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Abstract 
 

 
 The objective of this research is to reduce freshwater consumption and carbon dioxide 

emission from the pulp and paper industry. Specifically, we investigated the feasibility of reducing 

freshwater consumption in the bleach section, one of the largest freshwater consumers in pulp and 

paper manufacturing by recycling white water from the paper machine. Then, we carried out a 

techno-economic analysis of solvent-based carbon dioxide capture from limekiln flue gas, the 

primary source of fossil fuel-based emissions from the pulp and paper industry.  

Windows General Energy and Material Balance Systems (WinGEMS) was used to develop 

a process simulation model of an integrated softwood line of a Kraft pulp mill for the bleaching 

section and the paper machine section capturing the material, water, energy, and the Non-Process 

Elements (NPEs). Steady-state equations for the Elemental Chlorine Free (ECF) bleaching 

sequence D0EOPD1EPD2 are included in the simulation capturing the effects of Brown-stock 

washers (BSW) and the extraction stage washers on the chemical consumption and the pulp 

brightness. The simulation model prepared can predict changes in the kappa number, brightness, 

and the COD values with changes in the operating parameters. Industry and literature data were 

used to validate the ECF bleaching simulation model, and the difference was in the range of 0.2 to 

5.5% for final stage brightness and the post-first extraction pulp kappa number, respectively.  

Then we simulated the effect of stepwise replacement of the freshwater used in the bleach 

washer showers with the white water on scaling tendency in the bleach section. The partition of 

calcium ions, the primary NPE in white water, between the fiber walls and the surrounding liquor 

was studied using the Donnan equilibrium model. The dynamic data exchange (DDE) feature in 

WinGEMS was used to link the Donnan equilibrium model with the bleaching section simulation. 

After simulating white water addition, the free calcium ions were calculated using the value of the 
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distribution coefficient ‘λ’ and taking the inputs of the metal ion concentration from the ECF 

bleaching section of the WinGEMS model. The free calcium ions predicted by the Donnan 

equilibrium model were used to calculate the saturation index (SI) in the bleaching section. The 

maximum amount of white water recycled in the bleaching section without the scale formation is 

determined by the SI value sensitivity analysis. 

Of the three major sources of CO2 in pulp and paper manufacturing, the Lime Kiln is the 

only source of fossil fuel-derived CO2 and has the highest concentration of CO2. In this work, we, 

for the first time, performed a techno-economic analysis (TEA) of a monoethanolamine (MEA) 

solvent-based CO2 capture from the pulp and paper mill’s Lime Kiln section using the CAPCOST 

modular program. 

The flue gas specifications were obtained from published limekiln data of a theoretical pulp 

and paper mill. The process was simulated in Aspen Plus and linked to CAPCOST using a python 

script for the cost calculations. The CO2 capture cost estimates were compared to the only CO2 

capture costs data available in the literature for limekiln flue gas. Comparing the cost breakdown 

between the published data and this study, the capital cost difference was found to be highest for 

the stripper and the compression and dehydration sections. 

We further examined the TEA and process flowsheet optimization by processing flue-gas 

using actual mill data from two different mills. A derivative-free optimization (DFO) solver was 

used to optimize the flowsheet and minimize the CO2 capture costs. Additionally, we analyzed 

possible steam integration from within the mills and explore potential in-mill CO2 applications and 

their impact on the total CO2 capture costs. After taking into account the steam savings and CO2 

utilization, the total capture costs were -$2.5 per tonne of CO2 for Mill A and $2.6 per tonne of 

CO2 for Mill B. 
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Chapter 1. Introduction 
 
Industrial activities are a significant source of air, water, and land pollution, making it a leading 

cause of pollution worldwide [1]. Among the Industrial activities, the pulp and paper industry 

(PPI) is one of the largest manufacturing industries converting lignocellulosic materials into pulp, 

paper, board, and other cellulose-based products. The PPI environmental impact account for the 

release of wastewater, solid waste like sludge, and air emissions [2]. The PPI generates the sixth-

largest amount of industrial air, water, and land emissions in the U.S., accounting for 4% of the 

total industrial releases in 2019 [3].  

Of the total 322,000 million gallons per day of water usage in the U.S., the industrial water 

withdrawal is around 5%. In the industrial water withdrawal, the PPI stands at third rank in demand 

for water [4,5]. Starting from raw material preparation to pulp washing and paper machines, water 

is an integral part of the process and is used for several purposes in pulp and paper manufacturing 

[6]. Although the PPI is a large water user, the industry consumes only a tiny amount of freshwater. 

Consequently, almost the same amount of wastewater is generated for every cubic meter of 

freshwater used [6,7]. As a result, the freshwater reduction would reduce nearly the same amount 

of wastewater discharge from the PPI. Considering the amount of water used in the PPI, several 

measures are developed to reduce fresh water consumption. These measures include an extensive 

study of water networks for individual mill sections, novel water recycling and reuse, and water 

and energy use strategies vis both the intra and intersectional mill scale integration [8–16].  

On account of the increasing water stewardship, in U.S. pulp and paper manufacturing, 

there was a reduction of 6.9%, from 11,281 gallons of water per ton of product to 10,503 gallons 

of water per ton of product from the 2005 baseline to that in 2018 . Further water reduction within 

the industry is becoming more challenging due to technical and economic factors [17]. One of the 
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critical limiting factors for process integration and water recycling is the buildup of Non-Process 

Elements (NPEs). The NPEs accumulate at various locations in the mill as the level of closure 

increases causing severe problems like corrosion, plugging, scaling, and deposition [15], [17] 

imposing a limit on the amount of water reuse and recycling in the mills.  

Because water consumption in the bleaching section and the paper machine section account 

around 75% of the total mill freshwater consumption,  this research is focused on water reduction 

in the Elemental chlorine-free (ECF) bleaching section and predicting the scaling tendency due to 

white water recycling from the paper machine section to the bleaching section. A 5-stage ECF 

bleaching sequence was simulated in WinGEMS for the first time. The ECF bleaching WinGEMS 

simulation enables an analysis of important pulp properties like the kappa number and pulp 

brightness along with the effluent quality in terms of chemical oxygen demand (COD). Extending 

the applicability of the simulation, we simulated the effect of stepwise replacement of the 

freshwater used in the bleach washer showers with the white water in the paper machine section.  

The changes in the calcium ions in the bleach section effluent were recorded and scaling tendency 

was predicted in the bleaching section.  

Along with high freshwater utilization, the Department of Energy (DOE) has categorized 

paper manufacturing (NAICS 332) as an energy-intensive sector [18]. In 2019, the industrial sector 

accounted for 32% of the total U.S. energy consumption, of which 6% was consumed by the PPI 

[19]. Much on-site energy is generated by burning waste wood, bark (i.e., hog fuel), and spent 

cooking chemicals (i.e., black liquor) [20], leading to carbon dioxide (CO2) emission. A modern 

pulp and paper mill emits 1-3 tons of CO2 per air-dried ton of pulp produced [21]. In 2020, the PPI 

in the U.S. released 1.32% CO2 emissions of the total industrial releases [22].  
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Regarding the CO2 emissions, the primary sources of CO2 from a Kraft mill are the 

recovery boiler, the biomass boiler, and the Lime Kiln (Figure 1.1) [23]. Over 80% of the CO2 

emissions from the PPI are from the burning of residual biomass, making the PPI very attractive 

in biomass-based CO2 capture and industrial CO2 capture [24-25]. 

 

 

Figure 1.1 The sources of carbon dioxide from a Kraft pulp and paper mill 

 
The Lime Kiln section is the only major CO2 source in the pulp and paper with fossil 

fuel-based emissions with the highest concentration of CO2 in the flue gas. 

Control of greenhouse gases using the option of carbon dioxide capture  and storage is 

attractive as it allows the continued use of fossil fuels without contributing significantly to 

greenhouse gas emissions [24]. There are three main capture systems associated with different 

combustion processes [25–29]: 1) Post-combustion, 2) Pre combustion, and 3) Oxy-fuel process. 

Capturing CO2 from the flue gas mixture produced by burning fossil fuels and biomass in the air 

is termed post-combustion capture The carbon dioxide in the flue gases from PPI falls in the post-

combustion capture module due to gas pressure and CO2 concentration conditions [30,31]. 

Solvent-based technologies for CO2 capture have been studied extensively for oil & gas, 

iron & steel, cement, and chemical productions [32]. However, limited research on solvent-based 

CO2 capture in the literature has been done for the cause of CO2 capture from the PPI [21],[33–

35]. Some research has also been carried out on calcium looping (CaL) and the black liquor 
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gasification combined cycle (BLGCC) technology for decarbonization [36,37]. As per the 

Environmental Protection Agency's policy [38], CO2 emissions from biomass combustion for 

energy production are treated as carbon neutral. This very reason for treating the biobased CO2 as 

carbon neutral limits the economic incentives for investments in capturing biogenic CO2 [39], 

posing a challenge in selecting technology to capture CO2 from the PPI. Owing to the scarcity of 

costing data, Leeson et al. [32], in their techno-economic analysis and systematic review of carbon 

capture and storage from various industries, do not include the PPI. The report has given the 

costing data from only two literature data points for CO2 capture from the PPI.  

With the high concentration of Lime Kiln flue gas CO2, and the limited economic data 

availability of CO2 capture from the pulp and paper industry, this research worked on the CO2 

capture from the Lime Kiln section flue gas and studied the techno-economic analysis and process 

and flowsheet optimization of MEA-based CO2 capture.  

The dissertation is organized as follows. Chapter 2 provides a review of background 

information relevant to this research. Chapter 3 describes the build-up of WinGEMS simulation of 

the bleaching sequence providing details on the different blocks used in the simulation preparation 

and validation. Chapter 4 provides details about the scaling tendency in the bleaching section due 

to the replacement of the bleach shower’s freshwater with paper machine section white water. The 

5-stage ECF bleaching section simulation was used to study the scaling tendency. This chapter 

also elaborates on the integration of the  Donnan equilibrium model with the WinGEMS model 

using the dynamic data exchange (DDE) feature in WinGEMS. The sensitivity analysis provides 

the maximum freshwater that can be replaced in the bleaching section. Chapter 5 focuses on the 

CO2 capture from published limekiln data of a theoretical pulp and paper mill. Aspen plus 

flowsheet was prepared to simulate the monoethanolamine (MEA) based CO2 capture and the 
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CAPCOST modular program was linked to the flowsheet using a python script. This chapter 

provides the cost breakdown and the economic analysis methodology comparison with published 

literature data on Lime Kiln CO2 capture. Chapter 6 extends the approach used in Chapter 5 to 

examine the flue gas from two actual mills and performs a techno-economic analysis. Further, 

Chapter 6 provides details on the process and flowsheet optimization. To reduce the capture costs, 

steam integration and in-mill CO2 application were studied taking into account the Section 45Q – 

Internal revenue code. Chapter 7 summarizes the conclusions and future work of this research.  
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Chapter 2. Background 
 
 
2.1 Kraft pulping process 
 
The process by which the fibrous raw material is reduced to a fibrous mass is referred to as pulping. 

As shown in Figure 2.1, wood logs are debarked and converted to chips in the mill’s wood 

preparation section. Along with chip fines, the wood bark is burned in the bark boiler for steam 

generation, in which CO2 is formed. The chips are then fed to the digester for cooking. The cook 

is maintained at maximum temperature, usually about 170°C, for up to 2 hours to complete 

reactions. The cooking chemicals are sodium hydroxide (NaOH) and sodium sulfide (Na2S) in a 

water solution, which is called white liquor. Residual liquor and the cooked pulp are then separated 

by brown stock washing, typically using a multi-stage counter-current washing sequence. Weak 

black liquor leaving the brown stock washers, with a solids content between 13 and 17%, is 

concentrated in a multi-effect evaporator. The concentrated black liquor, with solid content 

between 60 and 80% solids, is burned in a recovery boiler for chemical and energy recovery - this 

burning of concentrated black liquor results in CO2 emissions from boiler flue gases. The reboiler 

smelt is dissolved in water to form green liquor and causticized with the reburned Lime (CaO) to 

form white liquor to be used in the cooking process, completing the cycle [40]. 

In an integrated pulp and paper mill, the pulp is processed into the stock used for 

papermaking, either directly or after a bleaching process, with different chemicals under different 

conditions to take the pulp to the desired level of brightness. The papermaking process includes 

pulp blending specific to the desired paper product, dispersion in water, beating and refining, and 

any necessary wet additives. The pulp then goes to the headbox. The pulp goes to the paper 

machine from the headbox, and then after a series of drying operations, the pulp is formed into 

paper [41]. 
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For a linerboard mill, the pulp, after cooking, is refined and washed. In some cases, fibers 

recovered from previous corrugated boxes get added to the washed pulp’s mixer. The brown-

colored pulp is then formed into a sheet by the paper machine [42,43].  

CO2 emissions from the bark boiler and recovery boiler fall under biogenic CO2 as the CO2 

is released due to burning wood-derived fuels. The wood bark is burned in the bark boiler, and 

strong black liquor from the multiple effect evaporators is burned in the recovery boiler, 

respectively. In the Lime Kiln, CO2 is released in the calcium carbonate decomposition process, 

involving fossil fuel burning [21]. Figure 2.1 also gives the location of primary CO2 sources from 

the pulp and paper industry.  
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Figure 2.1 Overview of an integrated bleached Kraft pulp and paper mill and a bleached 
linerboard mill with CO2 sources 

 
2.2 Water in the pulp and paper industry 
 
Water is an integral part of paper manufacture, required from wood preparation to fiber 

conditioning and classification. The application of water in PPI ranges from pulping, bleaching, 

etc., as a solvent (e.g., chemical recovery, additive preparation, etc.) to its physical application as 

a conveyor of the final product or intermediary material [5] (Table 2.1). 
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Table 2.1 Process water usage in the pulp and paper industry 

Mill section Usage of process water Reference 

Wood 

handling/preparation 

Cleaning and de-icing the logs. 

In defibrator to separate heavy materials from the chips. 

[40], [44] 

Pulping Used as steam and process water in digesters for chip 

cooking, chemical preparation, used as a solvent in pulp 

washing, and recovery of chemicals employed in lignin 

removal from the wood. As a lubricant in mechanical 

pulping.  

 

 
[5], [40], 
[45,46] 

Bleaching To convey heat/cool pulp stock, medium in which 

delignification or bleaching reaction occurs, separation of 

bleached pulp and reactants from the pulp, dissolve 

organic and inorganic materials. 

[47] 

Recovery Solvent in the recovery section [5] 

Papermaking For dilution of the stock, production processing, fiber 

conditioning, and classification. 

[5] 

 

Also, the water requirements in a mill are a strong function of product type, process type, 

and general mill practice. In addition, the industry's quality requirements and manufacturing 

process specifications contribute to a large amount of high-quality water consumed [48]. Large 

non-integrated paper and board mills, using purchased pulp for their paper production [49], had 

the lowest median water use. In contrast, the dissolving pulp mills had the greatest median water 

use of around 11 times the previous one [50]. The water consumption can further be broken down 
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into different process areas within the pulp and paper mill. Figure 2.2 depicts freshwater and 

wastewater flows in the paper and pulp manufacturing process [51]. 

 

 

Figure 2.2 Fresh and wastewater flows in an integrated bleached Kraft mill 
 

Of the various process areas in a typical integrated bleached Kraft mill, the paper machine 

and pulp production process areas account for around 75.0% of the total mill freshwater 

consumption, with pulp production alone contributing to 40.0% of the freshwater consumption 

[48]. Figure 2.3 represents the section-wise freshwater consumption in a pulp and paper mill. 
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Figure 2.3 Freshwater consumption in each section of a pulp and paper mill 

 
The large quantity of water required in pulp and paper manufacturing and its distribution 

over the mill's different process areas has led to several innovative and thought-provoking water 

reduction steps. Pulp production and the paper machine section are typically the largest freshwater 

consumers; the most significant potential for freshwater reduction exists in these two areas 

[48],[50].  

 
2.3 Record for water reduction in the pulp and paper industry 
 
Efforts are continuously directed for water reduction, reuse, and recycling from the PPI. The 

amount of water recycled can depend on product type, supply availability, effluent disposal, 

equipment availability, and economics [5],[50]. However, advanced technology and innovation 

have increased water reuse throughout the industry. The mathematical methods used for water 

reduction involve studying the process and process parameters using process simulations as the 

initial step. Additionally, exploring the impact of process modifications on water utilization has 
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also been studied using process simulations. The following section talks about simulation-based 

techniques followed by the mathematical techniques for water reduction.  

 
2.3.1 Simulation-based techniques 
 
Computer simulation and modeling represent a convenient tool for assessing process modification, 

raw material, and end product changes [46]. Simulation and modeling in the PPI can provide an 

overall image of the mill operations and assist in better operation ability to decrease the effluent 

discharge and analyze the environmental impact. Computer simulation serves as a cost-effective 

measure of many tools to find the most appropriate operating conditions for a paper mill. The 

process changes are simulated and represent a valuable tool for evaluating process changes [52]. 

Process modeling has been used chiefly to design or improve the existing plants and 

explain how an optimal solution should look. On the other hand, computer simulations and 

modeling have proved to be useful not only in pinpointing novel pathways for maximizing the 

water recovery but also providing ideas of potential problems, bottlenecks control strategy, etc. 

through a rigorous global analysis for freshwater and wastewater discharge in paper and pulp mill 

[53], [15]. With the tools of process modeling and simulations at disposal, there is an abundant 

opportunity to understand further and strengthen the know-how of various industrial process 

components. Process modeling has also been used to simulate different mill sections and 

investigate options for water reduction. Table 2.2 provides the simulation software used, the area 

of application, and the study's scope (water, energy, or NPEs). 
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Table 2.2 Various software used  for water reduction from the pulp and paper industry 

Area of application Simulation software Scope References 

  Water Energy NPEs  

Bleaching WinGEMS      [54] 

Bleaching WinGEMS/CADSIM      [15] 

Paper machine WinGEMS     [46] 

Effluent treatment/Water 

recycling 

WinGEMS     [55] 

 

Targeting water reduction in the bleaching section, Jour P et al. [54] studied the Elemental 

Chlorine Free (ECF) bleach section to identify options for significantly reducing freshwater usage 

and the effluent discharge in the bleach section of a softwood kraft market pulp mill. Three 

concepts were studied using WinGEMS simulation to minimize the use of freshwater (Figure 2.4).  

