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The master’s thesis investigates the most common non-process elements in a pulp mill and
their impact on processes, focusing on the performance of lime kilns. Certain harmful non-
process elements, such as phosphorus, accumulate in lime kiln dust, meaning that removing
lime kiln dust can reduce the concentration of these non-process elements in the process.
High phosphorus concentration in the lime mud can increase the lime kilns' dead load,
decreasing the overall production capacity. The thesis aims to determine whether improving
lime kiln dust removal is a cost-effective strategy to enhance lime kiln performance. The
research was conducted at Stora Enso's Imatra mill.

The theoretical part reviews the stages of white liquor production, focusing on the lime kiln
process. It also explores factors that affect the quality of lime and lime mud. In the
experimental part, historical data from the lime kiln process, such as energy consumption,
production rates, lime mud quality, and lime kiln dust removal, were analyzed. This data
was used to build a correlation model between lime kiln dust removal rate and phosphorus
concentration in the lime mud, which was then applied in profitability calculations.

The final section evaluates the results and draws conclusions. The findings suggest that
enhancing lime kiln dust removal rate is a cost-effective method to increase lime Kiln
capacity at Stora Enso's Imatra mill. However, it is important to note that the profitability
calculations are based on current prices for natural gas and make-up lime, which may change
in the future.



THVISTELMA

Lappeenrannan—Lahden teknillinen yliopisto LUT
LUT Energiajérjestelmét

Energiatekniikka

Jalmari Skytta

Meesauunin kapasiteetin nostaminen meesan laadun parannuksilla

Energiatekniikan diplomityo
2025
57 sivua, 27 kuvaa ja 6 taulukkoa

Tarkastajat: Professori, Ph.D. Esa Vakkilainen ja Ds.c Katja Kuparinen

Avainsanat: sellutehdas, meesauuni, vierasaineet, fosfori

Diplomitydssé tutkitaan sellutehtaan yleisimpid vierasaineita ja niiden vaikutuksia
prosessien toimintaan, erityisesti meesauunien tehokkuuteen. Tietyt haitalliset vierasaineet,
kuten fosfori, rikastuvat meesatuhkaan, jolloin meesatuhkan poistaminen voi vahentda
naiden aineiden pitoisuuksia prosessissa. Korkea fosforipitoisuus meesassa kasvattaa
kuollutta kuormaa ja heikentdd siten meesauunien kapasiteettia. Tyon tavoitteena on
selvittdd, onko meesatuhkan poiston tehostaminen kustannustehokas keino parantaa
meesauunien suorituskykya. Tutkimus on toteutettu Stora Enso Imatran tehtailla.

Teoriaosuudessa kasitellaan valkolipedn valmistusvaiheet, jossa pdapainona on meesauuni.
Liséksi tarkastellaan kalkin ja meesan laatuun vaikuttavia tekijoita. Kokeellisessa osassa
analysoitiin meesauuniprosessin historiatietoja, kuten energiankulutusta, tuotantomaaria,
meesan laatua ja meesatuhkan poistoa. Naiden tietojen perusteella muodostettiin
korrelaatioita, muun muassa meesatuhkan poiston ja meesan fosforipitoisuuden valilla, ja
niitd hyodynnettiin kannattavuuslaskelmissa.

Tyon lopussa arvioitiin saatuja tuloksia ja muodostettiin johtopaatoksia. Tulokset osoittavat,
ettd meesatuhkan poiston tehostaminen on kannattava menetelma lisdtd meesauunien
kapasiteettia Stora Enso Imatran tehtailla. On kuitenkin huomioitava, etta
kannattavuuslaskelmat perustuvat nykyisiin maakaasun ja ostokalkin hintoihin, jotka voivat
muuttua tulevaisuudessa.
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1. Introduction

Stora Enso has set ambitious targets for reducing CO- emissions. It aims to cut absolute
emissions by 50% from the baseline of 2019 and achieve net-zero carbon emissions by 2040.
Minimizing CO- emissions is crucial, as it helps slow the pace of global warming. To meet
these goals, the company is focused on enhancing energy efficiency across its operations
and increasing the use of biomass fuels. Figure 1 illustrates the achieved and projected
greenhouse gas (GHG) emission reductions at Stora Enso. By the end of 2024, the company
had already exceeded its 2030 target. This milestone was primarily accomplished by fuel
switches and increasing the use of renewable energy, while improvements in energy

efficiency also contributed, though to a more minor degree.
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Figure 1. Achieved and planned GHG reductions (Stora Enso, 2024)

Although many of Stora Enso’s lime kilns have been converted to run on biofuels to reduce
CO: emissions, several still rely on fossil fuels. However, the energy efficiency of these
fossil-fuel-fired lime kilns can be improved through various methods, including enhancing
the quality of the lime mud. Higher-quality lime mud allows the lime kilns to produce the
same amount of lime using less energy, reducing fuel consumption and associated emissions.

Additionally, lime with fewer impurities improves the white liquor production process.

Previous studies have shown that a phosphorus concentration of 1 wt.% in lime can lead to

the formation of approximately 5 wt.% hydroxyapatite Cas(PO.)sOH, which negatively



affects lime quality, as it acts as a dead load in the lime cycle (UImgren, 1997). Dead load
reduces the energy efficiency of lime kilns, leading to increased fuel consumption and higher
CO: emissions. Phosphorus levels can be lowered in specific ways, and they are introduced
later in this work. By applying Ulmgren’s (1997) findings as a basis for this study, it is
possible to estimate the potential increase in lime kiln capacity if phosphorus compounds
are reduced to a certain level. Even a modest reduction in phosphorus content in the lime can

significantly enhance the kilns’ capacity.

Figure 2 illustrates the phosphorus levels in the lime mud at Stora Enso’s Kaukopéé pulp
mill. The average phosphorus concentration in lime mud has been approximately 8,000
mg/kg, ranging from about 10,000 mg/kg to 6,000 mg/kg. In 2018, the average level was
nearly 10,000 mg/kg, but it has gradually decreased. However, in 2023, the phosphorus
concentration rose again for unspecified reasons and has remained around 8,000 mg/kg. In
comparison, lime mud from other similar mills typically contains around 5,000 mg/kg of
phosphorus. Lime mud quality is not judged only by phosphorus levels, as it also contains

other non-process elements like aluminium, silica, magnesium, iron, and manganese.
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Figure 2. Lime mud phosphorus levels at Kaukopaa pulp mill compared to similar mills.
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A significant part of this thesis involved developing an Excel tool to estimate potential
energy savings and other relevant factors. The Excel tool can also be used in the future to
reassess profitability. Additionally, it can help identify potential energy savings at other mills

where phosphorus or another non-process element (NPE) levels exceed optimal values.

1.1. Research questions and objectives

The goal of this thesis is to:

e Determine whether an increased lime kiln dust removal rate is an economically

viable way to improve lime mud quality and increase lime kiln capacity.

The target of the present project is to answer the following questions:

e How do NPEs become enriched in lime mud?
e \Which NPEs in lime mud increase the dead load the most?

e How can the NPE removal rate in the lime cycle be improved?
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2. White liquor production

The kraft process is the dominant pulping process in the pulp and paper industry. In the kraft
process, wood chips are treated with white liquor at a high temperature to produce pulp.
(Tran, 2007) White liquor is a solution of active cooking chemicals, primarily sodium
hydroxide NaOH and sodium sulphide NaS. NaOH dissolves lignin in the wood fibres at
high temperatures, and Na.S accelerates this reaction (Sixta, 2006). Na.S also reduces
damage to the cell walls of the wood fibres in the cooking process (Sanchez, 2007)

A crucial part of the kraft process is its recovery process, which has three main functions:
minimize the environmental impact of the pulping process, regenerate cooking chemicals,
and cogenerate steam and power. (Tran, 2007). The recovery process diagram can be seen
in Figure 3. The kraft process consists of many sub-processes to achieve these essential tasks,
such as the evaporator plant, recovery boiler, causticizing, and lime kiln. The following

sections provide an overview of how white liquor is produced in a causticizing plant.

