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Abstract

In today’s pulp and paper industry the Kraft process is the most common method for pulp
production. This method uses sodium based chemicals (white liquor) in the cooking process
to remove lignin from the wood chips and create pulp. The remains from this process is called
black liquor and is being sent to a recycling system for the purpose of recovering the cooking
chemicals. Evaporation of black liquor is a big part of this recycling, and the evaporation plant
consists of many different tanks that stores black liquor. At Smurfit Kappa Piteå a model has
previously been created for the purpose of production planning. In this work the opportunity
to add a part that simulates how the liquor stock in the chemical recovery system will change
based on the planned production was investigated. This was done by estimating the amount
of dry black liquor in the tanks through inflows and outflows. A formula for the produced
black liquor was also developed. The results showed that simulating tank levels separately was
difficult as data was lacking in some key areas. The final model is therefore a simplified version
that estimates the total amount of dry black liquor in the evaporation plant. It simulates the
black liquor buffer based on the planed production and how it will change over five days. This
could be done with an error smaller than 6%, compared to measurements from sensors in the
black liquor tanks. Attempts were also made to create similar models for the rest of the chemical
recovery system. It was concluded that information about the inflow of green and white liquor
has to be further investigated in order to implement these in the production planning model.
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1 Introduction
In the modern pulp and paper industry the Kraft process is the most common method for pulp
production. It is popular because it provides pulp that is known for being strong. Another
benefit is its very efficient process to recover cooking chemicals. About 97% of the needed
chemicals can be reused. This is a key part in making the Kraft process sustainable as the cost
of chemicals otherwise would lead to financial losses[1].

The chemical recovery process consists of four main steps seen in Figure 1. Cooking, where the
chemicals is being used in a digester to remove lignin from the wood chips. Evaporation, where
the black liquor raises its dry content through different evaporators. Recovery boiler, where the
organic part of the black liquor is being burned, leaving a melt. Then lastly the white liquor
preparation, which consists of a couple of processes to recover the cooking chemicals from the
melt. In the evaporation plant, liquor is going through different evaporators, moving from a dry
content of around 15% to around 70% before entering the recovery boiler. During this process,
the liquor is stored in different tanks depending on where in the system it is. The same goes
for the liquor in the white liquor preparation, although it contains a smaller buffer. Liquor is
salt-based chemicals which form different compositions depending on where it is in the recov-
ery cycle. These salt-based chemicals is largely made up of sodium, which plays an important
role as the active chemicals in the cooking process are NaOH and Na2S. These chemicals
determine the quality of the white liquor sent to the digester. If there is lack of sodium during
the process of regaining the active cooking chemicals there might be a problem. Therefore it
is interesting for a mill to know how much sodium they have in the system and where in the
recycling process most of this sodium is.

At the Smurfit Kappa paper mill in Piteå a model has previously been developed to help with
the production planning. It consists of calculations based on the paper production from which
it simulates how different pulp buffers will change over time. Now, one wants to expand this
model by adding other important parts of the mill that gets influenced by the production. This
is interesting as it would help the people in control over the mill to get more information and a
better prognosis of the future, which in turn could reduce the risk of production problems. One
example of these ”important parts” that is yet to be implemented into the model is in fact the
liquor buffer in the chemical recovery system.

In this work we investigate the opportunities of modeling this recovery system. The goal for
the results is to understand what parts of the chemical recovery system that can be modeled
in a relatively simple way, whilst being as accurate as possible. The results is created for the
purpose of being implemented and used in the model for daily production planning. The final
model will answer questions like, how much dry liquor is in the evaporation plant? How does
the buffer change depending on the production in the upcoming days? It is also discussed for
which different occasions this sort of model can be useful.

3



2 Theory

2.1 Kraft process
The Kraft process is a method to produce pulp and is commonly used in the paper industry today.
The produced paper is known to be strong and of good quality. The process includes a recovery
system that deals with the remains from the pulp development. This process should have been
expensive and unsustainable if it were not for the efficient reuse of energy and chemicals[1].

Figure 1: The circulation of chemicals in the Kraft process.

2.1.1 Cooking

Incoming wood is first cleaned and chopped into wood chips before being sent to the cooking
facilities. Here the wood chips is cooked together with white liquor. White liquor consists
mostly of the chemicals sodium hydroxide (NaOH) and sodium sulfide (Na2S). These are the
main components but traces of other accumulated salts can also be found in the liquor. The
main purpose of the chemicals is to separate the lignin from the cellulose in the wood, as the
pulp mainly should consist of cellulose. The remains of this process will be what we call black
liquor. That is, a mixture between white liquor and lignin. As almost all salt chemicals used
in the cooking process can be found in the black liquor it is of great importance to be able to
recover these[2].

2.1.2 Evaporation

Evaporation is the first step in the recovery process. The purpose of this is to raise the solid
content of the liquor so that it later can be burned more effectively in the recovery boiler. The
watery liquor that enters the evaporation plant is called weak black liquor due to its low concen-
tration, often around 15% solids. To perform a good burn the liquor should at least consist of
65% solids, but it is common to go even higher than that up towards 80-90% where it is called
thick black liquor.

The evaporator itself uses hot steam as heat supply. This steam goes through a pipe inside
the evaporator and warms up the liquor inside. This works as a heat exchange. Liquor is heated
up, and the steam gets cooled. as it travels through the pipe. This process can be very costly, as
it takes a lot of energy to prepare the steam that is used as heat source. Therefore, most mills
have more of an evaporation plant where they use multiple evaporators connected in series. The
first evaporator gets fed with fresh hot steam. When the heat from this steam is transferred to
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the liquor it will start to evaporate. The steam the evaporates from the liquor is then used as heat
source for the next evaporator in the series. The liquor that leaves the first evaporator has had
its solid percentage raised to around 20%. After the next evaporator it is a bit higher, and so on
until it reaches the desired solid percentage in the last evaporator. The heating effect from the
steam gradually gets worse in each step. The steam that enters the last evaporator can be just a
couple of degrees warm. Connected to the last evaporator there is a condenser that takes care of
liquor steam and cools it[3]. A simplified visualization of this process be seen in Figure 2.

Figure 2: A system with six evaporators in series.

2.1.3 Recovery boiler

When the heavy black liquor has reached the desired solid percentage it is sent to the recovery
boiler (sodapannan). The main purpose of this is to burn the organic material of the liquor.
Before entering the furnace, the liquor is mixed with sodium sulfate (Na2SO4) and/or sodium
hydroxide (NaOH) to make up for lost chemicals in the earlier procedures. The liquor is then
heated, to decrease its viscosity, and sprayed into the furnace by liquor guns installed in the
walls. The heat from the furnace will dry the liquor drops and make it fall to the ground. This
creates a fuel bed of dried liquor at the bottom of the furnace. To get a combustion of the liquor,
air has to be provided. This is done through air ducts also installed in the walls.

In the fuel bed sodium sulfate (Na2SO4), and other oxide containing sodium/sulfur chemi-
cals, are reduced to sodium sulfide (Na2S). It is mostly the coal in the organic part of the fuel
bed that works as reducing agent. The reduction is very effective at high temperatures and is
done with a low oxygen supply. It is good but not complete, and the degree of reduction usually
between 90-98%. In the fuel bed there is also reactions between other sodium based compounds
and carbon dioxide which forms sodium carbonate (Na2CO3) which is what is called ”soda”.

Gases that are formed during the combustion in the furnace is called flue gases. These gases
flow up through the top of the furnace where they are passed on to the superheater. The su-
perheater raises the temperature of the gases to steam formation temperature. Then the gases
go through convection tubes and the economizer where the heat from the gases is used to pre
heat the water and air that used for the furnace. During the combustion around and inside the
fuel bed alkali evaporates. Higher up in the furnace these condensate and becomes particles
(dust) that follows the flue gases on the way out. This dust mostly consists of sodium sulfate
(Na2SO4) and sodium carbonate (Na2CO3). Before the gas leaves the chimney the dust is
filtered by an electric filter. The obtained dust from the filter can then be used as ”make-up”
chemicals in the incoming black liquor for an even better recycling[2].
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2.1.4 White liquor preparation

The inorganic smelt that is left at the bottom of the recovery boiler is passed to a clarifier tank.
Here it is mixed with weak liquor (consisting mostly of water) to get rid of sludge products.
The result is a greenish liquid and is therefore also called green liquor. This green liquid is
burning hot and the first step to recover the white liquor is lime quenching, eq.(1). Here burnt
lime (CaO) is reacting with water in the green liquor fluid.

CaO +H2O −→ Ca(OH)2 + heat (1)

The result is calcium hydroxide (Ca(OH)2). The resulting mixture is then moved through
causticization containers. Here the newly obtained calcium hydroxide reacts with sodium car-
bonate (Na2CO3) from the green liquor to create sodiumhydroxide (NaOH) and calciumcar-
bonate (CaCO3). Another commonly used name for calciumcarbonate in these circumstances
is ”mesa”. This reaction is demonstrated in eq.(2) below.

Na2CO3 + Ca(OH)2
−−→←−2NaOH + CaCO3 (2)

The sodium oxide from this reaction and the already existing sodium sulfide is now the main
components of the liquor. At this point the liquid can be called white liquor.

The last chemical composition obtained from eq.(2), (CaCO3), is not wanted in the resulting
white liquor and is therefore separated, and recycled through a ”lime” cycle. This is a parallel
process to the white liquor procedure where calcium carbonate from the causticization is heated
at high temperatures to create carbron dioxide (CO2) and burnt calcium oxide (CaO) which
can can be reused in the lime quenching mentioned before. This process is called mesa burning
and can be seen in eq.(3)[4].

CaO3 + heat −→ CaO + CO2 (3)

2.2 Properties of black liquor
Black liquor consists of lignin remains, hemicellulose, and chemicals used in the cooking pro-
cess, mostly sodium salts[2]. It is hard to know exactly how big part of the liquor that are
chemicals as the cooking recipe varies from time to time and from different factories. However,
Table 1 shows an example of what the proportions of the chemicals in the dry matter often look
like.