 

 

Figure 2.4 Concepts used for freshwater minimization 

 
The first concept was to use white water and condensate in the bleach section. The first 

concept led to a decrease in freshwater consumption by 2.7 ton/air dried ton and a reduction in the 

effluent by the same amount. The second concept was introducing countercurrent washing and 

increasing the internal use of D0 filtrate. 97.0% reduction in freshwater usage was achieved by 
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maximizing both D0 and EOP filtrates in the bleach section. However, the increased use of both D0 

and EOP filtrates was found to increase the COD carryover to the pulp machine. The third concept 

was using a semi-countercurrent washing strategy for bleach section washers. The effluent from 

the D2 and the EP stage was divided and used equally in the preceding washers. Using the semi-

countercurrent method resulted in a freshwater saving of 86.0% across the bleaching section. 

Considering the impact of NPEs while increasing the use of white water and countercurrent 

washing, the study highlighted that the highest risk of calcium oxalate precipitation was around 

the D0 stage and can be reduced by decreasing the pH and/or increasing the D0 stage temperature. 

De Oliveria et al. [15] used WinGEMS and CADSIM simulators to build a flowsheet for a 

five-stage bleach section OD(EOP)DP oxygen delignification (O); chlorine dioxide (D); peroxide 

and extraction (EOP); chlorine dioxide (D); hydrogen peroxide (P). The researchers linked the 

CADSIM simulator to Visual MINTEQ (NICA-Donnan Model) to describe specific and non-

specific binding between a metal with various functional groups on the lignin-fiber structure. 

Methodology and the simulation used in the study were divided into several steps (Figure 2.5).  
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Figure 2.5 Simulation steps in the study 

 
The freshwater savings of 74.0% were achieved using alkaline filtrate (EOP) in the P washer 

to substitute the freshwater. The study showed a significant change in the EOP and the 2nd D stage 

metal ion concentrations. The NPEs distribution study over the bleaching sequence showed some 

interesting results. The simulation results showed that the EOP and the 2nd D stage significantly 

changed with increased calcium, manganese, and magnesium concentrations in the EOP filtrate. 

However, the study reported decreased ferric concentrations in EOP stage filtrate. The study states 

that special attention needs to be given to the increase in the manganese in the EOP stage and 

calcium in the D1 stage because of the operational problems. 
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To increase the water loop closure of the stock preparation and the paper machine wet end, 

D. Ravnjak et al. [46] studied the possibility of a process equipment change, substituting the 

existing internal floatation water system with a poly-disk filter for water reuse on the wet end of a 

paper machine of a paper mill. WinGEMS was used to create a model of the wet end of the 

papermaking process. The model preparation was based on the input streams and the process 

quantities measurements. The prepared model was validated by comparing the measured values to 

the calculated output values. The possibility of broke reuse and a process equipment change was 

studied employing the model. As per the model, the freshwater use can be reduced to almost half 

and the wastewater generation by approx. 20.0% at an unchanged production rate. Based on the 

COD increase due to water recycling, the study concluded that closing the water loop without 

additional water treatment would not bear any desired results. 

Mansfield M et al. [55] used a WinGEMS model of a paper mill producing specialty fine 

paper to build a baseline model to simulate various effluent treatment and recycling options. The 

steps involved in using a computer simulation to achieve a zero effluent solution for a mill are 

shown in Figure 2.6. The researchers tested several biological treatment systems and found that 

treated sewage water could be eliminated using a biological kidney. 
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Figure 2.6 Stepwise process to find an effluent management solution for a mill using computer 
simulation 

 
The water COD levels were dropped as the biological kidney removed COD. 
 
2.3.2 Mathematical techniques used for water reduction 

 
The earlier studies on water conservation mainly included practices resulting from a cohesive 

knowledge of the overall pulp and paper mill operations [5]. Initial efforts were placed on 

designing the water networks by working on the source and sink concept. Inter and Intra mill 

recycling concepts included water use within a particular section or from one network to another.  

Some specific approaches have been used to design water networks. While most work on water 

synthesis has been focused on a single water network, some research has also been focused on 

interplant water integration [9]. Table 2.3 gives the various mathematical techniques used for water 

reduction from the PPI, the mill sections where these methods are studied, and the scope (water, 

energy, or NPEs). 
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Table 2.3 Various techniques for water reduction from the PPI 

Technique Mill section(s) Scope References 

  Water Energy NPEs  
 

 
Water Pinch 
Analysis 
(WPA) 
 

Pulping, bleaching, and 
paper machine section. 

     [14] 

Kraft paper board mill      [56] 

Papermill     [57] 

Kraft mill      [9] 

Bleaching section and 
cooling tower 

     [58] 

Kraft mill      [59,60] 

Multi-Period 
problem 

Stock preparation, washing, 
bleaching, pulp machine, and 
re-causticizing 

     [61] 

Mathematical 
modeling 
Nonlinear 
programming 
optimization 
(NLP) 

Bleaching section.     [62,63] 

Kraft mill      [7] 

Brown stock washing      [64] 

Target study White water network and the 
alkaline loop of a de-inking 
process. 

    [8] 

Mixed Integer 
Non-Linear 
Programming 
(MINLP) 

Kraft mill 
 

     [65] 
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The bleach section is one of the largest freshwater consumers in a Kraft pulp mill, in some 

cases accounting for almost half of the total water consumption in a Kraft mill [66]. The large 

amount of water consumed in the bleaching section provides an opportunity to reduce freshwater. 

With efforts diverted towards reducing fresh water and limiting the effluent releases to the water 

treatment plants, there has been a reduction of freshwater consumption by almost 50.0% from the 

inial value of 50.0m3 per ADt in the early 1980s to 25.0m3 per ADt in recent years. However, 

freshwater reduction in the bleaching section of a paper and pulp mill could increase the 

concentrations of impurities. These impurities interfere with the regular operation of the bleaching 

section and affect routine plant operations. A thorough analysis of the bleaching section would 

help to analyze the optimum values of process conditions and parameters which would help to 

reduce the amount of freshwater consumed without causing any undesired conditions. 

Taking account of it, Dogan and A. Guniz [62] developed a steady-state model for six-

stage chlorination–extraction–hypochlorination–chlorine dioxide–extraction–chlorine dioxide 

(CEHDED) bleaching system. They optimized various bleach towers and the washer process 

variables. The study simulated the whole bleach section using a FORTRAN source code. The 

lowest value of the process parameters was selected for wash water optimization. Also, the impact 

of this reduced wash water flow value was studied on the total dissolved solids. The optimization 

for the entire bleach section leads to a decrease in 28.0% of the wash water used and a 

corresponding decrease of 2.9% of total dissolved solids. The study further concluded that the 

extraction and hypochlorination stages most effectively lowered the dissolved solid's discharge. 

Further, working on minimizing freshwater consumption and reducing effluent generation, S. 

Shukla et al. applied a process integration approach to the bleaching section of an integrated mill 

[67]. The mill selected in this study uses a conventional Chlorination-Extraction-Hypochlorination 
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(CEH) bleaching sequence. In addition, the study did a water targeting study, taking COD as the 

target impurity, and reported a freshwater reduction of 20.8% in the bleaching section. The main 

focus of this study was the reduction in bleach tower washer wash water.  

In a chlorine-based bleaching section to reduce the COD discharge, wastewater 

minimization of a four-stage CEHH (Chlorination–Extraction–Hypo chlorination 1–Hypo 

chlorination 2) bleach section was investigated using a steady-state mathematical model by 

V.P.Singh et al. [63]. To formulate the unit operation models, the authors used mass balances on 

liquor, fibers, kappa number, chemicals, and COD. Process variable optimization was performed 

for each bleaching tower's temperature, concentration, residence time, and pulp consistency. For 

the parameters considered, a maximum reduction of 1.5% was reported in the COD from the 

chlorination stage while using the lowest allowable values of all the optimization parameters.  

Pinch technology has been used extensively in the refining and petrochemical industries to reduce 

energy usage. However, while applying the pinch analysis to the PPI, complex interactions exist 

between water and energy. These complex interactions have led to methodologies that combine 

heat and water integrations [68]. Application of material pinch analysis in the regions where the 

miscible phase networks encountered in the PPI poses a problem. Working on these interactions, 

Jacob J. et al. did a targeted study determining the maximum targets for reducing freshwater usage 

and wastewater discharge [8]. Based on this targeted study, the authors presented two network 

optimization methods to establish a white water configuration to minimize fresh water 

requirements and wastewater rejects for an integrated thermomechanical pulp (TMP) and 

newsprint mill. As per the presented water optimization methods, the water network rearrangement 

could eliminate the need for a filtration step of a de-inking plant's alkaline zone and with a possible 

two-thirds reduction in freshwater consumption in the white water network of an integrated 
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newsprint mill. However, the method's applicability needs to be investigated for other pulp and 

paper processes. 

The research work of Shukla et al. [14] applied the WPA technique to an integrated paper 

mill using a Kraft pulping process, through water cascade analysis to process the pulping, 

bleaching, and paper machine sections. The study states that the critical limiting constraint depends 

on the process and the integration streams. Considering different recycling streams in the bleaching 

section, the study emphasized that the adsorbable organic halogens (AOX) were the critical 

limiting constraint while recycling the bleaching effluents in a bleaching plant. In contrast, the 

COD is a vital limiting constraint if the pulp mill and the paper machine effluents are recycled in 

the bleaching section. After process integration from the mill's identified sections, the freshwater 

demand and the wastewater generation were reduced by 28.9% and 30.2%, respectively.  

Further, applying the pinch analysis for combined energy and water analysis, Savulescu et 

al., in their study [56], did a combined water and energy analysis at a kraft paperboard mill. The 

pinch analysis general project structure consisted of several steps (Figure 2.7).  



38 
 

 

Figure 2.7 General water pinch analysis project structure 

 
Four projects based on the investigation related to the effluent reductions were selected for 

implementation in the mill: 1) Two projects covering the white water treatment and reuse at paper 

machine showers, 2) White water reuse at the broke thickener, and 3) Segrigating non-

contaminated water from white water. The authors projected water savings would reduce 6,000 

m3/d in freshwater consumption and effluent generation. In addition, implementing the combined 

heat recovery and water reuse projects was found to reduce the effluent temperatures by 3.0°C, 

reducing the load on cooling towers.  

Also, applying water pinch analysis to a paper mill regenerating paperboard, Liang et al. 

[57] did a three-step study to reduce the overall water consumption (Figure 2.8). The first was to 
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determine the contaminant. The colloidal substrate was considered a harmful contaminant for the 

paper mill. The second was the determination of the water sources and water sinks. In addition to 

fresh water, some water-consuming processes could be potential sources for other water-

consuming processes depending on the inlet contaminant concentration requirements. The third 

was the determination of limiting concentrations of the contaminant.  

 

 

Figure 2.8 Three-step study used for water reduction 

 
The research uses a graphical procedure to draw a graph with purity as its vertical axis and 

water flow rate as its horizontal axis. The results from the pinch analysis showed that the mill was 

able to achieve a zero effluent discharge. The pinch analysis application to the mill led to a no 

wastewater discharge, and the treated water was reused without harmful effects on the production 

and paperboard quality. Based on the data from the pinch analysis, the water consumption rate was 

reduced from 90.0-110.0m3 to 1.6m3 per ton of paper production. 

Towers M. [58] identified opportunities for reducing energy costs related to water usage in 

a Canadian Kraft mill in two phases. Phase one included steam reduction through pinch analysis 

and benchmarking, and in phase two, water reduction was explored as a means of energy reduction. 

Two primary sources of clean water usage were highlighted, 1)  the open washing stage before the 

bleach section and 2) the bleach section itself (Figure 2.9). The kraft mill this study worked on 
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switched from a six-stage to five-stage bleaching process; as a result, the open washer was an extra 

bleach section washer. This washer's removal saved approximately 7600.0 l/min of fresh warm 

water. Further, a filter management strategy based on the principle of a split, jump-stage, counter-

current recycling was devised to reduce the fresh water in the bleach section. Implementing this 

strategy, the blech plant effluent was decreased by more than 20.0 m3. 

 

 

Figure 2.9 Energy reduction in a kraft mill 

 
Significant steam saving was realized by reducing the water usage in the mill. Water 

reduction alone saved 49.0% more steam in winter than in summer. The study also pointed out that 

water reduction should be considered with process integration techniques. To achieve significant 

water reduction, a mill must simultaneously reduce the water needs of both the heat recovery and 

the process areas. 
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Mateos-Espejel E et al. [60] developed a systematic methodology to study interactions 

between energy and water in the kraft pulping process and applied it to an operating mill. The 

methodology consisted of 5 parts [69] (Figure 2.10). 

 

 

Figure 2.10 Methodology overview to study the water and energy interactions in Kraft pulping 
process 

 
Four strategies were identified to reduce water, steam, and cooling requirements, and their 

energy implications were studied (Figure 2.11).  
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Figure 2.11 Strategies for water closure 

 
As a result, a total savings of 24.0% of total water was realized in addition to a savings of 

14.0 MW of steam and 13.1 MW cooling demand. The report mentions the energy implications of 

the water closure strategies, leaving behind the quality of the effluent and the applicability of 

various techniques concerning the accumulation of impurities due to reduction in freshwater 

utilization in the mill.  

Kermani et al. [61] developed an optimization methodology based on Mixed Integer Linear 

Programming (MILP) for simultaneous optimization of water and energy (SOWE). They applied 

the optimization methodology to a Canadian softwood Kraft pulping mill. The researchers 

proposed a water superstructure for recycling and reuse (Figure 2.12). 
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Figure 2.12 Water superstructure for water recycling and reuse 

 
As a result, a total water reduction of 17.0% was reported without any hot utility. In 

addition, a decrease of 34.0% in the total cost was also achieved due to the reduced operating costs 

resulting from reducing total water consumption.  

One of the critical parameters limiting water recycling and freshwater utilization is the 

NPEs, which accumulate in the system. Lovelady EM. in the study [7] used mass integration to 

optimize water networks in the Kraft process and developed a mathematical model to track water 

and primary NPEs throughout the pulping process. The overall approach applied was to coordinate 

two crucial activities of process integration and process simulation (Figure 2.13). Mass integration 

techniques were the primary focus of the process integration tools for water and NPEs. 
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Figure 2.13 Process integration and process simulation coordination 

 

The mass integration objective was to maximize water utilization and satisfy all the process 

requirements and constraints. The water reduction in the mill was achieved in three systematic 

ways 1) Direct recycling, 2) Single interception, and 3) New technology enabling self-recycling. 

Their results demonstrated a significant decrease in water usage. For their case study, a 23.0% 

decrease in the freshwater was achieved by simple recycling, reusing of wastewater, interception 

technologies gave a further increase of 62.0% reduction in the water usage, and the highest, 81.0% 

reduction in water usage, was observed when the NPEs removal technologies allowing self 

recycling were developed and used.  

Chew et al. [64] proposed an NLP optimization problem to minimize water and energy 

consumption in a pulp and paper mill's brown stock washing system (BSWS) through wash water 

reuse/recycling. The NLP model is solved using LINGO optimization software. BSWS mass and 

energy balance were simulated with CADSIM and adopted as the base case for the study. The 
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objective function minimizes the total cost, including fresh water and energy costs. The objective 

function is solved subject to the constraints on the washer mass balance, twin roll press mass 

balance, heat balances, and the constraints on the dissolved solids and the displacement ratio. The 

NLP optimization results show a possible 23.0% and 17.0% reduction in water and energy. Ibrić 

et al. [65] applied simultaneous synthesis of non-isothermal water networks to a Kraft pulping mill 

for water, energy, and the total annualized cost (TAC) reduction. The freshwater consumption was 

reduced by approx. 34.0% compared to the reference case using water from the pulp machine into 

the washing section and reusing stock preparation water to the bleaching section. The hot utility 

consumption dropped to zero with a slight increase in the cold utility consumption. The decrease 

in water and energy consumption leads to a reduction of approx. 50.0% in the operating and 

approx. 28.0% in the total annualized costs. 

The benefits of applying mathematical modeling tools and simulation techniques have not 

been fully realized due to the complex dynamics of the papermaking process and rigid operational 

practices. The reasons for not realizing the full potential of modeling and simulations can be 

attributed primarily to 1) Complicated nature of the process in terms of raw material 

characterization, wood chips from different kinds of trees may contain other elements,  reaction 

kinetics that is fundamental for the simulation intending to detect, control and analyze are 

challenging to figure out. 2) NPEs like transition metals Manganese, Iron, Magnesium, Calcium 

enter the process mainly from the wood chips released in the process of delignification, part of it 

coming from impure chemicals, like makeup NaOH, makeup Lime, mill water, and chemical 

reagents, or from pipes and equipment [70]. In the case of an open mill, the NPEs are purged 

naturally from the system in the product; however, for closing a mill, these elements tend to build 

up, resulting in increased equipment corrosion, detrimental plugging, problematic scaling, and 
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deposit formation, and can adversely affect the papermaking process. 3) The final quality of the 

paper depends on many process elements, in a complex and nonlinear way, the control actions 

being usually based on the skill and difficult to quantify. The wet dynamics are convoluted and 

not fully understood [70]. The points mentioned above make it difficult to model and simulate the 

whole process, i.e., simulating and optimizing wood chips to paper. 

2.3.3 Sources of carbon dioxide from the pulp and paper industry 
 
There are three major sources of CO2 emissions from the pulp and paper industry. The recovery 

boiler, the bark boiler, and the Lime Kiln. 

