measurements. The start-up sequence of the blgaplant to daily production took
place too fast with the controllers which were ugedfilling in balances in the lack
of reliable online data (water discharges). In #ddj steady-state parameters e.g.
consistencies and tower level in the bleaching teweere not valid in response to
steady production. This was probably the reason wesponse in TOC prediction
took place beforehand, as it occurs in Figure lfinduthe 2nd and 3rd validation
periods. The dead time in the step response camgdideaching plant and PM #2
shut-downs up to normal production was six houtge doncentration transient during
shut-downs of the bleaching plant in the cleardti of the TMP plant was 400 to 500

mg/l.
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IDENTIFICATION VALIDATIONS
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Figure 10. Zoomed TOC trend of clear filtrate in PMplant. Parameter
identification of TMP plant was carried out in tfiest three days. The
standard deviation in parallel TOC measurement 286 mg/l.
Parameter validation was repeated three times. rahge of 95%
confidence limits is £20% in model prediction.

The response time in which the TMP plant had bearesl up to steady production
was 9 hours and the settling time was 31 hourssd hienes are defined in Figure 11.
The likelihood range of 95% in the TOC predictidnctear filtrate in Figure 11 was
20%. It can be seen in Figure 11 that the deviatibrreference measurements
decreased and the accuracy of model predictiorased after the settling time. The
modeling method is at its best in the predictiorthef daily average concentration. In
addition, the model was overdamped. The online dested was averaged in 10
minutes which damped or overreacted too late inaplid dynamic phenomena. After
43 hours, the likelihood range of 95% confidenc& @C prediction was 10%, see red
line in Figure 11. Many counter-current connectiamuenced for a long time by
changing the TOC concentration before steady-spateluction in PM #1 and
bleaching plant on production line #2.
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Figure 11. TOC in clear filtrate during the first days of modeling period.
Continuous grey lines are range of +10%

The process variable that caused the dilution énwire press filtrate was the white
water load from PM #2. The white water of PM #1 waed in the shower of wire
press 1. On the other hand, the white water loathfPM #1 could also alter the
concentration of TOC in the TMP plant and in the B during shut-downs of
bleaching plant.

Filtrate of bleach press in TMP plant

The trends of the TOC concentration in bleach p#dssluring a twenty day period

are presented in Figure 12 and Figure 14. The latioe between the reference
measurements and the TOC predictions is shown gur&i 13. The average

concentration of total TOC in the filtrate of wipgess #1 was 2800 mg/l and it was
200 mg/l higher than in the clear filtrate of thBIF plant. The standard deviation in
the parallel samples of the bleach press filtraas 230 mg/l which was slightly lower

than in the measurements of TOC in the clear fdtcd the TMP plant.
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Figure 12. Total concentration of TOC in bleackgs of TMP plant. Deviation at
95% confidence limits was +15%.

The validity of the K-values parameters in the wiress can be examined in Figure
13 and Figure 15. It can be seen in Figure 13 agdr& 15 that the yield losses for
colloidal and dissolved substance were occasionatlylow. It could be seen as a
trend line under the concentration points of refeeemeasurements.

The main goal was to predict online COD loads téhkternal treatment plant by this
model. The deviation during the measurement peob@5 hours was high. The
modeling results show that the prediction was vadifbrm day averages for the wire
press filtrate with the steady-state parameters. ddviation accepted for the model
prediction was +15%. The high deviation originatedm dynamic chemical and
physical phenomena occurring in the wire pressédheere not modeled in this thesis.
The phenomena were modeled by steady state paramete

There was a big storage tower in the TMP plant ftgefoechanical pulp dosing to the
bleaching plant and to PM #1. These big volumedbainty reduced the uncertainty
from 20% (uncertainty in clear filtrate) to 15%time predictions. On the other hand,
the dynamics was very rapid in the decreasing alter of TMP dosage to the

bleaching plant. The reason for this was the ussghofver water in the wire presses.
Shower water was flowing to the bleach presses ewgimg bleaching plant shut-

downs. However, the dampening fluctuation of theCT&ncentration from the TMP

plant, see Figure 9, can be observed in the #gaif the paper machine and wire
press #1, see Figure 16 and Figure 12. The levéaoiping in the responses of TOC
concentration from the TMP plant to PM filtratessi#0%. The damping of the TOC
response from the wire press filtrate tank to thMPTplant was also over 80%
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The large pulp and white water tower in the PM hagignificant stabilizing effect on

the disturbances occurring in pulp and paper makitagvever, the shape of the TOC
predictions was very unsteady; see Figure 12 agdr&il3. White water used from
PM#2 in the shower of wire press was apparentlgrade than the wire press filtrate
itself in steady operation.

The fluctuation in the feed consistency of wiregsrétl was not modeled. The inlet
consistency remained constant throughout the stionlaThis assumption can also
cause an error in the model prediction of the T@@centration in the wire press
filtrate. However, the online consistency of thedavas used in the calculation of the
TMP dose to the bleaching plant. A similar percapfluctuation in TOC was also

observed in Figure 13, Figure 15 and Figure 10nducalibration periods.
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Figure 13. Zoomed total TOC trend of filtrate imetbleach press of TMP plant.
Parameter identification of TMP plant was carried io the first three
days. The standard deviation in parallel TOC measent was 230
mg/l. Parameter validation was repeated three tiffles range of 95%
confidence limits is £15%.



The share of dissolved TOC in the bleach pregatiitwas on average 43% of total
TOC. The average concentration of dissolved TO@énfiltrate of the bleach press
was 1500 mg/l. The standard deviation of TOC in fiieate was 160 mg/l. The
accuracy of TOC measurements was similar in bdttiatiés of paper machine and of
the wire press in the bleaching plant.
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Figure 14. Dissolved TOC in bleach press of TMRanpl Deviation at 95%
confidence limits +20%.
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The validity of the constant yield losses, K-valagsl the constant share of dissolved
TOC in the filtrate can be studied in Figure 15eTdeviation value with a 95%
confidence level in the dissolved TOC predictionithveteady-state parameters was
+20% as shown in Figure 15.
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Figure 15. Zoomed dissolved TOC trend of filtratetihe bleach press of TMP
plant. Parameter identification of TMP plant wagiea out in the first
three days. The validity of TOC prediction was eesthree times after
the identification period. The range of 95% confide limits was
+20%.

White water of paper machine #1

The concentration of TOC in the white water of PMi# presented in Figure 16. The
short-term shut-downs (some hours) in the TMP pleare apparently not seen in the
prediction of TOC in the white water of paper maeh#1. On the other hand, short
production breaks in the production of line #2 ealithe production limitations in the

TMP plant. As a consequence of this, the same dsioig trend in the prediction of

both clear filtrates in the TMP plant and in theitetwater of PM #1 can be seen on
days #5 to #7. On the days from the 6th to 11th &8th to 20th, there were

significant production difficulties in PM #1. Theperiods simulate the upper limits
of COD loads out of the mill per paper BDT.

The average value of TOC in the white water of PMwis 1600 mg/l and standard
deviation in parallel samples was 160 mg/l. Theatre¢ difference between the
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reference TOC concentration and prediction wasdrighthe case of paper machine
white water than in the filtrates of the pulpingldyeaching plants.
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Figure 16. TOC in PM #1 white water. Deviatiorb&®6 confidence limits +27%.

The apparent correlation between the measured antkled values can be seen in
Figure 17. Degradation of the model parametersalsts observed during the 14th to
15th day in the clear filtrate of the TMP plant andthe white water of the paper
machine, see reference measurements during dan#igure 10 and Figure 17. The
yield losses which were dependent on brightnessadher product properties had
changed out of the deviation range in validatiorasueements at 14th day. Another
point of view to speculate was whether the speeifiter consumption had increased
by some additional water discharges from line #bbBbly the decreasing trend was
missing because the valid length of dead time ldacurred in the TMP plant, see
Figure 10. In addition, there were two interferitignds in the wrong phase. This
caused dampening of the decreasing trend in theeotration of TOC in the white

water of TMP-plant, see Figure 10. The missing el@sing trend caused the higher
uncertainty level in PM #1 when compared to thahef TMP plant, see Figure 17.
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IDENTIFICATION VALIDATIONS
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Figure 17. Zoomed TOC trend of filtrate in PM #arameter identification of
paper machine #1 was carried out in the first tli@gs. The standard
deviation in parallel TOC measurement was 200 migArameter
validation was repeated three times. The range 586 @onfidence
limits is £27%.

Filtrate of bleach press in bleaching plant

The fluctuation which can be seen in the conceptraif dissolved and total TOC in
the filtrate of the wire press originated from omlidata. The concentration of
dissolved and colloidal substances in the wiregpneshe bleaching plant is shown in
Figure 18 and Figure 19. There were eight shut-dowrthe production of peroxide-
bleached pulp during the simulation period. Thecemtration peaks were caused by
production shut-downs in the bleaching plant, sepré 18 and Figure 19. The
average concentration of total TOC in bleach pfitsate in the bleaching plant was
2600 mg/l and standard deviation of parallel sasplas 120 mg/l, see Figure 18.
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Figure 18. Total TOC in bleach press to MC-bleachetiP and GW. The range
of 95% confidence limits is plus minus 20%.

The model prediction of dissolved TOC in the fitga@f the bleaching plant is shown
in Figure 19. The average concentration of disebl¥®C separated by UF in bleach
press filtrate was 2000 mg/l and standard deviaifgrarallel samples was 160 mg/I.
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Figure 19. Dissolved TOC in bleach press #3 and Fde range of 95%
confidence limits is £20%.

Availability of online data was the highest aroutie bleaching plant in the mill
integrate. However, there was no valid dead timthénstart-ups and shut-downs of
the bleaching plant in the model which was tunethwinline data. The data was
averaged in periods of ten minutes and the balawees moved smoothly towards
the next ten-minute average by minimizing between the level of storage towers
given by online data and the model. The averagihghe process signals also
removed some real production changes, and the momwere rounded in the
responses. This could be reason for that the gpartook place too early and in shut-
downs there was a delay of some hours (0-12 hautbe model prediction; see the
trends in Figure 20 and Figure 21.