Table 1: Example of the proportions of chemicals in the dry content of black liquor[2].

Substance %

Carbon (C) 39
Hydrogen (H) 4
Oxygen (O) 34
Sodium (Na) 19

Sulfur (S) 4

If one wants to calculate the amount of dry black liquor it is more interesting to know the actual
weight of this substance. For this conversion, the density is a highly interesting property of
black liquor. In Figure 3 an graph of the relationship between dry content and density is plotted.
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Figure 3: Example of the relationship between dry content and density of black liquor at 90◦C[2].

2.3 Properties of green and white liquor
The amount of white liquor sent to the digester is depending on the quality of the liquor. The
active chemicals that are used in the cooking process are (NaOH) and (Na2S). The sum of
these two concentrations is called effective alkali (EA) and is a measurement of the quality of
the liquor, eq.(4). A high EA means we can use a smaller liquor flow to the digester.

EA = cNaOH + cNa2S, (4)

where cNaOH and cNa2S is the concentrations of NaOH and Na2S in the liquor. Another
property that is interesting regarding the green and white liquor is the TTA. The total titratable
alkali. This property is stated in eq.(5). It consists of the concentrations in the effective alkali,
but also includes the concentration of sodium carbonite in the liquor.

TTA = cNaOH + cNa2S + cNa2CO3 , (5)

where cNaOH , cNa2S , and cNa2CO3 is concentrations of NaOH , Na2S, and Na2CO3 in the
liquor. The TTA represent most of what the dry substance in green and white liquor consists of.

2.4 Liquor stock
The liquor stock is a collective name for all the tanks containing different forms of liquor.
For example, at Smurfit Kappa Piteå the black side of the recycling (evaporation plant and
recovery boiler) consists of 15 main tanks. Three thin liquor tanks, four mixed liquor tanks,
three intermediate liquor tanks, two intermediate thick liquor tanks, and three thick liquor tanks.
The names of these tanks relates to the dry content of the black liquor that enters the tank. The
dry content can vary from time to time, but it is often around the numbers seen in Table 2.
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Table 2: Example of the dry content in the different black liquor tanks.

Tank Dry content %

Thin liquor 15
Mixed liquor 20

Intermediate liquor 30
Intermediate thick liquor 40-60

Thick liquor 70+

2.5 Systems
MOPSsys is a system many pulp and paper industries uses around the world. It is a management
system that can integrate information from all around the mill. WinMOPS in particular is the
graphical interface for the MOPS system. It is designed to be easy to use and customizable[5].
SmartClient is a similar system developed by ABB. It contains the same information that you
can get from WinMOPS but with a bit more thorough design.

2.6 Production planner
The production planner is a model created at Smurfit Kappa Piteå for the main purpose of sim-
ulating the pulp buffers in the mill. From a desired production speed, the model shows how the
levels of the tanks in the system will change over five days. This model is used on a daily basis
to see if the planned production is sustainable.

The model is built in a simulation program called ExtendSim. It is a block-based simulation
program that stores functions in blocks that then can be used together to create programs. These
blocks can consist of everything between simple mathematical functions to more complex func-
tions that replicates real industrial systems[6].

3 Literature study
The work in this report is focused on the production model designed for the mill at Smurfit
Kappa Piteå. This makes it hard to get useful information from reports as data collection and
structure can vary between different mills. However, there are still some studies concerning
similar topics that could be of interest. In this section some of these studies are reviewed.

This is a thesis written by Markus Persson as a master of science thesis for Chalmers University
of Technology. He created a map over the sodium and sulphur balance in the paper mill at Södra
Cell Värö. The mapping was done for the main purpose of investigating the sodium/sulphur-
balance of this mill, and to see where where sodium and sulphur is lost in the process. He did
this by listing all the flows of sodium and sulphur that enters and leaves the mill. From detailed
calculations he comes to the conclusion that most of the sodium and sulphur is lost during the
bleaching process. He also concludes that some sodium is lost in the recovery process through
soap that is moved to tall oil digesting, and after the recovery boiler as green liquor sludge[7].

Another thesis that includes similar work is written by Per Andersson at Karlstad University.
He worked with a dynamic Na/S balance model in another Kraft pulp mill. The goal of this
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thesis was to develop a model that could generate both static and dynamic Na/S balances. The
model was created in a program called WinGEMS 5.3 which is a system that is built for solving
process problems in a mill. It has a Windows optimized graphical interface and uses blocks to
do mass balance calculations. Andersson used input data of average production values over the
past year to create this model. His static model showed, similarly to Persson’s work, that most
of the lost sodium happened in the bleaching process. His dynamic model simulated one fiber
line over two days and gave results of how the sulfidity would vary depending on changes in
production. It is shown in his simulations that working with large liquor volumes gives more
stable results. If the tanks are drained, the system gets more unstable and easily affected to
changes in sulfidity. It is also shown that an increase in production rate leads to a more unstable
sulfidity. He also points out the difficulties in estimating the total sodium and sulphur concen-
trations correctly as the pulp production varies during the day. He concludes that one have to
know all the concentrations in the tanks and exact flows in order to describe the correct sulfidity
change in the mill[8].

4 Method

4.1 Mapping of liquor flows
To create a sodium balance, one first have to know how the liquor flows through the system.
Where it enters and where it leaves different tanks and other spaces. I used WinMOPS and
SmartClient to figure out all the tags of the sensors that measure flows, tank levels, and dry
content of the liquor. These could then be used to create a visual map in Microsoft Excel. This
map was then divided into smaller images to easier be able to follow the flow through the whole
recovery system. The images in these upcoming sections are structured in this way.

1. Liquor flows are shown by black arrows.

2. Flow meters with tags are shown by green boxes.

3. The different liquor tanks, with ID, is shown by cylinders and divided by colors in the
following way:

• Blue: Thin black liquor tanks.
• Orange: Mixed black liquor tanks.
• Bronze: Intermediate black liquor tanks.
• Grey: Intermediate thick black liquor tanks.
• Red: Thick black liquor tanks.
• Green: Green liquor tanks.
• White: White liquor tanks.

4. Blue boxes indicates other units such as evaporators with different effects.

5. White boxes shows connections between different parts of the system.

These tags could then be used to get actual data. Flow speeds, tank levels, dry content etc.
Many points of interest have a digital flow meters that continuously generate data obtainable
through a tag number. However, some tags aren’t of actual flow meters, but instead a collection
of results from samples analyzed by the lab from time to time. These points can therefore have
lacking amount of data during certain periods.
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4.1.1 The black liquor system

The image in Figure 4 below contains the liquor flow from the digester to the evaporation
plant. The total flow into the thin liquor tanks (11, 12, 13) is created by two separate flows that
merges. The largest part of the liquor comes from the digesters, and a small flow comes from
a collection tank. The collection tank contains a mixture of liquor from different parts of the
recovery system. From the thin liquor tanks, the flow is mixed with liquor from the intermediate
thick liquor tank 46. The flow from tank 46 is regulated so that the resulting liquor flow to the
mixed liquor tanks (21, 23, 24, 26) reaches a desired dry content. The liquor in these four tanks
are then sent to two evaporation systems. Tanks 21, 23 leads to Evaporation 2, and 24, 26 goes
to Evaporation 3.

Figure 4: Map of the liquor flows and tanks between the digester and evaporation plant.

The next images contain the mapping of the two evaporation plants, Evaporation 2 and 3. Evap-
oration 2 can be seen in Figure 5. The flow from tank 21, 23 goes through two evaporators
to higher its dry content before being sent to the intermediate liquor tank 31. From there, the
liquor goes through three more evaporators. Then, a part of the liquor is sent to the intermediate
thick liquor tank 48 while the other part goes through the last evaporators before being sent to
the thick liquor tanks.

Figure 5: Map of the liquor flows and tanks in Evaporation 2.

Evaporation 3 is seen in Figure 6. This evaporation plant is similar to Evaporation 2 with
some exceptions. The liquor from Effect 5 is split and sent to two intermediate liquor tanks
(32, 33). In the same way as for the Evaporation 2 system, a part of the liquor flow after Effect
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2 goes to the intermediate thick liquor tank 48. The other part is mixed with ash liquor and the
resulting flow goes into the last evaporators, Effect 1A-1D. After Effect 1B the flow is divided
again where one part goes to the other intermediate thick liquor tank 46. The other part moves
through the rest of the evaporators and end up in the thick black liquor tanks.

Figure 6: Map of the liquor flows and tanks in Evaporation 3.

In Figure 7 the intermediate thick liquor tanks are shown. The inflow to tank 48 consists of one
flow from each of the two evaporation systems. Most of what leaves the tank goes back and
mixes in with the thin liquor as seen in earlier in Figure 4. A small part moves to the other tank,
46. The total inflow to this tank is a mixture of the small flow from 48, liquor from Effect 1B in
Evaporation 3, and slurry that has been collected. The mixed liquor in tank 46 is then moved to
the ash liquor tank.

Figure 7: Map of the liquor flows and tanks between Evaporation 2 and 3.

The last part of this black liquor map is around the thick liquor tanks (41, 43, 44) and can be
seen in Figure 8. The resulting liquor from Effect 1 in Evaporation 2 is split up. One flow goes
to tank 41 and the other to 43. The same goes for the liquor coming from Evaporation 3. These
two tanks both lead to tank 44 where the final thick black liquor is stored. This is the liquor that
is sent to the recovery boiler.
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Figure 8: Map of the liquor flows from the evaporation plants to the recovery boiler.

