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Carbon Capture Using White Liquor in a Kraft Pulping Plant
Simulation and Evaluation of a Scrubber
JULIA CRAMSTEDT
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
CO2 emissions are a big part of the current discussion regarding global warming, and
industries like pulp and paper play a large part in the aim to reduce global emissions.
Implementing carbon capture technologies in pulp plants can significantly reduce
CO2 emissions from the plant and even make some plants negative CO2 emitters.

In a suggested process, a scrubber was added to a Kraft pulp mill to capture CO2
in the flue gases from the recovery boiler using white liquor as an absorbent. The
project aimed to simulate and calculate the scrubber’s cost and discuss the effects
on the process and whether it was feasible to integrate the scrubber into the process.

The results suggested a scrubber that gave a 95% CO2 capture rate from the recovery
boiler flue gases, costing about 17 million SEK. It was concluded that sending the
outlet liquor from the scrubber back to the process could affect the white liquor
composition and overall chemical balance. There was also an increased load on the
causticisation and lime kiln in the process and a risk of toxic H2S leaving with the
scrubbed flue gas.

Keywords: carbon capture, white liquor, pulp and paper industry, Kraft process,
scrubber, simulation.
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1
Introduction

CO2 emissions are a big part of the current discussion regarding global warming.
The pulp and paper industry accounted for just over 5% of greenhouse gas emissions
from Swedish industries in 2021, with about 0.84 million tonnes of CO2 equivalent
emissions [1]. The pulp and paper industry has lowered its emissions during the last
25 years by moving away from oil as fuel [1], but still, a lot can be done.

Carbon capture and storage (CCS) is a promising technology to reduce emissions in
the industry sector. It can potentially reduce 55% of global emissions by the end of
this century [2]. There is a large potential for implementing carbon capture in the
pulp and paper industry, and the industry could even become a net negative CO2

emitter since the majority of the emissions are from biogenic sources [3].

IVL Svenska Miljöinstitutet AB (IVL) is working on a digital twin of a pulp mill,
which hopes to help in optimising the daily operation of the pulp mill. In addition
to this, IVL is also investigating the possibility of having zero CO2 emissions from
the pulp mill. A possible process has been imagined where IVL has investigated
all CO2 emitting units in the mill. This thesis will investigate one of the proposed
carbon capture units, where CO2 will be captured from �ue gases using white liquor
from the Kraft process.

1.1 Background

The primary sources of carbon emissions in a Kraft pulp mill can be found in the
chemical recovery cycle [4]. The recovery boiler, the biomass boiler, and the lime
kiln are the main emitters, where the recovery boiler accounts for over 75% of the
CO2 emissions [5]. Therefore, it is interesting to primarily investigate the emissions
from the recovery boiler, which this project will focus on.

Previous studies on carbon capture in Kraft pulp mills have primarily been on
post-combustion technologies since this does not require any reconstruction of the
recovery boiler [6]. The most common post-combustion process is carbon capture by
chemical absorption, such as using monoethanolamine (MEA) to capture CO2, as it
is a well-known and e�ective absorption technology [7]. Other theoretical suggestions
exist where more substantial changes in the process are made, like substituting the
recovery boiler with black liquor gasi�cation and using di�erent pre-combustion
processes [8]. Studies have also suggested using oxy-combustion to capture CO2

from the lime kiln [9].

1



1. Introduction

Another common absorption chemical aside from MEA is NaOH which can be used
to capture CO2 from �ue gases [10]. The theory investigated in this thesis is that
white liquor, a chemical solution from the Kraft process containing mainly NaOH
[11], could be used as an absorption medium in the same way as pure NaOH. White
liquor as an absorption medium has been tried before to remove total reduced sul-
phur gases in non-condensable gases [12]. This study found a scrubbing e�ciency
of about 95% for total reduced sulphur gases. As for scrubbing �ue gases with
NaOH in a pilot scale, the absorption e�ciency was 30-98% depending on operating
conditions [13].

1.2 Aim and scope

The project mainly aims to do a simulation and cost calculation of a carbon capture
unit. The objective is to evaluate the feasibility of using white liquor from the
process as an absorption medium to absorb the CO2 from the recovery boiler �ue
gas. The feasibility of returning the white liquor with absorbed CO2 to the chemical
recycling process will also be evaluated as a way to regenerate the solvent. The
simulation will be done in ASPEN Plus, and Microsoft Excel will be used for the
cost calculations. The result will be analysed, and a recommendation will be given
if the carbon capture unit should be invested.

The second aim is to contribute to the digital twin that IVL is working on. In
MODDE, a statistical model will be created that can be put into MATLAB Simulink
and coupled to the digital twin IVL has done.

1.3 Research questions

To reach the aim of the thesis, the following questions are to be investigated:

ˆ Which dimensions and operating conditions are needed to achieve good e�-
ciency for the carbon capture unit?

ˆ How much more white liquor is needed in the process when a carbon capture
unit is integrated into the process?

ˆ Can the outlet liquor �ow from the carbon capture unit be sent to the causti-
cisation process, and how will it a�ect the capacity?

ˆ What are other possible e�ects on the process when integrating the carbon
capture unit?

ˆ What will be the cost of integrating the carbon capture unit?

2



1. Introduction

1.4 Limitations

In the studied process, the captured CO2 from the recovery boiler �ue gas will react
with NaOH in the white liquor and be sent back to the chemical recovery cycle.
Therefore no storage or utilisation of the captured CO2 will be studied.

In the proposed carbon capture process in the Kraft pulp mill, it has also been
proposed to install an electric lime kiln to receive zero CO2 emissions and to handle
the potentially larger load of lime. Currently, this technology is not widely used
in the pulp and paper industry. The installation and integration of an electric
lime kiln fall outside of this project, and it is assumed that an electric lime kiln is
already available to also account for the extra capacity needed in the lime kiln. The
installation and integration of an electric lime kiln and what to do with the pure
CO2 stream is a suggested further study.

If something can be done with the �ue gases from the current lime kiln is not
something that will be studied in this project. Still, it could be interesting to
investigate if this can be integrated with the carbon capture unit suggested in this
report.

The addition of the carbon capture unit could give an increased energy demand.
It will, however, be assumed that this energy is available, and a deeper study into
potential energy sources will not be done.

Finally, the project will only simulate one type of carbon capture unit. The type
of unit that would be the best �t will be decided from a literature study and using
experience from engineers in the industry.