The invalid dead times could be the reason whytikey in the prediction of TOC
concentration was observed six hours too earlyhm TMP plant and for the
dampened valley in white water in PM #1, see algoré 10 and Figure 17. On the
other hand, there were many interactions in theewaystems of the mill. TOC
responses could be distorted by many interferifeces. The model parameters in the
bleaching plant were also valid in the second nmessent period with 20% in the
range of 95% confidence limits, see the 19th da¥igure 20. However, the TOC
concentration had apparently slid up by 300 TOCI inghe filtrate of the wire press.
This was probably the result of alterations in twsages of bleaching agents or
invalid water discharges out of the GW plant, whiekre constant parameterized in
the simulation.
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In the model the consistency, pH and temperature aggumed to be constant. The
effect of alteration of

- consistency
- temperature
- pH

on the amount of released compounds in pulping tdedching were not modeled.
This is reason why at start-ups parameters of stergiies in tower and TOC release
in pulping and bleaching were not necessarily valid the modeling. As a
consequence, the responses were seen in the wositgppps on the time axis (dead
time).

IDENTIFICATION VALIDATION

‘ O press 3_4 ref ====press 3 4 tot simu

4000

3500 1

3000 1

2500

2000 7

TOC, [mg/]

1500 A

1000 +

500 A

13 14 15 18 19 20

Time, [day]

Figure 20. Zoomed total TOC trend of filtrate irethleaching plant. Parameter
identification of total TOC in the bleaching plamas carried out on
the 13th to 15th days. The standard deviation imallgh TOC
measurement was 120 mg/l. Parameter validationrejasated once.
The range of 95% confidence limits is +20%.
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The peaks of TOC concentration in the predictionwafe press filtrate in the
bleaching plant was the sum of the different eleséfhere was water discharge out
of the bleaching plant according to online datagd dahe production rate was
established from bleached mechanical pulp dosagePhb #2 at a constant
consistency. The peaks in the modeled concentsati@ne mainly caused by reduced
or increased specific water consumption in the dilesy plant, see Figure 20 and
Figure 21.
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Figure 21. Dissolved TOC in bleach press #3 an(zgdmed picture from Figure
19). Parameter identification of total TOC in tHedtzhing plant was
carried out on the 13th to 15th days. The standaxdation in parallel
TOC measurement was 160 mg/l. The range of 95%d=emde limits
is +20%.

The K-values in the wash presses had a major madiefining the carry-over of TOC
to the PM. In addition, they were constant throughihe whole simulation period.
The higher the K-value between the pulping plamt e paper machine is, the more
rapid the response that can be seen in the PMlaggrdresponses will settle down in
the pulping plants. The rise times seemed to lbdrright order, but the settling time
was too short because there was a lack of dead tmeart-ups.
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Clear filtrate of grinding

The GW plant produced least TOC into waste wateyranthe pulping and bleaching
plants in the mill integrate. Half of the dischadgehite water out of the bleaching
plant was reused counter-currently in the GW pl&fetke-up water for the GW plant
was taken from PM #2. TOC was carried over the Gavitpto PM #1 with pulp, but
there was no backward water connection from papadyction line #1 in the mill.
This water connection together with TMP productiestriction during PM #2 shut-
downs caused concentration gradients in PM #1 wiitier and possible production
problems during the 6th to 11th days.

The model prediction of TOC concentration in thedte of the GW plant is shown in
Figure 22. The average concentration of TOC in Gkvafe was 2600 mg/l and
standard deviation of parallel samples was 200.mg/I

O GW-CF ref = GW-CF simu

3500
3300 -
3100 -
2900 -
2700 A
2500 -
2300 A
2100 +
1900 ~
1700 A

1500 — T
012 3 456 7 8 91011121314151617181920

Time, [day]

:

TOC, [mg/l]

Figure 22. TOC in clear filtrate of GW plant. Trenge of 95% confidence limits
is +20%.
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The level of white water in the filtrate tanks weset constant. In addition, the waste
water flow from the clear filtrate tank of GW toethvaste water treatment plant was
also constant (20 kg/s). Make-up water was takemfPM #2. As can be seen in
Figure 22 and Figure 23, there is not as high dlaibn in the model prediction of
TOC in the clear filtrate of the GW plant as emgthie bleaching or TMP plants. The
assumption that the constant discharge flows fioenGW plant were independent of
tons of production may be invalid. In some days #mount of white water
discharges could be lower, as can be seen in FRRiréhe reduced water discharges
would decrease the make-up white water from PMn#ghe model, which would
result in the higher concentration in the filtrafehe GW plant.
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Figure 23. Zoomed total TOC trend of filtrate ihet GW plant. Parameter
identification of TOC in the GW plant was carriedt@n the 13th to
15th days. The standard deviation in parallel TO€sarement was
200 mg/l. Parameter validation was repeated onbe.rainge of 95%
confidence limits is £20%.

There are errors in the parameters of the modtiarstep response of the start-up of
the GW plant during the 13th day, see Figure 28b&ly the same kind of response
that was observed in the start-up on the 13th dajdcalso be seen on the 14th day.
The higher the discharge consistency of GW pulpftbe tower is the smaller the
computional white water flows are also from

- GW plantto PM #1
- PM #2 to the GW plant.

In addition, the lower the consistency, the higther amount of TOC as tons carried
over from the GW plant to PM #1.
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The lower concentration response which is seergur€ 23 in the clear filtrate of the
GW plant could also be caused by the assumptidrthkavhite water flow from PM

#2 was only used as make-up water in the GW piastiead of white water flow from

PM #1. A decreasing trend was missing in Figure Tiis could be obtained by a
backward water connection from PM #1 to the GW pldaring shutdown of

bleaching plant, because of there was no white meteailable from the bleaching
plant to be reused in the GW plant e.g. during#b4.

The main explanations for the too flat concentratiesponse are

- the water discharge from the GW plant
- the flows and quality of make-up water which wem well known and
controlled in the model

In addition, grinding is a batch process and it difficult to model the mechanism of
how water flows inside the GW plant as a functidrthee production rate with the
online data used.
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White water of paper machine #2

The model prediction of TOC concentration in thetesivater of PM #2 is shown in
Figure 24. The average concentration of TOC invthige water was 410 mg/l and the
standard deviation of the parallel samples was §8. iihe difference between the
model prediction of TOC in the white water and fie reference measurements was
high, taking into account that the deviation in plagallel measurements was only 4%.
The deviation of 4% between the parallel samples tha lowest value measured in
this study. These samples did not have to be dilbefore the TOC measurements.
Dilution may have a significant impact on the leeélmeasurement errors in TOC
procedures, see Table VIII.
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Figure 24. TOC in the white water of PM #2. Thega of 95% confidence limits
is +27%.
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The concentration of TOC in the white water of PRig presented in detail in Figure
25. The correlation between the modeled and medslees is not apparently seen
in Figure 24 and Figure 25. The reference measurentid not follow the changes
occurring in online data, see black line in FigRBe This meant that

- the chemical dosages
- physical chemical interactions

in the short circulation of the paper machine dameplethe modeled fluctuation in

TOC. These interactions and reactions could nopteglicted by the used model
structure. The dynamics was too slow, and afterttiemodel reacted too quickly to

fix the balances. As a consequence of this, ther® ame additional decreasing trend
in the prediction which was caused by

- the shut-down of the bleaching plant
- dilution of TOC in bleached filtrate by the whiteter of PM #2.

In addition, the errors in the TOC predictions e twhite water of both paper
machines probably originated from the broke tovienshich the generation of TOC
was probably very dependent on

- the storage time
- temperature
- consistency.

This caused a random deviation in the TOC trendisgtwwas not possible to predict
by the model created. As a matter of fact, the T€édGcentration and broke tower
level had a significant correlation in both papeacimnes. This meant that the error
came to the TOC prediction of white water from T@C release in the broke tower
and fixing efficiency of TOC to the solids in bqthper machines.



77

O PM2WW ref ==—PM 2 simu

600

500 -

400

300

TOC, [mg/l]

200

100

0 \
13 14 15

Time, [day]

Figure 25.  Zoomed total TOC trend of filtrate in PM #2. Para@nddentification
of TOC in PM #2 was carried out on the 13th to 1l8#ys. The
standard deviation in parallel TOC measurement &8s mg/l.
Parameter validation was not carried out. The rarig@5% confidence
limits is £27%.

The difference which was caused by errors in th&ceotration of TOC in the white

water of the paper machine for the prediction ofDC@ads out of the mill was

insignificant. The reason for this was that thewswnixing of paper machine white
water with bleaching and pulping plant filtrates.dddition, there was no significant
additional release of COD to the water in the PMe Ppulping and bleaching plant
filtrates were 2-8 times more concentrated tharepamachine white water. This was
the reason why it was more important to study gedgithe volumetric flows from the

paper machine to the pulping plant since theseechasncentration fluctuation in
COD loading and in the COD discharges out of thé mi
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Summary

The model predictions of TOC are presented in g — 25. There were many
production shut-downs and breaks and other prodkgtuations during the
simulation period of 20 days. This was good for ptent dynamic validation of the
model in the process stages sampled, see Figuf®©C. could be simulated with
tolerable errors in all sampling points. In summadtrgan be said that the error in the
predictions was in the range of 15 to £30% witb%6 confidence limits. In some
cases, the dead time was missing.

The highest deviations were in the predictions bitevwater in the paper machines.
The deviation within 95% confidence limits was btlg under 30%. In these
processes, updating the parameters after eactemetersampling would reduce the
level of uncertainty in the prediction of TOC contation. The high level of
uncertainty probably originated from broke handipagameters. The validation of the
prediction in the pulping plant was interfered hgthmeasurement deviations in the
sampling procedures. If the standard deviation edusy assumption used in plant
dynamics tuned by online data is calculated asvoll

Stit = Sszampling + Sr?lodeling (37)
where Stot minimum standard deviation in TOC prediction
Ssampling minimum standard deviation in TOC sampling
procedures
Smodeling minimum standard deviation caused by online data

modeling method, parameters and model
simplifications,

the share of sampling and modeling deviation isnfrd:1 to 3:13 in the model
prediction.
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data tuned plant dynamic method.