 
2.3.3.1 Recovery boiler 
 
In a Kraft mill recovery boiler, concentrated black liquor is burned in the furnace, and the reduced 

inorganic chemicals come out from the bottom of the furnace (Figure 2.14). In a Kraft pulp mill, 

the recovery boiler serves three main functions 1) burn the organic material in the black liquor to 

generate high-pressure steam, 2) recycle and regenerate spent chemicals in black liquor, 3) 

minimize the discharge of several waste streams in an environmentally friendly way. The exhaust 

gases containing CO2 are generated during black liquor combustion [71].  
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Figure 2.14 Typical Kraft Recovery Boiler 

 
2.3.3.2 Bark Boiler 
 
Wood and bark residues from the raw material preparation are burned in the bark boilers (Figure 

2.15). The exhaust gases containing CO2 are generated due to the wood bark and residue 

combustion.  
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Figure 2.15 Babcock and Wilcox Bark Boiler 

 
2.3.3.3 Rotary Lime Kiln 
 
Rotary Lime Kilns are refractory lined large steel tubes. They are slightly inclined at an angle of 

3.0-4.0 degrees to the horizontal and are slowly rotated. A burner, fired with either natural gas or 

oil, is installed on the fuel's downhill sideburns [72,73] (Figure 2.16). The reaction product from 

the causticizers,  calcium carbonate (CaCO3), is regenerated to CaO in the Lime Kiln with heat 

from burning fossil fuel typically according to the reduction reaction [74]: 

𝐶𝑎𝐶𝑂ଷ  → 𝐶𝑎𝑂 + 𝐶𝑂ଶ  ↑……….. (1) 

Fossil fuel combustion provides the necessary temperature for the reduction reaction and in-

process releases the CO2 [75]. 

𝐹𝑜𝑠𝑠𝑖𝑙 𝐹𝑢𝑒𝑙𝑠 + 𝑂ଶ  → 𝐶𝑂ଶ  ↑…………(2) 
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Figure 2.16 Lime Kiln in calcium loop 

 
2.3.4 Techno-economic analysis of solvent-based CO2 capture from the pulp and paper 
mills 
 
Control of greenhouse gases using the option of carbon capture utilization and storage is attractive 

as it allows the continued use of fossil fuels without contributing significantly to greenhouse gas 

emissions [24]. There are three main capture systems associated with different combustion 

processes [25–29]. 
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Table 2.4 Carbon dioxide capture system 

Capture System Description Application References 

Post-combustion CO2 capture from flue gas. low pressure (1 bar) and low 

CO2 content (3.0-20.0%)  

 

 

 

 

[25],[76]  

 

 

Pre-combustion 

 

CO2 capture from a gas 

mixture with 

predominantly H2 gas. 

Elevated pressures (15-40 bar) 

and medium (15.0-40.0%) CO2 

content  

Oxy-fuel 

processes 

Oxygen instead of air is 

used for the combustion 

process. 

Power plants using solid fuels 

 
Carbon dioxide can be separated from the recovery boiler, bark/hog boiler, and Lime Kiln, 

treating each as individual point sources or combining these sources [31], [77]. Figure 2.17 gives 

a possible approach for carbon dioxide capture using post-combustion carbon capture from the 

pulp and paper mill. 
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Figure 2.17 Post-combustion carbon capture system applicability for the pulp and paper industry 

 
For CO2 capture, amine scrubbing is a promising technology. The research in this field is 

dedicated mainly to process design and optimization to reduce the total energy requirements and 

thus reduce the CO2 capture costs [78].  Research is done to capture CO2 from PPI using post-

combustion CO2 capture technology from the three sources of CO2 (Table 2.5). The studies so far 

for the solvent-based CO2 capture from the PPI have considered a heuristic approach for simulation 

that leads to a wide range of CO2 capture costing data.  
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Table 2.5 Post-combustion carbon dioxide capture from the pulp and paper industry 

Technology Flue-gas source for CO2 capture References 

 Recovery boiler Multi-fuel/Bark 
boiler 

Lime Kiln  

 

 

 

Solvent-based 

CO2 capture 

     [79] 

    [80] 

     [81] 

     [33] 

      [21], [77] 

    [35] 

    [82] 

    [83] 

       [84] 

       [75] 

 
Considering the chemical absorption with Monoethanolamine (MEA), a benchmarked 

solvent for CO2 capture [85,86], K MÖllersten et al. [87] suggested that CO2 capture from the coal 

industry is the technology suitable for CO2 capture from the PPI. Considering 90.0% of CO2 

capture from black liquor boiler flue gases and chemical absorption, the preliminary cost of CO2 

capture was $ 34.0 per tonne of CO2. With black liquor integrated gasification combined cycle and 

physical absorption, the capture cost was $ 23.0 per tonne of CO2. The capital costs and the lost 

electricity production were included in calculating the cost of CO2 capture.   

Hektor and Berntsson [81] considered two alternatives for thermal process integration for 

reducing the CO2 capture cost from a fictitious market kraft mill. Alternative one captured CO2 

from the recovery boiler using MEA as absorbent, applying low-pressure steam for solvent 
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regeneration. Alternative two used a fictive solvent and medium pressure steam for solvent 

regeneration. At 90.0 % CO2 recovery, depending on the energy market parameters, for alternative 

one, the CO2 capture cost varied between € 25.4 and € 30.7 per tonne of CO2 whereas, for 

alternative two, the capture cost changed between € 22.5 and € 27.2 per tonne of CO2. 

Onarheim et al. [21] evaluated two hypothetical reference mills 1) Market pulp mill and 2) 

Integrated pulp and board mill for different configurations of capturing CO2 from the flue gases of 

the recovery boiler, the multi-fuel boiler, and the Lime Kiln. Their results show that it is technically 

feasible to retrofit amine-based post-combustion CO2 capture to an existing pulp mill or pulp and 

board mill. The economic feasibility report [77] evaluated the cost of CO2 avoided varying the 

CO2 tax, incentives for renewable electricity production, exempting CO2 emissions from tax or 

not, and rewarded captured and permanently stored CO2 with negative emissions credit. The cost 

of CO2 avoided accounted for € 52.0-66.0 per tonne of CO2 for a kraft mill and € 71.0-89.0 per 

tonne of CO2 for integrated pulp and board mill cases where the CO2 emissions capture is at 60.0-

90.0% of the total site emissions. The study applied the CO2 capture process to hypothetical mills 

and did not consider process optimization for the absorption process. 

Providing the data for CO2 capture from the pulp and paper, Stefanía Ósk Garðarsdóttir et 

al. [35] applied a standard MEA-based CO2 absorption process to several industries like pulp and 

paper, oil and gas, steel, cement, and chemical production, with cost estimations to estimate the 

capital cost for CO2 capture. The study limited itself to the facilities emitting > 500.0 kt-CO2/y, as 

they accounted for more than 50.0% of the industrial fossil-related CO2 emissions. The study 

reported a total capture cost of 90.0% CO2 capture from the recovery boiler at € 61.8 per tonne of 

CO2 captured of the various flue gas points discussed. The study concludes that CO2 capture costs 

are highly dependent on market conditions. The study considered absorber intercooling an option 
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for flue gas with CO2 concentrations higher than 20.0% to improve the process performance. More 

recently, Chikezie Nwaoha and Paitoon Tontiwachwuthikul [82] investigated two advanced 

configurations, advanced rich amine four split (ARA4S) and advanced rich amine three split with 

desorber inter-heating (ARA3S-DI). The study compared the performance of these two techniques 

with the conventional MEA system and the AMP-MEA blend. The study integrated CO2 capture 

into a flue gas exiting from the power boiler of a pulp mill with an annual production capacity of 

365,000.0 air dry tonne (ADt) of northern bleached softwood kraft (NBSK) pulp in British 

Columbia, Canada. To capture all the CO2e emissions attributed to fossil fuel, the study sent flue 

gas split steam (ca. 55%) from the power boiler to the CO2 capture plant. At 90.0% of CO2 capture, 

the carbon capture process techno-economic assessment revealed that capture costs for the MEA 

system were lowest at $ 137.6 per tonne of CO2 or $ 55.5 per ADt Pulp for conventional process 

configuration. For the AMP-MEA blend, the costs were lowest at $ 125.6 per tonne of CO2 or $ 

50.7 per tonne of ADt for ARA3S-DI.  

Prospects for bioenergy with carbon capture and storage (BECCS) in the U.S. PPI was 

studied by W.J. Sagues et al. [84] at 205 mills. A detailed study assessing the CO2 emissions from 

each mill and quantifying the CO2 emitted from various sources and operations was considered 

(Figure 2.18).  
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Figure 2.18 Quantifying CO2 emissions from each site 

 
The study did a top-down, i.e., industry-wide screening, and a bottom-up, chemical 

modeling technique. One of the crucial conclusions made in the study was regarding the cost 

comparisons of CO2 capture amongst the fuels with high and low hydrogen to carbon ratios. The 

top-down industry-wide analysis concluded that CO2 capture from coal and biomass combustion 

is generally less expensive than capturing CO2 from natural gas combustion. Also, the top-down 

economic analysis revealed that CO2 capture from Lime Kiln and recovery boiler is less costly 

than the multi-fuel boiler.  The cost estimates of CO2 capture from the industry-wide top-down 

analysis ranged from -$0.6 to $12.7 per tonne of CO2. Also, the capture cost for CO2 capture from 

the Lime Kiln and recovery boiler was less costly than the multi-fuel boiler. 

Further, four mills were selected based on the top-down industry-wide screening. The Levelized 

capital and operating expenses for CO2 capture were estimated using chemical process models and 

were assessed using AspenTech process simulation software. The bottom-up analysis estimated 

CO2 capture costs for the four mills in the range from -$19.0 to $23.0 per tonne CO2 considering 

a $50.0 per tonne CO2 tax credit (Section 45Q utilization tax credit). The report also highlighted 
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that process intensification and innovations like the partial oxy-fuel combustion combined with 

post-combustion CO2 capture and calcium looping CO2 capture would help to reduce the CO2 

capture costs. Taking leverage of the Section 45Q utilization tax credit, the report emphasizes 

pathways for CO2 utilization such as lignin precipitation and calcium carbonate filling would be 

potential cash flow opportunities.  

More recently, Parkhi et al. [88] did a techno-economic analysis of a conventional MEA 

solvent-based CO2 absorption process for pulp and paper mill Lime Kiln presenting a comparative 

study with a previously published research [21]. The study evaluated CO2 capture cost by linking 

the CAPCOST modular program to Aspen plus using a python script. Lime Kiln flue gas from the 

literature [21] was processed and the capture cost arrived at $ 76.0 per metric ton of CO2. The 

study did a detailed analysis of the capital and the utility cost citing the difference in the approaches 

used for capture cost calculation with the literature work. 

Also, Kuparinen et al. [75] studied the potential CO2 capture within two kraft mill 

operations from the PPI using MEA based post-combustion process. The report also mentions the 

utilization of CO2 for different applications in the PPI. For on-site CO2 utilization, tall oil 

manufacturing, lignin extraction, and precipitated calcium carbonate (PCC) production were 

studied. The amount required to meet the CO2 for a specific application depends on the sources of 

CO2 capture and the mill type (Table 2.6). 
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Table 2.6 CO2 capture rates required for studied CO2 utilization processes 

 CO2 capture rate 

Recovery boiler (%) Bark boiler (%) Lime Kiln (%) 

Mill A (softwood kraft mill) 

Tall oil production 0.2-0.3 0.5-0.8 1.4-2.1 

PCC production 0.9 2.6 7.1 

Lignin separation 1.6 4.5 12.4 

Tall oil+PCC+Lignin 2.7 7.9 21.6 

Mill B (Eucalyptus kraft mill) 

Lignin separation 1.1-1.8 - 7.0-11.7 

 
The research provides a global scenario for biobased CO2 capture and concludes that the 

technical potential for CO2 in pulp mills is notable and accounts for almost 3% of the global CO2 

capture. 
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Chapter 3. WinGEMS simulation of a 5-stage elemental chlorine-free bleaching of 
softwood  

 
 
3.1 Introduction 
 
Simulation modeling and analysis help to gain insight into a complex system and achieve the 

development and testing of new operating or resource policies and new concepts or systems 

without disturbing the actual system [89]. In particular, process simulation modeling favors a better 

understanding of the mechanisms of processes for the pulp and paper industry [70]. Also, process 

simulation modeling helps to evaluate any modifications or changes in a section of the pulp and 

paper manufacturing process . The commercial software available for the pulp and paper industry 

comprises various modular units representative of various operations, an executive program that 

is responsible for the administration of modular units, and databases of physiochemical and 

thermodynamic properties of all components in the process [15]. 

WinGEMS is widely used in the pulp and paper industry to model various sections of the 

pulp and paper mill [52,53,90,91]. However, few studies have given attention to understanding the 

bleaching section of a pulp and paper mill using the simulation approach. De Oliveira et al., [15] 

carried out a global analysis of a bleach mill plant in Brazil, using WinGEMS and CADSIM 

simulators, and the NICA- Donnan Model to predict Non-process elements (NPEs) distribution. 

The prepared model made a good NPE behavior assisting the pulp mill with the buildup of those 

elements. C. Litvay et al., [92] modeled the NPEs in the hardwood bleach plant by linking an excel 

spreadsheet to solve the ion-exchange equilibrium using the dynamic data exchange to WinGEMS 

software. The WinGEMS model vastly improved the ability of this mass and energy balance 

program to model and predict the distribution of non-process elements in the bleach plant. 

Recently, Jour P et al., [54] studied an  Elemental Chlorine Free (ECF) bleach plant of a softwood 
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kraft market pulp mill.to identify options for significantly reducing freshwater usage and the 

effluent discharge in the bleach plantThe ECF model was also  used to predict the impact of white-

water recycling in the bleach plant. The study highlighted that the highest risk of calcium oxalate 

precipitation was around the D0 stage and can be reduced by decreasing the pH and/or increasing 

the D0 stage temperature. These studies focused on the application of the bleach plant WinGEMS 

simulation without providing details on the simulation build-up. Further, the impact of various 

process parameters and the bleach plant conditions on the important pulp properties were not 

studied.  

The present study, for the first time, models an entire (D0EOPD1EPD2) 5-stage ECF 

bleaching sequence using the steady-state delignification and brightening ECF equations in 

WinGEMS simulation software . Our approach makes use of different WinGEMS blocks and a 

combination of various blocks to simulate different bleaching stages  in the bleaching sequence. 

Initial inputs to the bleaching sequence model were taken from published bleaching data of 

softwood. Further, validation of the bleaching section was done using data from two softwood 

mils. The prepared 5-stage ECF bleaching model was then used to predict the important properties 

such as the pulp kappa number, pulp brightness, and the effluent COD. 

 
3.2 Methodology 
 
In this work, we used WinGEMS software to develop a steady-state process. The simulation model 

for the 5-stage ECF bleaching section captures the material, water, energy, andNPEs. Three levels 

of research work wereconsidered for simulation 1) Unit operation, 2) Combination of unit 

operations, and 3) Combination of various processes. The combination of steady-state kinetics 

equations for delignification and brightening stages were taken from the literature to model the 

chemical consumption, pulp brightness, and effluent COD. Simulation was built up using blocks, 
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representing a particular unit operation, and streams, representing the transfer of material from one 

bleach tower to another. Input data for the simulation build-up was taken from an integrated 

softwood mill operating with a typical D0EOPD1EPD2 5-stage ECF bleaching sequence. The 

operational data including the temperature, consistency, the wash water flowrates, and various 

chemical charges necessary for the bleach section model are taken from the softwood mill. Further, 

the prepared simulation is validated with another integrated softwood mill data. 

 
3.2.1 WinGEMS simulation 
 
GEMS (General Energy and Material balance System) is a modular program designed to perform 

mass and energy calculations. In this software, the calculations are grouped in different modules 

called blocks. GEMS is  extensively used for material and energy balances in pulp and paper mills 

[93–95]. WinGEMS makes use of a modular approach, dividing the system into smaller parts 

called modules. This makes it possible to simulate many different processes using a finite number 

of calculation blocks. A simulation project is created by diagramming a process using GEM blocks 

and streams. WinGEMS consists of two integrated parts:  

- Windows interface allows the building of a project, controls the interactive execution, and 

presents the results.  

- Process subroutines and process modules that are arranged to model a given process.  

WinGEMS has a library of over 75 pre-built process blocks those help in the development 

of a simulation which is built up using blocks, representing a particular unit operation, and streams, 

representing the transfer of material from one bleach tower to another. Compound blocks are used 

when a large simulation of the tower and washers is made. The shortcoming of this program is that 

it does not contain any chemistry. The simulation uses only mass balance calculations [96]. As 
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bleaching is a process with chemical reactions, the kinetics equations for delignification and 

brightening are need to be taken from the previous research data.  

 
3.2.1.1 5-stage ECF bleach section process simulation 
 
The simulation model is prepared for the 5-stage ECF bleaching D0EOPD1EPD2. As shown in 

Figure 3.1 [47], all bleaching treatments have certain unit operations and processes in common. 

The mixture of chemicals and pulp passes into a reactor that provides sufficient residence time for 

the bleaching reaction to occur, after the reaction the material is then transferred to the washer to 

remove reacted lignin and dissolved material and wash the pulp, although the chemical addition is 

different for different stages and  applications 

 

 

Figure 3.1 Unit operations in Pulp Bleaching 
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3.2.1.2 WinGEMS simulation of a bleaching stage 
 
Figure 3.2 shows the WinGEMS simulation of a typical bleaching stage.  For each bleaching stage, 

two compound blocks are prepared, one compound block for the bleach tower and another 

compound block for the bleach tower washer. 

 

 

Figure 3.2 WinGEMS simulation of a bleaching stage 

 
In the chlorine dioxide stages, D0, D1, and D2, the compound block for the bleaching tower 

consists of a CHARGE block to simulate chlorine dioxide addition, another CHARGE block to 

simulate acid addition, and a REACTION block to simulate the delignification reaction. The acid 

addition is dependent on the system pH requirement, and the chlorine dioxide addition is on the 

entering pulp’s kappa number. For the alkaline extraction stages, EOP and EP, the CHARGE blocks 

are used to simulate the addition of sodium hydroxide, oxygen, and hydrogen peroxide as a 

percentage on pulp. After the chemical addition, the pulp enters the bleaching tower. The reaction 

takes place in the reaction tower and the reacted pulp is then washed in the washer.  
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The incoming pulp properties of kappa number and brightness are stored in the STORE 

block within the compound block. Also, the steady-state delignification and brightness equations 

are stored in the STORE blocks. The equations are referred to while calculating the pulp properties, 

delignification, and pulp brightness in a particular stage. The washer compound block consists of 

WASH and DILUTE blocks. The washer operates with a defined dilution factor. The effluent 

quantity and the quality depend on the washer-defined outlet consistency and the shower water 

quality. The COD is calculated based on the delignification in the first two stages and the pulp 

yield loss. 

Chlorine dioxide stage compound block 
 
Figure 3.3 shows the WinGEMS internal layout of the D0 stage bleaching tower compound block 

and Figure 3.4 shows the D0 stage washer compound block.  