3
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2
Theory

In the following chapter, all necessary theory for the thesis is presented. First, an
overview of the Kraft pulping process is presented, and the relevant process stages
are dived into more deeply. Then, some carbon capture technology is explained, and
previous studies into carbon capture in the pulp and paper industry are presented.
Finally, the theory behind absorption columns is presented to support the choice of
carbon capture process in the thesis.

2.1 Kraft process overview

There are many di�erent ways to obtain pulp from wood. The processes can fall
into three overall categories; mechanical pulps, semi-chemical pulps or chemical
pulps [14]. The plant of focus in this thesis is of the type chemical pulp, using the
Kraft process.

The Kraft process, also known as the sulphate process, is the most common process
for obtaining pulp [15]. This process is alkaline at high temperatures of around
140-180°C, and yields are about 45-50% [14]. Some of the advantages of the Kraft
process, compared to other pulping methods, are that it has an excellent chemical
recovery system, that it can be used on any wood type, that the cooking times
are short, that it requires only half to a third of the electrical energy compared to
mechanical pulps, and that the received pulp has great strength [14].

To remove most of the lignin, the wood chips are prepared in a digester with a
chemical solution called white liquor, consisting mainly of sodium hydroxide and
sodium sulphide. This process is called the cooking process. The lignin is removed
to achieve better pulp quality. Out of the digester comes the cooked pulp and the
spent cooking liquor, called black liquor. The pulp is washed before being sent to the
paper mill or bleaching plant. The black liquor instead enters the chemical recovery
process, which starts with the evaporation and then combustion of the black liquor
in the evaporator and recovery boiler, respectively. Out of the recovery boiler comes
green liquor, a solution of mainly sodium sulphide and sodium carbonate, which is
sent to the �nal stage of the chemical recovery cycle, the causticising process [14].
In this process, the sodium carbonate reacts to form sodium hydroxide according to
equation (2.1).

Na2CO3 + Ca(OH) 2 2 NaOH + CaCO3 (2.1)

5



2. Theory

The causticising process regenerates white liquor, which is sent to the digester and
closes the chemical recovery cycle [14]. Since the reaction in equation (2.1) is an
equilibrium reaction, it does not generate 100% conversion. In general, about 80%
of the Na2CO3 is converted.

Coupled with the causticising process is another chemical cyle. In this cycle, the
calcium carbonate in equation (2.1), also known as limestone, is sent to a lime kiln
to convert into quicklime (CaO) according to equation (2.2).

CaCO3 CaO + CO2 (2.2)

The quicklime is then combined with water in the slaking process to form calcium
hydroxide, also known as slaked lime, according to equation (2.3), which is then sent
back to the causticising process [16].

CaO + H2O Ca(OH)2 (2.3)

A �gure describing the two cycles in the Kraft process can be viewed below in
�gure 2.1.

Figure 2.1: Overview of the Kraft pulping process (based on [14]).

2.1.1 Electric lime kilns

Electric lime kilns are a relatively new technology and are currently in the piloting
phase. In a traditional lime kiln, the limestone is heated with a �ame and exhaust
gases from burning fossil fuels. Heat is needed for the reaction in equation (2.2) to
occur, and approximately 0.75 tonnes CO2 is released per tonne of lime produced.
Electri�cation, carbon capture, and utilisation or storage of the CO2, have been
deemed the most promising technologies for reducing CO2 emissions from the lime
kiln [17].

6



2. Theory

The limestone is indirectly heated with electric heating elements around a rotary
tube in the electric lime kiln. A �gure describing an electric and a traditional lime
kiln can be seen in �gure 2.2.

(a) Traditional lime kiln

(b) Electric lime kiln

Figure 2.2: An overview of (a) a traditional and (b) an electric lime kiln [17].

In the indirectly heated lime kiln, the produced gases are almost pure CO2 since the
limestone does not come in contact with other gases. This makes storing or utilising
the CO2 easier. Other advantages of an electric lime kiln are that the temperature
pro�le is easier to control, the lime product will not be contaminated from the fuel,
and the heat losses are smaller. However, the risk of recarbonation is higher, and
the required energy is greater because of a higher partial pressure for CO2 [17].

2.1.2 Na/S balance

In a Kraft pulping mill, keeping track of the sulphidity, or the sodium and sulphur
balance, in the liquor is essential. This is because of the important role of the cooking
chemicals and the white liquor in the preparation of the pulp. Usually, Scandinavian
mills have a problem with low sodium and high sulphur concentrations, which can
a�ect the pulp quality and increase emissions of sulphurous gases. Keeping track of
the Na/S balance can minimise the production cost and ensure that the pulp is of
su�cient quality. One problem, however, is that it can take time to notice changes
in the sulphidity because of the large liquor �ows in the mill. There are three main
ways to keep track of the chemical balances in a mill - the sulphidity, the e�ective
alkali, and the active alkali [18]. These are calculated by the following equations
[19].

7



2. Theory

Sulphidity [%] =
Na2S

NaOH + Na2S
� 100% (2.4)

E�ective alkali [g/L] = NaOH +
Na2S

2
(2.5)

Active alkali [g/L] = NaOH + Na2S (2.6)

2.2 Carbon capture technology

Carbon capture processes can be divided into three main types: pre-combustion,
post-combustion, and oxy-fuel combustion processes. The pre-combustion process
removes the carbon in the fuel before the combustion, post-combustion processes
remove the CO2 in the �ue gas after the combustion, and in oxy-fuel combustion,
the fuel is oxidised to create a purer stream of CO2 [20]. Chemical looping should
also be mentioned, which can be considered a type of oxy-fuel combustion. In the
chemical looping process, oxygen is supplied to the fuel without contact with air
with a metal oxide as an oxygen carrier. The stream will consist of pure water
and CO2 [2]. Out of these di�erent carbon capture technologies, it is the easiest to
implement post-combustion capture into existing Kraft pulping mills since it is only
applied to the �ue gas and, therefore, does not require any reconstruction of the
recovery boiler [6]. It is also easy to retro�t into existing plants when it comes to
energy and mass balances [21]. This is important to consider as capturing carbon
dioxide will increase the site's energy demand [22].

For larger mills in Sweden, almost all the site carbon emissions are biogenic. This
means the emissions could be considered negative if the carbon capture is imple-
mented [22]. The recovery boiler and lime kiln make up about 90% of the total
site emissions [22] where the recovery boiler is the largest emitter of carbon dioxide,
representing around 75-80% of the total emissions [5]. Therefore, it is interesting to
investigate carbon capture connected to the recovery boiler.