Summary of standard deviation in TO@ngéing, caused by online

Average | Ssampling | Smodeling | Stot

TOC

[ma/l] [%] [%] [%]
Production line using dithionite-bleached pulp:
Dissolved wire press, #1 1500 8.6 5.6 10
Total TOC, #2 2800 6.3 4.4 7.7
TMP clear filtrate, #3 2600 7.1 7.4 10
PM #1, #4 1600 7.2 12 14
On average: 7.3 7.3 11
Production line using peroxide-bleached pulp:
Total TOC in wire press, #5 2600 3.1 9.8 10
Dissolved wire press, #6 2000 5.7 8.5 10
GW clear filtrate, #7 2600 5.4 8.7 10
PM #2, #8 410 3.1 13 14
On average: 4.3 10 11

4.4.2 Acetic ions and aromatic substances

The water balance of the model was tuned with enfirocess data in chapter 4.2.
After that TOC (total organic carbon) was matched ldboratory measurements.
Yield losses and K-values between

- pulping plants
- bleaching plants
- paper machines

were matched so that the trends of the TOC coreionirwere valid. The validity of
yield losses per BDT and the K-values for TOC wasdied with parameters
published for acetate ions and aromatic substanoethe validation, the same K-
values were used for acetate ions and lignin-likessances as for TOC.

Acetate ions are very water soluble and their gaiwer in the peroxide bleaching of
TMP has been reported to be 20 kg per BDT of TMP2B]. In the TMP plant, the
release of acetate ions is minor. [7, 1]. The ssHeaf aromatic substances is
significantly higher than that of acetates [1, itBjhe TMP plant. This was the reason
why lignin-like substances and acetates were chfigehe validation of the K-values
of TOC in dissolved phase. Acetic acid with ligtike substances are the main
dissolved material in the COD loads to the extetnahtment plant. In addition,
lignin-like substances are the main substance giro@®OD discharges.
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The effect of dithionite bleaching in refiners dretreleased amount of lignin was
assumed to be as follows:

1kg lignin + 0.3 Mithionite

minin,r :mT total, prod @ 38
o et = TP ol pred 1000kg of TMP (38)
where Miguin,rer release of milled wood-like lignin in refiners (ky
Mithionite flow of dithionite to main line refiners.

Table XVII presents used and published parametérgleases of acetic ions and
MW.L. If overlapping of the reference points in thigures of the trend was seen, the
K-values were valid for dissolved TOC in Figure E&yure 28 and Figure 27.

Table XVII. Comparison of model parameters reldtedcetate ions and lignin-like

material.
ACETATE Literature, [7, 29] | Model Differences
IONS: [kg/BDT of pulp] [kg/ ton of pulp]
TMP plant 1.1t0 1.6 6.4 +400926]
Bleaching 20 20 - [7, 29]
plant
MWL LIGNIN: [29, 18]
TMP plant 1-13 1-1.2 Valid, [18, 29]
Bleaching 6.7-10.4 10 -3% [18, 29]
plant

Some reference measurements from bleaching plantacetate and aromatic
substances are presented in Figure 26. The coatientrof acetate ions in the
bleaching plant filtrate predicted with the modatgmeters presented in Table XVII
was similar to the acetate reference measuremenpeafxide bleached filtrate
presented in Table X. In conclusion, it can be $hiéd the generation of acetate ions
was similar to that reported in literature [7, 283d the K-value for acetate ions in the
bleaching plant was valid.

The trend line of aromatic substances overlappe&d ritierence concentration of
aromatic substance measurements, see Figure 26 KMadues for TOC in the
bleaching plant were also verified by UV lignin.

The concentration of aromatic substances was assumnée totally milled wood
lignin in the bleaching plant, see Table VII. Thesgservations indicated that this
assumption was valid. The validity of both paramefer acetate ions and for lignin
showed that the K-value for dissolved TOC in theabhing plant was valid.
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Figure 26. Modeled acetic acid and aromatic subst&mconcentrations using 20
kg of acetic acid per TMP BDT and 10 kg of lignikel substances as
the generation parameters. In the model aromatistances were
assumed to be totally milled wood lignin.

The concentration of acetate ions in the TMP plapresented in Figure 27. It can be
seen that the model prediction of acetate ions exnation overlapped the reference
measurement when generation parameter (0.64 kg &Djulp) for acetate ions in
TMP [26] and the same K-values as in dissolved TOTMP were used in modeling.
Thus K-value for acetate ions was valid.
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Figure 27. Acetic acids in wire press. The genergparameter was 6.4 kg of
acetic acids per TMP BDT. The deviation bar is £15%

The concentration of aromatic substances in the priess filtrate of the TMP plant is
shown in Figure 28. The filtrate from the TMP plaalso contains aromatic
substances other than lignin-like substances, asdignans, because lignan was not
separated from the samples by MTBE before the hAhsoe measurements.
Holmbom et al. [1] and Pranovich et al. [18, 19Végublished the amount of the
release and the share of MWL in it, which was 13%romatic substances in TMP.

The assumption that 13% of the UV absorbance irséimple originated from milled
wood lignin was used in modeling. The release patamand K-value for aromatic
substances were valid on average, because thertmat@n prediction of aromatic
substances overlapped the reference measuremdtitgiie 28. The overlapping also
meant that the K-values for dissolved TOC weredvalithe TMP plant in the model.
In steady production of TMP, the deviation ranges\28%, see days #2, #6.5 and
#15.

The model of MWL reduction in waste water treatmeat used to update the release
of lignin-like substances in the TMP plant, whicancbe seen in Figure 28. The
additional release was increasing at elevatingagmrtimes in the TMP plant. In
Figure 28, the release of aromatic substances ifted by 33%. This was the same
range of deviation as was presented for the avarlgase of aromatic substances in
TMP production [1, 18, 29]; see reference pointday #8 in Figure 28. If the
additional release of aromatic substances was ,valittlitional COD discharges
should also be seen in the references of COD digebaon day #7 to #10. This will
be studied in chapter 6.
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On day #15, the trend concentration of aromaticssnizes was 25% higher than in
the reference measurements. The same differencal@®bserved in the trends of

TOC in the TMP plant and in PM #1. The reasons weported in the previous
subchapter.
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Figure 28. Modeled concentration of aromatic safsts in the filtrate of wire

press in the TMP plant. The deviation bar is +33%.

In normal production, the load of lignin-like suastes from the TMP plant was 7.5
kg per TMP BDT, and the model of the waste wateatment plant removed 2.3 kg
of aromatic substances per TMP BDT. When the hydraetention time was over 38

hours, the modeled release of aromatic substanassOvkg of aromatic substances
per BDT of TMP. The 30% difference was detectedwbenh the reference

measurements of aromatic substances and modelextntoation. The release of
aromatic substances was updated by the reductiatelnod aromatic substances in
waste water treatment plant. The effect of updags wongruent with difference

detected.



5. COD LOADS TO EXTERNAL TREATMENT PLANT

The plant dynamic flows of COD from the differempdirtments into the waste water
treatment plant are summarized in this chapter. Sdwrces of COD loads in the
model were divided into the pulp and paper makiegaitments and debarking.
Pulping and bleaching had the biggest shares of @@ding. In the model, the water
outflows from the debarking and process leaks fruip and paper making were
dependent on the production rates of the paper imesland GW plant. Errors in
hydraulic loading were filtrated out by alteringetllow rates of the clean water
fractions from e.g. sealing, cooling or clean pescéeaks. The objective of this
chapter is to validate the prediction of the pldynamic COD loading given by

- the release and retention parameters for diss@mddolloidal TOC
- the conversion coefficient verified for TOC and COD
- the colloids absorption to solids shown by Magnusl.g37, 40].

5.1 Conversion of TOC and COD

The loading of the plant dynamic TOC was conveitiedCOD by the conversion
coefficient studied in this chapter. The equatiaioty shows how the maximum
errors in the conversion coefficient were evaluated

1

AA— cob[mg/I]
TOC[mg /1]

ACOD[mg/I]Jr(_I_OC[TI])zATOC[mg/I] (39)

where AA maximum error based on TOC and COD sampling aatysis errors
TOC total organic carbon
COD chemical oxygen demand
ATOC standard deviation in sampling and analysis of Tl@g&asurements
ACOD standard deviation in sampling and analysis of G@dasurements.

Table XVIII presents the averages of TOC, COD aadversion coefficient from
TOC to COD in the sampling points of the pulpingl deaching plants. COD and
TOC were not measured from the same sample. Imiggsurement procedure of
COD, suspended solids were not separated out ofdheple. Thus, the oxygen
consumption of solids in the sample was includeth@analysis results of COD. The
fluctuation in the concentration of solids in treemple probably caused the higher
level of uncertainty in the COD analysis than ia ffOC measurements.
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COD analyses were based on collecting samplesdaorit by Koskela [49]. On the

other hand, TOC was sampled with parallel samplbs. average concentrations of
TOC were based on long-term measurement periodshwheant over 60 samples
taken from the sampling point. The conversion doieffits in the different sampling

points and maximum errors in the coefficients aesented in the table below.

Table XVIII. Conversion of TOC and COD in the puigiplants of the studied mill.
Standard deviation shown as + TOC and COD measuntsm@&he
maximum errors based on the uncertainty of TOC &@D
measurements were calculated by equation (39).

TOC Total COD, [49] Conversion
coefficient A
[mg/1] [mg/1]
Clear filtrate of TMP
plant #3 2600+260 6000+660 2.32+0.5
Filtrate of TMP press
[#2] 2800+230 7100+640 2.54+0.4
DS in filtrate of TMP
press [#1] 1500+160 3700+290 2.5040.5
Filtrate of bleach press
[#5] 2600+120 7200+1500 2.77+0.7
DS in filtrate of bleach
press [#6] 2000+160 4500£110 2.254#0.3
Clear filtrate of GW [#7] | 2600+200 5700+240 2.1740.3
Average conversion coefficient 2.43

The theoretical conversion coefficient from TOCGOD was 2.66 which came from
ration between the oxygen concentration and cadwontent in the sample [50]. In,
Table XVIII, the average conversion coefficientrfr@ OC to COD was clearly under
this theoretical value. The conversion coefficishbuld be even over 2.66, because
there were solid present in COD samples. Thisrtedm for the speculation that the
presence of solids in the sample increased thatieriof COD measurement.