4.1.2 The green liquor system

In the previous section we looked at the liquor flows between the digester and the recovery
boiler, i.e. the first three steps in the cycle seen in Figure 1. Now, after combustion, the remain-
ing smelt from recovery boiler gets diluted with weak liquor (mainly water), and is then sent
to two green liquor clarifiers. Each clarifier has two inflows each, but often with only one flow
open at a time. In the clarifier, the liquor gets to rest so that the sludge that has not already been
dissolved sinks to the bottom. This sludge is sent to the weak liquor tanks, and the clarified
green liquor is further moved to the green liquor tanks 12, 13. There is also a ”reserve” tank that
is connected but it is mostly empty when the mill is running as usual. From the green liquor
tanks the liquor flows to the lime extinguisher where the reaction from eq.(1) takes place. This
process can be seen in Figure 9.

Figure 9: Map of the liquor flow between the recovery boiler and the lime extinguisher.

4.1.3 The white liquor system

The white liquor system contains the last steps in the chemical recycling process, Figure 10.
From the lime extinguisher the liquor the liquor goes through four causticization containers.
Here the mesa from the green liquor reacts with calcium hydroxide to obtain the effective alkali
component NaOH . This is the reaction mentioned in eq.(2). After the last container, the fluid
is separated and each flow is goes through one PD filter. Here the cleaned part from each filter
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moves along to the white liquor tank while the other part goes to the lime tank. From the white
liquor tank there is one flow for back to the causticization process, while the other goes to the
digesters.

Figure 10: Map of the liquor flows from the lime extinguisher to the digester.

The green and white side of the recovery system also has another process involved, the lime
cycle. However, we are mostly interested in the flow of liquor, and that is why this part is not
included in the same way in these figures.

4.2 Flows compared to tank levels
Before trying to model the sodium flow in the system one have to know which sensors to use
and can be trusted. The idea here is to use inflow and outflow to determine how the different
tanks change over time. This idea can be explained using the formula in eq.(6).

T t+1 = T t + (IN t+1 −OUT t+1) (6)

Where T t stands for the current tank level, IN t+1, and OUT t+1 is the average inflow and
outflow between the times t and t+ 1. T t+1 is the new tank level based on inflow and outflow.

4.2.1 Evaporation plant as parts

The first tests consisted of simulating the liquor level of the different black liquor tanks sepa-
rately through the IN-OUT idea explained in eq.(6). That includes all the tanks seen in Figures
4-8. The sodium percentage in the dry content of the black liquor is often around 19%. There-
fore it was decided that it is enough to do these calculations in terms of dry black liquor. In
eq.(7) a general formula for this is shown.

M = V × λ/100× ρ (7)

The dry mass M(kg) of a liquid can be obtained by taking the volume V (m3) and multiplying
it with the dry content λ(%) and the fluid density ρ(kg/m3). If we derive eq.(7) we instead get
the dry mass flow Ṁ(kg/h) using a volume flow, V̇ (m3/h). This is shown in eq.(8).

Ṁ = V̇ × λ/100× ρ (8)

The inflows and outflows from the tanks was determined through the mapping in Section 4.1.1.
Table 3-8 summarizes these flows together with the tag of their corresponding flow sensor.
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Table 3: Inflows and outflows from the thin liquor tanks.

Inflow Tag(m3/h) Outflow Tag(m3/h)

From digester 035F269 To tanks 21, 23, 24, 26 None
From collection tank 059F028

Table 4: Inflows and outflows from the mixed liquor tanks.

Inflow Tag(m3/h) Outflow Tag(m3/h)

From tanks 11, 12, 13 and tank 46 059F064 To Evaporation 2 055F273
To Evaporation 3 054F090

Table 5: Inflows and outflows from the intermediate liquor tanks.

Inflow Tag(m3/h) Outflow Tag(m3/h)

To 31 B_MELind2 To Evaporation 2 055F006
To 32 and 33 059F073 To Evaporation 3 054F056

Table 6: Inflows and outflows from tank 48.

Inflow Tag(m3/h) Outflow Tag(m3/h)

From Evaporation 2 055F254 To tanks 21, 23, 24, 26 None
From Evaporation 3 054F050 To tank 46 059F045

Table 7: Inflows and outflows from tank 46.

Inflow Tag(m3/h) Outflow Tag(m3/h)

From Evaporation 3 054F246 To ash liquor tank 059F093
From tank 48 059F045

Slurry 057F116_3

Table 8: Inflows and outflows from thick liquor tanks.

Inflow Tag(m3/h) Outflow Tag(m3/h)

From Evaporation 2 055F293 To recovery boiler B4204
From Evaporation 3 054F257

As one can see, there are a couple of flows that does not have a specific sensor assigned to it.
One example is the outflow from the thin black liquor tanks. There is no sensor documenting
the flow speed out from these tanks. The closest flow meter is the one measuring the resulting
flow to the mixed liquor tanks (059F064) when the thin liquor already has merged with the
flow from tank 48. Due to the fact that the flow from tank 48 also does not have a flow meter
assigned to it a bold assumption was made. This assumption was that the outflow from tank 48
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is the same as its inflow. This flow could then be subtracted from the total flow to the mixed
liquor tanks to get the outflow from the thin liquor tanks. To do these calculations, all flows first
had to be converted into dry black liquor using appropriate dry content sensors. The dry content
sensors that were used in these calculations is stated in Table 9.

Table 9: Tags and symbols for sensors measuring dry content in different liquors.

Liquor Tag(%) Symbol

Thin black liquor 059_0729_K_5057 λTL

Liquor in tank 48 054D142 λ48

Mixed black liquor 059D077 λML

The resulting formula for the outflow of the thin liquor could be derived by subtracting the dry
mass in to the mixed liquor tanks by the dry mass coming from tank 48. Using the basis of
eq.(8), this can be re-written as seen eq.(9).

ṀTLout = ṀML − Ṁ48

= V̇ML × λML/100× ρML − V̇48 × λ48/100× ρ48,
(9)

where the index TL stands for thin liquor, ML for mixed liquor, and 48 for liquor in tank 48.
The volume flows used are the inflow (059F064) from Table 4, and the inflows (055F254, 054F050)
from Table 6. The flow between tank 48 to 46 is much smaller than the other mentioned so it
could be neglected. Eq.(10) is the total inflow of thin liquor, which is the combination of flow
from the digester (035F269) and the collection tank (059F028).

ṀTLin
= Ṁdigester + Ṁcollection

= V̇digester × λTL/100× ρTL + V̇collection × λML/100× ρML.
(10)

The flow from the digester consists of pure thin liquor while the collection tank is a mixture of
liquors that have different dry content. This is why the flow from this tank is expected to have a
dry content and density similar to the mixed black liquor (ML). As concluded in Section 2.2, the
density of black liquor depends on its dry content. However, there are no exact values of this but
the graph in Figure 3 gives a good approximation of this relation. The density for these specific
states of black liquor was therefore determined using that graph. The density were simply set
to be constant for each flow based on an average of its dry content.

The resulting tank level change for the thin liquor could then be calculated using the formula
from eq.(6) with the calculated mass flows seen in eq.(9) and eq.(10).

T t+1
TL = T t

TL + (Ṁ t+1
TLin
− Ṁ t+1

TLout
) (11)

This iterative model could then be used to simulate the level in the thin liquor tanks over five
days. The results turned out to be quite inaccurate for most cases. Before analyzing it further,
the same method was also used on other tanks in the evaporation plant. All of these results can
be seen in Section 5.1.

The intermediate liquor tanks and the thick liquor tanks could be calculated easily as they both
had clear flow meters for inflow and outflow. The result for these tanks also pointed out an
inaccuracy with the flow meters. When looking at Table 4 one can see that the mixed liquor
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tanks has one inflow and two outflows. What this table does not say is that these tanks also goes
through something called ”soap removal” which will result in a sort of hidden outflow. This
soap removal is said to remove around 20% of the fluid in the mixed liquor tanks. However,
this is not done at a constant rate. Instead, a lot of fluid is removed from time to time. When
I first tried to calculate these tank levels the soap was not taken into account. This lead to big
variations in the results. After some research into this I added a factor to the inflow that would
remove some of the inflow at each timestep. The simulation gave the best results when around
15% of the inflow was removed every hour. As one can see in Figure 20, the calculated dry
liquor graph in blue complies good with the true level from time to time. However, it can also
be seen that there are times where it deviates. In Figure 20c the calculated inflow seems to
be higher than the outflow at the start of the date 4/4. The true tank level is holding a steady
position. This could be a case of soap removal, which in turn would allow an increased inflow
without risking filling the tanks. These things is very hard to predict in a model. So, even
though some cases looks as decent estimations, the model has too many unclear variables. The
removal of soap in the mixed liquor tanks is not always done after a specific amount of hours.
There are also lacking knowledge of the flow out of the thin liquor tanks, as well as from tank 48.

It was concluded that it was too complicated to try and model each kind of black liquor sepa-
rately. However, a positive thing from the mixed liquor results is the fact that these tanks are
quite large. Large tanks with just a few flows seems to work well if we ignore some deviations
due to the soap removal. The model was therefore simplified for the goal of avoiding as many
uncertainties as possible.

4.2.2 Evaporation plant as one unit

As it previously was discovered, the idea of simulating every part of the evaporation system did
not work. The next attempt was to look at the evaporation plant as one big black box. What
flows into this box, and what flows out. Luckily, the groundwork had already been done due to
the mapping of the system. What was left to do was to decide what sensors to use. Figure 11-14
consists of similar flow charts as in Section 4.1.1, but with the ”significant” flows highlighted
in purple.

Figure 11: Map of the liquor flows and tanks between the digester and evaporation plant. Purple tags
counts as inflows or outflows from the system as a whole.
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Figure 12: Map of the liquor flows and tanks in Evaporation 3. Purple tags counts as inflows or outflows
from the system as a whole.

Figure 13: Map of the liquor flows and tanks between Evaporation 2 and 3. Purple tags counts as inflows
or outflows from the system as a whole.

