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Abstract
The industrial sector of pulp and paper production is one of the world’s largest
industries and is thus very energy demanding as well as a contributor to the rising
environmental concerns. To meet the needs of the future, more raw materials need
to substitute today’s huge dependence on fossil fuels. The pulp and paper mills
of today need to consider converting towards biorefineries, and thus lignin is an
interesting by-product to be part of the solution. Lignin as a valuable product have
start to pop up more and more during the last decade, however in a rather low
production scale where approximately 25% of black liquor is extracted for lignin
production. This master thesis is evaluating the possibilities of extracting more
black liquor for the lignin recovery plant to produce more lignin, up to 50%. Also,
consequences that the chemical recovery cycle and thus the plant may have will also
be investigated. For this purpose, a model over a lignin recovery plant in the software
Matlab Simulink have been used and further developed. Also, multiple analyses
were conducted with the updated version of the model, supported by literature
findings from deep literature studies. The results show that it would be possible
to produce approximately 140 000 ton lignin per year when 50% of black liquor
outtake is considered. However, whether it would be possible to run the plant in
the same pace as today cannot be surely concluded from this study. This model
still has uncertainties that needs to be further studied to fit reality better and to be
able to be more certain about the impacts on the plant. An implementation of a
lignin recovery plant will however decrease the useful electricity production. When
approximately 50% of lignin was recovered in the model, the plant could not run
by the energy produced only from the recovery boiler anymore and will thus need
extra energy from example a biomass boiler. As more lignin is produced, the ratio
of sodium (Na) and sulphur (S) will be disturbed. To keep the ratio constant, an
implementation of an internal production of sulfuric acid can be a good solution.
The economic feasibility of a lignin recovery plant is highly dependent on the lignin
market. More economical studies are needed to be able to conclude the profitability
of a lignin recovery plant in a near future. However, after this study, it can be
concluded that there is a future for lignin production, but more research and effort
is still needed to be more accurate about the outcome, both economically and the
effects on the plant.

Keywords: Lignin, Kraft pulping process, Black liquor, Lignin precipitation, Na/S
balance, Matlab Simulink
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1
Introduction

This master’s thesis will investigate the possibilities to recover lignin from a pulping
plant in a larger extent than what is done today in commercial scale. This is
done in collaboration with IVL Svenska Miljöinstitutet in Gothenburg, Sweden.
This chapter will introduce the background of the thesis, the aim together with
clarifications, the scope, and a short description of the structure of the report.

1.1 Background
The industry of pulp and paper is one of the largest industries in the world and
contributed with about 192 million tons of pulp for paper production in 2021 [8].
Most of the pulp is produced in the United States, Brazil, and China. However,
Sweden and Finland are contributing with a 5th and 6th place of the countries that
are producing most pulp in the world, making Scandinavia very important when
speaking of pulp production. The total energy demand in the pulp and paper sector
were measured to 8.595 EJ in 2021 [9], and is predicted to grow with a yearly
rate of 1.6% until 2030 [10]. In Europe, the pulp and paper industry is the fourth
most energy intensive industry sector [11]. At the same time, the primary resources
needed to produce energy are starting to become scarce. This concern is one of the
major driving forces to research more renewable energy sources such as lignin being
one of the possibilities, and thus the potential of further development of existing
mills to become biorefineries of the future [10].

The remarkable growth in energy demand as well as a wide range of negative en-
vironmental effects have been witnessed during the last century. This is only some
of the responses due to the fact that the world has entered the anthropogenic era
where activities of humans are heavily affecting the Earth in a negative manner. The
population in the world is growing and living standards are increasing, as well as
the world’s economy. At the same time, the raw materials that are utilized for these
purposes are starting to become scarce which creates uncertainties for the future.
If the extraction and utilization of primary resources continue in the same pace as
today, many of the fossil resources will only last during the next century which will
affect the next generations [10].

More renewable raw materials are needed on the market to minimize the hazardous
greenhouse gases such as CO2, being the largest villian. By 2050, the pulp and
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1. Introduction

paper industry in Europe expects a reduction in emissions of greenhouse gases by
62% compared to the levels of 2015 [11]. Therefore, it is important for a sustainable
future to start developing new types of raw materials coming from suitable residuals
and by-products. By utilizing secondary resources, less primary production of raw
materials would be needed, which could pro-long the availability of those. Lignin
is one possibility of a secondary resource of raw material that have the potential
to substitute a wide range of different materials and fuels for various applications
without having any negative environmental effects. Also, lignin does not contribute
to the competition of resources for food. Lignin as an end product has good po-
tential for the future, since lignin has very similar building blocks in its chemistry
as petroleum-based materials. Therefore, lignin is a very interesting renewable raw
material for replacement of fossil-based materials. However, lignin has more possibil-
ities of application, such as thermoplastics, chemicals, resins, surface active agents,
concrete additives, only mentioning some of the possibilities [12].

This master thesis work is done together with the research- and consultant based
company IVL Svenska Miljöinstitutet in Gothenburg. One of their many divisions
are right now looking deeply into the possibilities of making already existing pulp
mills more sustainable and environmentally friendly. In other words, one of their
objectives are to investigate if a completely CO2 neutral pulp mill for the future
is possible and what the consequences on the production would be. Thus, new
process steps are investigated as well as the ability to make residuals from the core
process into valuable products. Capturing of emitted CO2 to the atmosphere is an
interesting topic on their agenda as well. Also, the expectation is to make lignin
a valuable product for the future, with a larger sales price compared with today’s
status, since it is not very valuable today due to the limited market in large scale
[13].

1.2 Aim
The aim of this master thesis is to evaluate a pulping process with an integrated
lignin recovery plant, with the goal of extracting more lignin than what is done today
in commercial scale. This evaluation will be done with a literature study together
with a process simulation in Matlab Simulink. The expectation is to extract 50%
of the lignin that ends up in the black liquor in the pulping plant. However, by
extracting a larger amount of lignin from the process will have effects on other
important processing parameters and sections along the core process path. The
purpose is to understand whether this amount of lignin extraction would be possible
to achieve in reality or not, by studying the full picture of the plant.

Some of the questions that are aimed for to answer during this master thesis work
are:

• Is it possible to run a pulping plant in the same order as an ordinary plant, if
lignin is extracted by 50%?

• How will the recovery boiler be affected, and how much steam/electricity pro-
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1. Introduction

duction is lost?

• Is it economically feasible to have a lignin recovery plant, considering the
self-sustainability of the plant?

• To what extent will the sodium (Na)/sulfur (S) balance in the plant be affected
if lignin is extracted?

1.3 Scope
This master thesis has a time limitation of approximately 20 weeks, which will affect
the extent of the work. Due to the limited amount of time, the main focus will be
on the LignoBoost concept, and no other lignin extraction method will be further
modelled. The model that will be used and further developed in this investigation
is an already existing model in Matlab Simulink from an ongoing collaboration
between IVL and a Swedish pulp mill. Thus, no other modelling software will be
investigated. Also, no real-life experiments will be performed in the scope of this
master thesis. The results, discussion, and the final conclusions will be fully based
on the outcome of the Simulink model together with literature findings.

1.4 Report structure
This report begins with a brief introduction to the project, with a short background
of why this project were conducted together with the aim as well as a short scope.
The second chapter will describe the theory behind the topic. This chapter cover
both knowledge about lignin, the pulp and paper industry as well as the extraction
of lignin by different methods, but primarily regarding the LignoBoost concept.
In chapter three, the method that have been used will be briefly explained with
both further explanations of the model in Simulink as well as the general course
of action of the project. In the fourth chapter, both the results and the discussion
will be presented. Here, several figures and tables will be visualized, explained,
and discussed before concluding the project with some final conclusions in the fifth
chapter. Finally, a short conclusion of potential future work on this topic will be
summarized.
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2
Theory

In this chapter, some basic knowledge to give a deeper understanding to the topics
that this thesis will cover is going to be introduced. First, the biorefinery concept
is being discussed briefly, followed by a section of wood as biomass together with
a deeper insight of the complex macromolecule called lignin. Also, the pulp and
paper industry in general, as well as the kraft pulping process will be explained
more in depth. A short description of the history and theory of lignin recovery will
be presented. How lignin is extracted, its filterability, and finally the Na/S balance
in the pulp mill will also be explained.