The concentration of unidentified TOC was calcudabased on the analysis results of
carbohydrates, aromatic substances, extractivedoantholar mass acids. Zahibian
et al. [26] classified that 35% of TOC was non-iifead in dithionite bleached
filtrate. In this study 50% of non-identified wepalculated to be in the colloidal
phase and 50% in the dissolved phase based on @@ doncentration in the
permeate of UF. Zahibian et al. [26] classifiedttB@% of carbohydrates were
retained in UF in which the cut size of membranes v@® kDa. According to
Koskela's [49] analysis results, 75% of aromatibstances were in the dissolved and
25% in the colloidal phase The concentration otateeions and formic ions were
presented in the dissolved phase in chapter 4Ba8ed on these initial data and
assumptions made, the conversion coefficient odemified TOC to COD could be
evaluated, see Table XIX and Table XX. The conweersioefficient from TOC and
COD for non-identified substances was in the tylpiaage of 0-2 presented for low-
molar mass acids in Table VI.
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Table XIX. Results of matching of conversion partere of non-identified
substances and their conversion coefficient fromCT© COD in

sample #2.
Sample #2 Constituents TOC COD Conversion
(Dithionite concentration | concentration concentration | coefficient
bleached from TOC to
filtrate) [mg/l] [mg/l] [mg/l] COD
Carbohydrate$ 960 460 1400 3.0
Aromatic
substances 1700 970 3200 3.3
Lipophilic
extractives 39( 290 1000 3.6
Acetate and
formic acids 290 120 320 2.7
Sum of identified substances 1800 6000 3.2
Dissolved not
identified 520 670 1.3
Colloids not
identified 520 1000 2.0
Total 2800 7200 2.66
UF-dissolved 1500 4000 2.66

Next initial data was used and assumptions wereemad the calculation of
conversion coefficient in peroxide bleached fikraPranovich et al. [29] have shown
that 16% of TOC was non-identified, mainly low-mokids. The same share was
assumed to be low molar mass acids and DTPA ip¢hexide bleached filtrate. The
rest of measured TOC was assumed to be non-idehsiibstances in the colloidal
phase. Separation of carbohydrates was 60% inisBelded and 40% in the colloidal
phase [26]. 93% of aromatic substances were inligelved and 7% in the colloidal
phase [49]. Concentration of acetate ions and foionis were presented in chapter
4.1.3.
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Table XX. Results of matching of conversion pararetof non-identified
substances and their conversion coefficient fromCT® COD in

sample #5.

Sample #5 | Constituents TOC COD Conversion
(peroxide | concentration| concentration concentratior] coefficient
bleached from TOC

filtrate) [mg/l] [mg/l] [mg/l] to COD
Carbohydrates 700 280 840 3.0
Aromatic
substances 1100 610 2000 3.3
Lipophilic
extractive 420 310 1100 3.6
Acetate 2100 860 2300 2.7
Formic 150 41 53 1.3
Sum of identified substances 2100 6400 3.0
DTPA 400 160 600 3.8
Dissolved not
identified 270 150 0.55
Colloids not
identified 80 130 1.6
Total 2600 7200 2.77
UF-dissolved 2000 5300 2.66

The use of DTPA as a chelating agent in the blegcplant increased the conversion
coefficient from TOC to COD. The theoretical contation of DTPA (0.2% per
BDT of mechanical pulp) was included to calculatmhnCOD in sample #5 which
caused that the conversion coefficient from tot@Crto COD was increased up to
2.77 from the theoretical value in the bleachirgnpl The conversion coefficient used
for unidentified dissolved TOC to COD was, howe&66. The share of unidentified
colloids was minor, and unidentified colloids weassumed to have a very similar
conversion coefficient of 2.0, and in sample #®&af 1.6.

The conversions between TOC and COD were lowehansamples of ultrafiltration
permeate in the bleaching plant and clear filtdtthe GW plant than in the samples
of the wire press in the TMP plant. This could betexplained by the low conversion
coefficient of low-molar mass acids in the watecuits. In Figure 29, the share of the
constituents which had a lower conversion coefficithan acetate ions was even
higher in sample #2 of the TMP plant than in sanfiilef the bleaching plant; see the
shares of unidentified colloidal and dissolved coomus. Assumptions made in the
calculation of theoretical COD concentrations iB gample #2 (dithionite bleached
filtrate) caused that theoretical concentratiorC&ID was at the upper limits of the
measured range of deviation, but they were insigedeviation ranges, see Table
XVII.
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In sample #5, 16% of the TOC was assumed to beentifetd constituents. The
assumption was that unidentified dissolved TOC aiord low-molar mass oxo-acids
[29] and DTPA. The rest of the missing TOC was pnesd to be some colloidal
fragments in sample #5 which had a conversion wiefit of 1.6. The assumption
was that the share of dissolved TOC was 2.66 innthéching of the conversion
coefficient. However, the use of DTPA for chelatinghe bleaching plant increased
the conversion coefficient of total TOC to total BQ@p to 2.77. This was very near
the measured COD/TOC share in position #5 which prasented in Table XVIII.
The theoretical total COD was very near the meaksuadue, but the COD samples
contained suspended solids. Its share of total G on average 10% using a
concentration of suspended solids of 500 — 600 angdl a conversion coefficient of
1.6. It was also good to notice that the averageth® measured COD from the
dissolved phase (UF permeate) were also on avet@8@e under the theoretical
values. There was a 10% bias between the measundd tleeoretical COD
concentrations.

@ Carbohydrates B Aromatic substances B Lipophilic extractive
@ acetate | formic ODTPA
o colloids not identified dissolved not identified

100 %

80 %

N\~

60 % -

40 % -

20 % 1

Composition of TOC or COD

0%

TOC #2 COD #2 TOC #5 COD #5

Figure 29. The shares of different constituent§@€ and COD in sample points #2
and #5.

The conversion coefficient of the unidentified oddial compounds was quite similar
in sample #5 as in sample #2. On average, the caiovecoefficient was close to 3
for the identified compounds; see Table XIX and [€abX.
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The starting point in the verification of unknowonwersion coefficients inside the
pulp and paper making processes was studied ire il and Table XX. After that,
when the conversion parameters for the unknowntitoaests were found, the effect
of absorption of colloids to solids occurred befaeration basin [40] on the total
conversion coefficient could be estimated. The pl@mnges were next:

- 95% of the identified lipophilic extractives werbsarbed to solids before the
aeration basin

- unknown extractives were mainly found in solids

- 53% of total extractives were carried over clagfion to the aeration basin
with solids in waste water [37].

- 60% of carbohydrates were in the colloidal phasd &8% of colloidal
carbohydrates were carried over clarification taten basin with solids.

In dissolved COD calculation and dissolved COD nexfees, solids were removed
prior to analysis by filtration. This meant that¥8®f colloids absorbed to solids in
clarification. The conversion coefficient beforeethdsorption of colloids to solid
were 2.66 inside pulping processes and in the sa#pR.77. Adsorption of colloids
to solid increased the conversion coefficients ffb@C to COD which can be seen in
Table XXI.

Table XXI.  Parameter re-identification for the piin of total and dissolved
COD loads to the waste water treatment plant.

Conversion coefficient

Dissolved COD

Sample #2 2.78

Sample #5 2.71

Average 2.75

Total COD

Sample #2 2.71

Sample #5 2.76

Average 2.74

After identification conversion coefficient of tétand dissolved TOC to COD, COD
loading was verified with the mill's COD referendata. This has been carried out in
chapter 5.2.
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5.2 COD load prediction

The main goal of this chapter was to figure outahswers to the questions arose:

- whether did absorption of colloids to solids ocouwaste water between the
white water discharge points and the aeration basimaste water treatment
from which the reference COD was sampled?.

- how constant the conversion coefficient from CODI@C over the different
departments was?

- was there are significant alterations in the preamnditions which was seen
as uncertainty of dissolved COD prediction?

TOC was measured and sampled from the pulp andr papkeing processes by the
author. The concentrations of reference COD whiehewised for the estimation of
prediction validities were based on the mill's ioat procedure of COD

measurements in waste water treatment plant.

Magnus et al. [37] have shown that 53% of extrasticarried over clarification to
aeration basin in solids. This meant that 100%hef ¢tolloidal TOC which was

classified by pilot UF was absorbed to solid in thedel of clarification. However,

53% of the colloids were present in the predictidniotal COD loads to the external
waste water treatment plant.

The TOC which was modeled as dissolved phase (URegste) was only included
into the prediction of dissolved COD load. The agstion was that the solid was
removed out of the sample in filtration before tligesolved COD analysis.

In the mill, purchased chips were used in TMP pobidn, and logs in GW pulp
production were debarked locally at the mill. THeea of debarking on the COD
loads was from 0 to 9 tons of dissolved COD per. d&e assumption made was that
wood logs were debarked on the previous day beforering the mechanical pulping
plant. 30% of the wood used in the TMP plant wasadeed and chipped locally at
the mill. The rest of the wood chips were purchaedh sawmills. The discharge
from debarking was 8.9 kg of COD per BDT of wooddaand the effluent flow was
2.5 n? BDT of wood logs. The prediction of dissolved C@presented in Figure 30.
The fluctuation in the prediction originated frotretperiodic production in the GW
plant and in debarking. Especially, the productiate of debarking was not well
known. This was the reason why the production cdtdebarking was based on the
assumption made. Figure 30 shows the predictiodisgfolved COD in which the
conversion coefficient from TOC to COD was 2.75.eTaverage prediction of
dissolved COD loads to the waste water treatmemitplas 60 ton of dissolved COD
per day and standard deviation was 7.5 ton of lieddCOD per day (13%).
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— Modeled dissolved COD O mill measurements
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Figure 30. Prediction of dissolved COD load to ¢lx&ernal waste water treatment
plant. Conversion coefficient from TOC to COD was/® The
deviation bar in dissolved COD loads was 9%.

The COD discharges per debarked wood BDT remaimmetstant throughout the
whole period of modeling. This could increase tmeartainty in the prediction of
COD loading. In addition, the assumption that thgslused were debarked on the
previous day can be invalid e.g. during weekends.