2.2.1 Carbon capture in pulp mills

Several studies have been done on carbon capture in the pulp and paper industry.
A summary of some previous studies on carbon capture in pulp mills found during
the literature study is presented below.

In a thesis by Hedström [8], they investigated three scenarios for reducing carbon
emissions in pulp mills using simulation software. The �rst scenario applied a post-
combustion capture technology to the recovery boiler �ue gas, while the second
and third scenarios replaced the recovery boiler with black liquor gasi�cation with
two di�erent pre-combustion CO2-capture processes; Selexol and Rectisol. Out of
these, the �rst scenario showed the highest potential CO2 reduction when applying
Bioenergy with carbon capture and storage (BECCS), while the scenario using the
Rectisol had the lowest capture cost [8].

In an article by Kuparinen et al. [23], BECCS using monoethanolamine (MEA)
was studied as a reference case, which is a post-combustion capture process with a
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capture rate between 80-90%. In this case, calculations were done for several mills
on energy balances, CO2 emissions, and cost. The conclusion was that implementing
carbon capture in pulp and paper mills could signi�cantly reduce CO2 emissions,
and many mills could even become negative CO2 emitters. The main reason for not
adding BECCS into existing mills is because there are no incentives for negative
emissions in the emission trade framework, making BECCS just a cost factor [23].

In a thesis by Kouri [24], they investigated thirteen di�erent carbon capture tech-
nologies for the Finnish pulp and paper industry based on capture potential, cost,
and technical maturity. Seven carbon capture technologies were applied to or re-
placed the recovery boiler, �ve capture technologies were investigated for the lime
kiln, and one technology was applied to both the recovery boiler and the lime kiln.
Of the investigated options, MEA absorption and lignin separation was the most
technically mature concepts, and MEA absorption had the highest carbon capture
potential. In general, technologies applied to the recovery boiler were more likely to
be economically feasible. This thesis concluded that the feasibility of investing in
carbon capture depends on incentives and other revenues [24].

Another way to reduce carbon emissions is to introduce an electric lime kiln, also
called electric gas-plasma technology. Andersson and Skogström investigated this
[25], where they recommend replacing the conventional lime kiln with an electric
one at the end of its lifetime. Compared to the conventional lime kiln, the plasma
technology results in a pure carbon dioxide stream that can be used in the process,
sold, or stored without further concentration of the gas. It also has faster reaction
times, an expected lower investment cost, is more energy e�cient, and the equipment
is smaller than the conventional lime kiln. Some suggested usage of the pure carbon
dioxide stream is for the production of electro-fuels to replace fossil fuels, lignin
extraction via the LignoBoost process to reduce the load of the recovery boiler, or
it could be stored [25].

In summary, very few potential carbon capture technologies have been applied to
mills, and there is currently low incentive to do so. In Sweden, a demonstration of
black liquor gasi�cation has been operated in Piteå [24], and Stora Enso has a pilot
project for carbon capture in Skutskär [26]. Recently, Södra has joined a global
project to reduce carbon emissions and, in the future, start using BECCS in their
pulp mills [27]. The project between the pulp mill and IVL, which this thesis is a
part of, is also a step in investigating new carbon capture technologies for pulp mills
and how they can be integrated.

2.3 Chemical absorption

For post-combustion processes, chemical absorption is the most common and e�ec-
tive type of separation method [8]. This is because of many factors, including high
absorption e�ciency and low equipment cost [2]. In post-combustion processes, the
CO2 volume fraction in the �ue gas is usually from 3-15%, which makes chemical
absorption preferred compared to physical absorption because of lower costs [2].

The choice of absorption medium, also called absorbent or solvent, is very important
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in increasing e�ciency and reducing costs. The choice of absorbent depends on the
�ue gas characteristics, such as the concentration and partial pressure of the carbon
dioxide and the interaction between the �uid components. For chemical absorption,
amine absorbents are the most common [2] such as monoethanolamine (MEA),
piperazine (Pz), diethanolamine (DEA), and N-methyldiethanolamine (MDEA) [8].
MEA is the most common absorbent [8], and amine absorption is a well-known and
widely used technology [2]. MEA can usually achieve a carbon capture rate of above
90%.

However, MEA, MDEA, and DEA can cause environmental problems since they de-
compose, which generates waste that has to be taken care of [2]. Flue gas treatment
using amine absorbents can react and form ammonia, which is toxic when emitted in
high concentrations. There is also a risk of the amines ending up in water streams,
which could disrupt aquatic life [28]. Absorption with MEA also requires a lot of
energy because of high reaction enthalpies [2].

2.3.1 White liquor as an absorbent

White liquor is one of the products in causticisation and an important chemical in
the process. The solution consists of around 10% NaOH, 5% Na2S and 3% Na2CO3

[19]. Not many studies have been done where white liquor has been used as an
absorption medium. Only two studies have been found during the literature study
where white liquor has been used as an absorption medium. One study was done
at a pulp mill in Canada using white liquor in a scrubber to remove total reduced
sulphur (TRS) gases in non-condensable gases. The study found that the white
liquor successfully reduced some TRS, with e�ciencies ranging from around 50%
for the less e�ectively scrubbed gases. In contrast, the more e�ectively scrubbed
gases had an e�ciency of over 95% [12].

The other study was on sulphur recovery from syngas by Hru²ka et al. [29]. Here,
syngas cleaning was investigated with two di�erent absorption methods; MDEA and
white liquor with a NaOH solution. The white liquor and NaOH solution was done
in two steps, as solely using white liquor did not reach the targeted H2S content of
20 ppmv. The study found that 16 772 kg/h CO2 could be absorbed per 100 000
kg/h white liquor followed by a further 2 241 kg/h CO2 per 21 500 kg/h NaOH
solution, and to be able to calcinate the white liquor and NaOH solution the lime
kiln had to expand its capacity by 22 000 kg CaO/h. The white liquor and NaOH
solution had a total CO2 absorption e�ciency of 44,2% compared to the MDEA
alternative, which had a 25,3% CO2 absorption e�ciency. Both alternatives had a
99,2% H2S absorption e�ciency. Because the study focused on sulphur recovery, it
was concluded that the MDEA alternative was preferred because of its lower CO2

capture e�ciency, which does not require the addition of a new lime kiln. Therefore,
they concluded that the white liquor and NaOH solution was economically infeasible.
The CO2 content in the syngas was about 62 w/w %, much higher than that of typical
�ue gas [29].