Lime Kiln

Woed
/ Digester \
/ White Pulp

Washing—"

Lime Lime Liquor
Mud
} Weak
Black Liquor
Causticizing
— Evaporators

Lo “}at" /eavy
Liquor .
\C\ Recovery Black Liquor

Smelt Boiler

Figure 3. Kraft recovery process (Tran, 2007)
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2.1.1. Characterisation of chemicals

The following terminology is used for the main chemicals in causticizing and lime kiln

processes.

Smelt contains sodium carbonate (Na.COs3) and sodium sulphide (NazS). It's formed

in chemical reactions inside the recovery boiler.

e Green liquor is a solution of sodium carbonate (Na.CO3) and sodium sulphide
(Na2S), formed when smelt reacts with weak wash liquor in the recovery boiler’s

dissolving tank

e White liquor is a solution of sodium hydroxide (NaOH) and sodium sulfide (Na>S),

formed in a lime slaker.

e Slaked lime or lime milk is a solution of calcium hydroxide (Ca(OH).) formed when

lime reacts with water inside the lime slaker.

e Lime mud is solid calcium carbonate (CaCO3) formed in the lime slaker

e Lime is solid calcium oxide (CaO) formed in a lime kiln.

e Lime slurry is an aqueous solution of lime mud, typically found in lime mud filters.
(Tikka, 2008)

2.2. Causticizing process

This chapter provides an overview of the process equipment commonly found in the
causticizing plant of both older and modern pulp mills. The following process phases are
presented: lime slaking and causticizing reactions, green liquor handling, white liquor

filtration, and lime mud filtration. Table 1 shows the typical composition of white liquor.



Table 1. Typical composition of white liquor (Tikka, 2008)

Compound Concentration [g/1]
NaOH 90
NazS 39
NaCOs 26,2
Na2SO.4 8
NazS203 4
Na->SOs 0,9
Others 2,5

13

The primary goal of the causticizing process is to produce white liquor with high NaOH and

Na2S concentrations and low sodium carbonate content. (Tikka, 2008). Sodium carbonate

acts as a dead load in the cooking chemical cycle. (Sixta, 2006) White liquor shouldn’t

contain calcium carbonate since it causes scale deposits in digester heaters and extraction

screens. It can negatively impact pulp quality and increase mill operational costs. (Wang,

2018). Figure 4 illustrates the chemical flows inside the causticizing plant.

Smelt Tank

Green Liquor
Stabilization

Liquor
Clarifier

/._|

Dregs Filter

Figure 4. Process flow diagram of the causticizing plant. (Sanchez, 2007)

] Weak Wash

Lime Kiln /IQI‘—"“
; Lime Mud Filter

Lime

/

Pressure Flters
White Liquor




14

The equipment in the causticizing plant varies from mill to mill, but generally, the
causticizing plant consists of multiple clarification, stabilization, and filtration equipment.
This makes the causticizing plant vulnerable to problems such as carry-overs in clarifiers

and stabilizers, and filter media plugging in filtration equipment.

2.2.1. Causticizing reaction

White liquor is a product of green liquor and lime, which are mixed in a lime slaker. The
lime slaker is the most important equipment in the causticizing plant, where the following
chemical reactions occur. At first, calcium oxide CaO reacts with water H>O, forming

calcium hydroxide Ca(OH)2

Ca0(s) + H,0(l) » Ca(OH),(s,aq) (D

This reaction occurs quickly and is exothermic; for this reason, the green liquor is usually
cooled before mixing to prevent boiling inside the slaker. Secondly, the sodium carbonate
Na,COs3 in the green liquor reacts with calcium hydroxide Ca(OH),, forming sodium
hydroxide NaOH and calcium carbonate CaCOs. This reaction is also known as the

causticizing reaction.

Na,C0s(aq) + Ca(OH),(s,aq) & 2NaOH(aq) + CaC03(s) (2)

The causticizing reaction is an equilibrium reaction, meaning it never reaches complete
conversion, even when the concentration of the reactants is increased. The efficiency of the
causticizing reaction is called causticity, which indicates how much sodium carbonate

converts into sodium hydroxide. (Sanchez, 2007)

Adding more lime to the slaker will increase the causticity, but it may be unbeneficial since

some of the additional lime will not react. In literature, the term free lime is used for the
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fraction of lime that didn’t react with green liquor. In high concentrations, free lime can blind
pressure filter media, which must be washed away to prevent operational problems (Sanchez,
2007). White liquor filter equipment is vulnerable to filter media blinding, which can cause
operating challenges in the causticizing plant. Figure 5 illustrates the relationship between
causticity and the percentage of free lime in lime mud. According to the figure, causticity

should not exceed 82%, as the percentage of free lime in lime mud will increase rapidly.

257

151

PERCENT FREE CaO IN LIME MUD

0 ] t f f t 1
72 74 76 78 80 82 84
CAUSTICITY %

Figure 5. Percentage of free lime in lime mud. (Sanchez, 2007)

Lime slakers are typically paired with three causticizer tanks, as shown in figure 4.
Causticizer tanks provide more time for calcium oxide and sodium carbonate to react,
increasing the causticizing efficiency. A large fraction of the causticizing reaction occurs in
the lime slaker; approximately 75% causticity is reached solely in the lime slaker. The
causticizing reaction finishes in causticizing tanks, where it reaches approximately a
causticity of 80 to 82% (Sanchez, 2007)
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2.2.2. White liquor filtering

Lime mud must be separated from the white liquor at the end of the causticizing reaction.
The solids content of filtered white liquor should be lower than 20 mg/L. (Tikka, 2008)
White liquor separation can be done with two different types of filtration equipment:
pressure disk filters or candle filters. (Tikka, 2008). Candle filters are typically found in older
pulp mills, whereas modern mills generally use pressure disk filters, also known as CD filters
(Sixta, 2006). The white liquor separation process has two main goals: to produce white
liqguor without residual lime mud and lime mud with low alkali levels. (Sanchez, 2005)
Residual alkali in the lime mud recirculates in the causticizing plant, negatively impacting

the lime kiln process. The candle filter can be seen in figure 6.

Lime mud
_ slurry out

Figure 6. Candle filter. (Tikka, 2008)

The candle filter operates in sequences that include both filtration and back-flushing steps.
During the filtration step, lime milk enters the pressure vessel through the center of the
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candle filter. The white liquor passes through the tubular filter elements, while lime mud is
retained on the surface of the filter media. In the back-flushing step, liquor is forced in the
reverse direction through the filter elements to remove the lime mud from the filter media,
and then a new filtration step begins. Lime mud is continuously removed from the bottom
of the vessel. (Sixta, 2006)

The main advantages of a candle filter are its simpler design and operation, and it typically
needs less maintenance than CD filters. However, they also have notable disadvantages: a
separate lime mud washer is needed, and the residual alkali content in the lime mud can be
relatively high. With candle filters, alkali circulation in the causticizing plant can be as high
as 20% (Tikka, 2008). The pressure disk filter can be seen in figure 7.

PRESSURE DISK WASHER

Slurry
from causticiser

Hot water

FILTRATE

SEPARATOR
MUD MIX TANK

Lime mud
to storage

White liquor
to storage

Figure 7. Pressure disk filter. (Sixta, 2006)

The CD filter consists of disc-shaped elements rotating within a pressurized vessel
containing lime milk. A pressure differential across the filter elements forces the white liquor
through the filter media, while the lime mud remains on the surface. A scraper removes the
collected lime mud from the filter media surface before the rotating disc re-enters the lime
milk to collect more lime mud and continue filtering white liquor. (Tikka, 2008) The



18

operating principle is similar to that of the candle filter; however, in the CD filter, lime mud

removal is mechanical, whereas candle filters rely on liquor flow for lime mud cake removal.