2.1 The biorefinery concept
A biorefinery can be compared with a conventional petroleum refinery, producing
fuels, power, and chemicals by different integrated conversion processes [14]. The
difference is that a biorefinery has its focus around biomass as the raw material,
instead of crude oil. Depending on the pathway of the biorefinery, value-adding
products like electricity, chemicals, biofuels, and other materials can be produced
alongside to the conventional pulp and paper line. Only a yield of about 50% is
going from wood to pulp in a traditional kraft method, thus the other 50% are
available to produce all those things just mentioned [12]. So, instead of focusing on
one main product, the goal with a biorefinery is to produce several main products
and additional valuable by-products. Another goal is to replace fossil fuels with
biomass for further production, and thus implement a great promise for reduced
environmental impacts and for industries to become more environmentally friendly
[4]. This makes the biorefinery concept very important, since the demand for energy
and raw material is increasing, and at the same time, sources for energy and raw
material starts to become more and more scarce, as mentioned in the introduction.
The pulp and paper industry are promising to become the biorefineries of the fu-
ture [4], due to the fact that they already use biomass as raw material, and the
infrastructure already exist. However, to adapt and transform todays existing mills
into biorefineries are going to be a trade-off to decide what will be the core business
and most profitable in long terms. The advantage is thus that the pulp line as it
is today can be kept in operation through the transition period, assuming that no
changes that affects today’s core business is done in a drastic manner [15]. Up until
today, the pulping process type called acid sulphite have reached the furthest on
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2. Theory

the path of transforming into a biorefinery concept, although this type of chemical
pulping method is heavily undominating compared by the dominating type called
kraft pulping, which produces approximately 95% of the pulp on the market [4], and
is thus the type of process that will be further investigated in this project.

2.2 Wood as biomass
The raw material that is utilized in a pulp and paper mill is wood. Wood is one
of the most abundant natural organic materials in the world. It consists mainly
of three components; carbon, oxygen, and hydrogen, see Table 2.1. These are the
components building up the polymers in the wood structure such as cellulose, hemi-
cellulose, and lignin. Wood also contains about 1-5% extractives, such as terpenes
and fatty acids among others [7].

Table 2.1: Elementary composition of wood [7].

Name Element Content [%]
Carbon C 49
Oxygen O2 44

Hydrogen H2 6
Nitrogen N2 <1

Inorganic elements Na,K,Ca,Mg,Si «1

Depending on what type of wood the tree is built up of, it contains different amount
of the main components cellulose, hemicellulose, and lignin, see Table 2.2. Softwood
(mainly fir and pine) and hardwood (mainly birch and eucalyptus) are the two main
categories of trees. These two have different characteristics, which will give different
end products in a pulp and paper process. In this study, the softwood type will be
of main interest since the pulp mill used for the study is producing pulp mostly from
softwood.

Table 2.2: Chemical composition in different wood types [1].

Wood type Cellulose [%] Hemicellulose [%] Lignin [%]
Softwood 40-45 25-30 25-30
Hardwood 40-45 30-35 20-25

2.2.1 Lignin
Lignin is a biopolymer that is found in all vascular plants. However, only lignin
in wood materials will be further introduced here. Since wood is a very common
material and lignin is a rather large part of wood, lignin becomes one of the most
abundant biopolymers that exist [15]. The two different types of wood - softwood
and hardwood - consist of different fractions of lignin as mentioned above. Soft-
wood contains slightly more lignin compared to hardwood, 25-30% and 20-25%
respectively, as shown in Table 2.2.

6



2. Theory

There are several biological functions of lignin. First, lignin gives stiffness to the cell
walls in a tree. It is a fixating polymer that makes the fibers stiff and rigid in wood
which makes it possible to serve as mechanical support to build up both the stem and
the branches. Secondly, lignin glues together different cell types in the woody tissue,
and it occurs together with hemicellulose, see Figure 2.1, where both glucomannan
and xylan are two of the most commonly existing types of hemicellulose.

Figure 2.1: Distribution of cellulose, hemicellulose, and lignin on a molecular level
[1].

Thirdly, lignin makes the cell wall hydrophobic. This makes up for efficient transport
of water and nutrition’s in trees. Lastly, lignin serves as protection against microbial
degradation of wood [1]. Thus, lignin is a very important component of trees.
However, at the same time lignin makes the process of extracting cellulose for the
pulp and paper process complex and several thermochemical treatments are needed.
Lignin is a very complex amorphous polymer, with a mix of aromatic and aliphatic
moieties. The monomers, or namely monolignols, that are building up the lignin
3D structure are of three different types; sinapyl alcohol, p-coumaryl alcohol, and
coniferyl alcohol, see Figure 2.2.

Figure 2.2: Three different types of lignin monolignols [2].

7



2. Theory

These monolignols are different propylphenol derivatives, and they have different
number of methoxy groups attached to the aromatic ring. The monolignols and the
functional groups of lignin are connected to each other with either carbon-carbon
(C-C) bonds or ether (C-O-C) bonds in a random order resulting in a 3D structured
macromolecule, see Figure 2.3. The most frequent bond in lignin is an ether bond
called β-O-4 and this bond appear with a frequency of 35-60% in softwood [1]. Since
this is the most abundant bond, it is also the most important bond to break in the
digestion process, in order to access the coveted cellulose. Lignin and large parts
of hemicelluloses together with some extractives end up in a by-product from the
cooking process called black liquor. The lignin in the black liquor is called kraft
lignin when speaking of the kraft pulping process and will be further discussed.

Figure 2.3: Chemical structure of an example of how the macromolecule lignin
can look like [3].

2.3 The pulp and paper industry
Pulp and paper can be produced at the same site, or separately. To produce pulp
and paper at an integrated pulp and paper mill would be the most advantageous
and efficient option. This is because the wet pulp must be dried before it can be
transported to a paper mill, since wet pulp is too heavy and expensive to transport.
So, the wet pulp must be dried which demands large amounts of heat. However, if
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2. Theory

the paper is produced at the same site, the drying process could possibly benefit
from excess heat from the process which would decrease the demand of external
utility [16].

There are two main processes to produce pulp, either by mechanical or chemical
separation [4]. To mechanically release the cellulosic fibers from the wood, a pre-
treatment by using steam, heat, or a weak chemical solution is often used prior to
the mechanical equipment, which can be for example grinding the wood chips. The
most dominating method instead, the chemical method, mainly relies on chemicals
and heat to dissolve and soften the lignin from the chipped wood. Different types
of chemical pulping that exist are kraft pulping (alkaline sulphate pulping), acid
sulphite, or semichemical pulping [16]. Kraft pulping is the predominant type of
chemical pulping methods and is the type of method that the pulping mill in ques-
tion uses and will thus be of main focus in this project. In Figure 2.4, an overview
of a conventional pulp mill is depicted, starting at the wood handling of trees, all
the way to the final pulp often being shipped with boats in the right-hand side in
the figure. To the left, the recovery cycle is visually explained with all its steps.
Each step of the process will be briefly described in the sections below, with the
perspective of a kraft pulping process stand-alone pulp mill.

Figure 2.4: Overview of each step of a conventional pulp mill [4].

2.3.1 The kraft pulping process
The kraft pulping process consists of mainly four parts; handling of raw material,
chemical delignification of wood chips together with chemical and energy recovery
cycles, bleaching of the pulp, and a final system to handle wastewater [17]. The

9



2. Theory

kraft process uses chemicals such as sodium hydroxide (NaOH) and sodium sulphide
(Na2S) solved in water. These are the active components in the liquor that is used
in the kraft pulping process during the cooking step, called white liquor [6].

After pre-treatments like logging and debarking of wood at the wood yard, the wood
is chipped and sieved so that the chip size is homogeneous, for providing uniform
treatment of the wood chips. They are pre-treated with steam, to get rid of air and
extractives. A following impregnation step where white liquor is sprayed into the
digester with wood chips is carried out before more white liquor is added, to make
the wood chips delignified. In the white liquor that is added, NaOH and Na2S are
dissolved into active components in the form of hydroxide ions (OH−) and hydrogen
sulphide ions (HS−). During the delignification, the cleavage of the abundant bond
β-O-4 in lignin, and many other types of reactions, appear to dissolve lignin from
the cellulose. The fiber and liquor mixture of cellulosic pulp proceeds for further
treatment of several bleaching and drying steps, before it becomes the final pulp
that is being shipped away to become saleable paper products. The solution of
fragmented lignin, hemicelluloses, and spent white liquor becomes black liquor and
is the first step in the chemical recovery cycle that can be seen in Figure 2.5. This
part of the process is to recover and recycle cooking chemicals and to utilize the
organic parts in the black liquor to produce useful energy [6]. This will be described
more in depth in the following sections.

Figure 2.5: The chemical recovery cycle in a kraft process [5].

2.3.2 Black liquor evaporation
Black liquor is the waste liquor coming from the pulping process after the deligni-
fication is complete and is called weak black liquor due to its high water content.
This weak black liquor consists of various organic components and some small share
of inorganic materials besides the water, see a list of the main components in Table
2.3. The largest share is dissolved lignin consisting of sodium salts, but also a lot of
carbohydrate derived residues together with some extractives exist in the weak
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Table 2.3: Approximate chemical composition of dry substance of black liquor [6].