However, a known absorption medium is sodium hydroxide which can be used in
CO2 absorption. In theory, white liquor could work as an absorbent of CO2 since
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it contains NaOH. The reactions between CO2 and NaOH are called carbonation
reactions, presented below. Since NaOH is very alkaline, the NaOH is split into its
ions Na+ and OH� in water. First, the CO2 is physically absorbed into the solution
and becomes aqueous, and immediately reacts. Above pH 12,3, the following net
reaction occurs where the OH� ions react with the CO2 to form CO 2�

3 [30].

CO2(g) + 2 NaOH(aq) Na2CO3(aq) + H 2O(l) (2.7)

The pH decreases as the OH� ions react with the CO2, which happens fast in the
beginning as the CO2�

3 ions are formed. That allows for the following reaction to
occur.

Na2CO3(aq) + H 2O(l) + CO 2(g) 2 NaHCO3(aq) (2.8)

The two reactions exist in equilibrium, dependent on pH.

One study done by Levantaki et al. [31] assessed the CO2 absorption of NaOH in
concentrations 1-8 w/w% with a CO2 concentration of 30 v/v%. The experiments
started at a pH between 12,4-13,5, dependent on NaOH concentration, and stopped
at pH below 8 because of low CO2 absorption. The inlet gas �ow of 200 mL/min was
injected into a 60 mL NaOH solution in a reactor. The absorption of the CO2 was
high at the beginning, and only the reaction in equation (2.7) occurred. At a certain
point, the pH level dropped signi�cantly and the reaction in equation (2.8) started
increasing and equation (2.7) peaked. For a concentration of 4 w/w% NaOH, this
occurred at a pH of about 12,3. It was also noted that the CO2 absorption decreased
over time as the pH dropped. The time for the pH to drop below 8 was increased
with an increased NaOH concentration. Results suggested that the amount of OH�

ions were the driving force for the CO2 absorption, and a NaOH concentration of 8
w/w% had the highest CO2 absorption rate of 78,9 g/L [31].

In a study by Zhenqi et al. [32], they studied the CO2 removal e�ciency from a
CO2 and N2 mixture in a spray scrubber using NaOH as a solvent. E�ects of NaOH
concentration, NaOH �ow rate, gas �ow rate, initial temperature and CO2 inlet
concentration were evaluated, looking at the change in CO2. It was found that the
NaOH concentration increased the CO2 removal e�ciency until the concentration
reached a maximum of 95,5% at 10 w/w% NaOH, after which the CO2 removal
e�ciency decreased again. The increase in NaOH �ow rate steadily increased the
CO2 removal e�ciency. In contrast, increasing the gas �ow rate decreased the re-
moval e�ciency because of decreased contact time with the liquid. When it comes
to the initial temperature in the scrubber, an increase in temperature increases the
CO2 removal e�ciency because of the increased absorption rate, which is tempera-
ture dependent. Finally, an increase in CO2 concentration in the inlet gas slightly
decreased the CO2 removal e�ciency [32].

In a study by Yoo et al. [30], it was found that the CO2 capture e�ciency was
between 35-58% with equation (2.7) and an extra 8-11% capture with equation (2.8)
for solutions between 1-5 w/w% NaOH [30]. It could also be seen that equation (2.8)
only started happening once the OH� ions had been consumed in equation (2.7). It

11



2. Theory

was concluded that equation (2.7) was a �rst-order reaction only dependent on
available OH� and that in the equilibrium stage of equation (2.7) and equation (2.8)
the reactions were only dependent on CO2�

3 concentration [30].

2.4 Scrubbers

A scrubber is an e�ective way of removing particles or gases from the exhaust gas.
In a wet scrubber, a liquid is used to absorb the unwanted particles in the gas, and
it is typically very e�cient [33].

To receive high absorption e�ciency, it is essential to maximise the contact between
the gas and the liquid [34]. This can be done in many di�erent ways, mainly by
using a packed tower or a plate tower, but there are also less common alternatives
like spray towers and bubble columns [35]. Further, the operation of packed and
plated columns will be introduced, as these are the most common wet scrubbers.

2.4.1 Packed columns

In a packed column, the gas enters from the bottom, and the liquid from the top,
called counter-current absorption. The liquid is dispersed at the top over a plate
holding the packing. It then �ows over the packing as �lm or droplets, which creates
a large surface area for the gas to interact with the solution. The gas �ows upwards
through the packing and exits at the top of the scrubber while the liquid is collected
at the bottom [35]. In �gure 2.3a, an overview of a packed column can be viewed.

The packing material can be either random or structured, and the mass-transfer
e�ciency between the liquid and gas decreases with the increase in the packing size.
Metal packing is typically preferred for random packing because of its strength,
but ceramic or plastic packing are less costly alternatives. Ceramic or plastic is
preferred when working with corrosive liquids. Structured packing also comes in
metal or plastic [35].

A common problem in packed columns is channelling, where the liquid falls along
the walls, and the gas �ows through the centre. This signi�cantly reduces the mass
transfer. The packing should be less than one-eighth of the column diameter to
avoid channelling [35].

A packed column is typically preferred when the diameter of the column is less than
60 cm, the packing height is no more than 6 m, when working with corrosive �uids,
when the low-pressure drop is needed, or when low liquid holdup is wanted, and
when there is a high liquid velocity. In a packed column, the gas phase is usually
mass-transfer limiting [35].

2.4.2 Plated columns

The �ow in plated columns is also counter-current, where the liquid is dispersed over
plates with holes through which the gas �ows upwards. Some common plates are
sieve trays, valve trays, and bubble-cap trays. Typically, sieve trays are preferred
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because of their low cost, but valve trays are preferred when �exibility in throughput
is needed [35]. An overview and more detailed view of a plated column can be viewed
in �gure 2.3b and �gure 2.3c.

Plated columns are typically more reliable and preferred when there are low liquid
�ows. In plated columns, the liquid phase is mass-transfer limiting [35].