Figure 14: Map of the liquor flows from the evaporation plants to the recovery boiler. Purple tags counts
as inflows or outflows from the system as a whole.

The mapping of important inflows and outflows from the evaporation plant is summarized in
Table 10.
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Table 10: Inflows and outflows from the evaporation plant as a whole.

Inflow Tag(m3/h) Outflow Tag(m3/h)

Digester 035F269 Recovery boiler B4204
Collection tank 059F028 Ash liquor from 46 059F093

Ash liquor to Evaporation 3 059F086
Slurry 057F116_3

From this investigation, formulas for the total mass outflow and the total mass inflow of dry
black liquor could be produced. These can be seen in eq.(12) and eq.(13).

ṀTOTout = ṀB4204 + ṀF093

= V̇B4204 × λTJL/100× ρTJL + V̇F093 × λash/100× ρash,
(12)

ṀTOTin
= ṀF269 + ṀF028 + ṀF086 + Ṁslurry

= V̇F269 × λTL/100× ρTL + V̇F028 × λML/100× ρML

+ V̇F086 × λash/100× ρash + V̇slurry × λash/100× ρash.

(13)

The dry content sensors used for these flows can be seen in Table 11,

Table 11: Tags and symbols for sensors measuring dry content of different liquor flows in the evaporation
plant.

Dry content (flow) Tag(%) Symbol

From digester 059_0729_K_5057 λTL

From collection tank 059D077 λML

To ash liquor tank 059D050 λash

From ash liquor tank 059D050 λash

Slurry to 46 059D050 λash

To recovery boiler 066DZ103 λTJL

and the corresponding density to these flows was determined as a constant from their approxi-
mate dry content. This was done through the relation between density and dry content from the
graph in Figure 3. The resulting change of dry black liquor, eq.(14), could then be calculated
using the basis of eq.(6) together with the calculated mass flows from eq.(12) and eq.(13). As
before, T t

TOT is the current tank level and T t+1
TOT is the approximated tank level after one hour.

T t+1
TOT = T t

TOT + (Ṁ t+1
TOTin

− Ṁ t+1
TOTout

) (14)

In a similar way as when simulating the different kind of liquor tanks separately, This iterative
model was used to simulate the whole black liquor buffer over five days. The results from these
calculations can be seen in Section 5.2.

As one can see in Figure 21, the blue graph represents a relatively good approximation of the
true amount of dry liquor in the tanks. The goal is to get similar values to the black graph, but
even more important is the fact that it follows the same trend. That the blue calculated graph has
a positive slope when the actual level is increasing, and a negative slope when it is decreasing.
That is the case for all the graphs in Figure 21, with an exception in the beginning of Figure
21c. It was decided that these results could be used to further model the black liquor system.
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4.2.3 Green liquor side as one unit

After the black liquor side was investigated, a similar study was done on the green liquor side as
it would be optimal to cover the whole recovery system. After the recovery boiler, the remaining
melt is dissolved and sent to two green liquor clarifiers. This inflow consists of four different
flows with four different flow meters. From the clarifier, two flows of green liquor sludge goes
out of the system, to a weak liquor tank. The cleared liquor moves on to the two tanks 12 and
13 before leaving the green liquor system to the lime extinguisher. This system can be seen in
Figure 15, where the tags of inflows and outflows are highlighted in purple. A summarize of
these important flows with tags can be seen in Table 12.

Figure 15: Map of the liquor flows from the evaporation plants to the recovery boiler. Purple tags counts
as inflows or outflows from the system as a whole.

Table 12: Inflows and outflows from green liquor system as a whole.

Inflow Tag(m3/h) Outflow Tag(m3/h)

To clarifier 181 066F660 Sludge from 181 081F286
To clarifier 181 066F654 Sludge from 116 081F045
To clarifier 116 066F657 GL to lime extinguisher 081F108
To clarifier 116 066F651

After the recovery plant the dry content of the liquor is not measured in the same way as before.
During the preparation to recover the alkali based chemicals we instead look at different alkali
concentrations in the liquor. As mentioned in Section 2.3 TTA is the total titratable alkali in the
liquor, and this is what I decided to try and model this part of the system with. Instead of dry
content tags, there are a couple of TTA measurements that is regularly giving values in this part
of the cycle. The table below states the tags to get the TTA in the current flows.
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Table 13: Tags and symbols for the TTA in the green liquor flows.

TTA(Flow) Tag(kgNaOH/m3) Symbol

To clarifier 181 066A633_066A634_B2 τ181
To clarifier 116 066A631_066A632_B2_2 τ116

Sludge from 181 066A633_066A634_B2 τ181
Sludge from 116 066A631_066A632_B2_2 τ116

GL to lime extinguisher 066A254_B2 τGL

As TTA is the total titratable alkali it is the alkali measurement that takes into account most salt
compositions. Therefore it should be a good approximation of the dry green liquor. The tags in
Table 13 gives the TTA in terms of kgNaOH/m3, meaning that the flow of kgNaOH could be
calculated as in eq.(15).

ṀNaOH = V̇ × τ. (15)

This would give values of how many kilograms of NaOH that is flowing through these sensors
every hour. Eq.(16) approximates the amount of TTA in the green liquor tanks in terms of
kgNaOH .

T t+1
GL = T t

GL + (Ṁ t+1
GLin
− Ṁ t+1

GLout
) (16)

The amount of TTA on the green liquor was then plotted in a similar way as for the black side.
The results can be seen in Section 5.3.

The green liquor side has a couple of problems. The inflow consists of four different flow
meters. However, only two of the flows is active at the same time. They take turns to transfer
the liquor to the clarifiers. I discovered that the flow to clarifier 181 with tag (066F654) always
gives a higher value than the other flow to 181. A similar relation was discovered with the flows
to clarifier 116. The flow of 066F651 often showed a larger value than its substitute. I noticed
that when these two flows were active, the TTA comparison got worse. Another issue that does
not benefit from the uncertainty in the inflow is the fact that total volume of this system does not
come close to what we have on the black side. This leads to small errors having a huge impact
on the result, similar to the modeling of separate tanks in the evaporation plant. On the green
side we have four inflows and three outflows to a system consisting of around 3500m3.

4.2.4 White liquor side as one unit

The white liquor side really only consists of one tank, that is the white liquor tank. The liquor
goes into the tank after the PD-filters. There are two flows out from the tank, one goes to the
digester, and one goes back through the caustization process again. The system can be seen in
Figure 16.
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Figure 16: Map of the liquor flows from the evaporation plants to the recovery boiler. Purple tags counts
as inflows or outflows from the system as a whole.

A summarize of the important flows with tags can be seen in Table 14.

Table 14: Inflows and outflows from white liquor system as a whole.

Inflow Tag(m3/h) Outflow Tag(m3/h)

To white liquor tank None To digester 081F284
To causticizing 081F069

The biggest problem with this case was the fact that there is no direct sensor for the inflow.
Some test were made to approximate this flow. For example, some estimations of the flow were
made based on the flows to the PD filter but no sustainable solution was found.

4.3 Formula for thin black liquor production
In the factory there exists present data of how much thin liquor is being sent from the cooking to
the evaporation system. As mentioned in Section 2.6, the production model uses an estimated
production to simulate things like the pulp buffer over five days. Knowing the planned produc-
tion, it should also be possible to estimate how much thin liquor that is created and sent to the
evaporation plant. This would work as a replacement to the inflow from the digester(035F269)
seen in Table 10.

4.3.1 Formula for white liquor to digester

To estimate the produced thin black liquor I started looking at an already known method for
estimating the white liquor needed in the cooking. The variables that had to be taken into
account were the ones mentioned in Table 15 below.

Table 15: Parameters used in the white liquor formula.

Parameter Shortening Unit%

Production P t/h
Yield Y 1

Alkali investment A %
Effective alkali EA kgNaOH/m3

White liquor flow V̇WL m3/h
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• Production (tonne/h): How much pulp mass we want to produce.

• Yield: What proportion of the dry wood chips that is recovered as pulp.

• Alkali investment: How much alkali that is expected to be needed in the cooking.

• Effective Alkali: Effective alkali in the white liquor.

The formula to estimate the white liquor production is stated in eq.(17).

V̇WL =
P × 0.9× A

Y × EA
∗ 10 (17)

The factor 0.9 is there to convert the calculations from air dry wood (90% dry content) to bone
dry wood (100% dry content). The factor 10 at the end is the resulting factor when transforming
the calculations to the correct unit. A step by step construction and explanation of this formula
can be seen in Appendix A.5.

The mill in Piteå uses two separate tracks in the pulp production process. Track one (L1),
and track two (L2). The production rate through these tracks is often different. L2 is used for
the production of white pulp which is a slightly different process as the pulp has to be cleaned
and bleached more thoroughly. Because of the difference in production between these tracks,
some of the parameters in the white liquor formula has to be divided into two. So, to calculate
the total white liquor production one has to combine the calculations from both tracks, which
results in eq.(18).

V̇WLL1
=

PL1 × 0.9× AL1

YL1 × EA
∗ 10

V̇WLL2
=

PL2 × 0.9× AL2

YL2 × EA
∗ 10

V̇WL = V̇WLL1
+ V̇WLL2

=
(PL2 × AL2

YL2

+
PL2 × AL2

YL2

)
× 9

EA
(18)

The values of these different parameters are not set in stone but there are some benchmarks of
were they should be. In Table 16, ranges for two of these parameters are stated.

Table 16: Approximate limits for parameters in the white liquor formula.