Element Amount (weight %) Organic material Amount (weight %)
Carbon 34-39 Lignin 29-45

Hydrogen 3-5 Hydroxy acids 25-35
Oxygen 33-38 Extractives 3-5
Sodium 17-25 Formic acid ∼ 5
Sulphur 3-7 Acetic acid ∼ 3

Potassium 0.1-2 Methanol ∼ 1
Chlorine 0.2-2
Nitrogen 0.05-0.2

black liquor. An approximation is that roughly 2/3 of the solids is organic material
and the rest 1/3 is inorganic [6]. This complex liquid is highly alkaline and have a
pH value around 13 [18]. Typically, the weak black liquor consists of 15-20% dry
solids and 80-85% water [19]. This weak black liquor is sent to the evaporators. As
a first step in the chemical recovery cycle, the weak black liquor enters the evapora-
tion plant consisting of several evaporation units in a serial connection. A general
description of the purpose of the evaporation step is to separate water from the
weak black liquor, to be able to increase the heating value of the black liquor before
it can be combusted in the next step [20]. So, weak black liquor gets concentrated
to approximately 65-85% dry solids and 15-25% water [19], getting rid of mostly
water but also some small amounts of organics such as sulphureous compounds and
methanol that is condensated [6].

Evaporation units have both a heat exchanger and a separation device to enable
the formed vapor and remaining black liquor to be separated. The steam that
is formed in the separate evaporation unit is then passed on to the next unit for
provide efficient heating. However, the flow of the steam can be either counter-
current or co-current. The former is often the choice in modern systems. Several
types of evaporation units can be used, for example a Kestner evaporator (rising
film evaporator) or a falling film evaporator, the latter being the most frequently
used type [6]. In the falling film evaporator, the weak black liquor is distributed at
the top of the evaporation tower, heated as it falls in a vertical direction towards
the bottom, where it is passed on to the next evaporation unit. Several evaporation
units are preferred to be able to reach the desired degree of dry solids content, often
six or seven evaporation units in series is recommended in a modern evaporation
plant [6]. In the lignin recovery process, black liquor is extracted by a side-stream
from the evaporation plant, containing about 30-45% dry solids content [21].

2.3.3 The recovery boiler and the causticization
In the recovery boiler’s furnace, the concentrated strong black liquor is sprayed
from the liquor guns, and particles are combusted, see Figure 2.6. The high heating
value (HHV) of black liquor is a very important parameter in the recovery boiler
as it defines how much heat that can be released once the black liquor particles
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have been combusted, by the mass or volume of black liquor. Another important
parameter is the hearth heat release rate (HHRR). This parameter is defined as an
estimate of the capacity of the ability of the recovery boiler to effectively process the
black liquor that is fired in relation to the air that is coming into the lower furnace.
In other words, the heat input from the dry solids of black liquor, which is mostly
lignin, that is fired in the furnace over a certain cross-section [22]. A third important
parameter is the adiabatic combustion temperature. This is the temperature of a
combustion reaction that loses no heat during the process, at constant pressure.

The organic content in the black liquor is what is being burnt, and thus heat can
be recovered as stated above, by using heat exchangers. The produced heat can be
used as high-pressure steam to produce electricity in a turbine, to utilize for heating
applications in the pulp mill processes. Besides producing applicable steam, the
recovery boiler also produces green liquor. Heavy particles fall into the lower part of
the recovery boiler, the char bed, producing a smelt that consist mainly of sodium
carbonate (Na2CO3) and Na2S, and some residues of inorganics. This smelt is called
the green liquor. The recovery boiler also recover dust from inorganic flue gases, to
save make up chemicals in the process [23].

Figure 2.6: A visual description of the recovery boiler [6].

The green liquor is proceeding to the causticizing plant where the goal is to recover
chemicals to produce fresh white liquor to be used in the cooking process over again.
The green liquor is first filtered and slaked, before entering the causticizing plant,
where white liquor is separated and calcium carbonate (CaCO3) is produced, called
lime mud. CaCO3 is washed before being calcinated in a lime kiln where the CaCO3
is forming CaO, called lime, and flue gases in form of CO2. The burnt CaO is then
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utilized again in the slaker to close the loop, see the left hand side of Figure 2.5.

So, the recovery boiler is producing both steam for internal usage and electricity, as
well as green liquor for fresh white liquor production. However, the recovery boiler
is often the bottleneck of the process in a pulp mill [24]. If lignin from the black
liquor is extracted, the capacity of the mill could be raised. In other words, more
pulp can be produced at the same time as the by-product lignin can be produced
and can be sold or potentially utilized at the site as a fossil-free fuel, for example in
the lime kiln as an eco-friendlier alternative.

2.4 History and development of LignoBoost
Lignin recovery had its breakthrough in the early 2000s. Several bench- and pilot
scale trials were conducted before the first start-up in 2006 [25]. In 2006, the first
demonstration plant of the LignoBoost process was built in Bäckhammar, Sweden.
The plant has a capacity to produce 8 000 ton lignin/year. Later, in 2012 in Ply-
mouth at the pulp mill of Domtar, the first commercial plant was built and was up
and running in 2013. This plant produces about 25 000 ton lignin/year. In 2015,
the third plant was built in Finland at the plant Stora Enso Sunila Mill. They
produce 50 000 ton lignin/year, and uses the lignin as a fuel in the lime kiln, instead
of other fossil fuels [12]. Also, a small LignoBoost plant for experiments and small
amount of lignin extractions for research have been built in 2019 in Klabin, Brazil,
with a capacity of only 500 ton lignin/year. So, these are the four plants that are
in operation today. The LignoBoost process and its patents is owned by Metso.

2.5 The lignin removal principle
The process of lignin removal is pictorially described in Figure 2.7. The process uses
a side-stream of black liquor coming from the evaporation plant. To extract kraft
lignin from the black liquor, several steps are followed, starting with a first precipita-
tion step. The black liquor is around 30-45% dry solids content as mentioned earlier
[21]. Acid is added to the black liquor to lower the pH, often and preferably in the
form of CO2. The pH of the highly alkaline black liquor is around 13 and is lowered
by acidification, and thus, lignin starts to precipitate. The pH that is reached with
only CO2 is somewhere between 9-10. The slurry is filtered by a chamber press
before the filter cake is re-dispersed with a second acidification step, where the acid
added is H2SO4 instead. In this step, the pH is lowered even more, to reach a pH
of about 2-3. This re-slurry is then filtered one more time, again with a chamber
press and then washed by displacement washing, using acidified water. The lignin
coming out from the washing step contain about 65-70% dry solids content and thus
a final drying step is needed before the final lignin product is complete. Here the
final lignin reaches up to 95 % dryness. This lignin can either be sold or utilized at
the site. One example is for replacing fossil fuels used in the lime kiln as mentioned
earlier. To summarize, the inlet flows to the lignin removal system are three; black
liquor, chemicals in the form of the often used acids CO2 and H2SO4, and water.
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Also, three flows are leaving the system. Two of those are re-circulated back to
the recovery cycle; lignin-lean black liquor and wash liquor are going back to the
evaporation plant. The third component leaving the system is the final product of
lignin.

Figure 2.7: A schematic view of the lignin removal process.

2.5.1 Methods of lignin recovery besides LignoBoost
More alternatives of lignin recovery methods are available besides the LignoBoost
process. The first discovered method to separate lignin from black liquor was The
West Vaco Process in the late 1940s. In this method, the black liquor is separated
from the evaporators in an earlier stage, 20-30% dry solids content [26], compared to
the LignoBoost process. This process refers to indulin lignin, which is lignin coming
from linerboard pulp.

Another method is called LignoForce and was first commercialised in 2016 in Canada.
The difference from the LignoBoost process is that an extra filtration step as well
as an oxidation step are added before the first precipitation step. Due to these ad-
ditional steps, acids like acetic acid or lactic acid are formed, leading to a natural
lowering of the pH. Also, lignin is oxidized and carboxylated lignin is formed. This
carboxylated lignin have other solubility properties and have thus higher solubility
in water which leads to a lower overall lignin yield of the final lignin product. Also,
more CO2 needs to be added to this process compared to LignoBoost. However,
improvements of the filterability can be seen due to the additional steps in this
method.

A third method is called Sequantial Liquid-Lignin Recovery and Purification (SLRP).
This method was patented in 2009. In this process, higher temperature and pressure
are used, as well as lower amount of CO2 added [26]. This method is however not
yet used in any commercial scale. None of the above mentioned processes will be
further investigated in this project.
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2.6 The extraction of lignin
The black liquor where lignin is located is very alkaline, around pH 13-14 as men-
tioned earlier. In this alkaline solution, lignin has different attributes if comparing
with its native state where lignin is broken down in smaller components. However,
lignin has both polar and non-polar characteristics which are important factors to
understand speaking of lignin separation from black liquor. The solubility of lignin
decreases in water and decreasing pH. An acid is added to the black liquor to de-
crease the very alkaline pH. In the interval of pH above 7, protonation of phenolic
-OH groups are making the lignin precipitate. In the second interval of pH 7 to 2,
the further lignin precipitation is due to protonation of carboxylic acid groups in
the black liquor that is associated with the lignin [27].