(a) Packed column (b) Plated column (c) Plated column internals

Figure 2.3: Overview of (a) a packed column and (b,c) a plated column [35].
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3
Methodology

This thesis was carried out by �rst doing a literature study. After that, a carbon
capture unit was chosen and simulated using ASPEN Plus. A cost calculation was
done for the simulated carbon capture unit, and after that, a statistical model was
created, which could be coupled to the digital twin. Lab experiments were also
performed using white liquor for CO2 absorption. All parts are described in further
detail below.

3.1 Literature study

To start with the project, a literature study was made. The Kraft pulping process
was studied in detail to understand the process and chemistry involved. Next, dif-
ferent carbon capture technologies were studied, speci�cally coupled to pulp mills.
Then, carbon capture technologies coupled with �ue gas cleaning was studied to
decide what type of technology to simulate. Finally, literature about sodium hy-
droxide and white liquor as absorption mediums were studied to �nd reference cases
for the simulations and study the feasibility.

3.2 Design and simulation of scrubber

An overview of the proposed carbon capture process, coloured black, can be found
in �gure 3.1.

The �ue gases from the recovery boiler are sent to the scrubber with part of the white
liquor from the causticisation. The outlet liquid stream from the scrubber, called
CC-liquor in the �gure, is sent back to the causticising unit while the remaining �ue
gases are released into the air.

The �ow of �ue gases out of the recovery boiler was set to 232 kg/s, given by IVL and
based on the operating conditions at the pulp mill. The �ow and composition of the
�ue gas stream can be found in table 3.1. The composition was taken from another
project done at a pulp mill [8] and combined with data given by the investigated
pulp mill.
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Figure 3.1: Overview of the proposed carbon capture process, coloured black.

Table 3.1: Flue gas composition out of the recovery boiler taken from [8] and the
pulp mill.

Substance Composition
[mole-%]

CO2 15
N2 62
H2O 19
O2 4

The active components in the white liquor are the hydroxide ions (OH� ) and sulfur
ions (HS� ) [11]. In the simulation, it was assumed that only the sodium hydroxide
reacts with the carbon dioxide and that the rest of the substances are inert since
H2S will not form when the pH>9 [36]. Based on the following reaction, an initial
guess of the mass �ow of white liquor was calculated.

2 NaOH(aq) + CO2(g) Na2CO3(aq) + H 2O(l) (3.1)

The white liquor composition and mass �ow are found in table 3.2, where water is
the solvent.

Table 3.2: Typical white liquor composition, sulphidity, and alkali [19].

NaOH 100 g/L
Na2CO3 30 g/L
Na2S 55 g/L
Sulphidity 35 %
E�ective alkali 130 g/L
Active alkali 160 g/L
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Assuming 100% conversion, the initial guess for the mass �ow of white liquor was
calculated to be just under 1000 kg/s, given the �ue gas �ow of 232 kg/s.

As for green liquor, the typical composition can be found in table 3.3. It was assumed
that the green liquor �ow out of the recovery boiler was 400 m3/h.

Table 3.3: Typical green liquor composition, sulphidity, and alkali [37]

NaOH 5 g/L
Na2CO3 130 g/L
Na2S 50 g/L
Sulphidity 85 %
E�ective alkali 35 g/L
Active alkali 60 g/L

The pH was calculated with equation (3.2), using the NaOH concentration in mo-
larity, and was calculated to be pH 14,4 for white liquor and pH 13,2 for green
liquor.

pH + pOH = pH � log[OH� ] = 14 (3.2)

3.2.1 Reactions

Since white liquor consists mainly of sodium hydroxide, it was assumed to work
similarly to a sodium hydroxide solution. Carbon dioxide absorption with sodium
hydroxide has been widely studied, and reactive absorption occurs as follows. First,
the sodium hydroxide is completely ionised into Na+ and OH� ions [30]. It was also
assumed that the sodium carbonate and sodium sul�de are ionised into Na+ and
CO 2�

3 as well as S2� ions.

When the CO2 �ows through the solution, it is �rst physically absorbed into the
solute. It can then react with the hydroxide ions in two steps, described in equa-
tion (3.3) and equation (3.4) [30].

CO2(aq) + OH �
(aq) HCO �

3(aq) (3.3)

HCO �
3(aq) + OH �

(aq) CO 2�
3(aq) + H 2O(l) (3.4)

The overall reaction that occurs is the following.

CO2(aq) + 2 NaOH(aq) Na2CO3(aq) + H 2O(l) (3.5)

Equation (3.3) is the limiting reaction, but at high pH, both reactions are very fast
and equation (3.4) occurs immediately after equation (3.3). At high pH, mostly
CO 2�

3 is formed [30].
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The white liquor also contains sulphur in the form of Na2S, which means that sulphur
can react with water and form H2S. H2S is a very toxic and hazardous gas that has
to be removed from the �ue gas before it is released into the atmosphere [38]. The
sulphur can exist in three forms, H2S, HS� , and S2� , and the concentrations of the
di�erent forms are highly dependent on pH, which can be viewed in �gure 3.2 [36].

Figure 3.2: Sulphur forms dependence on pH [36].

It can be noted that H2S is non-existent at pH>9 and that the sulphur exists almost
only in the form of HS� at pH 9 to 15. Removing H2S from a gas can be done with
�lters or scrubbers [38].

3.2.2 Design in ASPEN Plus

An existing example for carbon capture with NaOH in ASPEN Plus was used as
a basis for the reaction mechanisms. In the ASPEN Plus example, equation (3.4)
was divided into two other reactions. Firstly, the self-ionisation of water in equa-
tion (3.6), and then the reaction of bicarbonate with water in equation (3.7).

2 H2O H3O
+ + OH � (3.6)

HCO �
3(aq) + H 2O(l) CO 2�

3(aq) + H 3O
+

(aq) (3.7)

The backward and forward reaction for equation (3.3) was set as kinetic reactions,
and equation (3.6) and equation (3.7) were set as equilibrium reactions. For the
kinetic reactions, the Arrhenius equation was used to calculate the kinetic rates of
the reactions. In ASPEN Plus, the Arrhenius equation is de�ned as

K = kTne� E
RT (3.8)

where K is the kinetic rate of reaction, k is the pre-exponential factor, T is the
temperature in Kelvin, n is a factor, E is the activation energy and R is the universal
gas constant. The reactions and their constants were taken from the ASPEN Plus
example and can be viewed in table 3.4 for the kinetic reactions.
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Table 3.4: Kinetic constants for equation (3.3)

Reaction k n E [cal/mol]
equation (3.3) forward 4,32e+13 0 13 249
equation (3.3) backward 2,83e+17 0 29 451

The built-in equilibrium reaction in ASPEN Plus, which has the form shown in
equation (3.9), was used for the equilibrium reactions in equation (3.6) and equa-
tion (3.7), where A, B, C, and D are constants and T is the temperature in Kelvin.
The constants were taken from the ASPEN Plus example for the equilibrium reac-
tions and can be viewed in table 3.5.

ln(K eq) = A +
B
T

+ Cln(T) + DT (3.9)

Table 3.5: Equilibrium reaction constants for equation (3.6) and equation (3.7).