One of the key advantages of the CD filter is its ability to maintain alkali circulation in the
causticizing plant as low as 5%. Tikka (2008, p.152) states, “CD filters use less water and
offer greater filtration efficiency than candle filters”. Another benefit is that lime mud is
washed with the same equipment, eliminating the need for a separate lime mud washer,
which is required in systems using candle filters. However, the CD filter also has some
drawbacks. Its design and operation are more complex than candle filters and require more
maintenance. (Tikka, 2008)

CD and candle filters are acid-washed frequently to keep the filter media clean. White liquor
filters are typically acid-washed every 4 to 8 weeks using sulphamic, hydrochloric, or formic
acid. In addition, the filter material is usually replaced annually or as needed to ensure

flawless operation. (Sanchez, 2005)

After filtration, the separated white liquor and lime mud are pumped into large storage tanks.
The white liquor is then used in the digester, while the lime mud is fed into the lime Kiln,

where it is regenerated into calcium oxide for reuse in the lime slaker.

2.2.3. Lime slaker grits and green liquor dregs

A lime slaker is an agitated tank equipped with a sedimentation-type classification device to
remove unreacted lime and reject material from the process. (Sanchez, 2007). Reject material
consists of small refractory material, makeup lime impurities, and other non-slakable
components. This mixture of unreacted lime and rejects is known as lime slaker grit and is
one possible output for some NPEs, such as magnesium and phosphorus. (Milanez, 2007).
The quantity of lime slaker grits depends on the lime quality and varies from one mill to

another (Sanchez, 2005). The lime slaker is illustrated in figure 8.
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Figure 8. Lime slaker (Sanchez, 2007)

Green liquor clarifiers process raw green liquor, preparing it to be pumped to the lime slaker.
They are also used as big storage tanks. The raw green liquor from the recovery boiler
contains insoluble material known as green liquor dregs. These dregs are primarily
composed of unburned carbon and insoluble impurities, such as calcium carbonate and iron
(Sanchez, 2005). The green liquor clarifier is divided into two sections: a storage zone and
a clarification zone. A large raking device slowly rotates at the bottom of the clarification
zone, collecting green liquor dregs into a sludge pit. The transition zone has an outlet for
clarified green liquor, which should have a solid content of 100 mg/L or less (Sanchez,

2007). Figure 9 illustrates the design of a green liquor sedimentation clarifier.

RAKE DRIVE
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Figure 9. Green liquor sedimentation clarifier (Sanchez, 2007)
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Lime slaker grits and green liquor dregs are waste materials commonly disposed of in
landfills (Saeli, 2019). Before disposal, green liquor dregs are washed and filtered through
dreg filters to make them suitable for landfilling (Sanchez, 2007). Green liquor dregs and
lime slaker grits represent the most significant volume of waste the causticizing plant
generates (Sanchez, 2005). Recently, studies have shown that these materials could be used

as alternative products in agricultural and construction applications (Dos Santos, 2019).

2.2.4. Lime mud filter

Vacuum drum and disc filters are the two most common lime mud filtering equipment.
Vacuum drum filters are an older technology still used in many pulp mills, whereas disc

filters represent the new era of lime mud filtering.

The lime mud filtering process aims to increase the lime mud solids and decrease the water-
soluble alkali in the lime mud. (Tikka, 2008) Dry solid content of 80-90% is possible with
modern equipment and residual alkali of 0,15 % NaOH on dry lime mud. High residual alkali
levels can cause TRS (Total Reduced Sulfur) emissions, dead burned lime, refractory
damage, and ring formation in the lime kiln. A small amount of alkali in the lime mud is
good, since it promotes lime nodulation and lowers dusting. (Tran, 2008) The lime mud
moisture level significantly impacts lime kiln energy consumption, which can be seen in
figure 10. (Adams, 2008)

Heat Rate, GJ/tonne Ca0
O = N W A O O N

60 65 70 75 80 85 90
Lime Mud Dry Solids, %

Figure 10. Lime mud dry solids effect on lime kiln heat rate (Adams, 2008)
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As the name suggests, a vacuum drum filter uses pressure to filter lime mud. A large drum
rotates slowly in a lime mud slurry, and the vacuum draws the slurry onto the drum’s surface.
The liquor passes through the filter media, while the lime mud remains on the outer surface.
The collected lime mud is then scraped off the drum, rotating back into the slurry to repeat
the cycle. (Sanchez, 2005). Figure 11 illustrates the drum and scraper of the lime mud filter.

Figure 11. Vacuum drum filter (Sanchez, 2005)

Positioned below the scraper blade is the conveyor blade, which transports the dried and
washed lime mud to the lime kiln. Over time, the lime mud precoat on the filter media blinds
and must be renewed. In earlier methods, the precoat was blown onto the conveyor belt and
then transferred to the lime Kkiln or a bunker. The modern approach, however, involves

continuous precoat renewal using high-pressure water nozzles (Tikka, 2008).

The lime mud disc filter operates on the same principles as the drum filter. Its design is more
compact, as the filter surface area is divided across double-sided rotating discs rather than a
single large drum. Tikka (2008, p. 156) states, “because of its shorter inner filtrate pipes and
more effective cake renewal equipment, the disc filter has better washing and drying

capacity.” Typically, disc filters can be found in new pulp mills, and some older pulp mills
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have replaced vacuum drum filters with disc filters. Lime mud disc filter can be seen in

figure 12.
HOT WATER
TO VACUUM PUMP
i
LIME MUD
TO KILN
LIME MUD

FROM STORAGE

Figure 12. Lime mud disc filter (Tikka, 2008)

2.3. Lime kiln process

This chapter provides an overview of the process steps in lime kilns. It also discusses the
quality of reburned lime and its impact on the causticizing process. Additionally, alternative

fuels used in lime kilns are examined, and their advantages and disadvantages are evaluated.

The lime kiln is a key part of the kraft recovery process. It’s used to regenerate calcium
carbonate CaCO:s into calcium oxide CaO, which is used to produce white liquor in the
causticizing plant. The reaction in which CaCOs decomposes into CaO and CO: is called
calcination reaction. Lime reburning is a highly energy-intensive process, as decomposing
CaCOg into CaO requires a high reaction temperature. Lime mud drying and heating phases
also consume a significant amount of energy. Lime kilns are typically fired with fossils or
biofuels. (Berglin, 2022).
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The lime kiln process can be divided into four different phases:

e Drying: Hot flue gases evaporate moisture in the lime mud

e Heating: lime mud heats to the reaction temperature of 800°C

e Calcination: reaction temperature is reached, and CaCOg turns into CaO and CO>

e Cooling: lime is cooled down before leaving the kiln (Tikka, 2008)

The following chapters provide a more in-depth review of these phases.

Lime drying has two alternative methods: the traditional method, which uses a chain section
to enhance heat transfer (Adams, 2007), and the modern method, which uses a separate lime
mud dryer, also known as an LMD. The chain section typically makes up 20% of the total
length of the lime Kiln. If the lime Kkiln uses a lime mud dryer, the lime kiln can be shorter,
as most of the drying occurs outside of the kiln. Some old pulp mills have removed the entire
chain section of their lime kiln and replaced it with an LMD dryer, eliminating the need for
chain maintenance. (Tikka, 2008) Approximately 20% of the total energy in the lime kiln
process is used to dry the lime mud. (Adams, 2007)

After the lime mud has dried, the heating and calcining phase begins. The lime mud travels
slowly towards the burner in the rotating kiln and heats. As the lime reaches a temperature

of 800°C, a calcination reaction begins.