There was also another source of deviation in tlelaiing of COD loads to the
external treatment plant. The solids content imiftdal water affected the level of
retention of dissolved substances onto the filtepgp. The carry-over of colloids
which had absorbed to solids over pre-clarificatioas also dependent on the solids
content in clarified water. An increasing amountsofids in clarified water reduced
the correlation of the model prediction and CODerefices. The references of
dissolved COD were less than predicted becauseethation of DCS onto the filter
paper had decreased the concentration of the dé&b@OD in the references. The
references of total COD were above the predictiom@aeasing suspended solids in
waste water because the model of total COD didtaké into consideration the
concentration of suspended solids in clarified wdtethe reference measurements of
total COD, the increasing solids concentration larited water increased the week
average. The effect of short occasional solidshdisgpes of clarification had been
filtrated out to a certain extent in the referentéhe week average.

Figure 31 shows the prediction of total COD andl mafference of total COD
measurements. The grey line is the total COD loadeied, including all DC-TOC,
and the theoretical conversion coefficient (2.6@swsed in the prediction. The black
line in Figure 31 is the prediction which was meadeWwith conversion coefficient of
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2.74. The assumption used was that 53% of theidsllbave been removed out of
waste water in the unit processes before the aerbtisin. The average of total COD
loads to the aeration basin was 73 ton of COD pgraohd the standard deviation was
9.2 ton per day. The theoretical COD loads to thete/water treatment plant were 85
ton per day and the standard deviation was 11 f@®@QD per day. In clarification,
total COD was decreased by 13% because of colididsrption to solids.

- Simulated total COD to aeroation basin
= Simulated total dissolved & colloidal COD-loads to clarification

O Reference measurements CODcr
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Figure 31. Total COD loads to the external wastéewdreatment plant. The
conversion coefficient from TOC to COD in the stredefore the
aeration basin was 2.74 and before clarificati@® 2.

The reference of the total COD presented in Figdrdvad been established from the
week average of the COD concentration and the desage of the hydraulic loading

from online data. The correlation was significamtjich meant that the total COD

load were substantially dependent on the volumétrie of waste water into and out

of the waste water treatment plant. If there weredpction shut-downs or other

restrictions in production, the concentration of tiotal COD in the week average
sample was invalid to describe the total COD disgpds per day with hydraulic

loading. The corrupted week average was the readpnthe first three reference

points in Figure 31 were out of the deviation raimgthe prediction.

The conversion coefficients shown in Table XXI sedmto be valid for the
predictions of both total and dissolved COD, whiotre presented in Figure 30 and
Figure 31. The absorption of colloids to solid ated on average in the processes
before reference sampling (aeration basin) in thstevwater treatment plant.
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The retention of COD in clarification was about 18%influent before the aeration
basin. This gap was explained by the fact that 47%olloids remained in the flows
with the solid, but were removed in filtration bedahe analysis of dissolved COD,
see Figure 32.

Moving one week average COD per day

= Simulated dissolved COD-loads clarification
Simulated COD-load to aeration basin
— Simulated dissolved & colloidal COD-loads to clarification
O mill measurements TOT CODcr
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Figure 32. The dependency of dissolved COD on ©@D loads to the external
treatment plant. The black bars are minus 20% taf ©OD loads into
the aeration basin. The averages in the Figuredased on curves
presented in Figure 30 and Figure 31.

The TOC-BOR conversion coefficient used was 1.85. BOias converted to BOD
by deviating BOR with 0.77. This conversion coefficient is an ageraoefficient in
the treatment plant of domestic waste water [50the prediction of BOD, TOC from
lignin, extractives, DTPA and 25% of unidentifiedlloids, see Table XIX and Table
XX, were excluded from the sum that was converte®®D. The share of COD
which was included in BOD was 53%. The next Figalvews the model prediction of
BOD in clarified water. The average BOD load to #ezation basin was 34 tons of
BOD per day and the standard deviation in the mpdadiction was 4.3 tons of BOD
per day.
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Figure 33. Prediction of BOD tons per day. The agsion in the conversion was
also that lignin-like substances, extractives, DTRAd 25% of
unidentified colloids would not be biodegradablel aot contribute to
BOD. The conversion coefficient from TOC to BOD dseas
1.85/0.77.

Figure 34 shows the share of the different corestits in waste water from the pulp
and paper making processes. The effect of the ptisorof colloids on the
composition of influent into the aeration basirsisnmarized in Figure 34. CQpis
value which simulated the position in which refereiCOD load was sampled in the
waste water treatment plant. C{@ontained 53% less colloidal substances than the
total COD column; this can be seen in Figure 34.

Lignin had the biggest share in the COD loads, dmatause of its lower
biodegradability it is very likely that it is alsa major component in the COD
discharges out of the mill. This will be discussedletail in the next chapter. Lignin
and acetate ions have the most significant shardeei COD of waste water. The rest
50% of total COR: consists of extractives, carbohydrates, procesmitals like
DTPA and some low-molar mass acids (non-identifiéssolved substances). The
shares are presented in Figure 34.
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Figure 34. Compositions of TOC and COD loads t® wWaste water treatment
plant. The values are average values from TableadX Table XX. In
the column of total COD ref 53% of colloids haveb&emoved out of
the sample.

Koskela [49] measured the average concentrati€®Qid and BOD after clarification
at time of simulation period in his thesis. The gamison of the modeled and average
BOD and COD concentrations is shown in Table XXThe difference between
concentration of COD and BOD predicted by authat ereasured by Koskela [49]
were inside the deviation ranges. In model valagtthe deviations were in sampling
+8%. The modeled conversion from COD and BOD waghy under the reference
values. Cooling water flows and other leak watenfithe processes were assumed to
be TOC free. The dilution which was caused by sgadind cooling water fractions
was modeled by the aid of controllers. The amotintiedd losses in the pulping and
bleaching plant and the flows of leak water fratsiovere justified because the
concentrations of COD and BOD were in the similange with model validation
before the clarification.
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Table XXII. Summary of measured and modeled COD1gethe clarification. The
modeled values are average values in the whole inggeeriod. COD
and BOD references have been sampled at same time.

Conversion coefficient Concentration

used

[-] [mg/l]
COD reference 300[39]
COD modeled 2.66 3100 +410
BOD reference 130[219]
BOD modeled 1.85/0.70.53" 1200 +200
BOD/COD reference 0.4[39]
BOD/COD modeled (1.85/0.77)/2.66 0.41
1) TOC of lignin, extractives, DTPA and 25% of uendified colloids
were not included in the BOD conversion, which miedio of dissolved
and colloidal COD.

As a summary of the prediction of COD loads, it d@nsaid that the correlation
between measured and modeled values of total essblded COD was found and
verified in the studied model of the mill integrate

This meant that adsorption of colloids was occurredefore sampling point of
reference sampling and constant conversion coeffidrom TOC to COD was valid.
The loads of total and dissolved COD and BOD todkiernal treatment plant were
predicted within a range of +10%.

The biggest source of uncertainty in the predict@®@D loading was the periodic
processing in the debarking department, which ahasattered loading that could not
be modeled by the data used, but the assumptiode retdated to debarking seemed
to be valid. The share of dissolved vs. colloid@was predicted by the model to be
70:30 in the loading stream of the treatment pl@otloids traveled in the solid in the
aeration basin. The predictions modeled are a#l eaithe reference measurements
sampled in the pulp and paper making processesieTlvas a step response in
hydraulic loading in the period modeled from thk #t 8th days. The predictability of
COD discharges out of the treatment plant by tlaatpdlynamic model as a function
of the hydraulic retention time and flows will bees in the next chapter in which
COD discharges out of the mill will be studied.
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6. COD DISCHARGES OUT OF EXTERNAL TREATMENT PLANT

In the case mill, paper production had moved froaditional newsprint towards high-

brightness grades. This had meant higher dosaghithafite in the past years and an
investment in a peroxide bleaching plant in the preduction line. The higher the

solids content in white water discharges from thépipg plant, the more solids are

carried over clarification to the aeration basirl #these actions probably have a
lowering effect on the COD reduction in the wastater treatment plant. The

prediction of daily average COD discharges ouhefmill is shown in chapter 6.1. In

chapter 6.2, the average annual level of reduabiblignin-like substances and the

range of the deviation will be studied. In additiaghe effect of the investment in

peroxide bleaching on the reduction of lignin-likebstances will be presented, and
parameters to be taken into account in the prediotf annual level of average in

COD discharges out of the mill per paper ton walldnalyzed.

6.1 Prediction of daily COD discharges

The prediction of COD loads out of pulping and papaking processes was shown
in chapter 5. The objective of this chapter ishtove the validity of the plant dynamics
in the waste water treatment plant by the aid ef @D discharge references from
the waste water treatment plant. The parameteligruh-like substances in the sub-
model of the TMP and GW plants and peroxide bleaghvere used to model the
inputs of poorly degradable COD into the activalgkl processes.

The COD discharges out of the mill integrate weredeted by three groups of
parameters. They were parameters of

- the water and solids balances

- the reduction model of lignin in the waste wateatment plant

- the release of lignin-like substances to white watel retention of lignin like
substances to mechanical pulp in the bleachingratming plants.

The parameters in the plant dynamic model of thstevevater treatment plant and the
reduction model of MWL set the responses of CORIdisges out of the waste water
treatment plant. The reduction model of MWL wasirted by the step function as a
function of the hydraulic retention time to the weawater treatment plant. Some part
of dissolved TOC was also converted to non-degileda®D in the influent. The aim
of this conversion was to model the residual cotre¢ion of OAS, DTPA, extractives
and BOD constituents like carbohydrates in theuefit stream. 2 kg of DTPA per
BDT of bleached pulp and 95% of the DTPA charge diasharged with white water
to effluent treatment. 1% of BOD and 10% of CODeaskd in debarking were
modeled to be non-biodegradable in the influerthefwaste water treatment plant.
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Magnus et al. [37] have shown that, the sharegfirii derivatives was on average
75% of dissolved COD in the effluent. The same esheas used in modeling of the
removal other constituent in waste water treatrpéant in steady operation

There was a significant correlation between the efexti and measured COD
discharges out of the mill. The correlation is preed in Figure 35. Only COD
discharges from suspended solids were excluded therprediction of the dissolved
COD discharges. The COD prediction during the fitsee days was invalid. The
reason for this was that the sum of settling times

- in the aeration basin
- in post-clarification and in pre-clarification

was about three days.