Parameter Range Unit

Yield 0.45-0.55 1
Alkali investment 15-30 %

To test the accuracy of the formula it was compared to the actual white liquor flow measured
from the flow meter (081F284). This comparison was done over a period where the flows
seemed steady. This means, constant production rates for both L1 and L2 and a steady flow rate
for the white liquor. This was first done for arbitrary values of the parameters in Table 16. The
values were then tuned to further match reality even better. One thing to have in mind is that
these values are not always the same on a factory. They can usually vary a bit depending on the
wood, the season, cooking recipe etc. Comparisons between the measured flow from a sensor
and the calculated flow can be seen in Section 5.4.
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4.3.2 Conversion into thin black liquor production

The next step was to convert the white liquor formula into a formula for the produced thin black
liquor. To do this historic data were used from both flow meters. I took the average flow of
the thin black liquor V̇ avg

TL and the white liquor V̇ avg
WL over 1 year and then assumed a linear

connection between them.
V̇ avg
TL

V̇ avg
WL

(19)

This calculation gave a result that the average thin black liquor flow is 3.73 times larger than
the white liquor flow. The calculation was also done in a shorter, more recent time span. From
2022-01-01 to 2022-03-01. The result from eq.(19) was a bit higher in this case, around 3.8.
When testing for different periods it was discovered that this fraction fluctuates during the year.
It had a tendency to be lower during the late summer and higher during the spring. I therefore
decided to go with the fraction of 3.8 for now, as it was more relevant at the time. However, as
this is just a static parameter in the model, it is easy to modify. One should consider updating
the value a few times during the year to be sure to get more accurate flows. Eq.(20) below shows
the full formula for the thin black liquor production.

TLtot = WLtot ×
TBLavg

WLavg

. (20)

This equation was then tested for many different cases to see if it could be used to represent this
flow. Some of the results is displayed in Section 5.5.

4.4 Final model for the evaporation plant
After testing the flow sensors ability to calculate the change in different buffers, it was decided
that the best chance of an accurate and useful model was to look at the evaporation plant as
one single unit. The formula for thin black liquor production had been tuned and I started to
experiment with the actual model that is going to be used in the production planner. Earlier,
the simulations had been done using real time flows, but in the production planner this will not
be the case. The idea here was to assume a constant flow for all inflows and outflows except
the liquor calculated from production. This means the only flow that not necessarily has to be
constant is exactly this inflow of thin liquor.

For the other flows it was fast concluded that they had to take on some sort of average value
from past data. Hence, three options was considered. One could use an average flow from the
past day, which would lead to a rather big span of data being used. It is a safe option to get
reasonable values that should not be too far off the actual flow at the time of the simulation.
Another option, which can be seen as the opposite is to use the last recorded value for each
flow. This should give the best value as long as the flow sensors are reliable. The third option is
to go with something in between. That is, the average value over the flows one hour before the
simulation. Here we will get values that are close to the true flow whilst reducing the chance of
getting incorrect values due to some uncertainties in a flow meter. All of these three methods
were tested for different cases before it was decided to go for the third option.

The flows with tags and symbols for this model can be seen in Table 17 below.
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Table 17: Tags and symbols for the inflows and outflows from the evaporation plant. The flow from the
digester is calculated through the formula.

Flow Tag(m3/h) Symbol

Digester Formula from eq.(20) V̇digester

Collection tank 059F028 V̇ avg
F028

Ash liquor to Evaporation 3 059F086 V̇ avg
F086

Slurry 059F086 V̇ avg
F086

Recovery boiler B4204 V̇ avg
B4204

Ash liquor from tank 46 059F093 V̇ avg
F093

In Section 5.6 one can see some examples of this model for a constant production. The real
tank level during this time is also plotted. Although, the comparison between the simulated
tank level and the true tank level is not very relevant. One can look at the modeled level as how
the tank level would look like if no adjustments in the evaporation plant were made. This is why
the two graphs agree well at the beginning of each case, but may differ later due to operating
changes in the system.
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5 Results

5.1 Tanks in the evaporation plant
In Figure 17-20 the result from the calculations in Section 4.2.1 is shown. The figures consist
of four subfigure. Each subfigure show the amount of dry liquor in the tanks over a specific
time span of five days. The true dry liquor level measured from a sensor is also plotted for
comparison. The red graph shows the maximum amount of dry liquor theses tanks can hold.

Figure 17 shows results from the thin liquor tanks. Full calculations can be seen in Appendix
A.1.1.

(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 17: The graphs in Figure 17a-17d shows tonne dry liquor in the thin liquor tanks over time. The
black graph is the actual dry liquor level. The blue graph is the calculated dry liquor level from eq.(6),
and the red graph shows the maximum amount of dry liquor the tanks can hold.

Figure 18 shows results from the intermediate liquor tanks. Full calculations can be seen in
Appendix A.1.3.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 18: The graphs in Figure 18a-18d shows tonne dry liquor in the intermediate liquor tanks over
time. The black graph is the actual dry liquor level. The blue graph is the calculated dry liquor level
from eq.(6), and the red graph shows the maximum amount of dry liquor the tanks can hold.

Figure 19 shows results from the intermediate liquor tanks. Full calculations can be seen in
Appendix A.1.4.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 19: The graphs in Figure 19a-19d shows tonne dry liquor in the thick liquor tanks over time. The
black graph is the actual dry liquor level. The blue graph is the calculated dry liquor level from eq.(6),
and the red graph shows the maximum amount of dry liquor the tanks can hold.

Figure 20 shows results from the mixed liquor tanks. Full calculations can be seen in Appendix
A.1.2.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 20: The graphs in Figure 20a-20d shows tonne dry liquor in the mixed liquor tanks over time.
The black graph is the actual dry liquor level. The blue graph is the calculated dry liquor level from
eq.(6), and the red graph shows the maximum amount of dry liquor the tanks can hold.

5.2 Whole evaporation plant
In Figure 21 the result from the calculations in Section 4.2.2 is shown for four different time
spans. The true liquor level measured from a sensor is also plotted for comparison. The max
liquor level is also plotted in the same graph. The calculations for these two graphs can be
seen in Appendix A.2.6. The average error between the true and estimated tank levels from
the results in Figure 21 can be seen in Table 18. This average diff was calculated as tonne dry
black liquor and then converted to percentage of the maximum amount of dry black liquor, i.e
the red graph in Figure 21. As one can see, the average difference is lower for the two cases in
Mars, and a few percentages higher in April. The data for for these average values can be seen
in Table 42 in Appendix A.4.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 21: The graphs in Figure 21a-21d shows tonne dry liquor from all tanks in the evaporation plant
over time. The black graph is the actual dry liquor level. The blue graph is the calculated dry liquor level
from eq.(6), and the red graph shows the maximum amount of dry liquor the evaporation plant can hold.

Table 18: Average error between the true and estimated tank levels on the black liquor side for four
different occasions.

Startdate 13/3 19/3 2/4 16/4

Avg diff % 1,27 1,87 4,91 5,93

5.3 Green liquor side
The full calculations of the green liquor is described in Appendix A.3. This was then simulated
over five days for four different time spans. In Figure 22 the results are plotted.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 22: The graphs in Figure 22a-22d shows the TTA as tonne NaOH from all clarifiers and tanks
in the evaporation plant over time. The black graph is the actual amount of TTA. The blue graph is the
calculated amount of TTA from eq.(16), and the red graph shows the maximum amount of TTA this
system can hold.

5.4 White liquor formula
In Figure 23 the calculations of the white liquor flow explained in Section 4.3.1 is shown for
data over five days at four different occasions. The true flow from sensor 081F284 is plotted
for comparison. The final values of the parameters named in Table 16 is stated in Table 19.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 23: The graphs in Figure 23a-23d shows the white liquor flow over five days for four different
starting dates. The black graph is the flow taken from the flow sensor, and the orange graph is the
calculated flow using the formula in eq.(18).

Table 19: Final values of the constant parameters in the white liquor formula.

Parameter Value Unit%

Yield L1 0.55 1
Yield L2 0.506 1

Alkali investment L1 16.2 %
Alkali investment L2 20.6 %

5.5 Thin black liquor formula
Figure 24 shows results from the calculations of the thin liquor flow explained in Section 4.3.2.
The real data from the thin liquor flow tag 035F269 is plotted together for comparison.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 24: The graphs in Figure 24a-24d shows the thin liquor flow over five days for four different
starting dates. The black graph is the flow taken from the flow sensor and the orange graph is the flow
calculated from the formula in eq.(20).

5.6 Final model
Figure 25 show four cases of how the model can look when using a constant production for L1
and L2. The real tank level during this time is also plotted.
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(a) Start date 13/3. (b) Start date 19/3.

(c) Start date 2/4. (d) Start date 16/4.

Figure 25: The graphs in Figures 25a-25d shows how the dry liquor in the evaporation plant change over
five days for four different starting dates. The black graph is the true amount of dry liquor in the system.
The orange graph is the estimated amount of dry liquor according to the model.

As said, these examples are of constant productions. Most of the time the production goal
will change over five days. This will affect the inflow to the evaporation system and therefore
also affect the slope in the curve. In the final model, the only thing that is to be plotted is the
estimated dry liquor level as a percentage of the maximum amount of dry liquor the system can
hold. In Figure 26 screenshots of a hard coded case of the final model can be seen. Figure 26a
and 26b shows the input window for the planned production for both L1 and L2. Here, one
can decide the production speed of each line and decide how many hours the model should run
with that production value. Figure 26c shows the results from a simulation with average flows
from 13/3. The values of the production speed, L1 and L2, is arbitrary just to show that these
parameters will affect the black liquor level in the system. In this case, we see an increase from
around 84% to 90% in the tanks.
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(a) The planned production for L1 in this case. (b) The planned production for L2 in this case.

(c) The results from the simulation. The graph show the
black liquor level in percentage over time.