CaC03(s) = CaO(s) + CO,(g) (3)

If the temperature is too high, it will result in poorly slaking, hard-burned lime. (Tikka, 2008)
High temperatures may damage the lime kiln's refractory. Typically, refractory bricks in the
high-temperature zone are composed of 70% alumina to sustain a hot environment. (Adams,

2007) If the temperature is too low, the residual carbonate in the lime increases since lime
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mud doesn’t calcinate properly. The calcination process consumes approximately 34% of
the total energy used in a lime kiln (Adams, 2007). Figure 13 illustrates the temperature
profiles of gas and solid particles within the lime kiln. The gas temperature must be
significantly higher than the solids, since the lime kiln has a poor heat transfer efficiency
(Tikka, 2008).
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Figure 13. Schematic of a lime kiln with temperature profiles of solids and gas (Sixta, 2006)

The final phase of the process includes lime cooling, screening, and crushing. Hot lime
nodules enter the product cooler, where they simultaneously preheat the combustion air
(Tran, 2016). The most common product coolers are sector and satellite coolers, which are
directly attached to the lime kiln and rotate at the same speed (Tikka, 2008). Large lime
particles are separated from smaller ones and crushed using a hammer mill. The lime is then
stored in a silo for later use in slaking. Pulp mills typically have one silo for reburned lime

and another for make-up lime.

2.3.1. Reburned lime quality

The lime's quality depends on its residual carbonate, availability, and reactivity. (Tran, 2007)

The residual calcium carbonate of the reburned lime indicates the success of the calcination
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reaction, and the target value is usually 2-3 wt.%. (Sixta, 2006) Typically, lime samples are
taken regularly to monitor the current residual carbonate level in the lime. The residual

carbonate often controls the lime kiln’s front-end temperature. (Tran, 2007)

Lime availability refers to the percentage of lime that reacts in slaking, typically 85-95%.
Residual calcium carbonate and impurities decrease lime availability. Therefore, indicating
any inert material accumulated in the lime cycle. (Tran, 2007) Low lime availability usually
means NPEs such as phosphorus, silicon, magnesium, or aluminium are accumulated. Lime
availability can be increased by opening the lime cycle or decreasing the residual calcium
carbonate. (Tikka, 2008) In this context, opening means material containing accumulated

non-process elements is removed and replaced with pure material.

Lime reactivity refers to the speed at which lime can be slaked in the slaker, and it depends
on lime nodule size and residual calcium carbonate. Lime nodules should have a diameter
of 20-30 mm. (Tran, 2007) Small lime nodules have a higher total surface area and lower
residual calcium carbonate. Larger nodules contain a dark, uncalcined core that reduces lime
reactivity, as illustrated in figure 14. Small lime nodules slake within 5 minutes, whereas
larger ones may take 15-20 minutes to slake. Longer slaking time means the causticizing

reaction starts later, which could decrease the overall causticizing efficiency. (Tran, 2016).
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Figure 14. Cross-section of nodules from a lime kiln. (Tran, 2005)
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Figure 15 represents how the total surface area of lime nodules affects the slaking time and
causticizing efficiency. In this graph, the reburned lime with a specific surface area of 0,27
m?/g slakes much slower than the reburned lime with a specific surface area of 0,43 m?/g.
The quicklime in this graph has a specific surface area of 1,9 m?/g and slakes more efficiently
than the reburned lime. The reburned lime with the lowest specific total surface area didn’t

achieve as high a causticizing efficiency as the two other limes.

100 T T T T T T

| T | T I
;':'.9- :;Ia zimum CE for CaO/Na,CO, = 0.79 mol/mol
- HD T e o= o o o o o oo v oom oo oo 55 o om o o o S ma mm mr me e e e M e -
5 Jtpteiate’ 3 s
.---._.'-_-"_._- —
=z /.—r"'. ™1 i S
(11 . - L'_'_'_-_--_-_-___-
5 ./ /- ‘._._.___,_._-—-—"_"
= sof- o m — —
L £ —
LL o A 80 T T T
e
v [ / . o s=tu N
O] r @ Quicklime, 1.9m*/g O o g-® a—
Z a0 | X | m Reburned lime, 0.43 m*/g T _
N / A Reburned lime, 0,27 m*/g| 4of- [ ™ pe .
Q = i i N
o 20 |— p —
{ o :"'" 1 1 1
(-) - [ 5 10 5 10 ]
Y
o i | 1 ] | | i | I |
0 20 40 60 80 100

TIME, min

Figure 15. The effect of specific surface area on causticizing efficiency. (Tikka, 2008)

2.3.2. Alternative fuels

Approximately 150 kg of fuel oil or 200 Nm3 of natural gas is required to produce one ton
of lime. (Sixta, 2006). A lime kiln's energy efficiency is expressed as a heat rate GJ/tCaO.
(Adams, 2007) Lower heat rates mean less energy is needed to produce the same amount of
lime. The typical heat rate of a lime kiln is 6 to 10 GJ/tCaO. In many pulp mills, lime kiln
processes remain the only operation that relies on fossil fuels, apart from mill start-ups and

shutdowns.
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Many pulp mills have changed their lime kiln fuel from fossil fuels to biofuels to reduce
carbon dioxide emissions. In 2020, 90% of the energy used in Swedish lime kilns was
supplied by biofuels, whereas in Finland, 45% came from biofuels. (Berglin, 2022) In
Sweden, the most used biofuels in lime kilns are tall oil pitch and powdered wood and bark.
Fuel consumption in various Finnish pulp mills is illustrated in figure 16. In Finland, natural
gas is the most common fuel in lime kilns, followed by fuel oil. The most common biofuels

used in Finnish lime kilns are gasified bark and tall oil pitch.

Fuel consumption in lime kilns in Finnish mills 2020 (GWh)
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Figure 16. Fuel consumption in Finnish pulp mills (Berglin, 2020)

Changing the lime kiln fuel from fossil fuels to biofuels is not straightforward, as it typically
requires different types of equipment than those used for fossil fuels. Tall oil pitch can be
fired in similar burners like fuel oil, but pumping or storing it requires corrosion-resistant
materials (Karlemo, 2023). Tall pitch oil is obtained as a residue of crude tall oil distillation.
(Vela, 2023) Tall oil pitch supply depends on tall oil production and is a limited resource, so
it’s not an option for all mills globally. (Berglin. 2022). Bark gasifier can be seen in figure
17.
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Figure 17. Typical configuration of gasifier system (Andritz, 2019)

Bark is a by-product of the debarking process, and it usually has a good supply in pulp mills.
Firing gasified bark into a lime kiln requires a bark dryer to decrease the bark moisture level
to a suitable level and a gasifier plant to convert the dried bark into a product gas consisting
mainly of hydrogen, carbon monoxide, and various hydrocarbons. The product gas heating
value is typically 5-7 MJ/Nm?, much lower than natural gas and fuel oil. Gasifying birch
bark results in 5% to 15% higher heating value than softwood bark. Lime kilns equipped
with biofuel firing systems typically have lower availability compared to other parts of the

modern kraft pulp mill (Berglin, 2022)
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3. Non-process elements

Modern pulp mills have evolved more into closed systems where every side stream is reused
whenever possible to minimize waste. This approach has made pulp mills more
environmentally friendly and cost-efficient since reusing side streams can reduce the need
for make-up chemicals. However, this type of behavior can lead to the enrichment of certain
non-process elements (NPEs), which may cause problems in the recovery cycle. NPEs are
chemicals present in the process but do not play an essential role in chemical reactions
(Salmenoja, 2004).

Most NPEs originate from wood, process water, and make-up chemicals. (Ulgmren, 1997)
Recently, attempts have been made to use the recovery cycle as a disposal point for
biological sludge. (Tran, 2007) Biological sludge is a byproduct of the waste treatment
system and contains NPEs such as aluminum and phosphorus. Sludges with a high
concentration of NPEs can be troublesome in the recovery cycle. Firing biological sludges
in the recovery boiler adds another input of aluminum and phosphorus into the recovery

cycle.