Lignin can be separated in different ways such as acidification, ultrafiltration, or
electrolysis [27]. However, the most often used method is acidification. Both weak
and strong acids can be used to lower the pH and thus precipitate lignin. Most
often CO2 is used as a weak acid, and H2SO4 as a strong acid. In the inital step
of lowering pH from about 13, the weak acid CO2 is preferred. This is due to the
fact that CO2 have no effect on the important Na/S balance in the pulp mill. Also,
carbon dioxide does not introduce any additional chemicals that does not already
exist in the recovery cycle. In a second precipitation step, the strong sulphuric acid
is often added to decrease the pH further and recieve a higher yield of precipitated
lignin. However, if both CO2 and H2SO4 are going to be purchased externally, the
lignin recovery process can be costly.

2.6.1 Filterability of lignin
The filterability of lignin is very important for the lignin recovery process. Due
to research, good filterability is related to lower values of pH, thus it is consistent
with improved protonation of lignin [27]. Initially, the process of lignin recovery
only consisted of one stage of filtering, compared to the two stages used today. The
disadvantage of only have one stage were struggling with filter cake plugging. The
filter cake did not proper flow through of the wash liquor, thus the final lignin often
had high content of sodium. High content of sodium in lignin is not advantageous
since it can create corrosion and other problems when used as biofuel for example.
However, the struggle with filter cake plugging happened because the gradient of
ionic strength was high in the cake when it was being washed. This is why the
process today consist of two stages where the filter cake is re-dispersed after the
first filtration. The re-dispersion is happening in a liquor that has approximately
the same pH as the final washing step, thus creating as small gradient as possible
[28].

2.7 Sodium and sulphur balance in a pulp mill
In the alkaline sulphate pulping process, chemicals like NaOH and Na2S are the
active components as mentioned above. The ratio between sodium and sulphur
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is important since the final pulp properties are affected by this ratio. Also, it is
expensive to compensate with make-up chemicals if the losses are too large. So, the
goal is to keep the ratio stable, and thus less need for make-up chemicals. However,
if a lignin removal process is applied to the pulp and paper process and lignin is
extracted from the otherwise rather closed loop, there is a risk of Na/S disturbance.
Normally, the losses are to wastewater and the air. Sulphur emissions have a negative
impact on the environment, which is also an important reason to try to keep the
loop as closed as possible [29]. The form of sulphur losses to the air are most often
as H2S and SO2 [30].
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3
Method

In this chapter, the method that were used for conducting this master thesis will
be presented. The procedure consisted of both a deep literature study as well as an
evaluation and shaping of the Simulink model of the lignin recovery. Also, different
analyses associated with the model have been conducted. In the following chap-
ters, small illustrative figures are highlighted and then better viewed in full size in
Appendix A, due to small detailed figures.

3.1 The approach of the project
This master thesis work was initiated with a deep literature study, where knowledge
about the lignin macromolecule and its characteristics as well as the full picture of
how a pulping process looks like in general were gained. Also, more specific knowl-
edge about lignin extraction methods from previously done studies were gained. Lit-
erature about different processes of lignin recovery besides the LignoBoost concept
were read for comparison, since this thesis is exclusively based on the LignoBoost
concept of lignin recovery. The literature study followed through during the entire
period since this project was exclusively based on literature studies and no real-life
experiments were conducted.

Figure 3.1: The draft Simulink model visualizing the lignin removal concept.

17



3. Method

The main focus of this project was a built up model in Matlab Simulink representing
a lignin recovery process originating from the conventional LignoBoost concept. The
draft model is represented in Figure 3.1, and can be visualized in a larger picture in
Appendix A in Figure A.1. This model is based on real life data from a Swedish pulp
mill and were received as a draft from the ongoing collaboration between IVL and the
pulp mill. Before receiving this model, an introduction of how Simulink is working
was initiated. Several videos on YouTube were watched as well as instructions from
the supervisors since no previous knowledge about Simulink existed. The progress
of how the project has been conducted can be followed in accordance to Figure 3.2.

Figure 3.2: Flowchart of the progress of the project.

After Simulink had been introduced, the draft model was received, and a lot of effort
were put into get to know the model and how it was built up. A further literature
study was conducted to be able to make further progress with the model and verify
the parameters building up the model. The following process was iterative; the
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model was updated, more knowledge was gained, analyses was made from the model,
and then this procedure was repeated several times to achieve the final results.

3.1.1 The software Matlab Simulink
The software that has been used for this master thesis is Matlab, in particular
Simulink. This software is, as well as Matlab, a software developed by MathWorks.
However, Simulink is "a block diagram environment used to design systems with
multidomain models, simulate before moving to hardware..." [31]. The difference
between Matlab and Simulink is that the latter is intended for visualization of sim-
ulations and modelling, rather than only relying on coding. This tool was chosen
for this master thesis work because it was already in use in the collaboration project
which made it favorable to proceed with the already existing draft.

3.2 Initial evaluations of the model
When the Simulink model had been familiarized, an initial analysis regarding the
parameters in the model were conducted. The parameters were either verified by
literature and left unchanged or updated in accordance with literature. For example,
the parameters in the inlet of the model were evaluated, see in Figure 3.1 furthest
to the left, or in Appendix A in Figure A.1 for better resolution and to facilitate
the understanding of the following descriptions of the model. The dry solids (DS)
content of black liquor was one parameter that was investigated and compared with
literature (called BLConc in the model). Also, the temperature (BLTemp), of the
black liquor in the system to achieve good filter properties was studied and verified
by literature. The third inlet parameter, the flow of black liquor (BLFlow), was
changed during the simulations to verify how much lignin the system could extract.
Other important parameters such as lignin, sodium, and sulphur content and pH,
in the incoming black liquor were compared with values from literature. Also, an
investigation of how much acids that were needed in the model was done by varying
the amount of added acid to the system and values were verified by literature.

As can be seen in Figure 3.1, each of the building blocks in the model are visualized
as boxes. They were evaluated both regarding the code and specific values used in
the boxes, such as press efficiencies and precipitating rates, for example. All the
boxes in the model were evaluated deeper one by one and compared and verified
with values from literature. The model was slightly updated in order to work well
and fit the reality better. Some of the flows in the system were changed and will be
visualized and presented in the next chapter.

3.3 Analyses of the model
As can be seen in Figure 3.2, the model was slightly updated and modified through-
out the whole project. However, analyses of the model were initially conducted as
well as after some time of evaluating the model. Analyses that have been done are
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to utilize the model with different amounts of black liquor in the inlet flow, differ-
ent amounts of added CO2 and H2SO4, and evaluate how much lignin that can be
extracted from the lignin recovery model hourly and yearly. Also, different analyses
of the content of ash, sodium, and sulphur, in the final lignin product beside lignin
have been done, based on literature values. Along with this study, it was also cal-
culated how much sodium and sulphur that were left in the system due to added
amounts of acids. Some final analyses regarding how much the steam and electricity
production decreases when lignin is extracted were done. With this analysis, an
economic analysis was also done. All the analyses that have been conducted in the
project are based on the Simulink model with values from the Swedish pulp mill as
well as values found in literature, with calculations made in Excel.
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4
Results and discussion

In this chapter, both the results and the discussion will be presented together.
Several results of the Simulink model will be presented both in words and illustrative
by figures and tables with analytic discussions.

4.1 The outlook of the Simulink model
Here follows a description of the outlook of the model in Simulink, see Figure 4.1 or
Appendix A in Figure A.2 for better resolution to facilitate the following description.
In the first block of the model, called Liquor Supply, some parameters concerning
the black liquor are defined, see Table 4.1 for the most interesting ones. The values
of lignin, sodium, and sulphur concentration are the dry solids concentration. These
values are defined from literature of how black liquor often are composed when
considering a black liquor of approximately 30-45% dry solids content. These values
were already in the draft model and were thus only confirmed by literature.

Table 4.1: Parameters of the inlet flow of black liquor.

Parameter Value
pH 13

Lignin conc. 36%
Na conc. 21%
S conc. 5%

In the next block, called Lignin Precipitation, the inlet flow of black liquor together
with the added amount of CO2 are mixed and the approximated amount of lignin
that can precipitate in this step is set to 70%, which can be achievable if this
step is being carefully performed [32]. However, this number can vary quite a lot
for different pulp mills and different black liquors, since every mill run on different
conditions and the composition of black liquor can vary also within a mill depending
on the process. How much lignin that can be precipitated also depends on what pH
the reaction stops, which is also a question of cost of how much acids one a willing
to put in. Thus, this 70% is an estimation for this model. In the next step, called
Lignin Press, the slurry is filtered with a press efficiency that is set to 70%. This
number could possibly be higher or lower, depending on what type of press that is
being used. This 70% means that in this model, it is assumed that 70% of the lignin
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in particulate form will proceed in the process and is called the retentate. The rest
will be filtered out and re-circulated back to the evaporation plant in a lignin-lean
black liquor flow, called pressate. The press efficiency will affect how much lignin
that end up in the retentate and the pressate respectively. If the efficiency is higher,
more lignin can be produced in the lignin recovery system. In this case, this is the
desired outcome.