Reaction A B C D
equation (3.6) 132,899 -13 445,9 -22,4773 0
equation (3.7) 216,049 -12 431,7 -35,4819 0

In ASPEN Plus, the Radfrac block was chosen for the scrubber. The inlet white
liquor (LIQ-IN) and inlet �ue gas (GAS-IN) were �rst speci�ed according to the
given data by the pulp mill, using the compositions from table 3.1 and table 3.2.
The initial inlet conditions can be viewed in table 3.6.

Table 3.6: Initial inlet conditions for the white liquor and �ue gas.

Stream Temperature [ °C] Pressure [Pa] Flow rate [kg/s]
LIQ-IN 102 101 325 232
GAS-IN 200 101 325 1 000

An overview of the absorber �owsheet can be seen in �gure 3.3.

After designing the inlets and overall scrubber, the column internals were designed.
An initial guess was made with 25 stages and pall ring packing. The stages were
numbered from top to bottom, and the feed streams were put asOn-stage. The �rst
stage pressure was set equal to the liquid inlet pressure of 101 325 Pa. The packing
was initially put as pall rings, and ASPEN Plus calculated the column diameter to
be 12,1083 m. The packing size was set to 50 mm, by industry recommendations
[39]. A summary of the initial guess for the dimensions can be viewed in table 3.7.
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Figure 3.3: Overview of the scrubber �owsheet in ASPEN Plus.

Table 3.7: Initial guess for the scrubber dimensions.

Diameter [m] 12,1083
Stage height [m] 1
Number of stages 25
Pressure [Pa] 101 325

First, equilibrium calculations with interactive sizing mode for the packing were
performed to ensure convergence. This was achieved easily, so rate-based calcula-
tions were then performed with rating mode for the packing. For the rate-based
calculations, �lm reactions were included for both the liquid and gas phase. For
fast reactions, the reaction occurs in the �lm, and in the CO2 NaOH system they
occur in the liquid �lm [40]. Since the reactions are deemed fast at high pH, the �lm
resistance was set toFilm reactions for both the liquid and gas phases. The �ow
model was set to mixed, assuming that the packing created good contact between
the liquid and gas phases.

3.2.3 Sensitivity analysis and optimisation

After designing the scrubber, a sensitivity analysis was performed. While a sensi-
tivity analysis was performed, the other parameters that were not investigated were
kept at their value of the initial design, respectively. The parameters and range of
values evaluated and the initial design values can be viewed in table 3.8.
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Table 3.8: Initial operating conditions and start and end value for the performed
sensitivity analyses.

Parameter Unit Initial design Start value End value Step size
White liquor
inlet �ow

kg/s 1 000 100 2 000 10

White liquor
inlet temperature

°C 102 20 300 5

Flue gas
inlet temperature

°C 200 20 300 5

Scrubber
inlet pressure

Pa 101 325 50 000 500 000 5 000

Scrubber
inner diameter

m 12,1083 4 20 0,1

Number of stages - 25 5 65 5
Stage height m 1 0,2 10 0,1

All of these parameters were analysed using the built-in sensitivity analysis tool in
ASPEN Plus, except for the number of stages, which was evaluated manually. This
was due to the value being changed at three di�erent places in the simulation - the
number of ideal stages, the packing stages, and the gas inlet stage.

Di�erent types of packing were also tested manually. The tested packing and sizes
can be viewed in table 3.9. The packaging was chosen randomly based on wanting
to try an assortment of random and structured packing in di�erent sizes, to ensure
that the model acted according to theory and to evaluate which packing to use for
the �nal design. For the structured packing, the number denotes the surface area of
the packing per unit volume [41] and X or Y denotes the corrugation angle, which is
45° for Y and 60° for X [42]. The requirement was that the packing was available in
either plastic or ceramic and that no additional information had to be supplied to
ASPEN Plus regarding the packing. The tests of the di�erent packings were done
after the scrubber dimensions had been chosen. In the initial design and for the
sensitivity analysis, metal pall rings size 50-MM were used because the corrosivity
of white liquor had not been researched yet.

The �ue gas �ow was set to the constant value of 232 kg/s which is the approximate
�ue gas �ow at normal operating conditions for the plant. The scrubber height was
determined by multiplying the number of stages with the stage height and adding
1 m to accommodate the top and bottom �uid distribution and collection.

The carbon capture e�ciency of the scrubber was calculated by subtracting the
outlet mole �ow of CO2 in the gas from the inlet mole �ow of CO2 and dividing by
the inlet mole �ow of CO2, according to equation (3.10), with the unit mol-%.

Carbon capture e�ciency [mol-%] =
FCO2;in � FCO2;out

FCO2;in
� 100% (3.10)

After the sensitivity analysis had been performed for all parameters, a �nal design
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Table 3.9: Di�erent packing materials and sizes evaluated in ASPEN Plus.

Packing name Type Material Void factor Sizes
Pall ring Random Metal 0,96 50-MM

Pall ring Random Plastic

0,9
0,91
0,92
0,92

25-MM
38-MM
50-MM
75-MM

Raschig ring Random Ceramic

0,64
0,74
0,73
0,75

13-MM
25-MM
38-MM
75-MM

Berl saddle Random Ceramic
0,68
0,71
0,72

25-MM
38-MM
50-MM

Mellapak Structured Plastic
0,988
0,987
0,987

125Y
250X
250Y

was decided based on the sensitivity analysis result, the carbon capture e�ciency,
and the equipment cost described in section 3.3. The general aim for the �nal
design was to be around 80% �ooding to ensure that the scrubber was used at a
good capacity.

3.3 Cost calculations

The method for the cost calculations will be presented below. The calculations
consisted of estimating capital costs, operating costs, and potential pro�ts. However,
no product will be sold in the proposed carbon capture process, so no revenues are
associated with the process.