Figure 26: Screenshots from the different parts of the model in ExtendSim.
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6 Discussion
From the results in Section 4.2.1 it was decided that simulating all the tanks separately was not
the way to go. The main reason for this conclusion is the combo of small volumes and large
flows. For example, in Table 34, it is stated that the thick liquor tanks have a combined volume
of 636m3. Say that the flow to the recovery boiler is around 100m3/h. That would mean that
roughly 1/6th of the liquor in the tanks is replaced every hour. If now the error in the inflow-
outflow calculations is a couple of m3/h this will actually start to make a big difference after
a couple of hours. This is what we get to see in the results from Section 5.1. As described in
Section 3, Andersson made a similar discovery when trying to model the sulfidity in a mill. Un-
stable results would present themselves when working with a smaller amount of liquor. Now, if
we add the factors of lacking flow sensors and soap removal to this equation it gets really tricky.
When taking a step back to look at the whole evaporation system as one we do not have these
problems. These calculations showed good results as the average difference, stated in Table 18,
is around or below 5%. Why I think that these results are ”good enough” is not only based on
this number but instead on the fact that the curves most often follow the same trend. In the
graphs in Figure 21 it can be seen that the calculated liquor level increases when the true liquor
level does and vice versa.

When looking at the calculations of the thin liquor formula one can see some differences be-
tween the results in Figure 24. Figure 24a and 24b is examples from Mars and they follow the
true thin liquor flow accurately. Figure 24c and 24d also match the trend of the true liquor flow
but are off by a couple of m3/h. This is probably due to some changes in the digester. It could
be due to changes in the cooking recipe, or the wood could have some different properties due to
the warmer weather. Either way, this can be tuned by looking at the conversion factor between
white liquor and thin black liquor. I recommend that this factor gets updated every other month.
This should be done by comparing the formula in eq.(20) to the real flow and tuning the factor
from eq.(19) by a decimal or two so that the data match the current state of the cooking process.

The results from the final model will be able to help the people running the recovery system on
a daily basis. It will give a picture of how the amount of liquor changes in the evaporation plant.
Since this whole system almost recycles all of its chemicals, a result for the black liquor side
will automatically say something about the green/white liquor stock as well. If the model shows
an increase of dry black liquor in the evaporation system, that will indirectly mean a decrease
in the green/white liquor tanks. So if you look at the model in a big picture, it actually gives
information about the whole cycle.

In the final model the estimated dry black liquor will be plotted together with the maximum
dry liquor level in the black liquor tanks. This will be the upper limit one must stay under for
the planned production to work out. Since it is based on all the black liquor tanks being com-
pletely filled up it is important that the trend never tends to cross this line.

An improvement of this investigation should have been more analyzes of flows and dry con-
tents in the lab. This could be done to check the accuracy of some of the sensors in the factory.
Especially those who sometimes seems to take on some strange values. In this work I have
assumed that both the sensors in the tanks and in the flows are reliable. The work is based on
the fact that data from sensors are a correct reflection of reality. Also, the dry content of the
thin liquor is only available from lab values which are measured way to rarely to be accurate.
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Why the model still works while using these ”not so up to date values” is solely because the
dry content of the thin liquor does not vary that much. An option could also be to just remove
this tag from the calculation and replace it with a constant value of the dry content. This option
could also reduce the calculation time when running the simulation.

6.1 Conclusions
The goal of this work was to create a sodium balance model over the evaporation system in the
mill. The idea was that the results should become a new part in the already existing model for
production planning. The focus of the work quickly shifted to simulating the liquor buffers in
the chemical recovery system using data from flow sensors.

First, a model to simulate different liquor tanks separately got developed. From the results
it can be concluded that using data from the available sensors is not possible in this case. This
is due to many unclear variables, as well as unreliable data and ”small” volumes.

A model to simulate the total black liquor level around the evaporation plant was then de-
veloped. The large volume and stable flows made good and useful results. The error between
the calculated tank level and the actual tank level is not more than a few percentages (< 6%). It
can be concluded that these calculations can be used for the purpose of estimating the dry liquor
in the evaporation plant.

To connect this with the production speed a formula for the produced thin black liquor was
developed. This formula is based on calculations of the needed white liquor to the digester. A
factor could then be added to convert the white liquor flow to thin black liquor flow. It can be
concluded that this factor works well for now, but most likely is dependent on the season and
the composition of the wood in the digester. This means that the factor might need to be tuned
from time to time.

6.2 Future work
First of all, the complete model for the black liquor side has to be fully implemented into the
production planner. This mostly consists of adding the necessary flow tags mentioned in Section
4.4 together with the tags of their respective dry content. The tags for the true tank levels also
has to be added for the sake of getting the starting amount of dry black liquor each simulation.

In case of interest, the green liquor side could be investigated even more. One could try and find
a way to handle the four inflows in a reasonable way. However, I think that it will take a lot of
research and testing to make that simulation reliable. The white liquor tank should be the first
thing to look into. This because its outflow is, as well as the digester outflow, directly affected
by the production speed. It is also the last ”stop” before the liquor is used again in the cooking.
Which means that the liquor level in this tank is crucial for production.

In retrospect, it would have made sense to have a upper liquor limit that is not based on all
tanks being completely filled. Problems will arise even when just one tank is full. One could
therefore lower this maximum limit a couple of percentages to ensure that there will not be any
problems. The operators could use live tank levels together with this model to estimate where
problems will arise in the system more precisely.
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A Appendix

A.1 Dry black liquor calculations
A.1.1 Thin liquor

In Table 20 the tags and symbols of the current flows are displayed.

Table 20: Tags and symbols for the inflows concerning the inflow and outflow of the thin liquor tanks.

Flow Tag(m3/h) Symbol

TL from digester 035F269 V̇F269

Collection tank 059F028 V̇F028

Evaporation 2 to tank 48 054F354 V̇F254

Evaporation 3 to tank 48 054F050 V̇F050

ML to mixed liquor tanks 059F064 V̇F064

In Table 21 tags and symbols for the dry content of the current flows are displayed.

Table 21: Tags and symbols for the dry content sensors in flows concerning the thin liquor tanks.

Dry content (Flow) Tag(%) Symbol

TL from digester 059_0729_K_5057 λTL

Collection tank 059D077 λML

Evaporation 2 to tank 48 B_054MTL λ48

Evaporation 3 to tank 48 B_054MTL λ48

ML to mixed liquor tanks 059D077 λML

In Table 22 values and symbols for the density of the current flows are displayed.

Table 22: Densities and symbols for liquor flows concerning the thin liquor tanks.

Flow Density(kg/m3) Symbol

TL from digester 1030 ρTL

Collection tank 1060 ρML

Evaporation 2 to tank 48 1200 ρ48
Evaporation 3 to tank 48 1200 ρ48
ML to mixed liquor tanks 1060 ρML

Eq.(21) computes the inflow of dry black liquor to the thin liquor tanks.

ṀTLin
= ṀF269 + ṀF028

= V̇F269 × λTL/100× ρTL

+ V̇F028 × λML/100× ρML

[kg
h

]
(21)

Eq.(22) estimates the outflow of dry black liquor from the thin liquor tanks. This is done by
assuming the outflow from tank 48 is the same as its inflow.

ṀTLout = ṀF064 − (ṀF254 + ṀF050)

= V̇F064 × λML/100× ρML − ((V̇F254 + V̇F050)× λ48 × ρ48)

[kg
h

]
. (22)
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Eq.(23) computes the change in the amount of dry liquor in the thin liquor tanks.

T t+1
TL = T t

TL + (Ṁ t+1
TLin
− Ṁ t+1

TLout
)[kg] (23)

T t
TL at t = 0 is chosen to be the true dry liquor level, calculated in the same way as in Appendix

A.2.1.

A.1.2 Mixed liquor

In Table 23 the tags and symbols of the current flows are displayed.

Table 23: Tags and symbols for the inflows and outflows of the mixed liquor tanks.

Flow Tag(m3/h) Symbol

ML to mixed liquor tanks 059F064 V̇F064

ML to Evaporation 2 055F273 V̇F273

ML to Evaporation 3 055F090 V̇F090

In Table 24 tags and symbols for the dry content of the current flows are displayed.

Table 24: Tags and symbols for the dry content sensors in the mixed liquor flows.

Dry content (Flow) Tag Symbol

ML to mixed liquor tanks 059D077 λML

ML to Evaporation 2 059D077 λML

ML to Evaporation 3 059D077 λML

In Table 25 values and symbols for the density of the current flows are displayed.

Table 25: Densities and symbols for the mixed liquor flows.

Flow Density(kg/m3) Symbol

ML to mixed liquor tanks 1060 ρML

ML to Evaporation 2 1060 ρML

ML to Evaporation 3 1060 ρML

Eq.(24) computes the inflow of dry black liquor to the mixed liquor tank when assuming a 15%
deduction due to soap removal.

ṀMLin
= V̇F064 × λML/100× ρML × 0.85

[kg
h

]
(24)

Eq.(25) computes the outflow of dry black liquor to Evaporation 2 and 3 from the mixed liquor
tanks.

ṀMLout = ṀF273 + ṀF090

= (V̇F273 + V̇F090)× λML/100× ρML

[kg
h

]
(25)

Eq.(26) computes the change in the amount of dry liquor in the mixed liquor tanks.

T t+1
ML = T t

ML + (Ṁ t+1
MLin

− Ṁ t+1
MLout

)[kg] (26)

T t
ML at t = 0 is chosen to be the true dry liquor level, calculated in the same way as in Appendix

A.2.2.
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A.1.3 Intermediate liquor

In Table 26 the tags and symbols of the current flows are displayed.

Table 26: Tags and symbols for the inflows and outflows of the intermediate liquor tanks.

Flow Tag(m3/h) Symbol

IL from Evaporation 2 to tank 31 B_MELind2 V̇MELind2

IL from Evaporation 3 to tank 32, 33 059F073 V̇F073

IL from tank 31 055F006 V̇F006

IL from tank 32,33 054F056 V̇F056

In Table 27 tags and symbols for the dry content of the current flows are displayed.

Table 27: Tags and symbols for the dry content sensors in the intermediate liquor flows.