The step after the first press is where the strong acid H2SO4 as well as water is added
to the filter cake. This is done in the block called Acid Washer. The re-slurry is
then filtered in a second step, Lignin Press 2. Here, as well as in the first filter press,
the press efficiency is assumed to be 70%. After the second filtration, the filter cake
is washed in a displacement washing step, in the block called Lignin Washer. An
approximation that is done in this model is that there is no re-circulation between
the water that is added in the acidification step and in the displacement washing
step. Comparing with Figure 2.7, where the flow of water is partly re-circulated
between these steps to use less amount of water supply. Thus, the model is utilizing
slightly more water than what could be the optimum. This implies that more water
is being re-circulated back into the evaporation plant than what would be the case in
real-life. As a final step, the lignin is dried up to 95% dryness with the block called
Lignin Dryer, and thus, the final lignin product is complete. Due to confidentiality,
only visual and verbal descriptions of the model will be presented, thus, no coding
will be shown in this report.

4.1.1 Adjustments of the model
The model that was received from the ongoing collaboration between IVL and the
pulp mill has been slightly updated from the draft. From the beginning, the two
pressates coming from the two filter presses were added together as one flow from
the lignin extraction model. The water that is added to the model was leaving the
system as a single flow. This can be seen in Figure A.1. However, after a deeper
literature study on how the outgoing flows from this type of system usually looks
like in reality, it was found that these flows should be separated slightly different.
The pressate from the first filter press where CO2 is added, is called lignin-lean
black liquor. This pressate should go back and enter the evaporation plant after
the separation point of where black liquor for the lignin recovery is placed, in other
words, right before the black liquor is entering the recovery boiler. This flow should
be a single flow, and not added to the other pressate as it was modelled initially.
This is shown in Figure 4.1 as the red circle to the left where the flow going back
into the evaporation plant is called Lignin-lean Flow. As this pressate does not
consist of any added possibly disturbing chemicals like sodium and sulphur, it is
safe to re-circulate this alkaline pressate into the recovery boiler without impacting
the Na/S balance. Also, this pressate contain the lignin that is not proceeding in
the lignin recovery process as was discussed above. It is important to re-circulate as
much lignin as possible to the recovery boiler since this is a large contributor to what
is transformed into useful energy. The more black liquor that is extracted for the
purpose of producing lignin, the less energy can be produced in the recovery boiler.
Thus, it becomes important to benefit from all lignin available for the recovery
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boiler.

Figure 4.1: The Simulink model showing with red circles where the filter presses
and water flows are changed.

However, the pressate from the second filter press, where H2SO4 and water is added,
should go together with the waste stream of the Lignin Washer as one stream
instead. This flow is wash liquor that is a mix of H2SO4 and water among other
residual components, and should go as one stream back into the evaporator plant in
an earlier stage, before the separation point of black liquor for the lignin recovery
process, see Figure 2.7. In other words, this wash liquor flow should be mixed with
the rather weak black liquor and is thus re-circulated into both the lignin recovery
plant again but also the recovery boiler. This can be seen in Figure 4.1, in the
red circle to the right instead. For a closer look at the model, see Figure A.2 in
Appendix A.

Since this pressate from the second filter press contain the added sulfuric acid, it
means that higher sulphur content will be re-circulated back into the evaporation
plant. Depending on how much black liquor that is extracted for the lignin recovery,
different quantities of sulphur is re-circulated. From a previously done study of black
liquor from softwood, it was discovered that the content of sulphur went from 4.09%
of the elemental composition of black liquor when considering 0% lignin production.
This amount increased to 4.77% when considering 50% of black liquor extraction
for the lignin production. The same increase could be seen for sodium, going from
21.71% to 24.98% [28]. This increase in sodium and sulphur in the black liquor
composition is probably because of the re-circulation of the wash liquor into the
recovery cycle. Since a pulp mill is very dependent on its ratio of Na/S to produce a
pulp of good quality, this addition of the pressate can cause trouble for the recovery
cycle. However, this will be further discussed in a couple of sections.
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4.1.2 Analysis of parameters
The black liquor dry solids content (BLConc) in the flow into the lignin recovery
plant was investigated. This BLConc is assumed to be the concentration of the
black liquor in this model. However, it was quickly determined that the range of
30-45% dry solids content of the black liquor coming from the evaporator plant was
the most reported [18, 21, 26, 33]. The decided value of dry solids content was set
to 40% as an estimation of the interval. Also, the temperature of black liquor for
precipitation were investigated. In terms of the filtration properties, the range of 60-
80°C seemed to be the most reported [26, 34]. However, the model is not dependent
on the temperature as it is today, and an approximation of the lignin recovery to be
a closed system were done. Thus, the temperature was set to 80°C in the inlet of
the model just to state that this parameter also is important in reality and should
be taken into consideration.

The same thing was done for the amount of added acid to the system. Both the
added amount CO2 and H2SO4 were investigated deeper by further literature studies.
One source stated that 200 kg CO2/ton lignin were the desirable amount to add for
lowering the pH from around 13 to 10 and make the lignin precipitate [18]. Another
source stated that the interval of 150-300 kg CO2/ton lignin were favorable [26].
According to Innventia, that also is part of the founder of the LignoBoost process,
it was found that the added amount of CO2 should be in an interval of 150-320
kg CO2/ton lignin [25]. It was also stated that an average value of added amount
of CO2 should be 220 kg CO2/ton lignin. For H2SO4, one source stated that 150
kg H2SO4/ton lignin was the desirable amount to add [18]. Additionally, according
to Innventia, the amount of added H2SO4 was estimated to be in the interval of
120-255 kg H2SO4/ton lignin [25], with an averge value of 175 kg H2SO4/ton lignin.
Thus, it could be concluded that the addition of acid to the system is proportional
to the lignin content in the system. The more black liquor going into the system,
the more lignin is entering the system, and thus more acid is needed. However, the
range of how much acid per ton lignin that should be added is rather wide.

In the following sections, analyses have been made with varied amount of CO2 and
H2SO4. The amounts of CO2 that have been tested are the highest recommended
value of 320 kg as well as the average value of 220 kg. Regarding the amount of
added H2SO4 to the system, 255 kg and 175 kg have been tested.

4.2 Lignin production dependency on black liquor
flow and supply of acids

In the model, an analysis has been made by changing the inlet flow of black liquor
between 10-50% of the total amount of produced black liquor in the plant. The total
black liquor flow coming from the digester is assumed to be 1166 m3/h according to
values received from the pulp mill with a dry solids content of just below 17%. At
the separation point where black liquor for the lignin recovery plant is extracted, the
flow is 509 t/h, with a dry solids content of about 40%. The interval of the tested
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percentage range that have been analysed can be seen in Figure 4.2. For the exact
values of black liquor mass flows, see Appendix A Figure A.3. The values of black
liquor inflow were calculated by the different percentages from the total amount of
509 t/h. These calculations were done in order to continue the analysis of how much
lignin that could be produced by the lignin recovery plant when extracting different
amounts of black liquor from the evaporation plant.

Figure 4.2: Amount of black liquor going into the lignin recovery boiler with
different percentages of black liquor extraction.

Also, the added amount of CO2 and H2SO4 was tested at both the highest recom-
mended value and the average value according to the source mentioned previously.
In other words, 320 kg CO2/ton lignin and 220 kg CO2/ton lignin were the val-
ues tested for added amount of CO2, and 255 kg H2SO4/ton lignin and 175 kg
H2SO4/ton lignin for added amount of H2SO4. The reasoning why the highest value
was tested was to see how much more lignin it was possible to extract for the fi-
nal product, since the goal of the lignin production is to produce as large quantity
as possible. The average value was tested to compare how large of a different it
made in the model, of the final lignin production. These assumptions were made
since no real-life experiments on how much CO2 and H2SO4 were the optimum were
conducted. However, it can be questionable if more lignin will be produced if more
acids are added, or if the lowering of the pH will just happen faster, and thus the
precipitation will happen faster, and more lignin could be produced in the same
timeframe. Thus, there is also a trade-off of how much acids one is willing to put
into the process, since this becomes a question of cost. However, the acids lower
the pH, and it will be a trade-off between how much lignin will precipitate and how
much acids that are put into the system [32].