Biofuels, such as gasified bark, can increase the levels of manganese and phosphorus in the
recovery cycle (Karlemo, 2023). The concentration of NPEs is almost ten times higher in
bark than in stem wood. (UImgren, 1997) The increased use of biofuels in the kraft pulp mill
can increase the need for NPE removal. The lime cycle must partially open the purge Mg, P,
Al and other accumulated NPEs from the system. (Ulmgren, 1997)

Figure 18 shows the content of some NPEs in lime mud for two different pulp mills. (Berglin,
2022) Mill 1 uses gasified sawdust, and Mill 2 uses gasified bark as fuel in the lime kiln.
Mill 1 has a much lower NPE content in its lime, as sawdust is technically stem wood and

consists of significantly fewer NPEs than bark. The lime purging rate in a mill that uses
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gasified bark must be nearly doubled compared to a mill that uses fossil fuels. (Berglin,
2022)
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Figure 18. NPE content in lime (Berglin, 2022)

NPE levels in the recovery cycle can be monitored by collecting and analyzing samples from
various process chemicals, such as lime mud, ESP ash, and biological sludge. A reference
point for each non-process element in the system is essential to determine whether the
concentration is acceptable (Ulgmren, 1997). Significant and sudden changes in non-process
element concentrations may indicate a problem in the recovery cycle. Historical data on NPE
concentrations in process chemicals provide valuable information for continuous process

development.

In the recovery cycle, NPE accumulation can lead to scaling, plugging, corrosion, and
increased dead load. Typical operating problems caused by NPEs are presented in figure 19.
To prevent these issues, NPEs are removed through natural purging points, often called the
kidneys. The most critical purging points in the recovery cycle are green liquor dregs, lime
slaker grits, and ESP ash (Doldan, 2011). Green liquor clarification or filtering will be even

more critical in a system with high closure. (Ulgmren, 1997)
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Figure 19. Summary of some NPE problems if the NPEs are left to accumulate (Karlemo,

2023)

Here are a few harmful effects of different non-process elements in the recovery cycle, along

with the possible NPEs responsible for each effect:

e Corrosion: K, Cl, Mg

Scales, deposits: Al, Si, Ca, Ba

e Plugging in recovery boiler: K, ClI

e Inerts in the lime cycle: P, Mg,Al, Si

e Impacts on TCF bleaching Mn, Fe, Cu

e Impact on the environment N, P, Cd, Pb (UImgren, 1997)
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NPEs can be categorized into groups based on their solubility in alkaline solutions. For
example, Mg, Ca, Mn, Fe, and other transition metals form insoluble inorganic compounds
in alkaline solutions and are removed with natural purging points, such as green liquor dregs,
lime slaker grits, and lime mud. Al, Si, K, and CI are soluble in alkaline solutions, so they
accumulate in the liquor cycle and are much harder to remove from the recovery cycle than
insoluble compounds. Mg, Al, P, Mn, Fe, and Si accumulate in the lime cycle. (Ulmgren,
1997).

3.1. Characterization of non-process elements

The following section reviews different NPEs individually in the recovery cycle, including
their primary inputs, effects on the process, and removal methods. The elements reviewed
in this chapter are P, Si, Al, Mg, Mn, Ca, K, and CI.

3.1.1. Phosphorus

Phosphorus enters the mill through wood and biological sludge if fired in the recovery boiler
(Salmenoja, 2013). Wood contains between 50 and 100 g/ADt of phosphorus (Ulmgren,
1997). Biological sludge from the waste treatment system contains 1.8 mass percent

phosphorus in dry weight (Alakangas, 2000).

Phosphorus exists as a phosphate compound in green and white liquors due to its high
solubility in alkaline solutions. (Mousavi, 2020) When lime is added to green liquor,
phosphate ions react with calcium in lime, forming calcium phosphate compounds such as
hydroxyapatite Cas(PO4);OH. Hydroxyapatite has low solubility in green and white liquors
and accumulates in lime over time. Hydroxyapatite acts as an inert material in lime, reducing
its availability. Ulmgren and Radestrom claimed that phosphorus concentrations of 1 wt.%

in lime can lead to approximately 5 wt.% hydroxyapatite (Ulmgren, 1997).

Phosphorus increases the dead load in the lime cycle and negatively impacts energy
consumption in a lime kiln. High phosphorus levels in lime mud are not expected to affect

lime mud filtration. (Taylor, 2006) Some mills have observed phosphorus accumulation in
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lime Kkiln dust, suggesting it could serve as a purging point (Haggstrom, 1999). The pre-coat
of the dregs filter serves as a passive lime mud purge point and is a simple and effective way

to control phosphorus in a recovery cycle. (Edwards, 2004)

3.1.2. Magnesium

Magnesium enters the mill with wood and make-up lime. Wood contains between 75 and
2509/ADt of magnesium (Ulgmren, 1997), while make-up lime contains between 0.6 and 3
mass percent phosphorus in dry weight. Magnesium reacts with water in lime slakers and
forms magnesium hydroxide. Magnesium hydroxide causes filter plugging and settling
problems in causticizers and green liquor clarification (Salmenoja, 2013). Magnesium is
removed from the recovery cycle through green liquor dregs and grits. Magnesium
accumulates slightly in lime kiln dust. Therefore, lime kiln dust could be used as a purging

point for magnesium compounds.

3.1.3. Manganese

Manganese enters the mill primarily with wood and contains between 50 and 200 g/ADt of
manganese (Ulgmren, 1997). Manganese does not cause any significant problems in the
recovery cycle and is usually removed from the process by green liquor grits and dregs
(Salmenoja, 2013). However, manganese may change lime mud's color if carried over from
green liquor filtration or clarification. High manganese levels in the lime mud can lead to

increased dusting in the lime kiln (Berglin, 2022)

3.1.4.1ron

Iron enters the mill through wood and from steel because of corrosion of the process
equipment. (Salmenoja, 2013). Iron can discolor the lime and cause dusting inside the lime
kiln (Belgrin, 2022). Most iron is removed from the recovery cycle as green liquor dregs.

Iron and manganese can affect the efficiency of TFC bleaching. (Bryant, 1995)
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3.1.5. Aluminium

Aluminium enters the mill through wood, make-up lime, process water, and biological
sludge if burned in the recovery boiler (Berglin, 2022). Wood contains between 12 and 35
g/ADt of aluminium, and make-up lime can have up to 0.3-0.6 wt.% aluminium (Ulmgren,
1997). Biological sludge from the waste treatment system contains 1.4% aluminum on a dry
basis. (Alakangas, 2000) To minimize issues, make-up lime with high aluminium content
should be avoided (Ulmgren, 1997).

Aluminium reacts with silicon to form aluminosilicates, which cause scaling in black liquor
evaporators (Ulmgren, 1997; Tran, 2007). Scaling reduces heat transfer efficiency.
Aluminium also reacts with magnesium to form hydrotalcite, an insoluble salt that can be

removed with green liquor dregs (Ulmgren, 1997).

3.1.6. Silica

Silica enters the mill via wood, make-up lime, and process water (Berglin, 2022). Wood
contains between 2 and 25 g/ADt of silica; make-up lime can have up to 1 wt.% silica. In
the recovery cycle, silica can form sodium aluminosilicates, which cause scaling on heat
exchanger surfaces in the evaporator plant. (UImgren, 1997). These scales might be tough

to remove.

High levels of silica can lead to problems with lime mud filtration (Tran, 2007). Silicon is
distributed throughout all sub-processes of the recovery cycle, making it difficult to establish
a reliable purging point. (Belgrin, 2022) There are no good purging points for silica, so it is

advised to use make-up lime with low silica content (Ulgmren, 1997)

3.1.7. Chlorine and potassium

Chlorine and potassium enter the pulp mill with wood, make-up chemicals, bleaching
chemicals, and biosludge (Belgrin, 2022). Wood contains between 300 and 800 g/ADt of
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chloride and potassium. (Ulmgren, 1997). Biological sludge from the waste treatment system

contains 1.2 mass percent of chloride on a dry basis (Alakangas, 2000).