Dry content (Flow) Tag Symbol

IL from Evaporation 2 to tank 31 B_055MEL λIL

IL from Evaporation 3 to tank 32, 33 B_055MEL λIL

IL from tank 31 B_055MEL λIL

IL from tank 32,33 B_055MEL λIL

In Table 28 values and symbols for the density of the current flows are displayed.

Table 28: Densities and symbols for the intermediate liquor flows.

Flow Density(kg/m3) Symbol

IL from Evaporation 2 to tank 31 1140 ρIL
IL from Evaporation 3 to tank 32, 33 1140 ρIL

IL from tank 31 1140 ρIL
IL from tank 32,33 1140 ρIL

Eq.(27) computes the inflow of dry black liquor to the intermediate liquor tanks.

ṀILin
= ṀMELind2 + ṀF073

= (V̇MELind2 + V̇F073)× λIL/100× ρIL

[kg
h

]
(27)

Eq.(28) computes the outflow of dry black liquor from the intermediate liquor tanks.

ṀILout = ṀF006 + ṀF056

= (V̇F006 + V̇F056)× λIL/100× ρIL

[kg
h

]
(28)

Eq.(29) computes the change in the amount of dry liquor in the intermediate liquor tanks.

T t+1
IL = T t

IL + (Ṁ t+1
ILin
− Ṁ t+1

ILout
)[kg] (29)

T t
IL at t = 0 is chosen to be the true dry liquor level, calculated in the same way as in Appendix

A.2.3.
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A.1.4 Thick liquor

In Table 29 the tags and symbols of the current flows are displayed.

Table 29: Tags and symbols for the inflows and outflows of the thick liquor tanks.

Flow Tag(m3/h) Symbol

TJL from Evaporation 2 055F293 V̇F293

TJL from Evaporation 3 054F257 V̇F257

TJL to the recovery boiler B4204 V̇B4304

In Table 30 tags and symbols for the dry content of the current flows are displayed.

Table 30: Tags and symbols for the dry content sensors in the thick liquor flows.

Dry content (Flow) Tag Symbol

TJL from Evaporation 2 066DZ103 λTJL

TJL from Evaporation 3 066DZ103 λTJL

TJL to the recovery boiler 066DZ103 λTJL

In Table 31 values and symbols for the density of the current flows are displayed.

Table 31: Densities and symbols for the thick liquor flows.

Flow Density(kg/m3) Symbol

TJL from Evaporation 2 1400 ρTJL

TJL from Evaporation 3 1400 ρTJL

TJL to the recovery boiler 1400 ρTJL

Eq.(30) computes the inflow of dry black liquor to the thick liquor tanks from Evaporation 2
and 3.

ṀTJLin
= ṀF293 + ṀF257

= (V̇F293 + V̇F257)× λTJL/100× ρTJL

[kg
h

]
(30)

Eq.(31) computes the outflow of dry black liquor to the recovery boiler.

ṀTJLout = V̇B4304 × λTJL/100× ρTJL

[kg
h

]
(31)

Eq.(32) computes the change in the amount of dry liquor in the thick liquor tanks.

T t+1
TJL = T t

TJL + (Ṁ t+1
TJLin

− Ṁ t+1
TJLout

)[kg] (32)

T t
TJL at t = 0 is chosen to be the true dry liquor level, calculated in the same way as in Appendix

A.2.5.
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A.2 True dry black liquor levels
In Table 32 and Table 33, the tags for the tank levels in the evaporation plant are shown.

Table 32: Tags with symbols for the different tank levels in the evaporation plant.

Tank level Tag(m3) Symbol

Thin liquor tanks (11, 12, 13) IPL_LTN VTL

Mixed liquor tanks (21, 23, 24, 26) IPL_LBL VML

Intermediate liquor tanks (31, 32, 33) IPL_LME VIL

Thick liquor tanks (41, 43, 44) IPL_LTJ VTJL

Table 33: Tags with symbols for the intermediate thick liquor tanks.

Tank level Tag(%) Symbol
Tank 48 059L085 V48

Tank 46 059L047 V46

Table 34 shows the maximum volume of different liquor in the evaporation plant.

Table 34: The maximum volume of different liquor. Obtained from WinMOPS.

Tanks Max volume (m3)

Thin liquor tanks (11, 12, 13) 2051
Mixed liquor tanks (21, 23, 24, 26) 5793

Intermediate liquor tanks (31, 32, 33) 2099
Tank 48 242
Tank 46 244

Thick liquor tanks (41, 43, 44) 636

Table 35 shows tags and symbols for the dry content in each kind of liquor.

Table 35: Symbols and tags for sensors measuring dry content of different liquor flows in the evaporation
plant.

Dry content (tanks) Tag(%) Symbol

Thin liquor tanks (11, 12, 13) 059_0729_K_5057 λTL

Mixed liquor tanks (21, 23, 24, 26) 059D077 λML

Intermediate liquor tanks (31, 32, 33) B_055MEL λIL

Tank 48 B_054MTL λ48

Tank 46 059D050 λash

Thick liquor tanks 066DZ103 λTJL

Table 36 shows the density in different tanks and the corresponding symbol.
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Table 36: Densities and symbols for the different tanks in the evaporation plant.

Tanks Density (kg/m3) Symbol

Thin liquor tanks (11, 12, 13) 1030 ρTL

Mixed liquor tanks (21, 23, 24, 26) 1060 ρML

Intermediate liquor tanks (31, 32, 33) 1140 ρIL
Tank 48 1200 ρ48
Tank 46 1340 ρash

Thick liquor tanks 1400 ρTJL

A.2.1 Thin liquor

The dry liquor in the thin liquor tanks could be calculated using eq.(7). That is

MTL = VTL × λTL/100× ρTL[kg] (33)

where the volume is taken from Table 32, the dry content from Table 35, and the density from
Table 36. When comparing this to the simulated values obtained from liquor flows eq.(33) is
calculated in each step of the simulation.

The maximum amount of dry liquor in these tanks is obtained by replacing VTL with the max
volume from Table 34.

Mmax
TL = 2051× λTL/100× ρTL[kg]

A.2.2 Mixed liquor

The dry liquor in the mixed liquor tanks could be calculated using eq.(7). That is

MML = VML × λML/100× ρML[kg] (34)

where the volume is taken from Table 32, the dry content from Table 35, and the density from
Table 36. When comparing this to the simulated values obtained from liquor flows eq.(34) is
calculated in each step of the simulation.

The maximum amount of dry liquor in these tanks is obtained by replacing VML with the max
volume from Table 34.

Mmax
ML = 5793× λML/100× ρML[kg]

A.2.3 Intermediate liquor

The dry liquor in the intermediate liquor tanks could be calculated using eq.(7). That is

MIL = VIL × λIL/100× ρIL[kg] (35)

where the volume is taken from Table 32, the dry content from Table 35, and the density from
Table 36. When comparing this to the simulated values obtained from liquor flows eq.(35) is
calculated in each step of the simulation.

The maximum amount of dry liquor in these tanks is obtained by replacing VIL with the max
volume from Table 34.

Mmax
IL = 2099× λIL/100× ρIL[kg]

43



A.2.4 Intermediate thick liquor

The dry liquor in the intermediate thick liquor tanks could be calculated using eq.(7). That is

MITL = M48 +M46

= (V48/100× 242)× λ48/100× ρ48

+ (V46/100× 244)× λash/100× ρash

[kg] (36)

where the volume is taken from Table 32, the dry content from Table 35, and the density from
Table 36. When comparing this to the simulated values obtained from liquor flows eq.(36) is
calculated in each step of the simulation.

The maximum amount of dry liquor in these tanks is obtained by replacing the volumes with
the max volumes from Table 34.

MITL = M48 +M46

= 242× λ48/100× ρ48

+ 244× λash/100× ρash

[kg]

A.2.5 Thick liquor

The dry liquor in the thick liquor tanks could be calculated using eq.(7). That is

MTJL = VTJL × λTJL/100× ρTJL[kg] (37)

where the volume is taken from Table 32, the dry content from Table 35, and the density from
Table 36. When comparing this to the simulated values obtained from liquor flows eq.(37) is
calculated in each step of the simulation.

The maximum amount of dry liquor in these tanks is obtained by replacing VTJL with the max
volume from Table 34.

Mmax
TJL = 636× λTJL/100× ρTJL[kg]

A.2.6 The whole evaporation plant

The true amount of dry black liquor in the system could be calculated by adding the final results
from Appendix A.2.1-A.2.5. That is

MTOT = MTL +MML +MIL +M48 +M46 +MTJL[kg] (38)

When comparing this to the simulated values obtained from liquor flows eq.(38) is calculated
in each step of the simulation.

The maximum amount of black liquor is determined by adding the different max volume results
from Appendix A.2.1-A.2.5. This gives the maximum amount of dry liquor the evaporation
plant can hold.

Mmax
TOT = Mmax

TL +Mmax
ML +Mmax

IL +Mmax
48 +Mmax

46 +Mmax
TJL [kg]

44



A.3 TTA in green liquor
In Table 37 the tags and symbols of the current flows are displayed.

Table 37: Tags and symbols for the current flows in the green liquor system.

Flow Tag(m3/h) Symbol

To clarifier 181 066F660 V̇F660

To clarifier 181 066F654 V̇F654

To clarifier 116 066F657 V̇F657

To clarifier 116 066F651 V̇F651

Sludge from 181 081F286 V̇F286

Sludge from 116 081F045 V̇F045

GL to lime extinguisher 081F108 V̇F108

In Table 38 tags and symbols of the TTA in the current flows are displayed.

Table 38: Tags and symbols for the TTA in the green liquor flows.

TTA(Flow) Tag(kgNaOH/m3) Symbol

To clarifier 181 066A633_066A634_B2 τ181
To clarifier 116 066A631_066A632_B2_2 τ116

Sludge from 181 066A633_066A634_B2 τ181
Sludge from 116 066A631_066A632_B2_2 τ116

GL to lime extinguisher 066A254_B2 τGL

Eq.(39) computes the inflow of TTA to the green liquor clarifiers.