The result of the first analysis with the highest recommended added amount of CO2
and H2SO4 to decrease the pH and thus precipitate lignin, can be seen in Figure
4.3. The values of the full analysis with more values from the model can be seen in
Figure A.3 in Appendix A. In this analysis, the amount of lignin produced annually
is approximated to an operation time of 8400 hours per year. This approximation
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is done to take into consideration maintenance work and other kind of activities
that forces the production to interrupt. As can be seen in Figure 4.3, the lignin
production obviously increases as more black liquor is entering the lignin recovery
plant. At 50% black liquor removal for lignin production, it can be stated that just
below 140 000 ton/year could possibly be produced according to the model. The
increasing production of lignin is advantageous if the market of lignin is attractive
and thus have a high market value. Today, the market of lignin is not very large but
hopefully this will change in a near future. Otherwise, this lignin can be utilized
internally in the mill to exchange the fuel for the lime kiln as being done at the plant
Sunila Mill in Finland. Lignin would be a renewable option instead of using fossil
fuels as most plants do today. However, a deeper analysis and trade-off to state
if this would be a cost-effective option is needed, since the lignin recovery plant
comes with both a capital cost, rather large operational costs, as well as possible
side-effects of the conventional pulp mill that must be taken into consideration.

Figure 4.3: Produced lignin from the model with supply of 320 kg CO2/ton lignin
and 255 kg H2SO4/ton lignin.

The same analysis was done but with the average values of added acids instead,
in other words, 220 kg CO2/ton lignin and 175 kg H2SO4/ton lignin. The result
of how much lignin it would be possible to produce in this analysis can be seen in
Figure 4.4. The values of the full analysis with more values from the model can
be seen in Figure A.4 in Appendix A. What can be concluded from this analysis
with the average values of added acids is that slightly less lignin would be produced
per ton of black liquor inflow according to the model. With a decrease of 100 kg
CO2/ton lignin and 80 kg H2SO4/ton lignin added, the production would decrease
with approximately 10 500 ton/year in the case where 50% extracted black liquor
are assigned for the lignin recovery.

The re-circulation of wash liquor to the evaporation plant should be approximately
2 m3/ton lignin according to literature [35]. However, this model was found to have
a re-circulation flow of approximately 4 m3/ton which is double that value. This
probably has to do with that this model is simplified without any re-circulation of

26



4. Results and discussion

Figure 4.4: Produced lignin from the model with supply of 220 kg CO2/ton lignin
and 175 kg H2SO4/ton lignin.

the water and H2SO4 mixed liquor between the box of Acid Washer and Lignin
Washer. Thus, the influence that the lignin recovery will have on the evaporation
plant in this model is a slight over-estimation from the optimum. From a previous
study, it was found that the required capacity of the evaporation plant increased
with 3% when 30% of lignin was removed [36]. Thus, more steam and cooling water
will be needed for the evaporation at the plant, but the changes are not very large.
When 50% is the desired amount of lignin to be extracted, the increase of steam
and cooling water will increase and put even higher pressure on the evaporators.
However, it is hard to conclude whether this would be a big obstacle for the plant
or not, with no further experiments done on the pulp mill in question.

4.3 Ash, sodium, and sulphur content of the final
lignin

An analysis was conducted to investigate how large content of ash, sodium, and
sulphur that the final lignin product of the model contains, based on literature
values. Results from different studies that were gathered in order to make a good
approximation of how much of the different components that appear can be seen in
Table 4.2.

The source of Tomani and Innventia [25] were chosen to use in the analysis since this
source included all three values compared to the other findings. The calculations
that were done in this analysis were based on the average value from the intervals of
ash, sodium, and sulphur content. In other words, the ash content was assumed to
be 0.8% of the final lignin product, the sodium content were assumed to be 175 g/kg
ash, and the sulphur content were assumed to be 2.5%. However, the chosen source
has done the analysis of lignin with a DS content of 65-70% which is slightly lower
than the same value of this study, which is set to be 95% dryness of the final lignin
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Table 4.2: Summary of literature findings regarding ash, sodium, and sulphur
contents of the final lignin product.

Ash content Sodium content Sulphur content Source
0.2-1.4% 120-230 g/kg ash 1.8-3.2% [25]

2-3% [27]
0.5% 1-3% [37]

0.6% [38]

product. However, this should not impact the final result since the DS content is
just a value of how much water content the lignin slurry have.

The important parts of the result of this analysis with 320 kg CO2/ton lignin and 255
kg H2SO4/ton lignin is presented in Figure 4.5, and the full table with all values can
be seen in Appendix A in Table A.5. From this analysis, approximate values for ash,
sodium, and sulphur content for the different black liquor outtakes were gained. As
expected, the values of all parameters increases as more lignin is produced, and thus
the amount of the different contents increases since it is a percentual calculation.

Figure 4.5: Ash, sodium, and sulphur content in the final lignin with 320 kg
CO2/ton lignin and 255 kg H2SO4/ton lignin.

The same analysis was done with 220 kg CO2 and 175 kg H2SO4/ton lignin, see
Figure 4.6 and the full table with all values can be seen in Appendix A in Table A.6.
The same thing can be concluded here, that the different amounts of the parameters
increases as the lignin production increases. However, these values are slightly lower
than the values in Figure 4.5 since these calculations are done with the case where
less acids are added, and thus, slightly lower amount of lignin is produced as the
model is defined.

The results from Figure 4.5 and Figure 4.6 were used to do further calculations to
analyse how much sulphur and sodium that is left in the system after the lignin
recovery process. Both the case with the highest recommended amount of added
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Figure 4.6: Ash, sodium, and sulphur content in the final lignin with 220 kg
CO2/ton lignin and 175 kg H2SO4/ton lignin.

CO2 and H2SO4 as well as with the average amounts were analysed. The first
mentioned case where sulphur and sodium contents were analysed can be seen in
Table 4.3 and Table 4.4. The amount of sodium/sulphur that is entering the system
in the black liquor is assumed to be 5% and 21% of the total amount respectively,
as mentioned earlier. With the results of the previous analysis of how much sodium
and sulphur that is leaving the system in the lignin product is then used to calculate
the difference between these, and thus get a value of how much sodium and sulphur
that is left in the system.

Table 4.3: Analysis of sulphur content left in the system in the case of the highest
recommended amount of CO2 and H2SO4.

BL outtake [%] S in BL flow [t/h] S in final lignin [t/h] S left in the system [t/h]
10 2.55 0.0830 2.4620
15 3.82 0.1243 3.6906
20 5.09 0.1659 4.9241
25 6.36 0.2074 6.1551
30 7.64 0.2489 7.3861
35 8.91 0.2903 8.6173
40 10.18 0.3318 9.8483
45 11.45 0.3733 11.079
50 12.73 0.4148 12.310

It can be concluded that the amount of sulphur increases as the black liquor flow
into the lignin recovery system increases, and thus, more sulphur will be left in
the system and will be returned back into the evaporators, and further enter the
recovery boiler. The sulphur that is left in the final lignin product is mostly sulphur
that is chemically bonded with lignin from chemical reactions taking place during
the delignification process in the digester when lignin is separated from the cellulose.
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Thus, almost all of the sulphur that is added as H2SO4 to the system, is filtered and
re-circulated. This sulphur is transformed into sulphate SO4−

2 and will appear in this
chemical form all the way back to the recovery boiler, where it is transformed into
sulphide and finally converted back into the important process chemical Na2S which
is a part of the white liquor. It is also here, in the lower recovery boiler, sulphur
can be extracted from the process if the ratio of Na/S is not satisfied. This is done
by an electrostatic precipitator (ESP), making it possible to control the ratio. This
parameter is considered to be the most important parameter to be able to control the
balance of Na/S in a pulp mill today [32]. The most common form that the sulphur
is removed is by sodium sulphate (Na2SO4) [39]. However, this precipitator dust
removal also causes losses of sodium, thus this have to be compensated by make-up
chemicals, either in the form of NaOH or Na2CO3. It was found that this ratio could
possibly be maintained by adding a certain amount of NaOH, in particular 122 kg
NaOH/ton lignin produced [18].

Table 4.4: Sodium content left in the system in the case of the highest recom-
mended amount of CO2 and H2SO4.

BL outtake [%] Na in BL flow [t/h] Na in final lignin [t/h] Na left in the system [t/h]
10 10.69 0.00465 10.684
15 16.02 0.00697 16.016
20 21.38 0.00929 21.369
25 26.72 0.01161 26.711
30 32.07 0.01394 32.053
35 37.41 0.01625 37.395
40 42.76 0.01858 42.737
45 48.10 0.02090 48.080
50 53.45 0.02323 53.422

As well as for sulphur, the amount of sodium also increases as the black liquor flow
into the lignin recovery system increases. However, the amount of sodium in the
final lignin product is much less compared to sulphur, since there is not any chemical
reaction, as for sulphur, taking place with sodium in the prior steps. However, there
is much more sodium in the system compared with the sulphur, due to the fact that
it exist approximately 4-5 times much sodium in the black liquor entering the lignin
recovery system.