 
Figure 3.3 D0 stage tower compound block 
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CHARGE, REACTION, and the STORE blocks constitute the main blocks for the D0 stage 

bleach tower while DILUTE, WASH, and MIX blocks are used in the washer compound block. 

Chlorine dioxide and acid are charged using CHARGE block. The blue dots in the reaction blocks 

represents the use of pulp properties of kappa number, the temperature, and the chemical charges 

required in the steady-state equations of the delignification in the D0 stage and pulp brightness 

calculation in the D1 and the D2 stages. 

 

 
Figure 3.4 D0 stage washer compound block 

 
 

The reacted pulp then flows into the washer for washing. The pulp leaving the tower is 

diluted to the required vat consistency and then washed. For the D0 stage, fresh water is used in 

the bottom and EOP stage effluent in the top shower for pulp washing and adjusting the pulp pH, 

the excess water leaves the system as effluent for processing. In the WASH block, the outlet 

consistency of the pulp, washer efficiency factor, and dilution factors are defined. The pulp after 

washing in the washers goes to the next stage.  

The D1 and D2 stages are simulated similarly to account for the chlorine dioxide addition 

on pulp and with a similar compound block layout for the washers. In the D1 stage washer 
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compound block, the freshwater is used in the bottom shower, and the EP stage effluent is used in 

the top shower for pulp washing and pH adjustment as per the pH conditions in the EP stage. 

Further, fresh water is used in both, the bottom and the top showers in the D2 stage washer. 

Extraction stage compound block 
 
Figure 3.5 shows the WinGEMS internal layout of the EOP stage bleaching tower compound block 

and Figure 3.6 shows the EOP stage washer compound block.  

 

 
Figure 3.5 EOP stage tower compound block 
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CHARGE, REACTION, DILUTE, STMIX, and the STORE blocks are the main blocks 

for the extraction stage, while DILUTE, WASH, and MIX blocks are used in the washer compound 

block. The pulp from the D0 stage washer enters the EOP stage. Three CHARGE blocks charge 

oxygen, sodium hydroxide, and peroxide on pulp. DILUTE block dilutes the pulp to the desired 

EOP stage consistency. The temperature in the EOP stage is controlled by steam addition to the 

pulp. The STMIX block simulates the steam addition to the desired temperature. The steam 

required to reach the desired temperature is back-calculated in the STMIX block. The STORE 

block stores the steady-state equations, the parameters necessary to solve the steady-state 

equations, and the brightness equations. The COD calculations are based on the simulated yield 

losses in the bleach tower. 

 

 
Figure 3.6 EOP stage washer compound block 

 
 

The reacted pulp from the extraction stage goes into the washer compound block for 

washing. The pulp leaving the tower is diluted to the required vat consistency. For the EOP stage, 

the pulp is washed using fresh water in the bottom and the D1 stage effluent in the top shower. For 

the EP stage, the pulp is washed in the pulp washers using the D2 stage effluent in the bottom 
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shower and fresh water in the top shower. The excess water leaves the system as effluent for 

processing. In the WASH block, the outlet consistency of the pulp, washer efficiency factor, and 

dilution factors are defined. The pulp after the washer goes to the next stage. The compound block 

of the EP stage is simulated similarly to account for the sodium hydroxide and peroxide addition 

on pulp with a similar compound block layout for the tower washers. 

Figure 3.7 gives the WinGEMS simulation for the entire D0EOPD1EPD2 5-stage ECF 

bleaching sequence. The pulp from the brown-stock washer enters the ECF bleaching sequence 

and is delignified in the D0EOP stage and brightened to the required brightness in the D1EPD2 stage.  

 

 

Figure 3.7 5-stage ECF bleaching sequence 

 
 
Steady-state equations  
 
Table 3.1 gives the steady-state equations used in the 5-stage ECF bleaching sequence. The first 

two stages (D0EOP) form the delignification stages  of the bleaching sequence and contain the 

delignification equations and the pulp brightness equations, and the D1EPD2 stages represent the 

pulp brightening stages  of the bleaching sequence and contain the pulp brightness equations. The 

equations of individual stages are stored in the STORE blocks in the compound blocks of each 

bleach tower and the tower washers. 
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Table 3.1 ECF beaching steady-state equations 

Stage Steady-state Equations Reference 

 

 

 

D0EOP 
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[97–99] 

D1 𝐷ଵ ௧௦௦ =  𝑐ଵ −
𝛽ଵଵ

𝑥ଵ +
𝛽ଵଵ

𝑐ଵ − 𝐵ா

 

𝛽ଵଵ = 4.535 ∗ 𝐾𝑎𝑝𝑝𝑎ா + 0.44 ∗ 𝐶. 𝑂.்ௌ− 7.434 

[100] 

EP 𝐸 ௧௦௦ = 0.765 ∗ 𝐷ଵ ௧௦௦ + 21.8 [101] 

D2 𝐷ଶ ௧௦௦ =  92 −
𝛽ଶ

𝑥ଶ +
𝛽ଶ

92 − 𝐵ா

 

𝛽ଶ = 0.25 ∗ 𝐵ா + 23.0 

 

[101] 

 

D0EOP 
 
Improved modified generalized steady-state equations for the D0EOP delignification stages were 

used to predict the kappa number for an amount of bleach (chlorine dioxide) consumed. 

Normalized kappa number (𝐾𝑎𝑝𝑝𝑎∗) was calculated from the values of D0 stage chlorine dioxide 

charge and the value of 𝐴′. 𝐴′ is the stoichiometric parameter that accounts for the extraction stage 

temperature (°C) and the percentage of peroxide used in the EOP sage. The factor ‘𝛾. [𝐶. 𝑂]’ in the 

equation of [𝐾𝑎𝑝𝑝𝑎∗] represents the chlorine dioxide consumption by the brown stock washer 

carry-over. The value of chloride consumption was considered 10% of the total chlorine dioxide 
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charge. The brightness of the pulp after the D0EOP stage was calculated using the Kubelka-Munk 

equation. The factor ′


௦
′ required in the Kubelka-Munk equation was calculated using the 

extraction stage pulp kappa number and the values of 𝑎ଵ, 𝑎ଶ, and 𝑎ଷ. The values of coefficient 𝑎ଵ, 

𝑎ଶ, and 𝑎ଷ for softwood pulp were taken from [97]. 

D1 stage 
 
To calculate the D1 stage pulp brightness, the asymptotic D1 brightness limit, chlorine dioxide 

charge, post-extraction brightness, and washer carryover values were considered. The equation 

parameter ‘𝛽ଵଵ’ is a function of extracted kappa number ‘𝐾𝑎𝑝𝑝𝑎ா’ and the total dissolved solids 

carryover per ton of pulp from the extraction stage ‘𝐶. 𝑂.்ௌ’. 

EP stage 
 
The EP stage pulp brightness was calculated using the D1 stage pulp brightness. 

D2 stage 
 
The equation used to calculate the D2 stage brightness was similar to the equation used to calculate 

the D1 stage brightness. However, the EP extraction stage washer carryovers were not considered 

in the brightness equation of the D2 stage. 

 
3.2.2 Industrial data collection 
 
First, to simulate a 5-stage blech section, the layout for the bleach section was taken from a 

softwood mill in the southern U.S (Mill A). The mill was operating with a typical Elemental 

Chlorine Free (ECF) bleaching sequence of five bleaching stages. The incoming kappa number for 

softwood pulp into the bleaching sequence was 30.0. The bleach plant's operational data including 

the temperature, consistency, the wash water flowrates, and various chemical charges were taken 

from the mill. The data for the simulation built up was a 3-month average data. The simulation 

model was validated with the data from Mill A and from another softwood mill in the southern 
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U.S (Mill B), The value of COD was taken from literature data. Both mills were operating with a 

5-stage D0EOPD1EPD2 ECF bleaching sequence. 

3.3 Results and discussions 
 
Simulated values of the important pulp properties are shown in Table 3.2  The major pulp 

properties considered were the EOP stage pulp kappa number, EOP stage pulp brightness, the EOP 

stage COD, and the D2 stage brightness.  

3.3.1 Mill A data validation 
 
For  Mill A, the inlet kappa number was 30.0. The kappa number for the EOP stage was 5.1 and the 

corresponding brightness was at 50.0% ISO. The EOP stage kappa number calculated using 

simulation is 6.1. The difference between the calculated and the industry value of the EOP stage 

kappa number was 5.5%. The brightness calculated for the EOP stage is 49.5 % ISO as against the 

industry value of 50.0% ISO. The final brightness of the Mill A pulp after the bleaching section 

was 88.0% ISO and the value calculated using the simulation model is 89.6% ISO. The percentage 

difference between the important pulp properties of the pulp kappa number and the pulp brightness 

for Mill A was in the range of 1.0 % to 5.5%. 
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3.3.2 Mill B data validation 
 
The entering pulp kappa number for Mill B was 25.0.  The EOP stage pulp kappa number was 4.9 

and the calculated kappa number was 4.7. The corresponding calculated brightness for the EOP was 

52.7% ISO. The final pulp brightness was calculated at 89.6 % ISO and the industry value was 

89.8% ISO. The difference in the pulp properties for the Mill B data was in the range of 0.2 to 

4.0%. 

  
Table 3.2 5-stage ECF bleaching section WinGEMS simulation model validation 

Variable Mill A 
Data* 

Simulation 
Data 

Difference 
(%) 

Mill B 
Data** 

Simulation 
Data 

Difference 
(%) 

 
Pulp inlet Kappa 
number (SW) 

30.0 30.0  25.0 25.0  

EOP Extraction Stage 

Kappa number 

Brightness (%ISO) 

COD (Kg/t) 

 

5.1 

50.0 

53.0# 

 

5.4 

49.5 

54.1 

 

5.5 

1.0 

2.0 

 

4.9 

- 

- 

 

4.7 

52.7 

- 

 

4.0 

- 

- 

D2 stage final 
Brightness (%ISO) 

 
88.0 

 
89.6 

 
1.8 

 
89.8 

 
89.6 

 
0.2 

 
 
 

The Mill A and B were operating with different values of incoming kappa numbers. The chemical 

charge of chlorine dioxide in the D0, D1, and D2 stages and the temperature, oxygen, peroxide, and 

sodium hydroxide charge in the extraction stages for both mills were also different. The simulation 

model prepared for the bleaching section is capable of predicting the pulp properties for different 

conditions of the incoming pulp and the process conditions in the bleaching section.  

 

*  Mill A (3-month average) 
** Mill B (9-month average) 
# Literature value 



72 
 

3.4 Conclusions and prospects 
 

In this work, a generic WinGEMS simulation of a 5-stage ECF bleaching of softwood  was 

prepared to predict the changes in kappa number, brightness, and the COD values with changes in 

the operating conditions and parametersIn this simultaion, steady-state delignification models 

were used in combination with pulp brightening models to predict the important pulp properties 

for a particular level of chemical charge and process conditions in the bleaching section.  

The brown stock washed pulp kappa number, chemical charges, bleach tower washer water 

consumption, and other process conditions were inputs to the model. The outputs of the model are  

the pulp brightness, the kappa number of the EOP stage, COD of the bleach section, and the final 

pulp brightness. These outputs  were validated with the data from two different softwood mills. 

The difference between the industry data and the simulation results in terms of major pulp 

properties of the kappa number and the brightness were in the range of 0.2 to 5.5%. The industry 

data validation showed that the prepared bleach section model can be used on different softwood 

mills with different operating conditions and process parameters. Future work will focus on the 

experimental validation of the 5-stage bleaching model. 

The steady-steady delignification and the brightening models were used in this study. 

Steady-state models help to simplify and understand the process and reduce the process 

complexities. However, the processes in the pulp and paper industry seldom reach a steady-state 

condition. Time-based changes in the reaction of pulp with chemicals need to be considered while 

modeling the bleaching section. Further, a high degree of interaction exists in various processes in 

the pulp and paper industry and these interactions need to be considered while working on the 

bleach section models. 
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The next chapter applies the prepared 5-stage bleach section WinGEMS simulation model 

and studies the reduction of freshwater in the bleaching section. We linked the Donnan equilibrium 

model with the prepared bleaching simulation using the dynamic data exchange feature in 

WinGEMS. We study the partition of calcium ions between the fiber walls and the surrounding 

liquor using the Donnan equilibrium model. Then, we evaluate the changes in the bleaching section 

concerning scaling as a result of paper machine white water recycling into the bleaching section. 
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Chapter 4. White-water recycling in ECF bleaching: prediction of scale buildup 
 
 
4.1 Introduction 
 
The pulp and paper industry (PPI), with water withdrawal of around 5% of the total, is one of the 

major consumers of water in the US manufacturing sector [4,5]. Considering the amount of water 

used in the PPI, several measures have been undertaken to reduce fresh water consumption. Further 

water reduction within the industry is becoming more challenging due to technical and economic 

factors. One of the limiting factors for process integration and water recycling is the buildup of 

Non-Process Elements (NPEs). The NPEs accumulate at various locations in the mill as the level 

of closure increases causing severe problems like corrosion, plugging, scaling, and deposition 

causing a problem in the mill operations [15,17]. This imposes a limit on the amount of water 

reused and recycled in the pulp and paper mills. Specifically for the bleaching section, the issue of 

scaling is encountered as many dissolved species and NPEs accumulate in the process loops [66].  

Case studies, fundamental chemistry, and a detailed equilibrium analysis on calcium 

oxalate scaling have been discussed earlier for the digester and the bleach section [102–104]. Also, 

NPEs were modeled for a hardwood bleach section of MeadWestvaco Evadale mill with an ion-

exchange equilibrium [92]. To model the NPEs, the study developed an ion-exchange equilibrium 

in an excel spreadsheet and linked the spreadsheet by dynamic data exchange to WinGEMS. The 

model developed was used to calculate the bound and free concentrations for H+, Na+, Mg2+, Ca2+, 

Mn2+, and Ba2+ for the bleach section to evaluate the replacement of existing D0 and Eop stage 

diffusion washers with presses. The model prepared predicts the calcium ions concentrations 

throughout the bleach section, however, the scaling tendency of the calcium was not studied. 

Recently, Jour et al., [54] studied elemental chlorine free (ECF) bleaching plant aiming to reduce 

the freshwater usage in the bleach section and reduce the effluent volume. A base case WinGEMS 
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simulation model was prepared and used to evaluate increased closure for a softwood kraft market 

pulp bleaching section. The research further studies the risk of calcium oxalate scaling in the D0 

stage. The paper concludes that the risk of scale deposition in the D0 stage can be reduced by 

decreasing the pH and/or increasing the D0 stage temperature. However, a complete bleaching 

section analysis concerning scaling was not conducted in the study.  

In the present work, we aim at reducing the freshwater consumption in the shower water 

of a 5-stage elemental chlorine free (ECF) bleaching section. Firstly, we linked WinGEMS and 

Donnan equilibrium theory using the dynamic data exchange feature (DDE) in WinGEMS. We 

automated the macro-enabled excel file to calculate the Ca2+ ions distribution and the scaling 

parameter using visual basics coding. Secondly, after using the WinGEMS bleach section model 

earlier prepared, we analyze the Ca2+ ion distribution as a result of replacing the bleach shower 

freshwater with the paper machine white water. Then, we estimate the distribution of Ca2+ in the 

bleaching section using the Donnan equilibrium theory and predict the calcium oxalate and 

calcium carbonate scaling using the saturation index calculations. A sensitivity analysis of the 

saturation index (SI) by replacing the shower freshwater with white water was carried out. The 

sensitivity analysis also studies the changes in the value of SI with changing process parameters 

like the system pH, the temperature, the pulp consistency, and the calcium ion concentration in 

white water. 

4.2 Methodology 
 
A base case bleaching model for a 5-stage ECF bleaching (D0EOPD1EpD2) capturing the material, 

water, and NPEs was linked with the Donnan equilibrium model using the dynamic data exchange 

(DDE) feature. Data for the analytical measurements for the ions and the process conditions of the 

temperature, pH, and the fiber charge along the fiber line in the bleach section are taken from P. 
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Huber et al., [105]. Also, the values of metal ions entering the bleaching section through the brown 

stock-washed pulp are taken from the study. Stepwise replacement of the bleaching section 

freshwater was simulated and the partition of calcium ions was studied between the fiber walls and 

the surrounding liquor using the Donnan equilibrium model. The concentration of free Ca2+ ion in 

the surrounding liquor along with the concentrations of the oxalate ion and the carbonate ions are 

used to predict the calcium oxalate and the calcium carbonate scaling in the acidic and the 

extraction stages respectively. 

4.2.1 WinGEMS simulation and the Donnan equilibrium model linking 
 
This study was carried out using Valmet WinGEMS version 5.4. The 5-stage ECF bleaching 

section simulation earlier prepared was used to simulate the freshwater replacement by white water 

(WW) Figure 4.1. Figure 4.1 also shows the points of freshwater addition in the bleaching section 

to be replaced by the white water. 

 

 

Figure 4.1 Proposed freshwater replacement by white water 

 
DDE feature in WinGEMS which allows to import and export of data to an excel 

spreadsheet [106] is used to simulate the white-water addition in the bleaching stage of shower 

water. The freshwater in the bleach tower washers was replaced in steps from 0.0 to 100% and the 

changes in the concentrations of the Ca2+ ions in the effluents were ported via DDE to the excel 

file after each iteration. After simulating white water addition, the changes in the effluent, and the 
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pulp quality concerning the Ca2+ ions serve as an input to the Donna Equilibrium in the excel file. 

For every iteration, the free Ca2+ ions are calculated using the value of the distribution coefficient 

'λ' and taking the inputs of the other metal ion concentration from the ECF bleaching section of 

the WinGEMS model. After calculating the free Ca2+ ions, the solubility product and the saturation 

index values in macro-enabled excel predict the calcium oxalate and calcium carbonate scaling in 

the bleaching section. 

4.2.2 Donnan equilibrium model 
 
The Donnan equilibrium model in Eq. 3 is used to calculate the value of the distribution coefficient 

[107].  