The effects of high chlorine and potassium concentrations in the process can be seen first in
the recovery boiler, where both chemicals lower the melting temperature of ash. This
increases fouling on heat transfer surfaces and causes superheater corrosion (Salmenoja,
2004). Since the recovery boiler’s ESP ash contains large amounts of chloride and
potassium, it can be used as a reliable purging point (Ulmgren, 1997). However, ESP ash
also contains significant amounts of sulphur and sodium, meaning that purging it results in

the loss of valuable chemicals. (Doldén, 2011)
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4. Experimental part

The experimental part of this thesis work was divided into three phases. First, a large amount
of data was collected from different sources. Secondly, the data was organized and adjusted
to match the same time intervals. Finally, the processed data was used to form correlations

and draw conclusions.

The structure of the experimental part is the following:

e Review of the process equipment in Kaukopé&a pulp mill

e Data preparation

e Different options with corresponding approaches

4.1. Review of the process equipment

Kaukopaa pulp mill has two lime kilns. Lime kiln 3, built in 1988, is a traditional lime kiln
with a chain section. It is 115 meters long, has a diameter of 4 meters, and a maximum
capacity of 500 tCaO/d. Lime kiln 4, built in 1992, is 75 meters long, has a diameter of 3.6
meters, and a maximum capacity of 300 tCaO/d. Lime kiln 4 is equipped with a lime mud
dryer (LMD) instead of a chain section. Process flow diagrams for both lime kilns are shown

in Figure 20.
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Figure 20. Process flow diagram of lime kilns (Stora Enso)

Lime mud filters 1 and 2 feed lime mud into lime kiln 3, while lime mud filter 3 feeds lime
mud into lime Kiln 4. Lime mud is stored in two lime mud tanks, and burned lime is stored
in two lime storage silos. The larger lime storage contains lime nodules from Lime Kiln 3,

while the smaller lime storage contains make-up lime and lime from Lime Kiln 4.

Lime mud storage tanks have agitators to keep the lime mud suspended and ready for
pumping. To ensure continuous operation, the agitators are equipped with a backup power
source in case of a power outage. Lime kiln electric motors are also linked to the backup
power source, and they have a diesel-powered engine to rotate the lime kiln in the event of
backup power failure. Lime mud tank agitators or lime kilns shouldn’t stop rotating in any

operational situations.
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4.2. Data preparation

Research in the experimental part began by collecting data from sources such as energy
reports and distribution control systems. The aim was to determine what values have been

for the following parameters from 2018 to the present:

Energy consumption in both lime kilns

Lime mud production and heat rate

Lime mud elemental properties

Lime kiln dust

4.2.1. Energy consumption in lime kilns

Both lime kilns use natural gas or heavy fuel oil as their primary fuel. Fuel consumption is
recorded in monthly energy reports. Natural gas consumption is measured in cubic
decameters, while heavy fuel oil is measured in tons. Natural gas has a lower heating value
of 35.6 MJ/m3, whereas heavy fuel oil has a lower heating value of 39.5 GJ/t. (Alakangas,
2000) Energy consumption for each kiln is calculated by multiplying the fuel consumption
by its lower heating value. Energy consumption was determined because it is needed to solve

the energy efficiency for both lime kilns.

4.2.2. Lime production

The distributed control system has a lime production counter for both kilns. This counter is
typically based on lime mud density, flow rate, and other factors. Lime mud is fed into the
kiln with a long conveyor belt, as shown in figure 20. The belt can rotate in two different

directions: under normal conditions, it feeds lime mud into the kiln, but in certain situations,
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lime mud is discharged into a bunker. The lime production rate for lime kiln 4 is shown in

figure 21.
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Figure 21. Lime production rate in LK4.

Figure 22 illustrates the conveyor belt's rotation direction over one year, where "0" indicates

lime mud is fed into the kiln, and "1" indicates that it rotates in the opposite direction.
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Figure 22. Rotating direction of lime mud conveyor belt in LK4.

In lime kiln 4, the lime production counter does not reach zero when the conveyor rotates
into opposite direction, indicating that the data shown in figure 21 may be unreliable. To

address this, the data in figure 21 is filtered by setting the values to zero during periods when
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the lime mud conveyor belt rotates in the opposite direction. As a result, the graph presented

in figure 23 is generated.
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Figure 23. Lime production in LK4 after filtering.

Figure 23 provides reliable data for further analysis. Fixing the issues mentioned in the lime
production counter is recommended to ensure proper operation. Lime kiln three production
counter was reliable, so it can be used as it is. Data filtering is necessary in tasks like this,
since such errors can significantly impact the accuracy of the results. Additionally, figure 23

is transposed to a cumulative graph.

The cumulative graph represents the production rate for every month, as shown in figure 24.
Each pattern represents one month, with the highest point indicating the total production for
that month. Production was lower than average in February, March, and November. Lime
production rate and energy consumption are used to calculate lime kilns' energy efficiency,

also known as the heat rate.
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Figure 24. Cumulative graph of lime production for one year in LKA4.

4.2.3. Lime mud elemental properties

Lime mud elemental properties and dry solid content have been monitored since 2018. One
lime mud sample has been taken once a week from lime mud filter three, and its dry solid
content and the concentrations of Al, Ca, Cd, Fe, K, Mg, Mn, Na, P, Si, and Zn have been
determined. Lime mud elemental properties were used to form correlations between non-
process elements and other data values, such as lime kiln dust removal rate and lime mud

production rate. Lime kiln dust removal rates are recorded at one-month intervals from 2020.

Table 2 shows the average composition of lime mud at the Kaukopaa pulp mill compared to
typical values from the literature. The data from 2018 to the present indicates that
phosphorus and sodium levels are higher at Kaukop&&. The higher phosphorus levels may
be due to insufficient removal, while the increased sodium could result from the use of candle
filters in white liquor filtration. According to Tikka (2008), candle filters can increase alkali
circulation in the causticizing plant by up to 20%. Silica and aluminium levels are
considerably lower in Kaukopaa pulp mill compared to the typical values from the literature.
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Table 2. Comparing typical lime mud (Ulmgren, 1997) to lime mud in Kaukopé&a pulp mill

Unit Typical(Average) Imatra(Average) Typical(Range) Imatra(Range)

CaCOs mf% 95,00 94,76 92-97 93-97

Na.O mf% 1,14 1,92 0,5-1,6 1,43-2,57
MgO mf% 1,04 1,08 0,4-1,6 0,66-1,52
SOz mf% 091 - 0,3-2,5 -

P20s mf% 0,86 191 0,2-1,4 0,5-3

SiO; mf% 0,50 0,13 0,1-1 0,08-0,18
Al,O3 mf% 0,14 0,04 0,05-0,4 0,01-0,07
Fe20s3 mf% 0,05 0,03 0,01-0,4 0,01-0,13

K20 mf% 0,09 0,04 0,04-0,12 0,02-0,12

Both lime kilns have two electrostatic precipitators (ESPS) to remove dust particles from the
flue gases. In lime kiln 3, both ESPs collect lime kiln dust (LKD) and return it to the kiln's
feed end. In lime kiln 4, which is newer and equipped with a lime mud dryer (LMD), the

4.2.4. Lime kiln dust

first ESP functions similarly, collecting and returning LKD to the kiln's feed end. However,

the second ESP in lime kiln 4 removes LKD from the process, and the removed dust is stored

in a separate lime Kiln dust silo.