The balances were out of order at the beginnintpetimulation, because the history
before the starting time of modeling was not taikga account in the initialization of
the prediction. The fluctuation which is seen ia frediction has been ensued by the
periodic production of debarking and the GW plarte trend line of COD loading is
shown in Figure 30 and dissolved COD discharge®btite treatment plant in Figure
35.
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Figure 35. Discharged dissolved COD from the milegrate. The deviation was
6%.
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In Figure 35, the decreasing trend in the predictdCOD discharges during the 5th
to 11th days was a consequence of decreased hgdiaatiing to the external
treatment plant. The reason for this was that theree significant production shut-
downs first on production line #2 and a day later mroduction line #1. The
mechanism of how the model reacted to the decrgémsidraulic loading was defined
by equatior86. The peak in the COD discharges during the 7th8indiays had been
caused by the impaired reduction of lignin in wastger treatment, see Figure 38.
This was a way to model the increased releasguwiflilike substances to white water
in the TMP and bleaching plants during the produrctiestriction in the paper
machine lines (long breaks or washing days andmdoTis was studied in chapter
4.4.2, and Figure 35 proves that the increasedselef lignin can also be seen in the
COD discharges out of the mill. The model predictad dissolved COD trails some
hours behind the average reference COD measuremetdy #11. The length of the
process disturbances defines how high and wideorsgs are wandering out of the
treatment plant as COD discharges at decreasinghlc retention times.

Figure 36 shows the total COD discharges out ofrtlik The verified share of
dissolved COD in the total COD discharges was 8®%as assumed that the rest of
the COD discharges originated from suspended solitie average discharge of
suspended solids was 800 kg of solids per day whiahconverted to COD by using
a conversion coefficient of 1.6 [54]. At the m#BlQ0 kg of suspended solids per day
were discharged in year X+5. The verified dischargésuspended solids were on
average valid, see Figure 36. In addition, the waekrage measurements have
filtrated peaks and valleys out of the week refeesnof COD discharges. This can be
seen in the next Figure. However, significant randbischarges of suspended solids,
see references from the previous week, can alsmpiothe weekly averages in
sampling.
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Figure 36. Total COD discharges out of the milegrate. The share of suspended
solids was verified to be 89%. The deviation bar+kl% and
illustrates the verified solids discharges outhef treatment plant.

The reduction in dissolved and colloidal COD frdm €COD load is shown in Figure
37. The colloidal TOC was totally included in th®©D loads and reduction. The
average reduction efficiency was 88% and standagdiadon was 2%-units.

Discharges of suspended solids to waste watemiegdtincreased the total COD
reduction efficiency by some percents from 88%.
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Figure 37. The reduction of colloidal and dissoMé®D in the waste water
treatment plant. The conversion coefficient of T@COD was 2.66.

The reduction of lignin is a crucial parameterhi prediction of COD discharges out
of the mill integrate. Figure 38 shows the reduttid lignin modeled by equatiah
Peaks under 0% are a consequence of the updatgmiof release to white water
during production restrictions. 63% of lignin-likeubstances discharged out of
pulping and bleaching were estimated by parametiefdWL in modeling.
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Figure 38. Reduction of MWL in waste water treatine

The reduction of MWL over the waste water treatnmatt was on average 30%, see
Figure 38. In Table XXIV, the reduction of lignitké substances was 46%. This
meant that 80% of OAS was removed out of waste miatéhe external treatment
plant which was founded in year X for lignin-likeibstances, see Table XXIII.
Increased COD discharge per ADT of paper indicagteduction problems in one or
both paper machines; see peaks in COD discharg&pemf paper during days from
#5 to #9 in Figure 39. At the same time, the reidacdf MWL was modeled to drop
down in waste water treatment. The final conclusicas that the release term of
lignin-like substances was corrected at the timedeép decreasing trend in the
reduction of lignin-like substances. There wereaksein the paper machines, see
peaks in Figure 39, which had increasing effectehen COD discharge per ADT
paper by increasing the release of lignin-like sases to white water in pulping and
bleaching.

White water storage in the broke tank and the redwehite water discharges to the
treatment plant decreased the hydraulic loadings G&used a chain of problems that
was started on day #5. A long production shut-d@mnday #5 occurred in paper
machine #2. It took 10 days to normalize the CO$tloirges down to the average
level. However, there were many random long brdakproduction, see peaks on
days from #10 to #14. The water balance betweewliite water tank and broke tank
had a significant role in standardizing the loadigrin-like substances and hydraulic
loads to and out of the waste water treatmentpsaks in Figure 39.
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Figure 39. Discharges as COD per ton of ADT of paped per day during
modeling period.

Production problems in PM line #1 and #2 during @tieto 8th and 11th days caused
decreased hydraulic loading to waste water tredtisueth additional release of lignin-
like substances to white water. The additionalasdeof lignin-like substances was
also seen as increased COD discharges. COD dissharmgre also dependent on the
volume of white water discharges at the end of &tian period, see day #19 and
#20. This was caused by increased white water aigehfrom one paper machine.

6.2 Prediction of annual COD discharges by parametersound

The objective of this chapter was to validate #lease and the retention parameters
of lignin-like substances found by the plant dynansimulation with annual
production and environmental data. The productates of pulping and bleaching,
discharges of BOD and suspended solids were takemdata published in reports of
mill. The annual reductions of lignin-like substaesovere matched to the reference
COD discharges from the case mill. The range ofatfiew was verified based on the
matching of the reduction of lignin-like substanc&sgjuestion arose: were there some
parameters which could explain the annual fluctuath the reduction of lignin-like
substances in waste water treatment? The annudicpoas of total COD are
presented in Table XXIII and in Table XXIV.

Cubic meters of wood were converted to BDT wood wandd chips by a coefficient

of 0.39 [51, 52, 53]. 5 kg of COD per cubic metédebarked wood was dissolved in
debarking and 10% of loading was simulated as nodelgradable COD in the waste
water treatment plant as it was modeled in chapter BOD and suspended solids
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were taken into discharge out of the waste wasattnent plant. The amount of BOD
discharges from environmental reports was convadddOD discharges by using a
conversion coefficient of 2.66/2.118 times 0.77][3Md discharge of suspended
solids with a conversion coefficient of 1.6 [54].

In the calculation of annual COD discharges of na@ital pulp production the share
of GW:TMP was 25:75. The release parameters ofrlifjke substances tested were
as follows

- 1.0 kg of MWL per BDT of both grinding and refining
- 4.0 kg of OAS per TMP BDT
- 1.5 kg of OASper GW BDT [1, 18, 29].

In peroxide bleaching, 10 kg of MWL was releasetl afithe fibers [29, 18]. 5% of
released lignin was simulated to be removed witiep&om pulp and paper making.

The range in which annual reductions of lignin viieen 45% to 84%, see Table
XXIII and Table XXIV. In year X it was reported dsgh a reduction of lignin as by
Widsten et al. [38] in another mill scale studythi studies of Magnus et al. [37, 40],
the reduction of lignin-like substances was 45%clhiias in the same range that was
found in the waste water treatment plant at X+8rdasing self-sufficiency of fibers
in the paper furnish and decreasing share of nemsprthe production of paper in
the mill had resulted in a high usage of dithiomit¢he bleaching of mechanical pulp
and in a high share of mechanical pulp in the pdpenish. Decreased use of
purchased pulp had increased the COD load to ttetewwsater treatment plant per
ADT of paper. In addition, waste water treatmerd bacome more sensitive to the
fluctuation in COD loading. The higher the increaseprocess fluctuation in the
influent, the higher the probability of impairmestt COD removal was in the waste
water treatment plant.

A bleaching plant investment was made on paperuymtizh line #2 in year X+3.
Before it, the reported range of COD dischargesfian 2.0 ton per day to a level of
4.5 ton per day. The production of mechanical @xig water consumption per ADT
of paper were increased during these years whequiity of paper was upgraded in
the case mill. The discharge of suspended solids fthe pulping plants to pre-
clarification was increased. As a consequence akasing the water usage in the
mill, the hydraulic retention time was decreasedb5% (3-10h). This meant that
the reduction of lignin in the waste water treathnpgant was decreased by 20 to 40%-
units and the discharges of suspended solids weresadoubled; see Table XXIII,
Figure 40, Figure 41 and Figure 42.
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In Table XXIII and Table XXIV, it was assumed that
- lignin was converted to COD by a coefficient of 1.9
- COD effluent from debarking was 8.7 kg of COD p&TBof ADT wood
- 90% of COD release in debarking was biodegradaibleaiste water treatment
- BOD was converted to COD by using a conversion®5/2.118
- suspended solids was converted by 1.6 [50, 54]
- 95% of the released lignin was carried over preees® waste water
treatment.

Table XXIIl.  Summary of lignin and other substancegich cause COD
discharges in the mill producing mechanical prigtipapers before
the bleaching plant investment

Year Year
Year X+2 41 X

Wood used:
Debarked wood BDT/d 290 400 590
Purchased chips BDT t/d 570 370 240
Sum of wood BDT per day 860 780 840
Pulping plants:
Ground t/d 210 200 200
Refining t/d 640 590 630
Lignin released

MWL 0.86 0.78 0.84

OAS 2.9 2.6 2.8
Sum of released lignin COD to WWS 7.1 6.4 7.0
Dithionite bleaching insignificant role
Discharged out of production 6.8 6.1 6.6
Discharged out of waste water treatment 3.0 2.6 1.1
Debarking,
COD ton per day \ 026 035/ 0.30
BOD discharges as COD/d 0.34 0.49 0.14
Dissolved and colloidal COD discharges
COD ton per day 3.6 3.4 1.5
Discharged suspended solids COD%/d 0.88 0.84 0.48
Total discharges in pulping and paper making 45 4.2 2.0
Reduction of aromatic substanées 55% 59% 84%
Share of lignin-like substances in efflueht, 84% 75% 71%
D Calculated based on assumption
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Table XXIV. Comparison of lignin and other substascwhich cause COD
discharges in the mill producing mechanical pripgrapers before and
after the bleaching plant investment.