ଶ ൣெమశ൧(𝝀యିଵ)

ାி(𝝀మିଵ)
+ (𝝀ଶ − 1)[𝐻ା]ௌ − 𝝀

×

ಷ

ା𝝀×[ுశ]ೄ
= 0      (3) 

 

where 𝝀 represents the distribution coefficient for different ion species, M2+ denotes the total 

divalent metal ion in mol per O.D. kg pulp, V is the  total liquid volume in l per kg O.D. pulp and 

is the pulp consistency parameter, F is the water content in the fiber wall and the value is 1.4 l per 

kg O.D. pulp, 𝐶 and 𝐾 are the concentration in mmol per O.D. kg pulp and the dissociation 

constant for the carboxylic acid and [𝐻+]𝑆 is the solution pH. WinGEMS does not perform 

predictive pH calculations and to reach a particular pH value, the 𝑂𝐻ି ion concentrations need to 

be manipulated. The manipulation needs to be done using a REACT or CHARGE block in 

WinGEMS. Instead of using these blocks for pH modulation, the value of pH was entered in the 

excel file manually. 
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After the calculation of the distribution coefficient, the free ion concentration for the Ca2+ 

ion is calculated using Eq. 4 [107].  

[𝑀ଶା]௦ =  
ଵ

ାி(ఒమିଵ)
× 𝑀ଶା         (4) 

Where s is the solution phase and [𝑀ଶା]௦ is the concentration of the metal ion in the solution phase. 

4.2.3 Scale formation  
 
Scale formation is a localized chemical precipitation process described using the solubility product 

convention [104]. After calculating the value of free Ca2+ ions, the calcium oxalate and the calcium 

carbonate scale formation are studied. Salts, where both the anion and cation are divalent, are 

typically sparingly soluble or insoluble and cause scale to form. Typically, calcium oxalate scaling 

forms in the chlorine dioxide (acidic) stages, and the calcium carbonate scaling forms in the 

extraction (alkaline) stages [108].  

4.2.3.1 Calcium oxalate  
 
The free calcium ion [𝐶𝑎ଶା] concentration calculated from Eq. 4 along with the oxalate ion 

concentration is used to calculate the solubility product for the calcium oxalate scaling. In previous 

studies the value of the solubility product is taken constant, however, the solubility product varies 

as the temperature changes. The effect of temperature on the oxalate ion dissociation and the 

solubility product is considered as per the study [109]. The solubility product (𝐾௦) value for 

calcium oxalate is calculated as per Eq. 5. 

[𝐶𝑎ଶା]𝑓మశ × [𝐶ଶ𝑂ସ
ିଶ]𝑓మைర

షమ =  𝐾௦                      (5) 

Where 𝑓మశ is the value of the activity coefficient for calcium ions and 𝑓మைర
షమ is the activity 

coefficient for oxalate ions. The value of the activity coefficient is calculated using Eq. 6. 

𝑙𝑛[𝑓] =  
௭మ√ூ

ଵା√ூ
          (6) 
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In Eq. 6, A and b are temperature-dependent constants, a is the hydrated size of the ion and is 6.0 

for the Ca2+ ion and I is the ionic strength. The value of ionic strength is calculated as the average 

of the summation of the cation multiplied by the square of its charge and anion multiplied by the 

square of its charge. 

Further, the formation of 𝐶ଶ𝑂ସ
ିଶ from the oxalate ion is governed by chemical reactions Eqs. 7 and 

8, with temperature-based reaction rate constants pK1 and pK2 respectively [109]. The value of the 

oxalate ion concentration is taken from [105]. 

[ுమைష
ర][ுశ]

[ுమమைర]
= 𝐾ଵ          (7) 

[మைష
ర][ுశ]

[ுమைరି]
= 𝐾ଶ           (8)  

4.2.3.2 Calcium carbonate 
 
The solubility product (𝐾௦) value for calcium carbonate is calculated as per Eq. 9 [110]. 

[𝐶𝑎ଶା][𝐶𝑂ଷ
ିଶ] ×  𝑓(ைయ)

ଶ =  𝐾௦                    (9) 

𝑓(ைయ) is the mean activity coefficient to the solubility product. The value of the activity 

coefficient is calculated using Eq. 6. The CO2 dissolution and ionization to 𝐶𝑂ଷ
ିଶ is modeled using 

the equations and the values of the reaction rate constant given in [111]. 

4.2.3.3 Saturation index 
 
The saturation ratio of the ionic activity product to the actual solubility product at a particular 

temperature is calculated. To predict the scaling tendency, a base-ten logarithm of saturation level 

is taken and the obtained values of the saturation index (SI) help to predict the likelihood of scaling. 

If the system is supersaturated i.e SI value is greater than 1 then there is a tendency of scale to 

precipitate in the system. At equilibrium, when the value of SI is 0.0, the scale neither forms nor 

dissolves and the system is undersaturated at a SI value less than 0.0 [109]. 
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4.3 Results and discussion 
 
The WinGEMS and Donnan equilibrium model was used to predict the calcium oxalate scaling in 

the acidic stages i.e D2, D1, and D0 stages,  and calcium carbonate scaling in the extraction stages 

i.e Ep and EOP as a result of paper machine white water recycling in the bleaching section.  

Firstly, stepwise replacement of the D2 stage bleach tower washer freshwater was simulated. Both 

the bottom and top shower in the D2 stage washer use freshwater for pulp washing (Figure 4.1). 

Initially, the last bleaching stage was selected to replace the freshwater as it is expected to cause a 

minimum impact on the pulp properties like the kappa number and the pulp brightness. As the 

white water addition increases, the amount of Ca2+ ions in the effluent and the pulp increases. This 

increase in the Ca2+ ions is captured from WinGEMS and calcium carbonate scaling is calculated 

for the D2 stage. To further reduce the freshwater consumption, freshwater from each bleaching 

stage washer was replaced step by step with white water. The changes in calcium ions for all the 

bleach stages were recorded and the corresponding saturation index was calculated.  

4.3.1 Sensitivity analysis 
 
After simulating the freshwater replacement by white water, a SI value sensitivity analysis was 

performed to predict the value of freshwater replaced without causing a scaling problem. The 

sensitivity of SI value with changes in the pulp consistency, the solution pH, and the system 

temperature is studied. The pulp consistency is varied from 1.0 to 15.0% as this range is the typical 

operating range of consistency for the washer vat to the exit of the washer drum. For different 

bleaching towers, the freshwater addition on the washer drum is at different locations (Figure 4.1). 

The consistency of the pulp is different for the water addition at the bottom and the top showers. 

The values of pH are varied as per the bleach stage pH conditions. The values of SI are evaluated 

by increasing the amount of freshwater replacement in the blech plant shower water from 0.0 to 
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100%. To account for the SI sensitivity to the paper machine section white water, the Ca2+ ions 

concentration in the white water is given a swing from 50.0 to 200.0 ppm. The value of 50.0-200.0 

ppm is selected based on the white water quality of the paper machine section in the pulp and paper 

mills. 

4.3.1.1 Calcium oxalate scaling 
 
The D2 stage calcium oxalate SI sensitivity analysis is shown in Figure 4.2. The X-axis shows the 

amount of freshwater replaced with white water, and the Y-axis represents the SI value. For each 

pulp consistency, four different trends are plotted to represent the different values of Ca2+ ions 

from 50.0 to 200.0 ppm. As the amount of freshwater replacement by the white water increases, 

the value of SI increases. This increase is seen across all the consistencies of pulp. For the pulp 

consistencies of 1.0% and 5.0%, the value of SI for 0.0% freshwater replacement is less than zero. 

However, for the pulp consistencies of 10.0% and above, the SI value at 0% freshwater 

replacement is more than 0 indicating the tendency to form scale.  

As the value of pulp consistency increases, a decrease in the value of the distribution 

coefficient ‘λ’ is observed. As a result as the pulp consistency increases, the values of SI increase. 

All the SI values for 1.0% consistency are lower than zero indicating the 100.0% replacement of 

all bleach washer freshwater by white water is possible without the problem of scaling. However, 

the first instance of scaling is encountered for 5% pulp consistency at 200 ppm white water Ca2+
 

concentration at around 60% freshwater replacement in the D2 stage washer. For 10.0% and 15.0% 

pulp consistency the values of SI are zero and above indicating scaling at all the values of white 

water recycled in all the washers of the bleaching section. 
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Figure 4.2 D2 stage SI sensitivity analysis 

 
Figure 4.3 shows the SI value sensitivity for the D1 stage. For the D1 stage also, the SI 

value is less than zero for 1.0% pulp consistency at all the values of freshwater replacement in the 

bleach section. However, for the 5.0% pulp consistency, the scaling occurs at around 25.0% of 

white water recycle for the white water Ca2+ ion concentration at 200 ppm. At 50 ppm Ca2+ ions 

the freshwater can be completely replaced with white water at 5.0% pulp consistency. For 10.0% 

and higher pulp consistencies, the values of SI are more than zero for all the amount of freshwater 

replacement in the bleaching section. The values of SI for the 10.0% and 15.0% pulp consistencies 

indicate that the freshwater should not be replaced in the washers at the points of medium 

consistencies. 
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Figure 4.3 D1 stage SI sensitivity analysis 

 
The SI value sensitivity for the D0 stage is evaluated (Figure 4.4). For the D0 stage, the 

value of SI is less than zero for all the pulp consistencies, all the Ca2+ ion concentrations, and all 

the values of freshwater replacement in the bleach section. The pH value for the D0 stage is 2.4. 

At this pH, the divalent oxalate (𝐶ଶ𝑂ସ
ିଶ) ion is minimal in the system [108]. Although the Ca2+ ions 

are present, the trace amount of 𝐶ଶ𝑂ସ
ିଶ ions inhibit the calcium oxalate scale formation. As a result 
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of this, even for 100.0% replacement of freshwater in the bleaching section, the scale formation is 

not encountered in the D0 bleaching stage. 

 

 

Figure 4.4 D0 stage SI sensitivity analysis 

 
4.3.1.2 Calcium carbonate scaling 
 
The Ep and EOP stage calcium carbonate SI sensitivity analysis is evaluated in Figures 4.5 

respectively. The increase in SI value is across all the pulp consistencies and all the Ca2+ ion 

concentrations in the white water. The values of SI for the Ep and the EOP stages are evaluated at 

a pH value of 9.0. In the case of alkaline pH, the amount of free Ca2+ available is significantly 

reduced due to the formation of several soluble complexes [66], and the majority of calcite formed 

in the alkaline stages is carried over by the fibers, and only a small fraction of the calcite is 

deposited on the equipment [112]. 
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Figure 4.5 Ep and EOP stage SI sensitivity analysis 

 
4.3.1.3 Effect of pH on the SI value 
 
A sudden increase in pH value would occur at the point of addition of alkaline white water to the 

bleach tower washer drum. To evaluate the sensitivity of SI with pH for the D0 stage, the pH value 

was given a swing from 2.5 to 6.0. As seen in Figure 4.6, the value of SI is highly sensitive to a 

change in system pH and transitions from negative to positive value as the pH increases from 2.5 

to 3.0 and reaches a peak value at a pH of around 4.5. This is also following the fact that the critical 

pH between the hydrogen oxalate (𝐻𝐶ଶ𝑂ି
ସ) and oxalate (𝐶ଶ𝑂ଶି

ସ) is around 4.0 [112]. After that, 

the SI value drops and transitions from a positive to a negative value as the pH increases from 4.5 

to 6.0. The distribution of SI value is because of the transition in the concentrations of free Ca2+ 

and the oxalate ions. At the pH value of around 4.0, the second proton from the monovalent anion 

(𝐻𝐶ଶ𝑂ି
ସ) dissociats to form divalent anion (𝐶ଶ𝑂ଶି

ସ). The formation of divalent oxalate ion and 

corresponding free Ca2+ ion leads to a peak in the value of SI. As the pH goes above 4.5, the free 

available Ca2+ ions decrease, leading to a reduction in the value of SI. Figure 4.6 also provides the 

value of pH which the system can be operated to reduce the scaling tendency. pH value of 2.5 to 

reduce or eliminate the calcium oxalate scaling in the first chlorine dioxide stage was also proposed 

earlier [104].  
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Figure 4.6 Effect of pH on the SI values for the D0 stage 

 
4.3.1.4 D2 and D1 chlorine dioxide stage  
 
To evaluate the sensitivity of SI with pH for the D2 and D1 stages, the pH value was changed from 

4.2 to 6.0 for the D2 stage and 4.5 to 6.0 for the D1 stage (Figure 4.7). The range of pH is selected 

as the addition of alkaline white water is supposed to increase the system pH. As a result, lower 

values of pH are not considered. As seen in Figure 4.7, the value of SI reduces as the value of pH 

increases from 4.2 to 6.0 for the D2 and the D1 stages respectively.  
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Figure 4.7 Effect of pH on the SI value for D2 stage and Effect of pH on the SI value for D1 stage 

 
As the solution pH increases, the amount of Ca2+ ions on the fiber surface increases and 

peaks out. Correspondingly, the free Ca2+ ions in the solution decrease. The decreased Ca2+ ions 

with an increase in the pH lead to a reduction in the solubility product and the corresponding 

saturation index. At lower pH values, the Donnan Equilibrium condition does not exist as the acid 

groups on the fiber surface are not dissociated. With increasing pH, there is disproportionation in 

the mobile ions between the fiber wall and the surrounding solution due to the increased 

concentration of dissociated acid groups within the fiber wall. The value of dissociation constant 

peaks out at around neutral pH where the acid roups are fully dissociated [107]. For the very same 

reason of free Ca2+ ions reaching the minimal value at neutral pH, the pH sensitivity of the Ep and 

EOP extraction stages is not considered due to the higher operating system pH. Also, oxalate with 

a pKa value near 4.0 is a much stronger acid than carbonate, and the solubility of carbonate 

increases when there is a sudden change in the process condition of pH in the acidic stages of ECF 

bleaching. At pH less than 3.0, anionic groups on the fiber surface are protonated, and for pH 

greater than 5.0 most of the dissociated groups are anionic. As a result, the fibers only absorb Ca2+ 

ions at mildly acidic to alkaline pH and are washed away and are present in the system as free Ca2+ 
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ions at acidic pH. Most of the Ca2+ ions are carried by the fibers themselves and are released under 

acidic conditions [66].  

 
4.3.1.5 Effect of temperature on the SI values of D0 stage 
 
The value of SI is also sensitive to the changes in the system temperatures. At the point of addition 

of the white water to the washer, there would also be a change in the system temperature.  As the 

D0 stage operates at the lower values of pH, to evaluate the sensitivity of SI values to temperature, 

we performed a temperature sensitivity analysis of the SI values (Figure 4.8). The value of 

temperature varied from 40.0°C to 80.0°C so that the temperature in the study is at around the 

midpoint value. The system pH vas also varied from 2.0 to 6.0 and the changes in the values of D0 

stage SI was recorded. The values of SI follow the same trend for different temperatures. The SI 

value transitions from negative to positive, peaks, and then transitions from positive to negative 

value as seen in Figure 4.8. As the temperature increases, the SI profile shifts to the right. At 

40.0°C, the value of SI is zero for a pH value of around 2.3 and at 80°C, the SI value has a zero 

value at around 3.0 pH. The temperature primarily affects the dissociation of the oxalate ion. The 

dissociation of oxalate ion is temperature driven and the amount of divalent oxalate ion 

dissociation also shifts toward the right with increasing temperature [109]. Also, the value of peak 

SI reduces as the temperature increases, and the peaks are observed at higher pH values for higher 

temperatures. 

At higher pH values, the free Ca2+ ions reach a minimum value, and the effect of 

temperature is not predominant.  
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Figure 4.8 Temperature effect on the SI values 

 
4.4 Conclusions 
 
In this study, an ECF bleaching WinGEMS simulation was linked to the Donnan Equilibrium 

model to simulate the addition of whitewater into the bleach section shower water. The recycling 

of white water into the bleach tower washer shower was achieved by stepwise reducing the 

freshwater addition in the bleach tower shower. The linked model helped to access the impact of 

whitewater recycling on the calcium ion distribution in the solution and on the fiber surface. The 

saturation index was calculated by importing the changes in Ca2+ ions which acted as an input to 

the Donnan equilibrium model.  

The sensitivity analysis helped to understand the changes in the SI value with changes in 

the amount of freshwater replacement, the point of addition of white water i.e the pulp 

consistencies, the system pH, temperature, and the concentration of Ca2+ ions in the white water. 

The sensitivity analysis revealed that for all the parameters, the value of SI increases for both the 

calcium oxalate and the calcium carbonate scaling as the amount of white water addition in the 
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bleach section increases. The first instance of calcium oxalate scaling in the bleaching section was 

encountered for the D1 stage at around 25.0% freshwater replacement with 200.0 ppm Ca2+ content 

in the white water for 5.0% pulp consistency. Calcium carbonate scaling was not predicted in the 

Ep and EOP stages as these stages operate at alkaline pH values. 

This analysis is done considering a particular ECF bleaching sequence modeled in 

WinGEMS software. Each stage of the bleaching sequence used to study the scale buildup has a 

purge stream that prevents the buildup of NPEs, Ca2+ in this study,  in the system. To apply the 

system to another study, the bleaching sequence needs to be modified to account for the 

differences. Also in the Donna equilibrium model, the entire free calcium calculated is considered 

for scale modeling, however, some of the calcium present in the solution would be complexed to 

the organic material present in the effluent and would not contribute towards scaling. As a result 

the presence and nature of the organic matter in the effluent stream also need to be considered 

while modeling the scaling in the bleaching section. 
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Chapter 5. Techno-Economic Analysis of CO2 Capture from Pulp and Paper Mill Lime 
Kiln 

 
 
5.1 Introduction 
 
Of all the greenhouse gases (GHGs), carbon dioxide (CO2) is the primary GHG emitted through 

human activities. In the U.S., industrial processes accounted for 16.0% of the CO2 emissions, and 

the pulp and paper industry accounted for 1.2% (30 MMT/y) of these industrial emissions in 2019 

(EPA, 2020). The primary sources of CO2 emissions in pulp and paper manufacturing are from the 

recovery boiler, bark boiler, and Lime Kiln (Onarheim et al., 2017b). The economic feasibility of 

CO2 capture from the pulp and paper sector has not been studied extensively as the CO2 emissions 

are primarily of biomass origin. Because all the existing regulations and policy instruments 

consider only fossil-fuel CO2, there are limited incentives for CO2 capture (Jönsson, Kjärstad and 

Odenberger, 2014). While the MonoethanolAmine (MEA) solvent-based absorption desorption 

process for CO2 capture has been widely studied for oil, gas, iron and steel, cement, and chemicals 

production (Leeson et al., 2017), it is neither fully explored nor a mature technology for the pulp 

and paper industry. Also, there is a wide range of capture costs in the literature for this process 

(e.g., (Hektor and Berntsson, 2007), (Onarheim et al., 2017a), (Garðarsdóttir et al., 2018), 

(Nwaoha and Tontiwachwuthikul, 2019), (Yang, Meerman and Faaij, 2021)) making it difficult to 

assess its potential for the pulp and paper industry. 