Also, the ratio of carbonates to sulphates are impacted when the lignin content of
black liquor is decreased. A previous study were conducted on lignin removal of
60%, and the amount of sulphates, thiosulphates, and carbonates were increased as
the lignin content decreased [40]. It is these elements that cause the phenomenon
scaling in the evaporators, namely sodium carbonate (Na2CO3) and sodium sulphate
(Na2SO4). In ordinary black liquor, more carbonates exist compared to sulphates,
but in the lignin-lean black liquor, these amounts were almost equal which resulted in
a different molar ratio than usual. Problems with scaling is that these salt crystals
are growing on the inside of the evaporator walls, and the more carbonates and
sulphates that exist, the faster this process will go. Thus, the scaling problems
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will increase when more and more lignin are removed from the black liquor. To
remove scaling from the walls, maintenance work is needed, and thus the production
needs to be paused, leading to less production and less profitability. However, how
large effects these scaling problems will have in the particular plant is very hard to
determine without any real-life experiments.

The case with the average values of CO2 and H2SO4 can be seen in Table 4.5 and
Table 4.6. The same analysis can be done in this case; higher amounts of sulphur
and sodium are left in the system as we are letting larger shares of black liquor enter
the lignin recovery system.

Table 4.5: Sulphur content left in the system in the case of the average amount of
CO2 and H2SO4.

BL outtake [%] S in BL flow [t/h] S in final lignin [t/h] S left in the system [t/h]
10 2.55 0.0767 2.4683
15 3.82 0.1150 3.7001
20 5.09 0.1534 4.9367
25 6.36 0.1917 6.1708
30 7.64 0.2300 7.4050
35 8.91 0.2683 8.6393
40 10.18 0.3068 9.8732
45 11.45 0.3450 11.108
50 12.73 0.3835 12.342

Table 4.6: Sodium content left in the system in the case of the average amount of
CO2 and H2SO4.

BL outtake [%] Na in BL flow [t/h] Na in final lignin [t/h] Na left in the system [t/h]
10 10.69 0.00429 10.6847
15 16.02 0.00644 16.0166
20 21.38 0.00859 21.3694
25 26.72 0.01074 26.7118
30 32.07 0.01288 32.0541
35 37.41 0.01502 37.3965
40 42.76 0.01718 42.7388
45 48.10 0.01932 48.0812
50 53.45 0.02148 53.4235

When defining sodium and sulphur in the model, they were approximated by ele-
ments, and not by the actual molecules that sodium and sulphur are splitted into
in reality, since no real-life experiment on the actual composition of the black liquor
were done. The assumption was that the black liquor was composed of 21% sodium
and 5% sulphur as mentioned above. However, out of these 21 and 5% respec-
tively, the elements could potentially be split up in the following order for a typical
black liquor; 35-40% Na2CO3, 5-10% NaOH, 15-20% Na2S, 5-10% Na2SO3, 15-20%
Na2S2O3, 10-15% Na2SO4, and about 10% others [27]. Since sulphur is a very im-
portant parameter, both for the recovery boiler and the causticizing plant and how
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they are being controlled, it will be important to take all those different molecules
containing sulphur into consideration more in depth than this approximation that
has been done in this project.

4.4 The effects on steam, electricity and lignin
production

An analysis on the dependence of the increasing share of black liquor outtake to the
lignin recovery process on produced steam, electricity, and lignin was conducted. As
the share of black liquor outtake from the evaporation plant increases, more lignin
is produced in the lignin recovery plant. However, this increase in lignin product,
has affects elsewhere in the plant. The less amount of black liquor that enters the
recovery boiler to be burnt and turned into useful energy get a lower high heating
value (HHV) as the black liquor contains less amount of lignin, and thus the heat
load into the boiler decreases. Also, the amount of black liquor to the recovery
boiler decreases if no adjustments of the flow were done. Thus, before removing too
much lignin from the black liquor, it is important to be aware of how much that is
possible to remove to keep the process going. This might make the HHV of black
liquor the bottleneck of how much lignin that is possible to extract. In an ordinary
black liquor, this value is about 14 MJ/kg DS [24, 41], but will be lower for the
case when lignin is extracted from the black liquor. Other important parameters
are the hearth heat release rate (HHRR) and adiabatic combustion temperature.
In a case study that has been conducted on hardwood, the HHRR value were the
limiting factor when no adjustment of the heat load into the boiler were done, and
the operating of the recovery boiler was limited when the lignin removal was 50%.
However, when the heat load into the recovery boiler was constant, thus having a
controlled flow of black liquor into the recovery boiler, neither the HHRR nor the
adiabatic combustion temperature were the limiting factors. Instead, the mass flow
rate of smelt out from the recovery boiler was limiting the process. It was also found
that the adiabatic combustion temperature, that is highly dependent on the HHV
and dry solids content, could be restored with an increased dry solids content of the
black liquor at higher lignin removal rates [24]. However, softwood is the main focus
of this analysis, but the content of the study can still be applied also in this case.
However, no specific conclusions on how the recovery boiler will act in this specific
case were made.

Since less heat is available in the recovery boiler, less steam will be produced when
more lignin is produced. This can be seen in Figure 4.7, where the red line indicates
the increasing lignin production [kt/year] with increasing black liquor outtake, and
the green line is the decreasing amount of steam produced from the recovery boiler
[kg/s]. As can be stated, with 0% lignin production, the recovery boiler produces
above 200 kg/s of steam. However, at a lignin production of 50%, the mass flow
of steam from the recovery boiler is just above 100 kg/s. This indicates that the
loss of steam production is approximately 50% when 50% of black liquor for lignin
production is extracted. What happens when the steam flow is lowered, is that less
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electricity can be produced. This electricity is what makes it possible for pulping
plants to often be self-sufficient in electricity. Also, some electricity can also be
sold if there is a surplus of produced electricity, which is most often the case in
pulp mills. The pulp mill in question here have two generators that provides the
plant with enough electricity and also gives a surplus most of the year. The two
generators together have an effect of just below 150 MW when considering 0% of
lignin production, see the blue line in Figure 4.7. However, since this is correlated
with the steam production, also the effect of how much electricity the generators can
produce is decreasing with increased lignin production. To take into consideration is
that this model is rather a linear model, and thus the mass flow of steam as well as
the electricity production decreases linearly with the increasing production of lignin,
which is an approximation to the reality. From this analysis, it could be stated that

Figure 4.7: Steam, electricity and lignin produced in relation to black liquor out-
take. The black line indicates the electricity usage of the mill.

approximately 2.2 kg/s of steam is lost with every % increase of lignin production.
Also, approximately 1.5 MW of net power is lost for every % increase of lignin
production. The total electricity usage at the pulp mill is about 75 MW and can
also be seen in Figure 4.7, see the black line. The amount of electricity usage is
approximated to a constant value in this study, but is decreasing slightly in reality,
as a consequence of the increasing black liquor outtake. From this line, it can be
analysed when the plant is producing too little energy for its self-sustainability. It
can barely be seen in the figure, but at 50% of lignin removal, too little energy is
produced for the mill to be run only by the energy produced by the recovery boiler.
Thus, energy from example a biomass boiler will be needed to sustain the plant with
enough energy. The decrease in produced electricity by every % of increased lignin
production, less electricity can be sold to the grid. However, in this study, there is
an available surplus to be sold up to just before 50% of lignin removal.

33



4. Results and discussion

4.5 The expenses of acids

It can be concluded that having a lignin recovery plant requires a lot of added amount
of acids in the form of CO2 and H2SO4. This means that the operating costs of the
lignin recovery will probably be quite high. However, CO2 could potentially be
used from the flue gases from the recovery boiler or from the lime kiln at the plant.
These flue gases could be used without any treatment [42]. However, it has also been
discovered that the pureness of CO2 is very important and affects the time of pH
decrease and thus precipitation [25]. Pure CO2 of 99,7% pureness precipitates lignin
much faster than CO2 coming from the flue gases or potentially from an ethanol
production site according to the study. From previously done studies on this topic,
it was concluded that up to 50% of the operational costs could be saved by using
the CO2 that is produced internally [26]. However, challenges were discovered with
the black liquor when using the CO2 produced internally, since it caused foaming.

However, the thought behind this project is that the CO2 is supposed to be recovered
internally, to be able to keep the cost of purchasing CO2 down. An alternative to
be able to recover CO2 internally is with an electric plasma calcination instead of
an ordinary lime kiln, provided by a master thesis at IVL in previous years [43].
From this electric plasma calcination, CO2 could be extracted by a cyclone in a
very pure state and be stored before being utilized in for example a lignin recovery
plant. Thus, the cost of CO2 will be assumed to be zero in this case. However, this
electric plasma calcination would also require a certain amount of electricity input
to be utilized, which would decrease the amount of available electricity for the core
process as well as for the case of lignin extraction and also the amount of electricity
surplus to be sold.

The cost of H2SO4 is however even higher, but is used in a slightly smaller amount
compared to CO2. In March 2023, H2SO4 was estimated to a cost of approximately
2264 SEK/t [44]. For the case where the lignin production would be able to reach
50%, about 30 700 t/y of H2SO4 would be needed, see calculations of this in Ap-
pendix A in Table A.1. This would give an approximate operational cost of 69.9
MSEK per year. Upon this cost, also water will be needed for this process, both in
the second filtration step and the displacement washing step. More water content
means that more heat will be needed to dry the product, in this case up to 95%
dryness.