ṀGLin
= ṀF660 + ṀF654 + ṀF657 + ṀF651

= (V̇F660 + V̇F654)× τ181 + (V̇F657 + V̇F651)× τ116

[kgNaOH

h

]
(39)

Eq.(40) computes the outflow of TTA from the system.

ṀGLout = ṀF286 + ṀF045 + ṀF108

= V̇F286 × τ181 + V̇F045 × τ116 + V̇F108)× τGL

[kgNaOH

h

]
(40)

Eq.(41) computes the change of TTA in the green liquor system

T t+1
GL = T t

GL + (Ṁ t+1
GLin
− Ṁ t+1

GLout
)[kgNaOH] (41)

T t
GL for t = 0 is set to be the true TTA level in the system calculated in the same way as in

Appendix A.3.1.

A.3.1 True amount of TTA in the green liquor

In Table 39 the tags and symbols for the liquor level in the clarifiers and tanks is shown.
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Table 39: Tags with symbols for the different tank levels in green liquor system.

Tank level Tag(%) Symbol

GL clarifier 181 081L275_2 V181

GL clarifier 116 081L051_2 V116

GL tank 12 081L020 V12

GL tank 13 081L021 V13

Table 40 shows the maximum volume of the clarifiers and tanks in the green liquor system.

Table 40: The maximum volume of different clarifiers and tanks in the green liquor system. Obtained
from WinMOPS.

Tanks Max volume (m3)

Clarifier 181 1430
Clarifier 116 1430
GL tank 12 362
GL tank 13 327

In Table 41 tags and symbols for the TTA in the green liquor tanks is shown.

Table 41: Tags and symbols for the TTA in the green liquor tanks.

TTA(Tank) Tag(kgNaOH/m3) Symbol

Clarifier 181 066A633_066A634_B2 τ181
Clarifier 116 066A631_066A632_B2_2 τ116

GL tanks (12, 13) 066A254_B2 τGL

The TTA in clarifier 181 could be calculated as

M181 = (V181/100× 1430)× τ181[kgNaOH] (42)

The TTA in clarifier 116 could be calculated as

M116 = (V116/100× 1430)× τ116[kgNaOH] (43)

The TTA in tanks 12 and 13 could be calculated as
M12 = (V12/100× 362)× τGL

M13 = (V13/100× 327)× τGL

[kgNaOH] (44)

The total amount of TTA, as kgNaOH , could then be obtained by adding eq.(42), eq.(43), and
eq.(44).

MTOT = M181 +M116 +M12 +M13[kgNaOH] (45)

The maximum amount of TTA that the system can hold could be obtained by replacing the true
tank levels in eq.(45) with their respective maximum level.

Mmax
181 = 1430× τ181[kgNaOH]

Mmax
116 = 1430× τ116[kgNaOH]

Mmax
12 = 362× τGL

Mmax
13 = 327× τGL

[kgNaOH]

Mmax
TOT = Mmax

181 +Mmax
116 +Mmax

12 +Mmax
13 [kgNaOH]
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A.4 Average difference for tank level in the whole evaporation plant

Table 42: The data is percentages of the level difference between the true and estimated tank levels in
the evaporation plant for each timestep. It is calculated from the same data that the results in Figure 21
is based upon.

13/3 19/3 2/4 16/4
0 0 0 0
0,249456 1,506733 0,71888 0,15006
0,380769 1,377106 0,160679 0,244389
0,072809 1,370832 0,626076 0,150481
0,634652 1,819913 0,485585 1,000778
0,713997 2,141542 0,102031 0,087153
0,679388 2,628347 0,917758 0,879696
0,917375 2,857811 0,55451 0,833394
1,098857 2,430831 1,350619 0,612328
1,330959 2,474431 1,904157 1,09074
0,096988 3,127527 1,852385 1,240851
0,837128 3,541873 2,09053 2,913547
1,179599 3,928968 3,672206 1,918877
1,368089 3,610709 3,302271 1,913958
1,308766 3,86698 3,132954 2,153058
1,428189 3,481373 4,563085 2,256834
0,000554 4,244459 5,396267 2,441038
1,134045 5,008413 6,692848 2,619249
0,805055 4,263128 7,614556 3,015185
0,687922 4,337257 8,440907 4,70076
0,644385 3,609667 9,145621 3,23342
0,482068 2,842513 9,432299 3,809559
0,917558 2,889096 7,341683 3,897674
0,730235 3,036431 6,996231 3,709929
1,369422 3,938088 6,011441 3,923132
1,64922 4,200576 6,038718 4,399385
1,720505 4,29816 6,609829 4,219012
2,371351 4,596707 7,671694 3,636193
2,648425 5,378628 7,456695 4,589309
4,249132 5,440226 7,249198 4,562368
3,735518 5,112193 7,217471 4,899645
3,60404 5,047372 6,736265 5,176154
3,235882 5,11139 7,432266 5,099187
2,699845 5,306798 7,755125 5,34728
2,658347 4,325324 7,011902 5,17187
3,926851 4,570831 6,220621 5,327523
3,689048 4,243204 6,146799 5,242785
3,456639 4,001552 5,512136 4,970469
3,591272 4,044659 6,316517 5,14036
3,623519 4,677286 6,065639 5,430772
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3,164351 4,003436 6,38144 5,303514
3,800134 4,271833 6,697826 5,164604
3,525286 4,055675 6,204433 5,292393
3,744831 4,233986 6,56929 5,089771
3,5771 4,025835 6,822582 5,411479
3,202283 3,709772 6,878281 5,459131
2,557855 3,617944 6,752001 5,200208
2,320548 3,363728 6,735399 5,301556
2,589149 2,836864 6,442732 4,429552
2,867247 3,139036 6,911153 4,799958
3,602907 3,215028 6,764274 4,974625
6,066558 3,39726 7,203836 4,620416
5,100462 3,71143 7,299399 4,490911
5,326565 3,088081 6,537541 4,394179
4,557701 3,485175 6,953927 4,417963
4,39438 2,91517 6,515474 4,861299
4,847731 3,151815 5,945406 4,413834
4,249628 2,878494 5,136262 4,417692
3,333676 2,395668 5,082597 4,091043
3,730535 2,047917 5,729307 4,238256
3,114896 2,655997 5,698983 4,453692
3,068675 2,1386 5,453722 4,560382
3,494696 2,726287 5,181323 4,774896
2,499272 2,796249 4,315221 4,393022
2,269536 2,824557 3,624705 4,520818
1,883797 1,943837 5,487997 4,31199
1,372887 3,016318 5,326453 4,672389
1,77247 1,882956 5,279632 4,113972
0,894521 1,913523 4,371305 5,364635
1,104616 2,695336 3,712399 6,546468
2,067909 3,004137 3,804822 6,170471
2,512998 2,318018 3,331849 6,056966
2,232991 3,217952 3,194916 5,984265
2,910653 2,01325 3,36926 5,169077
2,929901 2,147961 3,060558 4,981561
3,064747 2,378344 2,365834 5,434939
2,986052 2,334977 2,434014 5,888149
2,777811 2,521055 2,090367 5,993917
3,620707 2,428018 1,93779 5,892539
2,206343 1,763811 1,099564 5,808274
2,573285 1,55631 2,053852 5,795762
2,087968 1,265299 2,168284 6,685693
2,07688 1,562455 1,92176 5,611139
2,573904 1,853874 2,331155 5,874306
2,614845 1,364991 3,305912 6,700941
1,80805 0,947175 3,255981 6,73752
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1,358846 0,461203 4,251829 6,776151
1,088396 0,118621 4,607097 7,437901
0,787145 0,235661 4,667063 8,658522
1,066943 0,418101 4,607244 7,986492
2,366202 0,054332 4,391884 8,844616
1,523271 0,637675 3,997987 8,679324
2,035816 0,216419 4,5807 8,541793
1,283964 0,222614 4,908379 8,401003
0,96968 0,399408 5,099302 8,017616
0,887559 0,109187 5,190447 7,768559
0,424396 0,046011 4,926412 7,666397
0,015521 0,270986 4,888957 7,288512
0,704687 0,233994 4,7479 7,674727
1,310131 0,456503 4,614081 7,272366
1,060522 0,606105 4,29423 7,3126
1,2004 0,192922 5,23726 7,657951
2,232099 0,105115 3,461152 7,626235
2,434672 0,459854 4,701866 7,150479
1,947802 0,644242 5,169148 8,417025
1,619125 0,420694 5,006907 6,804529
2,191772 0,255806 4,842883 7,427881
1,135249 0,842717 5,233026 7,067697
0,789551 0,931252 5,053543 6,626679
1,652576 0,958893 5,007762 7,04413
2,696455 1,400263 4,747978 6,947284
2,782558 1,176434 4,269768 6,165607
2,272213 0,923888 4,744126 6,180866
2,801774 1,648466 4,587895 6,150843
0,413436 1,336557 4,60865 6,398109
1,495993 2,013465 4,612856 5,917337
1,321953 1,317895 4,452111 7,754138
0,220776 1,487635 4,269889 6,33139
0,640524 1,885776 5,008572 6,31406
1,273047 1,874618 4,914789 5,928359

A.5 White liquor formula
Wood needed for a certain pulp production:

P

Y
× 1000

[kg
h

]
(46)

Bone dry wood needed for a certain pulp production:

(46)× 0.9
[kg
h

]
(47)

Alkali needed in the cooking process to handle this amount of bone dry wood:

(47)× A× 0.01
[kg
h

]
(48)
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Flow of effective alkali in the white liquor:

WL× EA
[kg
h

]
(49)

To get the right amount of EA to the cooking we need eq.(48) and eq.(49) to be equal. We can
then move the EAWL term to the other side and end up with a formula for the white liquor
needed.

WL =
P × 0.9× A

Y × EA
× 10

[m3

h

]
(50)
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