 
To the best of our knowledge, four studies provide estimates for CO2 capture costs from 

pulp and paper industry emissions. Onarheim et al. (2017b) studied CO2 capture and storage from 

various sources of a hypothetical Kraft pulp mill and a pulp and board mill. The capture process 

was MEA-based absorption desorption. The result showed that it is technically feasible to retrofit 

post-combustion CO2 capture to an existing pulp mill or pulp and board mill. Another study 
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(Onarheim et al., 2017a) performed the techno-economic analysis of retrofitting post-combustion 

amine scrubbing to a pulp mill and an integrated pulp mill. The economic evaluations included 

estimating capital expences, total installed cost, total plant cost, and the discounted cash flow 

calculations. They utilized in-house cost databases of ÅF- consult Oy and Techincal Center of 

Finland (VTT) and quotes from vendors if required for the CO2 capture plant. Also, a higher 

exponent value (0.7) for the “rule of six-tenths” was selected when estimating equipment costs. 

For 90% CO2 capture from the Lime Kiln flue gas, the capture cost was calculated as $91 per tonne 

CO2, which is the only cost estimate for CO2 capture from pulp and paper mill Lime Kiln available 

in the literature. We will refer to this study (Onarheim et al., 2017a) as the reference study in this 

paper. Gardarsdottir et al. (2014) evaluated the technical performance of post-combustion CO2 

capture integrated with three different industries, including a kraft pulp mill recovery boiler. The 

study concludes that a pulp mill can become a negative net contributor to global CO2 emissions. 

However, the study didn’t provide any techno-economic evaluations for the CO2 capture process.  

Recently, Gardarsdottir et al. (2018) carried out an economic evaluation of 90% CO2 

capture from the recovery boiler flue gas. The study calculated the equipment costs using Aspen 

In-Plant Cost Estimator and assumed a generic cost level for all the sources. The estimated cost 

was $61.8 per tonne of CO2. Nwaoha et al. (2019) also evaluated the cost of CO2 capture from the 

recovery boiler flue gas. The paper considered two different solvents, MEA and 2-amino-2- 

methly-1-propanol and MEA blend, and three process configurations for each solvent. The 

equipment costs were calculated using reference guesstimate/ballpark estimates from the literature 

and scaling up to the equipment sizes suggested by the process simulation. The CO2 capture costs 

varied from $129.0 to $147.2 per tonne of CO2. 
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In this study, we perform a techno-economic analysis for CO2 capture using the MEA-

based absorption desorption process for pulp and paper mill Lime Kiln and compare the capture 

cost to the only available CO2 capture cost estimate in literature (Onarheim et al., 2017a). The CO2 

capture from the Lime Kiln section of a pulp and paper mill considers the system in addition to the 

existing pulp and paper mill. For the comparison, the same Lime Kiln flue gas specifications 

(Onarheim et al., 2017b) are utilized in the analysis. Detailed process and techno-economical 

analysis for these two studies are provided in the report sponsored by the International Energy 

Agency Greenhouse gas R&D Programme (IEAGHG) and prepared by ÅF- consult Oy and 

Techincal Center of Finland (VTT) (IEAGHG, 2016). A variant of split-flow configuration was 

modeled using Aspen Rate-Based Distillation to reduce the reboiler heat duty. Further, the CO2 

capture plant is equipped with an amine reclaimer recovering the solvent lost to heat stable salts. 

Unlike the report, a conventional 30 Wt.% MEA CO2 absorption desorption process is simulated 

in our study using Rate-Based Distillation in Aspen Plus to reduce convergence issues in Aspen 

Plus. The equipment costs are calculated using CAPCOST (Turton et al., 2018). The present study 

applies, for the first time, the CAPCOST factor-based modular program for technoeconomic 

analysis of a solvent-based CO2 capture process using MEA as the solvent for pulp and paper mill 

Lime Kiln. CAPCOST uses custom equations to perform the equipment cost calculations which 

provides transparency and editability while dealing with various equipment, different process 

configurations, and flowsheet optimization. Further, a sensitivity analysis was carried out to 

understand the impact on capture cost of varying flue gas CO2 compositions and the changes in 

the MEA solvent, electricity, and steam costs. 
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5.2 Process simulation and economic analysis 
 
5.2.1 Kraft pulp and paper mill 
 
The Kraft pulping process is explained in detail in Chapter 2 with the help of Figure 2.1. The weak 

black liquor, after washing, is concentrated and burned in the recovery boiler for chemical and 

energy recovery. The recovery boiler smelt is dissolved in water to form green liquor and 

causticized with the reburned Lime (CaO) to form white liquor used in the cooking process, 

completing the cycle (Gary A.Smook, 2015). CO2 emissions from the bark boiler and recovery 

boiler are considered biogenic as the CO2 is released from burning wood derived fuels. In the Lime 

Kiln (Figure5.1), CO2 is released during the calcination of Limestone (Onarheim et al., 2017b). 

 

 
Figure 5.1 Overview of a Kraft pulp and paper mill 
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5.2.2 Aspen Plus simulation of the MEA-based absorption process for CO2 capture from 
Lime Kiln 
 
Aspen Plus simulation model was constructed utilizing the main design parameters listed in the 

reference study to simulate the CO2 capture process from the same Lime Kiln flue gas. The 

economic analysis was carried out using the equations and data in CAPCOST. Table 5.1 

summarizes the assumptions for calculating the capture costs and the utility and raw material costs 

used in the calculations. The MEA cost is taken from Kohl and Nielsen (1997) and inflated using 

the producer price index for the year 2016. 

 

Table 5.1 Economic analysis assumptions, utility costs, and raw material prices 

Parameter Value units 
Operation hours 8400.0 Hours (h) 
Plant operation 20.0 Years (m) 
Interest rate 20.0 % (i) 
Maintenance & repair costs 6.0 % of CCapital 
Insurance & taxes 2.0 % of CCapital 
Makeup-water 0.12 $/tonne 
Operators 13.0 - 
Supervisory level costs 18.0 % of CLabor

* 
Start-up & MEA costs 10.0 % of CCapital 
General & Administrative costs    18.0 % CLabor + 0.9 % CCapital 

 
Plant overhead 70.8 % CLabor + 3.6 % CCapital 
Contingency 15.0 % CBM

** 
Contractor Fee 3.0 % CBM 
Auxiliary facility cost 50.0 % CBM 
Steam (5 barg) 9.4 $/tonne 
Cooling water 0.0157 $/tonne 
Electricity 0.0674 $/kWh 
Make-up MEA 2,100.0 $/tonne 
  * Labor cost 

**Bare module costs 
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Figure 5.2 shows the Aspen Plus flowsheet developed for the solvent-based CO2 capture 

process, excluding the CO2 compression train (Figure 5.3) in the reference study. The absorption 

cycle is a temperature-dependent acid-base reaction where the flue gas CO2 (weak acid) reacts 

with a solvent (a weak base) (1). The "CO2 loaded" solution (rich MEA) is stripped off of its CO2 

by reverse reaction (Eq. 10), regenerating the lean solvent and a gaseous CO2 product (Bhown and 

Freeman, 2011). The absorption-desorption reactions for primary amines like MEA can be 

represented in Eq.10 (Kohl and Nielsen, 1997). 

𝑅𝑁𝐻ଶ + 𝐶𝑂ଶ  ↔ 𝑅𝑁𝐻𝐶𝑂𝑂ି + 𝐻ା                                  (10)   

 
The flue gas from the Lime Kiln stack is cooled and quenched in the direct contact cooler 

(DCC). The cooled flue-gas enters the absorber column from the bottom, and the lean MEA 

regenerated from the stripper column enters from the top. Solvent MEA, after absorbing CO2 from 

the flue gas, is pumped and heated in a rich/lean heat exchanger with the stripper column bottoms 

(lean MEA) before being sent to the stripper column. The CO2 and some water vapor are recovered 

as the top product of the stripper column, the CO2OUT stream in Figure 5.2. The lean MEA, 

recovered as the stripper bottoms, passes through the rich/lean heat exchanger and is mixed with 

makeup water and amine. The lean MEA is further cooled with cooling water before being sent 

back to the absorber. The flue gas specifications are given in Table 5.2. We used the specifications 

given in the reference study for comparison. 
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Table 5.2 Lime Kiln flue gas data 

Parameter Units Value 
Temperature °C 250.0 
Mass flow  MTPY 684 000.0 
CO2 mol % 20.4 
N2 mol % 47.4 
O2 mol % 1.2 
H2O mol% 30.9 
SOx ppm 50.0 
NOx ppm 175.0 
TRS ppm 15.0 
Particulates ppm 30.0 

 

 

Figure 5.2 Aspen Plus model of CO2 capture 

 
Aspen Plus version, the property package, the model, and the built-in units used for the 

columns and other equipment are summarized in Table 5.3. The KEMEA package contains 

kinetics and rate constants, which allows modeling the MEA system more accurately with an 

electrolyte-NRTL model. RadFrac unit operation is used to model the absorber and stripper 
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columns. The absorber does not have a condenser or a reboiler. The stripper has a condenser at the 

top and a reboiler at the bottom. Both absorber and stripper columns employ the rate-based model. 

Pressure drops in the piping and equipment are neglected. The stripper column operates at 1.8 

bar(a) to prevent potential solvent degradation due to high pressure and higher stripper bottom 

temperatures [113]. 

 

Figure 5.3 CO2 compression train 

 
To replicate the process conditions for the temperature and pressure from the reference 

work, a four-stage compressor train is used to compress the product CO2 to 110.0 bar at 33.0°C. 

The Aspen Plus flowsheet for the compressor train is presented in Figure 5.3. The property 

packages and the unit operations used in Aspen Plus simulation are given in Table 5.3. 

Table 5.3 Property package and the equipment model used 

Parameter Package/units 
Aspen Plus V10.0 
Property Package KEMEA (Kent-

Eisenberg) 
Absorber Column RadFrac (Rate-based 

model) 
Stripper Column RadFrac (Rate-based 

model) 
Lean/rich heat 
exchanger 

HeatX 

MEA cooler HeatX 
Compressor Compr 
Intercoolers Heater 
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5.2.3 Economic analysis of the MEA-based absorption process 
 
The CO2 capture costs include capital and operating costs. CAPCOST is used to evaluate the 

capital costs for the columns (DCC, absorber, and stripper), heat exchangers (condenser, reboiler, 

rich/lean heat exchanger, intercoolers, and the solvent cooler), compressors/fan, and drivers for 

compressors and pumps. The costs are adjusted for inflation using the 2016 Chemical Engineering 

Plant Cost Index (CEPCI) value of 542.0 [114]. The total annualized cost (𝑇𝐴𝐶) of the process, 

including the compression train, is shown in Eq. 11,   

𝑇𝐴𝐶 ቀ
$

௬
ቁ =  𝐴𝐹 ×  𝐶௧ + 𝐶ை௧        (11) 

where, 𝐶௧ and 𝐶ை௧ are capital and operating costs, and 𝐴𝐹 is the annualization factor. 

The equipment installation costs for estimating the capital cost are calculated using the 

equipment bare module costs from CAPCOST. The absorber and stripper columns are modeled as 

packed columns. The column diameters are taken from the converged Aspen plus file and the 

packed height per stage (HETP) in meters is calculated using Eq. 12 [115]:  

𝐻𝐸𝑇𝑃 =
ଵ


+ 0.1              (12) 

where, 𝑎 is the surface area per volume of the packing. The capital cost includes the bare module 

costs, contingency, contractor fee, plant start-up costs, and auxiliary facilities costs. The operating 

costs comprise the labor costs, the process utility, and the raw materials costs. 

The annualization factor, AF, is calculated in Eq. 13, 

𝐴𝐹 =  
(ଵା)

(ଵା)ିଵ
              (13) 

where, 𝑖 is the interest rate, and 𝑚 is the plant operation year. 
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The total CO2 capture cost is calculated by using Eq. 14:  

𝐶𝑂ଶ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡𝑠 ቀ
$/௬

௧ିைమ/௬
ቁ =  

்

௧௨ௗ ைమ
                  (14) 

The degradation of amine by the presence of SOx in the flue gas is accounted for by considering 

MEA degradation losses due to SOx in the economic evaluation. Separate treatment for the NOx 

removal was not considered as NOx present in the flue gas is regarded as inert. The amount of NO2 

is below the recommended limit, and a separate NO2 removal setup is not required [116].  

5.3 Overview of the reference study economic analysis  
 
5.3.1 CO2 capture setup of the reference study 
 
A 30.0% MEA based CO2 capture process was simulated in Aspen Plus using the Aspen Rate-

Based Distillation model for processing the flue gas given in Table 5.2. A solvent split-flow 

configuration was used to reduce the stripper column reboiler duty. The overall CO2 capture rate 

was set at 90.0%. 

5.3.2 Economic analysis of the reference study  
 
Economic analysis results were reported in terms of Earning Before Interest, Taxes, Depreciation, 

and Amortization (EBITDA). For the mill and the CO2 capture plant, the cost calculations included 

the capital investments (CAPEX) and the operating costs (OPEX).  Equipment costs were 

estimated using in-house cost databases of ÅF consult Oy and VTT, and quotes from vendors when 

necessary. When the capacity of the equipment was different from the quoted capacity, a scaling 

factor of 0.6 was applied to estimate the equipment cost using Eq. 15. In Eq. 15, the exponent 𝑛 

was assumed to be 0.7 for the CO2 capture plant. 



బ
= (

ௌ

ௌబ
)               (15) 
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In Eq. 15, 𝐶 is the scaled capital cost, 𝐶 is the actual purchased cost, 𝑆 is the target 

capacity, and 𝑆 is the design capacity. IEAGHG economic assessment model developed in-house 

was applied to calculate the CO2 avoided costs using a discounted cash flow (DCF) analysis. For 

CO2 capture from the Lime Kiln section, the amount of CO2 avoided is equal to the amount of CO2 

captured. Based on the DCF calculations, the cost of CO2 capture from the Lime Kiln section was 

$91.0 per tonne CO2, which, at a CO2 capture rate of 0.2 ton CO2 per air dried tonne pulp (adtpulp) 

produced translates to $22.0 per adtpulp. The cost estimates were developed in EUR (Quarter 2 of 

2015). An exchange rate of 1.0 EUR = 1.1 USD was used for currency conversion.  

 
5.4 Results and discussions  
 
5.4.1 CO2 capture costs evaluation and comparison with the reference study 
 
The base case CO2 capture cost for the process simulated using design and operation values from 

the reference study, the theoretical mill Lime Kiln, is given in Table 5.4. The costs are rounded off 

to the nearest 1000. For the operating capacity of the mill and the CO2 capture rate of 23.3 t/h, the 

amount of CO2 capture is 0.2 ton CO2 per adtpulp, translating the capture cost of $76.0 per tonne 

CO2 to $18.0 per adtpulp. 

 
Table 5.4 Summary of CO2 capture costs for the base case 

Parameter Value 
Total capital cost [$] 19,606,000.0 
Total annualized capital cost [$/y] 4,019,000.0 
Total operating cost [$/y] 6,105,000.0 
Total raw material cost [$/y] 461,000.0 
Total utilities cost [$/y] 5,380,000.0 
CO2 capture [t/y] 196,000.0 
CO2 capture cost [$ per tonne 
CO2] 

76.0 

CO2 capture cost [$ per tonne pulp 
produced] 

18.0 
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For the economic analysis of this study, the equipment costs given in Table 5.5 are 

calculated using the equations given in CAPCOST. These equations require the equipment sizes, 

which are directly obtained from the Aspen Plus simulation. Various factors contributing to the 

estimation of equipment grassroot costs (CGR) are given in Figure 5.4. Figure 5.4 also includes the 

calculations for estimating the bare module cost (CBM), which is defined as the direct and indirect 

expenses incurred for equipment purchase and installation. Adding contingency and contractor 

fees to CBM gives the total module cost (CTM). Finally, including the auxiliary facilities costs in the 

CTM provides the CGR for each piece of equipment. 

 

Table 5.5 Equipment-wise breakdown of the capital costs 

CO2 capture plant section Reference study 
($ million) 

This study 
($ million) 

Direct Contact Cooler 0.7 2.4 
Amine absorber section 5.3 3.1 

Amine circulation system 0.5 0.9 

Stripper section 11.6 2.3 
Compression & dehydration 1.4 7.1 

Auxiliary facility costs 0.2 2.5 

Start-up costs 3.8 1.3 
CAPEX 23.5 19.6 

 

The total capital cost is annualized for the plant operation time and includes the columns, 

exchangers, pumps, dehydration and compression, auxiliaries, and the start-up costs. The 

contributions of individual equipment to the total capital cost are shown in Table 5.5, which also 

lists the values from the reference study [116] for comparison. 
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Figure 5.4 Factors considered in CAPCOST for estimating equipment costs 

 
Table 5.5 reveals the differences in equipment costs. For the reference study, the total installed 

cost, including the project contingency, forms the total plant cost of the CO2 capture plant. The 

total installation cost of the CO2 capture plant includes the installation costs for each piece of 

equipment individually. The equipment costs for the reference study were adjusted using the 2015 

CEPCI value, which is ca. 3.0% higher than the CEPCI value of 542.0 considered in this techno-

economic analysis. The reference study separately calculated the costs incurred in Engineering, 

Procurement, and Construction (EPC) and construction for the entire CO2 capture plant. Further, 

in the reference study, a project contingency of 10.0% was added to the total plant installation 

costs. The estimated value of total installation costs (TIC) with the required mill modification, and 

other CAPEX of spare parts, start-up costs, owner’s cost interest, and working capital forms the 

total capital requirement (TCR). The CO2 capture costs were estimated within a ± 50.0% accuracy, 
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assuming that the implementation of CO2 capture technologies in the pulp and paper industry is 

not a mature technology. A 30.0% increase in the capital costs for the columns and the solvent 

circulation was applied to account for the solvent split-flow configuration in the reference study 

[117].  