At the Kaukopéaa plup mill, it was found that many of the non-process elements, most

importantly phosphorus, are enriched in lime kiln dust. Table 3 presents the elemental
analysis of lime mud and lime kiln dust from lime kiln 4. According to the data in table 3,

the lime kiln dust contains approximately 70% more phosphorus than the lime mud."
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Table 3. Lime mud and lime kiln dust elemental analysis (Makeld, 2020)

Element Unit Lime mud  Lime Kiln Dust

Dry Solids % 77,4 99,9
Al mg/kg,ds 120 190
Ca mg/kg,ds 402000 395300
Cd mg/kg,ds 5,8 1,1
Fe mg/kg,ds 77 140
K mg/kg,ds 180 180
Mg mg/kg,ds 3980 5860
Mn mg/kg,ds 300 430
Na mg/kg,ds 9170 8750
P mg/kg,ds 9100 15500
Si mg/kg,ds 520 780
Zn mg/kg,ds 2,9 19

4.3. Correlation model

Previous research in the Kaukopaa pulp mill had shown that phosphorus is enriched in the
lime Kkiln dust. Therefore, the phosphorus level in the lime mud was strongly believed to
depend on the lime kiln dust removal rate. The process began by comparing the historical
data of phosphorus levels in the lime mud to the lime kiln dust removal rates. Lime kiln dust
removal rates were recorded in one-month intervals, so the time step for the first correlation

model was set to one month. As a result, no variable dependence was found between them.

However, when the time step was changed to a six-month average, it was found that these
two variables are partially dependent on each other. As a result, a correlation model was
developed, which can be used to estimate the required lime kiln dust removal rate for the

desired phosphorus level in the lime mud.

LKD = 3082,3¢~0.0003xP (4)

, Where LKD is the monthly lime kiln dust removal rate[ton] and P is the phosphorus level

in the lime mud[mg/kg].
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Figure 25 shows the correlation between the phosphorus level in lime mud and the LKD
removal rate. Each data point represents a six-month average of the LKD removal rate and
phosphorus content. Some data points were excluded from the model due to lower
production rates in lime kiln 4, which helped enhance the model’s accuracy. Reducing the
phosphorus content in lime mud at lower concentrations requires a proportionally significant
increase in LKD removal than in higher concentrations. This effect can also be observed in

the proposed options.
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Figure 25. Relationship between LKD removal rate and lime mud phosphorus level.

It is important to note that the model's correlation coefficient (R?) is 0.42, meaning that the
independent variables account for 42% of the variance in the dependent variable. A higher
R2 value generally indicates a more effective model, with values ranging from 0 to 1. An R?2
of 0 means no relationship between the variables, while an R2 of 1 represents a perfect

correlation.
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The remaining 58% of variability in the dependent variable can be attributed to factors not
captured by the model. These factors could include any inputs or outputs of phosphorus in
the recovery cycle. For example, the green liquor dreg filter, which continuously removes
lime mud from the recovery cycle, might influence the results. Biological sludge, which is
burned in the recovery boiler, could also affect the correlation model.

4.3.1. Different options and corresponding strategies

This chapter presents the current phosphorus level in the lime mud, the lime kiln dust
removal rate, and the consumption of make-up lime. The proposed options would have lower

phosphorus levels, higher lime kiln dust removal rates, and make-up lime consumption.

e Initial situation: In 2024, the phosphorus level in the lime mud was approximately
7000 mg/kg, or 1.77 wt.% on a dry basis. Each month, 390 tons of lime kiln dust
were removed from the process, and 203 tons of make-up lime were added to

maintain the lime balance in the causticizing plant.

The proposed solution is to increase the lime kiln dust removal rate in lime kiln 4, doubling
the lime kiln removal rate and further opening the lime cycle. The lime kiln dust is removed
and replaced with make-up lime. Three different options are suggested, each with a different

target phosphorus level for the lime mud:

e Option 1: Target phosphorus level of 6000 mg/kg, or 1.5 wt.%. A total of 510 tons
of lime kiln dust would be removed monthly, with 277 tons of make-up lime added

to maintain the lime balance in the causticizing plant.

e Option 2: Target phosphorus level of 5000 mg/kg, or 1.25 wt.%. A total of 687 tons
of lime kiln dust would be removed monthly, with 374 tons of make-up lime added

to maintain the lime balance in the causticizing plant.
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e Option 3: Target phosphorus level of 4000 mg/kg, or 1 wt.%. A total of 930 tons of
lime kiln dust would be removed monthly, with 505 tons of make-up lime added to

maintain the lime balance in the causticizing plant.
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5. Results

This chapter presents the key results of this work. The profitability calculations' results are
represented and evaluated individually. The effects of the additional make-up lime intake

are observed, and the proposed method for increasing lime kiln dust is discussed.

5.1. Evaluating the profitability of the options

When the phosphorus content is reduced, lime becomes purer and has a higher concentration
of CaO than previously. An increase in purity means that each ton of produced lime contains
more Ca0, allowing the lime kilns to produce more lime than before while using the same
amount of energy. Energy savings are calculated based on the increased kiln capacity in the
chosen option.

The chosen option's profitability depends on the fuel prices and make-up lime, and it may
become even more profitable if the prices of natural gas or heavy fuel oil increase in the
future. Energy savings in both lime kilns are calculated using the current natural gas and
make-up lime prices. The results of the different options are shown in table 4.

Table 4. Different options

Unit Option 1 Option 2 Option 3
Capacity increase in lime kilns % 1,37 % 2,70 % 4,02 %
Energy savings in lime Kilns €/a Moderate High High
Additional make-up lime costs  €/a Low Moderate High
Total savings €/a Low Low Moderate

In option 1, the additional make-up lime costs are low, and energy savings are moderate.
This will result in positive annual savings, but not as high as options 2 and 3. The 1.37%
capacity increase in both lime kilns raises the maximum capacity in LK4 from 300 tCaO/day
to 304 tCaO/day, and in LK3 from 500 tCaO/day to 507 tCaO/day.
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In option 2, the additional make-up lime costs are moderate, and energy savings are high.
The annual savings are higher than in option 1. The 2.70% capacity increase in both lime
Kilns raises the maximum capacity in LK4 from 300 tCaO/day to 308 tCaO/day, and in LK3
from 500 tCaO/day to 513 tCaO/day.

In option 3, both the additional make-up lime costs and energy savings are high. The annual
savings in option 3 are marginally higher than those in option 2. The 4.02% capacity increase
raises the maximum capacity in LK4 from 300 tCaO/day to 312 tCaO/day, and in LK3 from
500 tCaO/day to 520 tCaO/day.

While the capacity increase in daily volumes may seem small, lime kilns typically operate
with high availability, meaning even a slight change in capacity can accumulate over time.
Ideally, lime production should only require one planned stop every 12 to 18 months. The
lime kilns' OEE (Overall Equipment Effectiveness) increases as lime quality improves. It’s
important to note that these changes do not occur immediately, as achieving a lower

phosphorus concentration in lime mud takes time.

Figure 26 illustrates the profitability of all the options. Option 3 offers the highest increase
in lime kiln capacity, leading to the highest total savings. However, it also incurs the highest
additional make-up lime costs, which must be considered. The total savings in Option 3 are
only a 10% increase compared to Option 2, which is a marginal gain. Decreasing the
phosphorus level in lime mud to as low as 4000 mg/kg may not be beneficial, as the

profitability increase is minimal. Option 2 provides a good balance between increased
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capacity, energy savings, and make-up lime costs. It offers decent savings without the high
costs of Option 3.
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Figure 26. Profitability of different options.
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Figure 27 represents the make-up lime consumption and lime kiln dust removal rates. Each
option substantially increases the LKD removal rate, which reaches its maximum in option

three at over 900 tons per month.
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Figure 27. LKD removal rate and make-up lime consumption.

Even if the LKD removal rate is doubled in lime kiln 4, it would still not be sufficient to
reduce the phosphorus concentration in the lime mud to as low as 4,000 mg/kg, making
option three impossible. This leaves option one and option two as the only viable targets.
The LKD removal rate introduced in option 2 is achievable if lime kiln 4 operates most of
the time. Option 1 is the easiest to achieve and provides relatively good benefits.