Year At end of Year
X+2 year X+3! | X+4

Wood used:
Debarked wood BDT/d 290 460 470

Purchased chips BDTt/d 570 480 490

Sum of wood BDT per day 860 930 960

Pulping plants:
Ground t/d 210 230 240

Refining t/d 640 702 720

Lignin released

MWL | 0.86 0.93 0.96

OAS | 2.9 2.8 3.2

Sum of released lignin COD to WWS 7.1 7.1 8.0

Dithionite bleaching insignificant role

Discharged out of production 6.8 6.8 7.6

Discharged out of waste water treatment | 3.0 4.4 3.3

Debarking

COD ton per day | 025 | 0.40 | 0.40

Peroxide bleaching

Production rate t/d 350 360

MWL t/d 6.8 7.0

Released to water phase in bleaching t/d 6.5 6.7

Discharged in waste water treatment plant t/d 3.5 2.5

DTPA ton of COD/d 1.0 1.0

Dissolved COD in bleaching plant t/d 4.5 3.5

BOD discharges as COD t/d 0.84 1.4 0.50

Dissolved and colloidal COD discharges fram
pulping COD t/d® 3.6 10 7.3

Discharged suspended solids COD t/d 0.88 1.4 1.2

Total discharges in pulping and paper making 4.5 12 8.5

Reduction of aromatic substanées 55% 46% 63%

Share of lignin-like materials in efflueft 84% 73% 73%

! represents a three-week average in November

% Calculated based on assumption

The reduction of lignin was decreased by 33-50%nftbe time before the investment
in years X — X+2. However, an increase in both saded solids and hydraulic load
to the waste water treatment plant resulted inageted lignin reduction. The amount
of BOD and suspended solids discharges out of timtamvater treatment plant were
also elevated in years X — X+3. When water usagedeareased to the level of X in
year X+4, the reduction of lignin was the samemasverage during years X — X+2.
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The average share of lignin in dissolved COD efituduring years X to X+4 was
75% which is the same percentage shown in theestuwdiMagnus et al. [37, 40]. The
reduction of lignin was a crucial parameter in fhrediction of the annual COD
discharges. The scale of the reduction betweemprdiit years was wide. The range
was from 45% up to 80%. On the other hand, theaseleof lignin in peroxide
bleaching was dependent on the retention time (&glper BDT of pulp) [29] and
the release of COD in bleaching is very dependarii@OH charges (10-60 kg COD
per BDT of pulp) in peroxide bleaching [55]. Thime tdeviation of release of lignin
like substances is also wide.

The correlation between the hydraulic retentionetim the aeration basin and the
reduction of lignin in the waste water treatmeminplwas verified, and it is shown in
Figure 40. The reduction of lignin from waste wafecreased at an elevating
hydraulic retention time. Some part of lignin may f@moved by biosorption in the
waste water treatment plant with suspended solids [The correlation between the
lignin reduction and discharge of suspended sddiggesented in Figure 41.
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Figure 40. Correlation between lignin reduction dmndiraulic retention time of
waste water in the waste water treatment plant.
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Figure 41. Correlation between lignin reduction distharge of suspended solids
out of the waste water treatment plant.

The correlation between the reduction of lignin a&tharge of suspended solids is
presented in Figure 41. A decreasing hydraulictéie time in waste water treatment
probably impaired the separation of suspendedsatidoth the pre-clarification and

post-clarification steps, see Figure 42. As a cgmerce of this, the removal of lignin

out of effluent in the waste water treatment plead decreased.
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Figure 42. Correlation between suspended solidhdiges and hydraulic
retention time.
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The correlation between BOD discharges and thedwidrretention time is shown in
Figure 43. There was a significant correlation letw BOD discharges and the
retention time in waste water treatment.
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Figure 43. Correlation between BOD and hydrawdiemtion time in the aeration
basin.

Water consumption in the case mill had an effedignin reduction at annual level in
waste water treatment. In addition, lignin-like stamces were the major constituents
in the COD effluent and mainly set the level of C@Bcharges out of the mill. The
reduction of lignin and other COD discharges frampended solids and BOD was
dependent on the hydraulic retention time. It waleen into consideration when
predicting annual COD discharges out of the mill.régularity in the seasonal
variation of lignin-like material loading was nobticed in the studies of Lyngstad
[38], but the seasonal demand for a higher or lowger of peroxide bleaching agents
had a significant effect on the release of lignial ather constituents to white water
[55] and loading out of the mill. The constancy tbe parameters in peroxide
bleaching may also affect the degradation ratbefélease and reduction parameters
of lignin in the annual prediction of COD dischasgrut of the mill.
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7. COMPARISON OF RESULTS WITH OTHER MECHANICAL PAPERS

A question arises whether the parameters foundant gdynamic modeling are in due

relation to the COD discharges in other mills othte production of other mechanical

printing papers. The prediction of COD loading irdaod out of the waste water

treatment plant in the production of different pageades is discussed in this chapter.
The validity of the parameters in the prediction @D discharges out of the

production of other mechanical papers has beenddst comparing the calculated

specific COD discharges with the specific COD valgeudied by Vasara et al [42]

and Nilsson et al. [43]

7.1 Verified parameters used

The reduction of lignin-like substances in the wasfater treatment was a crucial
parameter in the calculation of the annual leveCQD discharges. The range of the
lignin reduction from one year to another was widlke lignin reduction was also
dependent on hydraulic loading to waste water mmeat. The range of the lignin
reduction was from 35% up to 80%. On the other hadhd release of lignin in
peroxide bleaching was dependent on the retentina &nd charges of NaOH in
peroxide bleaching, Thus, the parameters of peeolidaching are mill specific. This
is the reason why the range of COD discharges puitilts is wide. In the case mill,
high-brightness mechanical pulp was produced. TG® @ischarges out of the mill
should represent the upper limits in the productibmechanical paper grades.

The effect of dithionite bleaching on the load a@fnin-like substances and the
reduction of COD in waste water treatment was assuto be insignificant. Lignin-
like substances were released

- 5.0 kg per BDT of pulp in TMP
- 2.5kg per BDT of pulp in grinding
- 10 kg per BDT of peroxide bleached pulp.

In addition, the rest of the lignin parameters wezgt,

- the retention of lignin to paper was 5% in the papeking processes.

- the average reduction of lignin in waste waterttneat was 60%

- the deviation for the reduction of lignin was letrange of 40% to 82%
- the share of lignin-like substances was 75%

The average discharges of suspended solids wer&ds@er ADT of paper and
deviation for discharges of suspended solids irrdhge of 3.0-8.0 kg per ton of ADT
up to 8.0 kg per ADT of paper. Conversion coeffitief suspended solids discharges
COD was 1.6, [54]. The COD loads from debarkingen@r7 kg COD per BDT of
TMP and 10% of loading from debarking was non-bgddable in waste water
treatment. Table XXV presents the paper furnishedied in this chapter.
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Table XXV. Paper furnishes from which COD loadsdadischarges were

calculated.
Improved

Newsprint| newsprintf SC1 | SC2 LWC1| LWC2| HWC

Reference grades in

case mill Tested paper grades
Paper
production
ADT/d 1250 1250 1250| 1250 1250 1250| 1250
Broke
BDT/ 250 250 250| 250 250 250 250
BKP
BDT/ 30 30 108 72 315 54| 175
Filler
BDt/d 50 50 360| 180 270 360| 550
Mech.
pulp
BDt/d 820 820 432| 648 315 486| 175

7.2 Estimation of COD discharges

The separate calculations for peroxide-bleacheduatdeached mechanical pulp are
presented in this chapter. The annual or mill-dmecleviations for waste water

treatment were approximately +30%, as the range® wet for the reduction of

lignin-like substances. By comparing Figure 44 kiglre 45, the effect of the trends
of

- reduced use of BKP
- increased use of filler in the paper
- higher brightness of mechanical pulp in the furnish

on the COD discharges can be seen. Vasara et2jlhpde shown that the COD
discharges for SC paper were in the range of 2kg 60D per ADT of paper, which
are also BAT limits defined for the production ofechanical papers in BREF
documents [56].

The BAT limits were established at a time when th&erence grades were only
occasionally bleached by peroxide. There also wilsashigh share of BKP in the

furnish of mechanical printing papers. The parametgtudied for unbleached
mechanical pulp were valid. These two discharggearwere in the right order of
magnitude, see Figure 44, if the waste water treatrvas operated at optimum
conditions. In these furnishes, the COD dischamge® from 2 kg to slightly under 6
kg of COD per ADT of paper. However, an increadinightness of paper forced the
use of peroxide bleaching in the mechanical pulppignt. Peroxide bleaching
increased COD discharges by up to 15 kg per ADJapkr, see Figure 45.
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Figure 44. COD discharges as kg per ADT of papehémical pulp is purchased
from the market. The mechanical pulp was unbleachetithionite-
bleached.

Varara et al. [42] and Nilsson et al. [43] havewhdhat the average range of COD
discharges for wood containing papers was expafrdedthe deviation of 2 to 6 kg
of COD per ADT in 2001 to 2 to 9 kg of COD per AW 2004. This trend was
caused by an investment in peroxide bleaching andatso be seen in Figure 45 and
Figure 44. The COD discharges have doubled afterinmastment in peroxide
bleaching in the production of SC and LWC paperke Jparameters of COD
discharges were valid although the deviation raofythe specific COD discharges
was wide. The use of peroxide-bleached mechaniodd n the production of
improved newsprint was not seen in the published@@charge ranges [42, 43].
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Figure 45. COD discharges as kg per ADT of papehemical pulp is purchased
from the market. The pulp was unbleached or pemkidached and
the retention time in the peroxide bleaching of haetcal pulp was 4
hours.

In Figure 46, it can be seen that an increasimer fdontent in the furnish of the base
paper and coating in paper are alternatives toceetloe net COD discharges in the
production of mechanical printing papers. In Figdfe it can also be seen that the
increased use of purchased chemical pulp doesedoice the net discharges if the
COD discharges in the production of market pulp iauded in the discharges;
compare LWC 1 in which was 50% of BKP in the fiigmish with LWC 2 in which
was 10% of BKP in the fiber furnish.

Vasara et al. [42] have shown that the COD disadsang LWC production were in a
range of 2 to 10 kg of COD. In Figure 46, the uplpeits of net COD discharges for
LWC paper were in the range of 13-9 kg of COD p&TAof paper. The COD
discharges was under 10 kg of COD per ADT of paygiezn the reduction of lignin-
like substances was higher than 60%, see the bld@wof the deviation bars of
colums in next Figure. This meant that waste wasatment was generally operated
well and removed lignin efficiently out of wasteterin mills studied by Vasara et al.
[42].