As the equipment costs calculated using CAPCOST rely on the sizes estimated by Aspen 

Plus, the contribution of equipment costs to capital costs for different sections are different from 

those reported in the reference study (Table 5.6). The EPC and constructions costs have been 

included in the factors considered while calculating the CGR. On the contrary, in the reference 

study, the construction and the EPC costs have been calculated separately for the entire facility, 

and the total plant installation cost was the summation of the equipment, the construction, and the 

EPC costs. Further, the setup used for the CO2 capture (a split-flow configuration) in the reference 

study [21] is different from that used in this study. A reclaimer for the degraded MEA is used in 

stripper column setup; however, a conventional absorption setup is used to simulate the process in 

this study. A disadvantage of the split flow configuration is the requirement of a higher solvent 

circulation flowrate to achieve a similar CO2 recovery compared to the conventional configuration. 

Corrosion is another issue related to the use of split-flow configuration due to the higher percentage 

of the MEA components in the solvent. Also, the capital investment for the split flow configuration 

is higher due to the requirement of a larger absorber column, additional heat exchangers, pumps, 

and the associated pipings [116]. The cost of the amine absorber section in the reference study is 

around 70.0% higher than the costs of the absorber section in this study (Table 5.5).  

The second term in Eq. 11 is the operating costs, including fixed and variable costs. These 

costs for the reference study and the present work are provided in Table 5.6. The total operating 

costs are similar (Table 5.6). However, unlike the reference study [77], we did not consider the 
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costs incurred for CO2 transportation and storage in operating costs. The reference study [77] 

considered the fixed costs, variable costs, income from electricity sold to the grid, and the CO2 

storage and transportation costs for calculating operating costs. The fixed costs consisted of direct-

indirect labor, insurance, local taxes, and maintenance. Chemical and utility costs, and waste 

processing and disposal charges were included in the variable costs. Also, for the base case and 

the case with Lime Kiln CO2 capture in the reference study, the biomass feedstock costs are the 

same nullifying the impact of changes in the input biomass costs while calculating the Levelized 

cost of pulp. 

 
Table 5.6 Operating cost details ($ million/y) 

Operating 
costs 

Subsection Reference study 
($ million/y) 

This study 
($ million/y) 

Fixed costs Operating 
labor 

  

2.3  Direct 
supervisory 

3.9 

 Plant overhead  
 Insurances and 

taxes 
 

 Maintenance   
Variable 
costs 

Utilities 
Chemicals 

3.6 5.2 

 

The breakdown of the capture costs for the reference study and this work is shown in Figure 

5.5 in terms of million $/y. A cost difference is observed for the CAPEX and the fixed cost portion 

of the OPEX. The direct labor cost in the reference study is 1.3% lower than the direct labor cost 

used in this study. However, in the reference study, the indirect labor costs which include the costs 

of administration and the general overhead are 40.0% of the direct labor costs, and for this study, 

the contribution of the direct labor costs in the administration and the general overhead costs is at 

18%. The higher percentage contribution of the labor costs leads to a higher contribution of the 
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indirect labor cost for the fixed costs in the reference study. For the reference study, the loss of 

electricity exported due to steam use from within the mill for the stripper column reboiler is 

considered a loss in revenue. The OPEX is similar for both studies; as a result, the difference in 

the capture costs is attributed to the difference in the total CAPEX, which is higher for the reference 

study [116]. 

 

 

Figure 5.5 CAPEX and OPEX comparison 

 
Table 5.7 provides the energy consumption of the main equipment of the present study. 

Stripper column reboiler steam alone contributes to around 52.0% and the electricity costs 

contribute to 23.0% of the total operating costs. 

Table 5.7 Energy consumption of the main equipment 

Equipment Energy consumption 
Stripper Reboiler 3.3 

ீ

௧ିைమ
 

Stage 1 compressor 629.0 kW 
Stage 2 compressor 724.0 kW 
Stage 3 compressor 479.0 kW 
Stage 4 compressor 338.0 kW 
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The cost of the stripper section is higher for the reference study; however, the compressor 

costing is higher for the present study. The stripper section cost in the reference study includes the 

costs of the stripper column, water wash column, condenser and reflux drums, reboilers, and the 

associated pumps. The reference study did not include the cost breakdown for the individual 

equipment and the sizing for the condenser, the reboiler, and the reclaimer for the stripper section, 

making a one-to-one comparison impossible. Per CAPCOST estimates, the reboiler, condenser, 

and pump contribute more than 50.0% of the total stripper section costs. Table 5.8 summarizes the 

stripper section equipment and costs of the individual components for this study. 

 

Table 5.8 Stripper section costing: CAPCOST 

Stripper section Costs ($ million) 
Stripper column 
(including packings & 
internals) 

1.1 

Condenser 0.4 
Reboiler & pump 0.8 

 

When the stripper section costs are compared to the absorber section for the reference 

study, the stripper section cost is more than two times the cost of the absorber section. The absorber 

column has a larger diameter, 3.9 m, and is taller, 25.0 m, than the stripper column, which has a 

diameter of 2.9 m and a height of 20.0 m in the reference study [116]. Considering only the size 

difference of the absorber and the stripper columns, the pricing of the stripper column should be 

lower.  Table 5.9 provides the equipment sizing for this study. Also, both absorber and stripper 

columns have the same packing material, Sulzer mellapack 250Y. However, the stripper column 

section has a condenser, a reboiler, and an MEA reclaimer, making the stripper column section as 

a whole expensive as compared to the absorber section. 
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Table 5.9 Specification for main equipment in this study 

Equipment Sizing 
Direct contact cooler Ø2.7 m × H10.1 m 
Absorber Ø3.9 m × H25.3 m 
Stripper Ø2.9 m × H19.8 m 
Rich/lean heat exchanger 1621.0 m2 
Reboiler 700.0 m2 
Condenser 177.0 m2 
Solvent cooler 574.0 m2 

 

A significant difference is observed in the compressor and dehydration section cost 

between the reference study and the present work. A cost breakdown of the compressor and 

dehydration section was also not given in the reference study. A breakdown of the individual 

component costs in each section of the CO2 capture plant and the equipment sizes would have 

enabled a more direct comparison. 

The CO2 capture process flow diagram can be divided into three main sections to compare 

the section-wise contribution to equipment costs. Table 5.10 lists the three main sections, the major 

equipment in each section, and the percentage section-wise cost distribution. Table 5.10 reveals 

that the major contributor to the reference study’s capital costs is the CO2 capture section, followed 

by the compressor and dehydration, and then the pretreatment sections. We guestimate that 1) the 

use of an MEA solvent split configuration for reducing reboiler heat duty, 2) the higher cost of the 

stripper column and its auxiliary units of the reboiler, condenser, and the MEA solvent reclaimer, 

and 3) the use of a higher exponent value for estimating equipment costs in (4) by the reference 

study led to a higher contribution of the CO2 capture section. However, the capital cost estimated 

by CAPCOST suggests that the compressor unit is the major contributor to the total capital cost, 

followed by the CO2 capture section and then the pretreatment. The pretreatment unit’s 

contribution to the entire capital cost is the least for both approaches. If we did not assume 𝑛௧  plant 
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for our economic analysis (similar to assuming a higher exponent in (6) for the equipment cost 

calculations) and include a 30.0% increment in the column costs, the CAPEX for this study would 

be comparable to the reference study. Considering a 30.0% increment in the column costs, the 

CAPEX difference between the reference and this economic analysis reduces from 16.6% to 

11.2%.  

Table 5.10 CO2 capture process section-wise cost breakdown 

Section Major equipment Reference study 
(%) 

This study 
(%) 

 
 
Pretreatment  

Flue gas blower  
 

3.5 

 
Vent gas heater  
Direct Contact Cooler 
(column & packing) 

15.3 

Pump & cooler  

 
 
 
 
CO2 capture  

Absorber section (column & 
packing) 

 
 
 

89.3 
 

 

Amine circulation system 
(pumps & heat exchangers ) 

 
39.8 

Stripper section (column & 
packing) 

 

Condenser & reboiler  

 
Compression& 
dehydration 

Compressor package  
7.2 

 
44.9 

Heat exchangers  
Dehydration unit  

 

5.4.2 Sensitivity of the capture cost for the base case of this study 
 
The variable cost in OPEX includes the utilities, mostly steam and electricity, and chemicals, the 

makeup MEA. Steam is consumed in the stripper column reboiler, electricity for the compressor 

unit, and MEA solvent for CO2 absorption. The capture cost sensitivity is evaluated with varying 

MEA solvent, electricity, and steam costs. Further, we analyzed the cost sensitivity to changes in 

flue gas inlet CO2 mol%. 
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Figure 5.6 (blue) gives the CO2 capture costs variation with changing flue gas CO2 

composition (mol%) from 18.0 mol% to 22.0 mol %. As the CO2 mol% increases, an increase is 

observed in the equipment sizes; however, the capture costs decrease because of the relatively 

higher change in the amount of CO2 captured. These observations align with previously reported 

conclusions [118]. 

 

 

Figure 5.6 Capture cost sensitivity with the flue gas CO2 mol% and steam costs 

 

For this study, the medium pressure steam in the stripper column reboiler contributes to ca. 

65.0% of the total utility costs and 22.5% of the total CO2 capture costs. The sensitivity of the CO2 

capture costs to the steam cost changes, from $9.0 to $10.5 per tonne of medium pressure steam, 

is evaluated and shown in Figure 5.6 (orange). The steam cost changes significantly impact the 

OPEX due to its largest share in the utility costs. Hence, there is a linear correlation between the 
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capture cost and the steam cost. For an increase of $1.0 per tonne in steam costs, the CO2 capture 

costs increase by 2.4% (Figure 5.6). 

The MEA solvent makeup is needed due to the MEA losses from the absorber and the 

stripper columns and also to account for the MEA degradation due to the presence of SOx in the 

flue gas. The MEA makeup and degradation losses account for 5.5% of the total CO2 capture costs. 

The sensitivity of the CO2 capture costs is evaluated for the MEA cost values of $1000.0 and 

$5000.0 per tonne of MEA in Figure 5.7 (blue). Almost a 5% increase is observed in the capture 

cost when the MEA prices increase from $1000.0 to $5000.0 per tonne.  

Electricity is used in the compressor and dehydration section, contributing to almost 26.0% 

of the total utility costs. Electricity makes up 8.8% of the CO2 capture costs. The capture cost as a 

function of the electricity price is illustrated in Figure 5.7 (orange). The literature study [77] also 

observed an increase in the capture costs with increasing electricity costs. 

 
 

Figure 5.7 Capture costs sensitivity with the MEA and electricity costs 
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5.5 Conclusions and future directions 
 
This techno-economic analysis evaluated the CO2 capture costs from pulp and paper mill Lime 

Kiln and compared the costs to published capture cost data (in the reference study). The capital 

investment was estimated using CAPCOST in contrast to in-house tools and vendor quotes used 

in the reference study. A significant difference is observed in the capital cost between the reported 

value and this study. The difference in the overall capture cost is mainly attributed to the costing 

equations and the methodology used in evaluating the base equipment, EPC, construction, and 

fixed operating costs. The literature study estimated the costs considering a high degree of 

uncertainty due to the lower maturity of the MEA-based CO2 capture process for use in the pulp 

and paper industry. In contrast, CAPCOST uses the sizing parameters estimated by the Aspen Plus 

simulation and calculates the equipment costs assuming 𝑛௧ power law. Considering the decrease 

in the electricity sold to the grid, the reference study took steam integration into account, leading 

to a lower utility cost than observed in this study. However, OPEX for both approaches was found 

to be similar to each other.  

We conducted a sensitivity analysis on the capture cost by varying the inlet flue gas 

composition (CO2 mol%), and steam, electricity, and MEA prices. The results revealed that the 

capture costs vary from $70.0 to $82.0 per tonne of CO2 captured. Our study provides a basis for 

cost calculations, with details on TEA, and helps for future process simulation and optimization 

studies. The use of CAPCOST modular program provides transparency to replicate cost 

calculations and utilize this approach to evaluate the CO2 capture costs in the pulp and paper 

industry. 

Future work will focus on processing flue gas data from two different Lime Kiln sections, 

a real integrated paper mill, and a liner board mill, analyzing the capture costs for different input 
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conditions and production rates. Optimization of the CO2 capture process considering the 

equipment sizing and the operating conditions as decision variables for capture cost minimization 

will be performed. Further, steam integration from within the mill will be explored to reduce the 

total capture costs, and in-mill application of captured CO2 with an existing federal tax credit for 

carbon capture and sequestration (Section 45Q - Internal revenue code) will be studied. We also 

plan to analyze the cost sensitivity with the economic parameters. 
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Chapter 6. Carbon dioxide capture from the Kraft mill Lime Kiln: process and techno-
economic analysis 

 
 
6.1 Introduction 
 

In Chapter 5 we performed the techno-economic analysis on theoretical mill data and 

compared the capture costs to the only Lime Kiln CO2 capture cost data available in the literature. 

In this Chapter, we applied the approach used in Chapter 5 and examined the techno-economic 

analysis and process flowsheet optimization of capturing CO2 from the Lime Kiln flue gas using 

actual mill data from two different mills. To achieve this, we couple a process simulator, ASPEN 

Plus, with a derivative-free optimization (DFO) solver, which identifies the optimum process 

design and operating conditions that minimize the CO2 capture cost.  

Apart from emitting CO2 in the production process, the pulp and paper mills, depending on 

the type of the mill, also utilize CO2 as a raw material for bioproducts. Scattered studies on the 

applications of CO2 in pulp and paper mills have been reported in the literature. Kuparinen et al. 

[75] have given the possible application of CO2 in the pulp and paper mill, stating that the 

application of CO2 depends on the mill-specific details, chosen practices, and the type of woody 

raw material. Also, CO2 has been used for multiple processes, including neutral papermaking, 

near-neutral bleaching, brown stock washing, and effluent treatment [119–122]. As a result, the 

pulp and paper mills could be a site for negative CO2 emissions by utilizing the captured CO2 [75]. 

Most strikingly, section 45Q of the Internal Revenue Code (IRC) intends on incentivizing the 

investment in carbon capture and sequestration and doesn’t distinguish between biogenic and non-

biogenic sources of CO2 [123]. Under this section, the pulp and paper mills utilizing CO2 could be 

eligible for the section 45Q utilization tax credits.  
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Additionally, we analyze possible steam integration from within the mill to further reduce 

the CO2 capture costs. A sensitivity analysis is done to examine the changes in the CO2 capture 

costs with changing flue gas conditions and the utility costs. 

Kraft pulping, Aspen plus modeling of the MEA solvent-based process with the 

optimization framework, and the economic analysis are introduced in the next section. The results 

and discussion section analyzes the DFO parametric study, the impact of steam integration on the 

cost analysis, the in-mill CO2 application, and sensitivity analysis. Finally, the last section states 

the conclusions and prospects of this study. 

 
6.2 Process simulation and optimization framework 
 
6.2.1 Kraft pulp and paper mill  
 
The Kraft pulping process along with the sources of CO2 is explained in detail in Chapter 2 with 

the help of Figure 2.1.  

In this study, the Lime Kiln is selected as a case for CO2 capture, while CO2 emitted from 

the Lime Kiln is still primarily of biomass origin, the Lime Kiln is the only source of fossil fuel-

based CO2 and has the highest concentration of CO2 in the flue gases [124]. Also, it is shown 

earlier that the CO2 capture costs decrease as the CO2 concentration increases [125,126]. 

 
6.2.2 ASPEN Plus process simulation 
 
Two southern United States softwood-based kraft pulp mills provided the Lime Kiln flue gas 

process conditions and composition (Table 6.1). The absorption cycle is a temperature-dependent 

acid-base reaction wherein the flue gas CO2 (weak acid) reacts with a solvent (a weak base). After 

reacting with CO2, the "CO2 loaded" solution (rich MEA) is regenerated to reverse the reaction, 
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thus liberating gaseous CO2 [127]. The absorption-desorption reactions for primary amines like 

MEA can be represented as [128]:  

𝑅𝑁𝐻ଶ + 𝐶𝑂ଶ  ↔ 𝑅𝑁𝐻𝐶𝑂𝑂ି + 𝐻ା (16) 

 
The ASPEN Plus configuration for solvent-based CO2 capture is shown in Figure 6.1. The 

Lime Kiln flue gas is cooled and quenched in a direct contact cooler (DCC). The cooled flue gas 

enters the absorber column from the bottom, and the lean MEA, solvent regenerated from the 

stripper column, enters the absorber from the top. Solvent MEA, absorbing CO2 from the flue gas, 

is pumped and heated in a rich/lean heat exchanger with the stripper column bottoms (lean MEA) 

before sending it to the stripper column. The rich MEA solution is stripped of its CO2 in the stripper 

column. The CO2 and some water vapor are recovered as the top product from the stripper column 

CO2OUT stream. A four-stage compressor train is used to compress the product CO2 to 110 bar 

at 33°C. The lean MEA from the stripper's bottom passes through the rich/lean heat exchanger and 

is mixed with make-up water and make-up amine. This mixed lean MEA is further cooled at an 

exchanger with cooling water and is sent back to the absorber. 

 
Table 6.1 Lime Kiln fluegas data 

  Mill A Mill B 

Parameter Units Value Value 

Stack Flow Rate  m3/h 137209.0 127562.0 

Temperature °C 113.0 75.0 

Water  mol % 33.9 36.5 

CO2 mol % 20.0 16.7 

O2 mol % 4.6 7.1 

N2 mol % 41.4 39.6 
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Figure 6.1 ASPEN Plus flowsheet of CO2 capture 

 
CO2 absorption-desorption is simulated in Aspen Plus V10.0. KEMEA (Kent-Eisenberg) 

data package is used to model the thermodynamic and transport properties. The package contains 

kinetics and rate constants, which allows modeling the MEA system more accurately with an 

electrolyte-NRTL model using RadFrac distillation. RadFrac unit operation is used to model the 

absorber and stripper columns. The absorber is a simple RadFrac column without a condenser and 

a reboiler. The stripper has a condenser at the top and a reboiler at the bottom. Both absorber and 

stripper columns are modeled using the Rate-based model. Pressure drop in the piping and each 

piece of equipment is neglected. The stripper column operates at 1.9 bar pressure to prevent 

potential solvent degradation due to high pressure and higher stripper bottom temperatures [113]. 