3.3.1 Capital cost

Capital costs consist of many things, mainly designing, constructing and installing
the new equipment. To calculate the equipment costs, the following correlation was
used whereCe is the purchased equipment cost,a and b are constants depending on
the equipment type,S is a size parameter, andn is an exponent dependent on the
equipment type [43].

Ce = a + b� Sn (3.11)

In Chemical Engineering Design by Towler [43], an absorption column is calculated
with the values for a pressure vessel. For vertical pressure vessels, the constants in
table 3.10 were used.
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Table 3.10: Constants for pressure vessels for equation (3.11) for two di�erent
scrubber wall materials [43].

Material Slower [kg] Supper [kg] a b n
Carbon steel 160 250 000 11 600 34 0,85
Stainless steel 120 250 000 17 400 79 0,85

To calculate the mass of the wall material, the absorption column was estimated
as a cylinder with a wall thickness that was calculated according to equation (3.12)
wheret is the wall thickness,Pi is the internal pressure,D i is the internal diameter,
and S is the maximum allowable stress.

t =
Pi D i

2S � Pi
(3.12)

The maximum allowable stress for carbon steel is 12 900 psi at 300°F (159°C) and
16 700 psi for stainless steel [43]. An extra height of 0,5 m was added to the top
and bottom of the column in the calculations. The density of carbon steel was put
as 7 850kg=m3 and 8 000kg=m3 for stainless steel [44].

The packing cost was also estimated using tabulated data from Chemical Engineer-
ing Design [43]. The costs for di�erent packings can be viewed in table 3.11. For
packing,S in equation (3.11) is the packing volume inm3. The void factor given by
ASPEN plus for all the packings was used to calculate the packing volume. These
can be viewed in table 3.9. The volume of the packing,VP , is then calculated by
multiplying the bulk volume, VB , of the cylindrical scrubber inm3 by one minus the
void factor, as in equation (3.13) [45].

VP = VB � (1 � � ) (3.13)

Table 3.11: Constants for di�erent packings for equation (3.11) [43].

Packing a b n
Ceramic Intalox saddles 0 2 000 1
304 ss Pall rings 0 8 500 1
PVC structured packing 0 5 500 1

For the calculations, the price for the Intalox saddle was used to calculate the cost
of Berl saddles, assuming a similar price.

When choosing material for the scrubber and packing, the material had to be chosen
considering the solvent and �ue gas properties. White liquor contains mainly sodium
hydroxide, which is strongly alkali and very corrosive [46]. Previous studies have
recommended stainless steel, which is more resistant to corrosion. Carbon steel has
low corrosion resistance. North American carbon steel tanks storing Kraft liquors
usually experience high corrosion, while the stainless steel tanks used in Scandinavia
experience very little corrosion [47]. Stainless steel is also more resistant to high
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temperatures [48]. For 10 w/w% NaOH, stress cracking has been reported over
80°C and above 120°C for stainless steel, but for white liquor, when sulphide is
present, cracking and corrosion can occur at lower temperatures [49]. As for packing,
plastic or ceramic is cheaper than metal packing, and they are also more resistant
to corrosion [40].

All cost estimation constants are based on the U.S. Gulf Coast in January 2010,
which has a CEPCI index of 532.9. To calculate the cost for the year 2023, the
following equation can be used [43].

Cost in year A = Cost in year B�
Cost index in year A
Cost index in year B

(3.14)

For 2022, the CEPCI index was 813,0 [50], used to calculate the cost. During 2022,
the average exchange rate from U.S. Dollar to Swedish Krona was 10.1198 SEK/USD
[51].

3.3.2 Operating costs

The operating costs are associated with the everyday running of the plant, like
consumed materials and chemicals, utilities, maintenance, operating labour and dis-
posal.

In the process, it is assumed that there is no cost for heat utilities since the entire
pulp mill has a heat surplus. There is also no electricity shortage since the mill
produces electricity at the plant which is used in the mill. The pulp mill is in
Elområde 2, Sweden's electricity price area 2. In this area, there is generally an
excess of electricity, and the demand is lower, so the price is generally lower [52].

To control the Na/S balance, sodium hydroxide or sulphur can be added to the
liquor. The annual average price for sodium hydroxide was 0,41 US$/kg in 2022
[53]. The price for sulphur was 150 US$/ton in 2022 [54].

In Sweden, there is no carbon dioxide tax for biogenic CO2 emissions, as is the case
for a Kraft pulping mill [55]. Therefore, no carbon avoidance cost will be added to
the operational costs.

3.4 Simulink model

After deciding on the scrubber's dimensions, a statistical model was created using
ASPEN Plus and MODDE that could be put into MATLAB Simulink. The factors
needed for the statistical model were deemed to be the gas and white liquor inlet
�ows and the white liquor temperature, based on the sensitivity analysis and general
understanding of the process and MATLAB Simulink model. The outputs were put
as the carbon capture e�ciency, the outlet liquor temperature and outlet liquor
composition for NaOH, Na2CO3, and Na2S.

The statistical model was created by deciding on a minimum and maximum value
for each factor and a central point, which was put as the point in the middle of the
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minimum and maximum value for the factor. This simple linear statistical model
has three factors or axes, creating eight corner points. The middle point was run
twice to ensure the same result. The ASPEN Plus model was then run at each
experiment according to the run order, and data for each experiment were collected.

After this, it was noted that the model was not linear, and seven additional experi-
mental points were added to create a non-linear model. All 17 experiments and the
run order can be seen in table 3.12.

Table 3.12: Experimental setup of statistical model in ASPEN Plus.

Exp No Run Order
White liquor
temp. [ °C]

Vhite liquor
�ow [kg/s]

Flue gas
�ow [kg/s]

N1 4 20 400 125
N2 9 110 400 125
N3 11 20 400 250
N4 16 110 400 250
N5 1 20 1200 125
N6 2 110 1200 125
N7 12 20 1200 250
N8 10 110 1200 250
N9 5 20 800 187,5
N10 15 110 800 187,5
N11 3 65 800 125
N12 13 65 800 250
N13 17 65 400 187,5
N14 8 65 1200 187,5
N15 7 65 800 187,5
N16 6 65 800 187,5
N17 14 65 800 187,5

After the results were generated for each experimental point, one equation for each
output was created using MODDE, totalling �ve equations. These equations were
validated against the ASPEN Plus model using the inputs and results for the �-
nal design of the scrubber. The equations were then coupled with the MATLAB
Simulink model. In the Simulink model, the lime kiln had an outlet �ow of 17,1 kg
CaO/s. Assuming 100% conversion in the lime kiln, that means a �ow of 30,5 kg
CaCO3/s out of the causticisation.