Another analysis of the incomes and costs of the lignin recovery plant have been
conducted. In Figure 4.8, the total incomes and costs can be seen. The incomes
are approximated to the profit of sold lignin of a price of 3934 SEK/ton lignin [13],
and the profit of sold electricity at a price of 124 SEK/MWh [45]. The costs are
approximated to the cost of purchased H2SO4 of a price of 2264 SEK/t as mentioned
above, and the cost of NaOH of 5625 SEK/t [46]. 122 kg of NaOH is assumed to be
needed to keep the ratio of Na/S as mentioned above. It can be concluded that the
incomes are larger than the costs in this case. This is mainly due to the fact that
in this analysis, all lignin is assumed to be sold. However, as the market of lignin is
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Figure 4.8: Incomes and costs of the lignin recovery plant.

not very attractive today, probably all produced lignin would not be sold in reality,
and thus the profit would be considered lower. The amount of water and steam
needed for the lignin recovery were not accounted for in this analysis.

4.5.1 Internal production of sulphuric acid
However, also the H2SO4 can be produced internally, and thus decrease the oper-
ational costs of the lignin recovery process. Another benefit of having an internal
production of H2SO4 is that the excess of sulphur in the system can be extracted
and utilized for the purpose of producing H2SO4. "For sulphidity control of lignin
recovery of high yields, it have been discovered that an in-mill production of sulfuric
acid is the best option to control the sulphidity" [39]. So, having an internal pro-
duction of H2SO4 might be able to facilitate the situation of the excess of sulphur
that will be caused by lignin extraction, and as well as the high operational costs.
However, also this H2SO4 production plant comes with a capital cost that needs to
be taken into consideration.

One method that have been proposed by Valmet, is to produce H2SO4 from con-
centrated non-condensable gases (CNCGs) [29]. The gases are collected in a tank
and further pumped into a boiler where total reduced sulphur (TRS) compounds
are oxidized to SO2. From the boiler, the flue gases are entering a catalytic reaction
vessel where SO2 is oxidized into SO3 by reaction 4.1.

2 SO2 + O2 ←→ 2 SO3 + heat (4.1)

Further in the process, this SO3 in the flue gases reacts with water, see reaction 4.2.

SO3 + H2O ←→ H2SO4 + heat (4.2)
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Thus, H2SO4 is produced at the mill. The first installation of this type were in oper-
ation in 2017 in Finland and can be concluded to be "an environmental investment
with a tangible financial payback in chemical savings" [47].
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Conclusion

Up to 70% of black liquor outtake is theoretically possible to remove by using the
LignoBoost process by Metso [24]. However, yet no one has succeeded to reach such
high degree of lignin extraction in real life. In this project, up to 50% of black liquor
extraction was the desired amount that was simulated. According to the model
when adding 320 kg CO2/ton lignin and 255 kg H2SO4/ton lignin, up to 139 356
ton lignin per year was possible to produce. However, this model is based on several
assumptions that needs to be further investigated, to be able to make the model as
accurate as possible.

According to this study and the model, this plant would have enough energy to run
the plant almost all the way down to 50% of lignin extraction. To be able to go
down to 50%, some extra energy would be needed to be produced from for example
a biomass boiler. However, no extra energy can be sold as electricity since no
surplus will be available at 50% extraction level. Less and less amount of electricity
production will be the result of a higher lignin production. This results in lower
income from electricity sold, compared to what the plant is used to which will affect
the profits.

Whether this is feasible or not from an economic point of view, the profitability is
highly dependent on the lignin market. Also, if the necessary acids can be produced
internally or need to be bought will affect the profit. In the case where it is assumed
that all lignin produced is sold, and acids are utilized from in-mill production, the
future of lignin production seems to be economically beneficial. However, no capital
cost for the lignin recovery plant was investigated in this project, nor the total costs
of producing in-mill acids. If the lignin is thought to be used in-mill, as a fuel for the
lime kiln, more investigations are needed to state the profitability. So, whether it is
possible to run a pulping plant with an integrated lignin recovery, in the same pace
as today, cannot be stated surely after this investigation, but further investigations
need to be done. Since the pulp mill is a very large and modern plant, the chances
to success are definitely there, hopefully in a near future.
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6
Future work

Since this project is an ongoing collaboration between IVL and this pulp mill, to be
able to make a well functioning digital twin of the actual plant, more time and effort
is needed to be put on the model. Many assumptions have been made, due to the
fact that the topic of lignin and lignin extraction processes are a rather new topic
in the industry. Not many mills have implemented this method, which make the
shared knowledge very limited. For example, the temperature has been concluded
important for the filterability of lignin, but have not been very implemented into
the model, thus this can be one thing that need to be more investigated for the
future. To be more certain about the temperature, a good solution can be analyses
in the lab of how filterability depends on temperature in different steps throughout
the process. Also, experiments on what the HHV of this specific case would end up
being if 50% black liquor was extracted for lignin production would be of interest.
Also, the HHRR and adiabatic combustion temperature are related to the HHV and
would also be needed to be further investigated for this specific case. Another thing
that needs to be studied more in depth if the lignin recovery plant is to be built in the
future, is more precise investigations of how much CO2 and H2SO4 that is optimal
to use. In this project, the recommended highest values and average values were
chosen, due to limited knowledge. However, an optimum between added amount of
acid, time, and price paid should exist for every ton of lignin that is extracted.

To make the model even more accurate, real-life experiments need to be conducted,
to fit the real plant as good as possible. The composition of black liquor is one thing
that should be analysed to be more certain instead of relying too much on other
studies and literature values. However, even if experiments with the black liquor
from the specific pulp mill were conducted, the liquor changes in composition also
within the plant, depending on how the plant is performing.

Also, problems with scaling in the evaporation plant is a question to further investi-
gate for the future. The best solution right now seems to have an internal production
of H2SO4, to get rid of excess sulphur that contributes to the build up of scaling, to
keep the Na/S ratio, and to keep the operational costs down.
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A
Appendix 1

A.1 The Simulink model
In this section, full pictures of the model in Simulink will be shown. Figure A.1
visualizes the draft model. In other words, how the model looked like when it was
first received. This is the same as Figure 3.1 but in a better resolution to facilitate the
understanding and actually see what the different boxes says. Figure A.2 visualizes
the updated model, after some adjustments were done. This is the same as Figure
4.1 with the same explanation as above, to better see what the boxes actually says.
The red circles in this figure shows how the pressate flows are splitted. The circle to
the left represents the lignin-lean black liquor flow from the first filter press, that is
re-circulated back into the evaporation plant just before the black liquor enters the
recovery boiler. The circle to the right shows the wash liquor for re-circulation that
will be re-circulated back to the evaporation plant in an earlier stage, before black
liquor for lignin recovery is extracted.
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A. Appendix 1

Figure A.1: The Simulink model from the beginning.
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Figure A.2: The Simulink model with updated waste flows.
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A.2 Full tables from analyses
In this section, the full tables from some analyses in the results shown up in the
main text are shown. Figure A.3 is a summary of more values from the analysis
that were conducted with the model in Simulink when using 320 kg CO2/ton lignin
and 255 kg H2SO4/ton lignin. Most of the values in the table are in the unit [t/h],
except from the dryer power with the unit [W]. The same analysis have been made
in Figure A.4, but with 220 kg CO2/ton lignin and 175 kg H2SO4/ton lignin instead.

Figure A.5 is a summary of values used in the analysis with ash, sodium, and sulphur
content when using 320 kg CO2/ton lignin and 255 kg H2SO4/ton lignin. As can be
seen, this is rather an extension of the analysis in Figure A.3 and Figure A.4. The
same analysis have been made in Figure A.6, but with 220 kg CO2/ton lignin and
175 kg H2SO4/ton lignin instead.
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Figure A.3: Summary of values gained from the model with the highest recom-
mended values of added acids.
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Figure A.4: Summary of values gained from the model with the recommended
average values of added acids.
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Figure A.5: Summary of calculated amounts of ash, sodium, and sulphur content
in the final lignin with the highest recommended values of added amount of acids.
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Figure A.6: Summary of calculated amounts of ash, sodium, and sulphur content
in the final lignin with the recommended average values of added amount of acids.
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A.3 Calculations of the flow of acids
To be able to calculate some economics regarding the needed amounts of acids, some
simple calculations were conducted. The flow of H2SO4 were calculated in t/y by
multiplying the flows in Table A.1 with 8400 h/y.

Table A.1: Flow of H2SO4 for the case with 220 kg CO2/ton lignin and 175 kg
H2SO4/ton lignin.

BL outtake [%] H2SO4 flow [t/h]
10 0.7669
20 1.5335
30 2.2995
40 3.0678
50 3.8343

For this case with 220 kg CO2/ton lignin and 175 kg H2SO4/ton lignin, it was cal-
culated that for 50% of black liquor outtake would need a flow of 30 674 tH2SO4/y.
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