Increasing the LKD removal rate is a profitable way to increase lime kiln capacity with the
current fuel and make-up lime prices. The capacity increase ranges from 1% to 4%,
depending on the LKD removal rate. The increased lime kiln capacity enables the
causticizing plant to produce more white liquor. Additionally, decreased inert material in

lime enhances the lime slaking process.
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5.2. Effects of additional make-up lime

Opening the lime cycle by removing lime kiln dust and replacing it with make-up lime has
certain drawbacks. In 2024, approximately 2500 tons of make-up lime were used, and the
proposed options would increase this number further. As make-up lime consumption
increases, non-process elements present in the make-up lime can begin to accumulate in the

recovery cycle.

Make-up lime may contain significant amounts of aluminum, silica, magnesium, and iron.
The composition of the makeup lime depends on the supplier, and typically, high-quality
makeup lime has a low number of impurities but is more expensive. Choosing a good

makeup lime can impact the overall NPE levels in the recovery cycle.

The elemental analysis of three different make-up limes and lime kiln dust is presented in
Table 5. According to the table, typical make-up lime consists of approximately 95%
calcium and 5% impurities. Lime kiln dust contains 92.5% calcium and 7.5% impuirities.
Some make-up limes contain significant amounts of non-process elements. For example,
make-up lime 3 contains 3 wt.% magnesium, which is considerably higher than in lime kiln
dust and the other make-up limes. The concentrations of phosphorus, potassium, manganese,
and sodium in make-up lime are generally much lower than those of magnesium, silicon,

and aluminum.

Table 5. Make-up lime compared to lime kiln dust.

Lime Kiln Make up

Dust lime Make-up Make-up Make-up

Element Unit Kaukopaé Average lime 1 lime 2 lime 3
Ca mf-% 92,544 95,984 95,500 97,953 94,500
Mg mf-% 1,372 1,311 0,600 0,334 3,000

Si mf-% 0,183 0,680 0,450 0,890 0,700

Al mf-% 0,044 0,208 0,070 0,154 0,400

Fe mf-% 0,033 0,132 0,040 0,156 0,200

P mf-% 3,629 0,021 0,027 0,015

K mf-% 0,042 0,092 0,020 0,165

Mn mf-% 0,101 0,177 0,020 0,334

Na mf-% 2,048 0,010 0,010
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Table 6 shows which NPE levels increase or decrease when the lime cycle is further opened,
as previously described. To simplify, these calculations only consider lime kiln dust as an
NPE output and make-up lime as an NPE input. Make-up lime consumption is approximately
half the amount of lime kiln dust removed.

Table 6. NPE flows in the lime cycle

Element Unit 2024 Option 1 Option 2 Option 3
Mg kg/month -2459 -3355 -4529 -6113
Si kg/month 700 955 1289 1740
Al kg/month 256 349 472 637
Fe kg/month 146 199 268 362
P kg/month -13505 -18428 -24876 -33579
K kg/month 30 41 56 75
Mn kg/month -16 -22 -30 -41
Na kg/month -1627 -10408 -14050 -18965

For example, the lime kiln dust contains 1.372 wt.% magnesium, and the monthly removal
rate is 373 tons. This results in 5121 kg of magnesium being removed from the process each
month. On the other hand, the make-up lime contains 1.311 wt.% magnesium, and the
consumption is 203 tons per month, which adds 2663 kg of magnesium to the process

monthly. As a result, the magnesium levels in the lime cycle decrease by 2459 kg per month.

Options 1, 2, and 3 increase the removal and input of non-process elements at the same time.
A positive effect of each option is the reduction of magnesium and phosphorus levels.
However, a negative consequence is increased silica, aluminum, and iron concentrations.
Make-up lime contains over three times more silica and five times more aluminum than lime
kiln dust. Additionally, the loss of sodium (Na) is considered a drawback, as it is a valuable
cooking chemical. Potassium (K) and manganese (Mn) show negligible concentration

changes.
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In the future, it will be essential to use high-quality make-up lime, as its consumption is
expected to rise with an increased LKD removal rate. Using low-quality make-up lime, such
as lime with high aluminum content, in combination with higher consumption, could lead to
Issues in the evaporator plant. It is not advisable to shift the non-process element problem
from one department to another, as all subprocesses in a pulp mill are linked together

5.3. Increasing the LKD removal rate

Lime kiln dust is removed from only one ESP in lime kiln 4. Although the ESPs in lime Kiln
three could be modified to remove LKD, there is not enough space to build a dust silo. The
proposed solution is to alter the second ESP in lime kiln 4, allowing it to remove lime kiln
dust from the process as needed. The change could be implemented during a yearly

maintenance shutdown, when there is enough time to complete such projects.

During the data preparation phase of this work, it became apparent that phosphorus levels in
the lime mud can fluctuate significantly within a month. For this reason, if the LKD removal
rate is improved in lime kiln 4, it would be beneficial to increase the lime mud samples taken
from the lime mud filter 3 for a short period. For example, lime mud samples would be taken
once a week for two months before and after the LKD removal improvement to observe how
phosphorus and other NPE concentrations change over time. After two months, the lime mud

sample rate could be decreased to once per month, as it currently is.

It’s hard to estimate how quickly the phosphorus level in the lime mud will decrease since
phosphorus has many inputs and outputs in the pulp mill. A significant factor in this
phosphorus mill balance is the lime kiln itself, since no LKD is removed from the process if
it is not operating. In the future, it would be advised to set a threshold for the phosphorus
level in the lime. Lime kiln dust removal can be increased with the second ESP if the

threshold limit is exceeded.

As more LKD is removed from the lime kiln, it must have practical use outside of the pulp
mill. Lime kiln dust can be used as a soil stabilizer to improve properties such as mechanical

strength and permeability (Behnhood, 2018). Additionally, LKD can be used as a soil



54

fertiliser due to its high phosphorus content, and it already has established markets for this
purpose (Aluehallintavirasto, 2023). Some research has been done on the potential use of
LKD in cement production (Latif, 2015). Utilizing LKD in soil stabilization and fertilization
promotes an environmentally friendly approach, supporting the principles of a circular
economy.
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6. Conclusions

This thesis aimed to determine whether improving lime kiln dust removal is a cost-effective
strategy for enhancing lime kiln performance. Increasing the lime kiln dust (LKD) removal
rate was identified as a profitable method to enhance lime kiln capacity under current fuel
and make-up lime prices. The profitability depends mainly on fuel and make-up lime prices.
Energy savings were calculated using the current natural gas and make-up lime prices. The
estimated capacity increase at both lime kilns ranges from 1-4%. The increased lime kiln
capacity enables the causticizing plant to produce more white liquor. Additionally, reducing

inert materials in lime improves the lime slaking process.

Calculations showed that lowering the phosphorus content to as low as 4000 mg/kg might
not be beneficial or even be possible. The drawbacks of lowering phosphorus content to as
low as 4000 mg/kg are that NPEs in make-up lime accumulate in the recovery cycle, and a
significant amount of sodium is lost. The suggestion was to improve the LKD removal rate
in LK4, modifying both ESPs to remove LKD. Based on the correlation model and
calculations, doubling the LKD removal rate in LK4 is insufficient to lower the P content to
4000 mg/kg. It’s hard to estimate how quickly the phosphorus level in the lime mud will

decrease since phosphorus has many inputs and outputs in the pulp mill.

Another important finding is the necessity to find practical applications for the additional
LKD removed. Lime kiln dust can be used as a soil stabilizer to improve properties such as
mechanical strength and permeability. Additionally, due to its high phosphorus content,
LKD can be used as a soil fertilizer. Few studies mentioned that it could be used in cement
production. Finally, with an expected rise in LKD removal, it will become more important
to use high-quality makeup lime. Using low-quality make-up lime, particularly lime with
high aluminum content, combined with increased consumption, could cause operational
problems in the evaporator plant. Choosing a good makeup lime can impact the overall NPE

levels in the recovery cycle.
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