3.5 Experiments with white liquor

The lab at the pulp mill performed lab experiments using white liquor as an absorp-
tion medium for CO2. The results from the experiments will be used to discuss the
feasibility of implementing the suggested carbon capture unit at the mill.

The experiments used white liquor from the mill, with approximate composition as
in table 3.2. White liquor was put into a clear cylinder of 78 mm and placed in a
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fume hood on a scale; see �gure B.1 in appendix B. The total weight of the cylinder
and white liquor was noted before the experiments. Pure CO2 was then made to �ow
through the white liquor from the bottom of the cylinder for a set time. After this,
the total weight of the cylinder and liquor was once again noted down to calculate
the CO2 absorption of the white liquor. The white liquor and CO2 gas had the same
temperature as the ambient temperature of the lab at the start of the experiments.

Three experiments were done, �rst with a CO2 �ow of 72,5 mL/min for 20 minutes
and secondly with a CO2 �ow of 29,0 mL/min for 20 minutes and for 10 minutes.
After noting the weight increase, the CO2 absorption could be calculated.
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Results

Below are the results for the design, sensitivity analysis, cost calculations, and the
statistical model. These results are then discussed in chapter 5.

4.1 Sensitivity analyses

The outlet mole �ows and outlet temperatures were looked at for all sensitivity
analyses of the scrubber in ASPEN Plus. The mole �ows presented in the diagrams
are for the CO2 in the outlet �ue gas, and the OH� , CO 2�

3 , HCO �
3 , HS� ions and

H2S in the outlet liquor.

For all sensitivity analyses, one dimension or operating condition was analysed at
the time. The other parameters that were not analysed were kept constant according
to the speci�ed conditions presented in table 3.7 and table 3.8.

First, the scrubber diameter was analysed. The sensitivity analysis of the diameter
can be viewed in �gure 4.1.

Figure 4.1: Variations in outlet �ue gas CO2 �ow, outlet liquor component �ows
and outlet liquor and �ue gas temperatures depending on scrubber diameter.
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The diameter was analysed between 4 and 20 meters. Four meters was the smallest
diameter the ASPEN Plus model could handle without errors. From �gure 4.1, it
can be seen that the outlet temperatures, especially the liquor temp, fast reach a
steady temperature of around 81°C for the liquor and around 100°C for the gas.
The CO 2�

3 �ow increases with diameter, which means that the CO2 in the outlet
gas �ow as well as the OH� in the liquor decreases. Looking just at the CO2 �ow,
it can be seen that after 4,2 meters, the di�erence in the �ow between each step
gets smaller. The carbon capture e�ciency ranges from 74% to 87% and steadily
increases with the diameter. It reaches 80% carbon capture e�ciency at 7,7 meters
and 85% at 13,8 meters in diameter.

Moving on to the packing stage height. The stage height was changed between 0,2
and 10 meters. The sensitivity analysis can be viewed in �gure 4.2.

Figure 4.2: Variations in outlet �ue gas CO2 �ow, outlet liquor component �ows
and outlet liquor and �ue gas temperatures depending on stage height.

The �gure shows that most of the e�ect is between 0,2 and 2 meters. After that,
the �ows and temperatures stay constant with increasing stage height. The carbon
capture increases from 29,3% to 97,1% between 0,2 and 2 meters, reaching 90% at
1,3 meters. At 2,7 meters, the carbon capture reaches 99%. However, increasing
the stage height will increase the cost of the scrubber. This result will be presented
further in section 4.2.

The inlet white liquor �ow impact was analysed between 100 kg/s and 2 000 kg/s,
and the results for the component mole �ow and outlet temperatures can be viewed
in �gure 4.3.
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Figure 4.3: Variations in outlet �ue gas CO2 �ow, outlet liquor component �ows
and outlet liquor and �ue gas temperatures depending on white liquor inlet mass
�ow.

The white liquor mass �ow seems to have a signi�cant impact. The outlet �ue gas
temperature reaches a steady temperature of around 100°C at around 400 kg/s. The
outlet liquor temperature is a�ected di�erently and reaches a steady temperature
of about 83°C at around 1 000 kg/s. The H2S concentration is almost zero for the
entire analysed spectrum, but it does decrease with increasing white liquor �ow.
The HS� �ow is also a�ected by the white liquor �ow and reaches a peak at 670
kg/s, which is around when the OH� �ow starts increasing. After this, the HS�

decreases slightly and reaches a steady �ow of around 230 mole/s. When the OH�

starts increasing, the slope of the CO2�
3 increase becomes lower. Since the OH� �ow

continues to increase after 700 kg/s, it can be concluded that some sort of maximum
carbon capture is reached, which can also be seen in the outlet �ow of CO2 which
reaches a plateau around the same �ow. The reason for the continual increase in
CO 2�

3 could be because there is CO2 solved in the liquid that has not reacted, and
the increase in OH- drives the reaction in equation (3.5) to produce the products on
the right. The carbon capture e�ciency increases a lot in the beginning and then
starts plateauing at around 700 kg/s. The e�ciency is 19% at the minimum white
liquor �ow, then goes over 80% at 700 kg/s, and then reaches a maximum of around
85%.

Next, the e�ect of the white liquor inlet temperature was analysed. This was anal-
ysed between 20°C and 300°C, and the results can be viewed in �gure 4.4. The inlet
�ue gas temperature was constant at 200°C during the analysis.

It can be concluded that the amount of CO2 in the outlet gas increases with in-
creasing white liquor temperature, meaning that the carbon capture e�ciency is
decreased with increased white liquor temperature. The carbon capture rate varies
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between 88% to 80%. Increasing the white liquor temperature has a signi�cant e�ect
on the outlet gas temperature, while the outlet liquor temperature stays relatively
constant between 75-85°C.

(a) Outlet mole �ows and temperatures.

(b) CO2 outlet �ow

Figure 4.4: Variations in (a) outlet �ue gas CO2 �ow, outlet liquor component
�ows and outlet liquor and �ue gas temperatures and (b) outlet �ue gas CO2 �ow,
depending on white liquor inlet temperature diameter.
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