If BKP from the integrated pulp mill was used iretfurnish, the range shown by
Vasara et al. [42] for COD discharges in mecharpcating paper was similar to the
calculated COD discharges. It was good to notiagfttte use of high-brightness TMP
had a lower impact on the net COD discharge tha® Bi¢e LWC 1 and LWC 2 in
the next Figure. The minimized use of BKP, maxidizse of TMP and the content
of filler in the paper are the cost effective wagseduce the net COD discharges per
ADT of paper in the production of mechanical paper.
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Figure 46. Net COD discharges from paper makinge Thtention time in
peroxide bleaching is 4 hours. The COD dischargeshemical pulp
production were 22 kg/ BDT of chemical pulp [42, 88].

It was good to remember that the share of mechiapidp in paper decreased from
newsprint towards HWC. This meant an additional CORd to the waste water
treatment plant when moving towards newsprint petidn from coated or filled
grades. In addition, the increase in the hydrardtention time from 35 hours to 45
hours doubled the reduction of lignin in waste wateatment from 45% up to 85%,
see Figure 40. This was very important point tetgko account in the water usage of
pulping and paper making processes. In Figure d4Fagure 45, the influence of the
valid operating conditions on the COD dischargeglccde seen as deviation bars.
There could even be additional discharges of 5£10QD kg per ADT caused e.g. by
increased annual hydraulic loading from the proidagbrocesses, see also Figure 40.

Pranovich et al. [29] have shown that the releddd\WL almost doubled when the
retention time was increased from one hour to thwedour hours in peroxide
bleaching. In addition, more than 90% of the maxmmbrightness gain is achieved
after one hour of retention time in bleaching. [5XJreduction of one ISO unit in the
brightness requirement halved the COD dischargéobmill. In the validation of
model the retention time was three to four houis e release parameter of lignin
like substances were valid. The halved release ibédrmwood lignin in bleaching
reduces the COD discharges by 30%, which was afalfitof the deviation bar in
Figure 44 and Figure 46.

The theoretical COD loads to external treatmenteweesented in Figure 47. As can
be seen in Figure 47, peroxide bleaching doubledG®D loads to and out of the
external treatment plant; compare e.g. improvedspewt with and without peroxide
bleaching in Figure 44. The value of COD loads iguFe 47 only contained COD
from mechanical pulping, bleaching and debarkimgaddition, the loads represented
the upper limits of COD loading caused by NaOH gharwhich were presented by
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Bayer et al. [57]. COD loading with lower NaOH dssegould locate between the
block from dithionite bleaching to peroxide-bleadiEMP. The starting level in GW
was about half of TMP.
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Figure 47. COD loads to external treatment planpaper production in which

COD loading from chemical pulp mill is not includedthe columns.

COD discharges in the production of mechanicaltimgnpaper were dependent on
the amount of lignin released in pulping and esyghcin bleaching. Minor retention

of lignin to paper was observed in the plant dymasimulation, and it was used in the
calculation of lignin reduction in this chapter.€lheduction of lignin in the waste
water treatment plant was crucial in the calcutatd COD discharges out of the mill.
In addition, the release of lignin-like substaneess dependent on the hydraulic
loading and discharged suspended solids.

50-80% of lignin-like substances in mechanical ppitpduction were released in
bleaching. In addition, the release of lignin-likabstances was dependent on the
bleaching parameters. The reduction of lignin irst@avater treatment was dependent
on the hydraulic loading and discharged suspendédss which were mill-specific
parameters. These were the reasons for the highties of COD discharges with
different paper grades. The verified ranges werggngent with ranges studied in the
environmental reports of Finnish and some non-Bimpiaper mills.
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8. CONCLUSIONS

In this study, dissolved and colloidal substancesewmodeled from wood to paper,
and fresh water through the water system endinip tipe COD loads out of the mill.

Online data (flows and tower levels and consises)cand ideal mixed tanks were
used in the tune of the plant dynamic balancekémiodel of pulp and paper making.

The parameters of how DCS, TOC or COD flowed in thedel were tested by
laboratory measurements. Parameters that were fioandliterature were set in the
deviation range of +10% for different measured ttuments. The carry-over

parameters were validated by the concentrationsaagtate ions and aromatic
substances. The concentration of TOC in the diffeparts of the mill integrate was
predicted in the range of uncertainties from +10p6ta £20%. +8 hours of errors
were observed in the placement of the modeled plgmhmic phenomena in the time
axis in the shut-downs and start-ups of produdtiathe pulping and beaching plants.

The most difficult unit processes in the validat@fpulp and paper making processes
were the paper machines because there were manyicatheand mechanical
phenomena in the wet end that had a great effetheOC concentration in white
water. However, the effect of concentration in PMtbe moving dayly average of
COD loads and COD discharges out of the mill waggimificant. On the other hand,
water balance the paper machines mainly set tim glaamic fluctuation in the TOC
balances of the mill integrate.

The prediction of COD loading was a result of thenp dynamic modeling and the
conversion was verified between TOC and COD. Tlegligtion of COD loads was as
valid as the reference measurements of TOC in @ahgpbng of the pulp and paper
making processes. 5% of the released DC-TOC waineet to paper or rejects in
pulp and paper making. 50% of colloidal TOC wagiedrover clarification with the
solids to the aeration basins. The conversion @meft used from TOC to COD was
2.7. These parameters and the conversion coeffifiem TOC to COD produced the
model prediction of COD loadings to the externaatment plant which was
congruent with the mill's reference measurements.the prediction of BOD,
extractives, lignin, DTPA and 25% of unidentifiedlloids were excluded from TOC
which was converted to BOD with a theoretical comimn coefficient. The
conversion coefficient used was 1.85/0.77. Theapewalue of the BOD prediction
was congruent with the BOD level of the mill's nefece measurements.

COD discharges out of the treatment plant were teddgy plug flow tanks in series,
with one counter-current connection to model thekkzrculation of the sludge. Only
the water balance around the waste water treatplent and the reduction of MWL
in the feed stream affected the tons of COD digpharer day. Because the water
balance around the waste water treatment plantcwagal in terms of the objectives
of this thesis, it was corrected by controllersisTas a means to model random
TOC-free water flows which were not included in theline data set used in the
modeling of pulp and paper making processes. Tluéediloading stream was in the
same concentration range in the modeling and inr¢ference measurements. This
showed that the use of controllers in the modeadihgulp and paper making processes
and in external waste water treatment to fix tharmes was justified.
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It was modeled that 75% of the discharged disso@@® was lignin-like derivatives,
and that the reduction of lignin-like substanceswvimste water treatment was in a
range of 30 up to 80%. A correlation of lignin retdan with the hydraulic retention
time and discharges of suspended solids was foBaded on these findings, the
annual deviation in the reduction of lignin-like bsiances in the waste water
treatment plant was 20%-units.

In the simulation, the annual reduction of lignimsvon average 46% during the
simulation period, which is in same the range fatrftem results of studies by Jahren
et al. [36], Magnus et al. [37] and Widsten ef2@]. The week average of suspended
solids discharges was observed from the differdreteveen the predictions of the
dissolved COD and the week average referencesedbthl COD. Using a conversion
coefficient between suspended solids and COD, wivias 1.6 [54], the estimate of
discharged solids was in the deviation range @regfce tons of suspended solids.

The prediction of daily dissolved COD out of thedtment plant was also valid in the
plant dynamic modeling. Milled wood lignin and otheromatic substances which
were released in pulping and bleaching were shanbetthe main source of COD
discharges (75%) in mechanical printing paper petdao. The trend of enhancing
paper brightness led to increased COD loads bygaehirelease of lignin-like

substances into water circuits. Increased condgonraof lignin in waste water

reduced significantly the biodegradability of wastater in the external treatment
plant. The reduction of COD in waste water decréadearly under 90% in the mill

integrate using peroxide bleaching in the pulpitepp

The release of lignin-like substances was increakgthg production problems or

restrictions in pulping and bleaching. The increlasgease of lignin-like substances
which was seen in white water in the TMP plant w0 observed as the same
perceptual increase in COD discharges out of thetevaater treatment plant both in
the reference measurements and in the model pisadict

The reduction of lignin-like substances was inflcessh by the hydraulic retention time
in the annual COD discharges out of the mill. Tieréased hydraulic retention time
in the waste water treatment plant reduced thehdiges of suspended solids and
COD out of waste water treatment. The parametetBdrbleaching plant also had a
great influence on the release of lignin-like sahstes. These observations made
comparisons of the studied parameters betweerreiffenills difficult. However, the
deviation of lignin between data from different Imilvas inside the range that was
defined for the deviation in the annual predictiigthe COD discharge in the case
mill. The case mill represented the upper limits<C®D loading out of the mill per
paper ton caused by the production of high-brigten@MP. The plant dynamic
modeling showed the valid trend of moving from @alghed to high-brightness TMP
in the COD discharges.
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The validated plant dynamic model is a “soft sehtuat

- can predict COD loads to the treatment plant aisghdrges out of the
treatment plant

- estimates the share between total and dissolved. COD

- estimates annual COD loads and discharges outraduption after bleaching
plant investments

- adds information from the loading to waste watesatment between the
analysis results of collective samples

- gives more time to dampen and to minimize the effé@ccidental discharge
out of production lines to wastewater treatment

- gives information about the accidental discharggsob wastewater treatment
and guide decision makers between different options

- gives possibilities to the pulp and paper mill émiract out the responsibilities
of treatment of wastewater treatment

0 Then second company can make service businesseatdMastewater
from pulp and paper mill.

When COD loading and discharges from paper makiaggsses is online known, the
second company can take loading e.g. from municigdér system if environmental
permits allow to do it. This gave profit for thece@d company during steady loading.

If pulp and paper making production have producpooblems which increase and
cause accidental COD loading and discharges, tlagypenalties for the second
company. This would give profits during unsteadwdarction in pulp and paper
making processes. This is one feature how secomghaoy would be possible to get
profits using soft sensor developed with wastewagatment plant of pulp and paper
making in the future.
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