COMPR block is used in Aspen plus to simulate the CO2 compressors. 

 
6.2.3 Optimization environment 
 
Derivative-free optimization (DFO) is a framework to solve optimization problems that do not 

require an explicit mathematical expression of the problem or its derivatives. Instead, this 

framework utilizes the objective function values for sets of decision variables with an algorithmic 

specific search strategy to gradually improve the best set of decision variables. The procedure for 

a DFO framework can be found in Figure 6.2. In a DFO framework, the objective function is 
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treated as a black-box model, which is able to provide the objective function value of the 

optimization problem when given a set of decision variables. The framework begins by providing 

the black-box model a set, or sets, of decision variables to obtain the objective function value(s). 

The set of decision variables and the objection function pair is then passed back to the DFO 

algorithm, where a new set of decision variables is determined and evaluated. This process is 

repeated until a termination criterion is met. There are a different number of termination criteria; 

however, one of the most commonly used is the maximum number of black-box evaluations [129]. 

The objective function, a multivariant optimization problem, to be minimized within the DFO 

framework, is the CO2 capture cost given by equation 4. Eight degrees of freedom that act as a 

decision variable for the DFO tool have been identified for optimization:  1) DCC stages, 2) flue 

gas temperature, 3) absorber stages, 4) stripper stages, 5) MEA solvent lean loading, 6) MEA 

solvent wt.%, 7) stripper inlet temperature, and 8) amount of CO2 captured. The absorber and the 

stripper stages were treated as integer values, while the remaining process parameters were 

continuous. A Python script was used to link the ASPEN Plus simulator and the derivative-free 

optimization solver. The solver used is glcSolve from the TOMLAB optimization suite [130], with 

a termination criterion of 2,000 black-box evaluations. At the framework’s termination, the 

absorber stages, stripper stages, the MEA solvent lean loading, MEA solvent wt.%, stripper inlet 

temperature, and the amount of CO2 captured are determined for the minimum CO2 capture costs 

value. 
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Figure 6.2 The derivative-free optimization framework 

 
6.2.4 Economic analysis 
 
The CO2 capture costs include fixed capital costs and operating costs. Equations and data from the 

module factor-based software CAPCOST are used to evaluate the fixed capital costs for the 

columns (DCC, absorber and stripper), heat exchangers (condenser, reboiler, rich/lean heat 

exchanger, and the solvent cooler), and the pump [114]. The cost data is adjusted for inflation 

using the Chemical engineering plant cost index value, CEPCI, 596.2 [131]. The total annualized 

cost for the system is calculated using the following formula, 

 

𝑇𝐴𝐶 ቆ
$

𝑦
ቇ =  𝐴𝐹 × 𝐶௧ +  𝐶ை௧ 

(17) 

 
The Annualization factor, A.F., was calculated as follows, 

𝐴𝐹 =  
𝑖(1 + 𝑖)

(1 + 𝑖) − 1
 

(18) 

Where i is the interest rate, and n is the plant operation year. 

The total CO2 capture cost used for flowsheet optimization is calculated as  
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𝐶𝑂ଶ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑜𝑠𝑡𝑠 ቆ
$

𝑡 − 𝐶𝑂ଶ
ቇ =

𝑇𝐴𝐶

𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝐶𝑂ଶ
 

(19) 

Where,  𝐶௧ and 𝐶௧ are operating costs and capital costs, respectively. 

 

The overall assumptions used for the calculation of capture costs are: 

 A Grassroots facility with 8,400 hours of operation per year is considered.  

 Twenty years (n) of plant operation and a 20.0% interest rate (i) are considered with no 

salvage value.  

 Maintenance and repair costs are at 6.0% of the fixed capital investment. 

 Operating supplies are at 0.9% of the fixed capital cost investment. 

 Insurance and taxes are taken at 2.0% of the fixed capital investments. 

 Thirteen operators are required as operating labor with an annual salary of $ 66,910.0 was 

determined using the method defined in Turton et al. [114]. 

 Direct supervisory and clerical level costs are taken at 18.0% of the labor costs. 

 Laboratory charges are taken at 15.0% of the labor costs. 

 Plant overhead cost is a summation of 70.8% of the labor costs and 3.6% of the fixed capital 

cost investment. 

 General and Administrative expense cost is a summation of 17.7% of the labor costs and 

0.9% of the fixed capital costs. 

 Startup and MEA costs are taken at 10.0% of fixed capital investment. 

 Make-up water costs are $0.2/1,000 kg, and the make-up MEA costs are taken from [128] 

and inflated as per CEPCI value.  

 The steam (5 barg) costs, process cooling water, and electricity are $9.4/1,000 kg, 

$15.7/1,000 m3, and $0.0674/kWh, respectively [114]. 
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The absorption setup’s equipment costs primarily include the costs of the absorber column, the 

stripper column, and the exchanger costs. The absorber and stripper columns are packed bed 

columns with the packed height per stage (HETP) calculated using Eq. 20 [115]: 

𝐻𝐸𝑇𝑃 (𝑚) =
100

𝑎
+ 0.1 

(20) 

Where 𝑎 is the surface area per volume of the packing.  

 
6.3 Results and discussions 
 
6.3.1 Derivative-Free Optimization (DFO) parametric study  
 
The optimal process configuration by the DFO solver and some critical process parameters are 

shown in Table 6.2 below. The equipment costs are shadowed by the total operating costs, which 

include the reboiler steam, cooling water, electricity, and make-up chemicals. Steam contributes 

to almost 53.0% of the total operating costs for both mills. The impact of steam consumption on 

the total capture costs was compared with literature data [125,132] and made up the most 

significant portion of the operating costs.  
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Table 6.2 Optimal process configuration for the MEA-based CO2 capture system 

 Mill A Mill B 

Variable Value 

Captured CO2 (%) 94.8 94.4 

Absorber stages 10 12 

Stripper stages 7 7 

Solvent lean loading 0.281 0.275 

MEA solvent concentration (wt. %) 45.0 45.0 

MEA solvent flow rate ቀ
𝒎𝟑

𝒕ି𝑪𝑶𝟐
ቁ 21.6 20.2 

Stripper inlet temperature (°C) 98.7 99.4 

Reboiler heat duty ቀ
𝑮𝑱

𝒕ି𝑪𝑶𝟐 
ቁ 3.9 3.8 

 

Table 6.3 summarizes the equipment costs for the optimized flowsheet. The costs are 

rounded off to the nearest 1000. The difference in the costing of the absorber columns is due to 

the higher number of absorber stages for the Mill B data. However, the Mill A absorber column 

has a slightly larger diameter than the Mill B absorber column as the Mill A solvent circulation 

rate is almost 1.3 times higher than that of Mill B. Furthermore, a higher capital cost for the Mill 

A stripper column is attributed to the fact that the amount of CO2 stripped in the Mill A stripper 

column is almost 1.2 times higher than Mill B. This higher amount of CO2 stripping and the higher 

solvent regeneration leads to a stripper column with a larger diameter and thus a higher cost for 

the Mill A stripper column. Also, the higher MEA circulation rate for Mill A leads to a higher 

exchanger cross-sectional area increasing the equipment capital costs for Mill A.  
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Table 6.3 Optimized flowsheet equipment costs and specification 

 Mill A Mill B 

 Costs (US $) Specification Costs (US $) Specification 

Absorber 2316000.0 Ø4.9 m × H12.2 m 2456000.0 Ø4.7 m × H13.2 m 

Stripper  844000.0 Ø3.6 m × H6.1 m 655000.0 Ø3.2 m × H5.5 m 

Rich/lean heat 

exchanger 

1135000.0 1554.0 m2 1016000.0 1414.0 m2 

Reboiler 1172000.0 1204.0 m2 1065000.0 1049.0 m2 

Condenser 1386000.0 743.0 m2 1160000.0 617.0 m2 

Solvent cooler 753000.0 1082.0 m2 682000.0 986.0 m2 

 

Table 6.4 provides the results of cost evaluation for the optimized process flowsheet for 

both the mills. The total annualized costs and the operating costs are higher for Mill A as compared 

to Mill B. Although, for the optimized flowsheet, the percentage of CO2 capture from both the mill 

data is similar, the flue gas for Mill A has a higher CO2 mol% entering the capture system. The 

higher CO2 concentration in the flue gas leads to a higher amount of CO2 captured for Mill A. This 

higher amount of CO2 captured in the case of Mill A leads to overall lower CO2 capture costs for 

Mill A.  
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Table 6.4 CO2 capture costs 

 Mill A Mill B 

Parameter Value Value 

Total capital cost [$] 23,270,000.0 21,658,000.0 

Total annualized capital cost [$/y] 20,097,000.0 18,179,000.0 

Total operating cost [$/y] 9,977,000.0 8,605,000.0 

Total utilities cost [$/y] 8,254,000.0 6,942,000.0 

CO2 capture [t/y] 309,000.0 260,736.0 

CO2 capture cost [$ per t-CO2] 64.9 69.7 

 

Few studies have worked towards the CO2 capture from the Lime Kiln section of the pulp 

and paper industry. Onarheim et al. [21] studied CO2 capture from pulp and paper mill Lime Kiln 

section and for 90% CO2 capture from the Lime Kiln flue gas, the capture cost was calculated at 

$91 per tonne CO2. Detailed comparative cost analysis between the study and the method used in 

this work is previously done [88]. 

Further, accounting for the 45Q tax credit, a $50.0 per tonne CO2 reduction in cost is 

incorporated in each cost estimate operation W.J. Sagues et al. [84] estimated Lime Kiln CO2 

capture costs to be in the range of $2.1 per tonne CO2  to $5.0 per tonne CO2. The Levelized capital 

and operating expenses for CO2 capture were estimated using chemical process models and were 

assessed using AspenTech process simulation software. 

The following sub-sections discuss how the total capture costs, i.e., the cost minimization 

function, vary with changing decision variables’ values. DFO solver determines the minimum 

value of CO2 capture costs by changing the decision variables. For a particular decision variable, 

the CO2 capture costs vary depending on the other seven decision variables’ levels, which leads to 
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multiple values of CO2 capture costs being evaluated at a particular level of a single decision 

variable. The y-axis of the figures’ trends in the following sub-sections, 6.3.1.1 to 6.3.1.8, 

represents CO2 capture costs in $ per tonne of CO2. The x-axis corresponds to the numerical values 

of decision variables. Each dot in figures 6.3 to 6.11 represents individual runs of the model with 

other varied decision variables. The plot in orange is for Mill A and in blue is for Mill B. 

6.3.1.1 Effect of absorber stages 
 
Figure 6.3 shows capture cost variation by changing the number of absorber stages. The absorber 

column is the equipment that facilitates the absorption reaction between the solvent and CO2. The 

absorber column would be treating an enormous amount of flue gas flow rate in the CO2 capture 

system [113], making the absorber column a critical piece of equipment contributing to capital 

costs. The absorber column’s height was varied by changing the number of stages in the column; 

as the absorber stages increase, the capital costs increase. The minimum value of the capture cost 

is at 10 and 12 stages for Mill A and Mill B respectively. There is a decrease in the absorber capital 

costs by almost 77.0% as the stages decrease from 39 to 10 for both the mill data. The DFO 

algorithm changes other decision variables’ values for a particular absorber stage, leading to 

different capture costs values at a specific absorber stage. The absorber column’s lowest capital 

cost is at ten stages; however, the values of other decision variables result in process configuration 

with higher overall capture costs for those stages as seen from the higher capture cost values for 

stages 10 to 23.  
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Figure 6.3 Impact of absorber stages on capture costs 

 
6.3.1.2 Effect of stripper stages 
 

The impact of the stripper stages on the capture costs is shown in Figure 6.4. The lowest value of 

the capture cost is at the stripper stage 7 for both the mill data. The stripper stages above 8 are not 

explored by the algorithm because of the stripper column flooding, causing a convergence 

problem. 

 

 

Figure 6.4 Impact of stripper stages on capture costs 
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6.3.1.3 Effect of stripper inlet temperature  
 
Figure 6.5 shows the variation of the capture costs with varying stripper inlet temperature. The 

capture cost decreases slightly as the stripper inlet temperature increases from 91.0°C to 100.0°C, 

with the lowest capture costs at 98.7°C for Mill A and 99.4°C for Mill B. As the stripper inlet 

temperature increases, the fraction of reboiler heat required to increase feed temperature to the 

stripper bottom temperature decreases. A slight increase in capture costs above 98.7°C for Mill A 

is mainly due to the process configurations leading to higher overall capture costs. 

 

 

Figure 6.5 Impact of stripper inlet temperature on capture costs 

 
6.3.1.4 Effect of the solvent lean loading 
 

Figure 6.6 gives the variation of capture costs with solvent lean loading. The lowest capture cost 

was at a solvent lean loading of 0.281 for Mill A and 0.275 for Mill B respectively. Lower the 

value of solvent loading, lower the solvent circulation rate required to capture the desired CO2 

from flue gas. Also, at a lower value of lean loading, the solvent has more MEA, boosting the 

absorption rate. However, a large amount of heat duty required for solvent regeneration tends to 

overshadow the accelerated absorption at a lower value of lean loading. The reboiler duty 

decreases by almost 36% as the MEA solvent lean loading increases from 0.17 to 0.281 for Mill 
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A and Mill B reboiler heat duty decreases by almost 38% as the solvent lean loading increases 

from 0.17 to 0.275. The higher solvent regeneration duty at lower values of solvent lean loading 

increases the overall capture costs as steam is the major contributor to the total utility costs.  

Moreover, the higher solvent lean loading value is also associated with reduced CO2 

absorption rates, increasing the solvent circulation rate and the equipment costs. The reboiler heat 

duty changes and the associated steam costs with lean loading are also recorded by [133–135]. The 

DFO solver did not explore the territory between 0.17 and 0.225 for both the mill data due to 

possibly higher capture costs.  

 

 

Figure 6.6 Impact of solvent lean loading on capture costs 

 
6.3.1.5 Effect of Monoethanolamine weight percentage 
 

Figure 6.7 shows the capture costs variation, varying the MEA solvent concentration. The lowest 

capture cost was at a solvent concentration of 45.0 wt.%. The change in solvent concentration 

affects the reboiler heat duty in two ways 1) as the solvent concentration increases, the amount of 

water evaporated in the stripper column decreases, 2) an increase in the solvent concentration also 

leads to a lower solvent circulation rate and a lower sensible heat requirement in the reboiler. An 

increase in the solvent concentration from 25.0 to 45.0 Wt. % leads to a rise in the MEA flow rate 
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by almost 64.0% for Mill A and 53.0% for Mill B respectively. This decrease in the solvent flow 

rate leads to a reduction in the reboiler energy consumption. A decrease in the solvent flow rate 

and the regeneration duty with increasing solvent concentration was also reported [136]. The MEA 

concentration change also impacts the capital cost leading to a cost reduction in the rich/lean heat 

exchanger’s by almost 8 times for Mill A and almost 5 times for Mill B respectively as the MEA 

concentration increases from 25.0% to 45.0 Wt.%. The higher MEA concentration at a constant 

lean loading value leads to a decrease in the reboiler temperature due to the higher partial pressure 

of CO2. A decrease in the reboiler temperature outweighs concentration effects, reducing thermal 

degradation in the system [137]. The reduction in thermal degradation could reduce corrosion as 

the MEA degradation products have shown to increase the corrosion rates [128], [138]. Further, 

with higher MEA concentration, corrosion inhibitors are required. The MEA concentrations above 

45.0 Wt.% lead to a process configuration with a rise in the fixed operating costs and consecutively 

higher overall capture costs. 

 

 

Figure 6.7 Impact of solvent concentration (wt. %) on capture costs 
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6.3.1.6 Effect of the amount of CO2 capture 
 
Figure 6.8 gives the variation of capture costs with the amount of CO2 captured. The total costs of 

CO2 capture decrease slightly with an increasing amount of CO2 captured. The minimum capture 

cost was seen at 94.8% of CO2 capture for Mill A and 94.4% of CO2 capture for Mill B. The 

capture costs tend to flatten at higher amounts of CO2 capture. 

 

 

Figure 6.8 Impact of the amount of CO2 capture (%) on capture costs 

 
6.3.1.7 Effect of DCC stages on capture costs 
 
Figure 6.9 gives the variation of capture costs with the direct contact cooler stages. The reduction 

in capital costs is seen with the reduction in the number of DCC stages for both the mill data. 
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Figure 6.9 Impact of the DCC stages on capture costs 

 

6.3.1.8 Effect of flue-gas temperature on capture costs  
 
Figure 6.10 gives the variation of capture costs with the flue-gas temperature entering the absorber 

column. The CO2 absorption in MEA solvent is favored at lower temperatures and higher 

temperatures in the absorber column also lead to higher solvent losses from the absorber column. 

As a result, the capture costs are lower at the lower values of the flue gas. 

 

 

Figure 6.10 Impact of flue-gas temperature on capture costs 
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6.3.2 Integration of the CO2 capture system within a pulp and paper mill 
 
The possibility of using extracted steam from the pulp and paper mill in the CO2 capture system 

and the in-mill CO2 application is studied. Section 6.3.2.1 discusses the use of extracted steam 

from the mill’s steam island system into the stripper column reboiler, and section 6.3.2.2 discusses 

the in-mill application of captured CO2 with an existing federal tax credit for carbon capture and 

sequestration (Section 45Q - Internal revenue code). 

6.3.2.1 Economic impact of the steam integration on the CO2 capture costs 
 
A typical steam turbine island system for an integrated pulp and paper mill is shown in Figure 6.11 

[21]. Steam generated from the bark boiler combined with the steam generated from the recovery 

boiler is expanded in a steam turbine. The steam turbine plant comprises an extraction-condensing 

turbine and a power generator. High Pressure (H.P) steam from the bark and recovery boiler at 

505.0°C and 103.0 bar (a) is expanded across an extraction-condensing set of turbines to generate 

power using a set of generators. In the first stage extracted steam at 30.0 bar is used for soot 

blowing in the recovery boiler, whereas the 13.0 bar and 4.0 bar extracted steam is used in the 

process at various points of application. The first three-stages comprise a high-pressure turbine 

section, and the last two constitute the low-pressure turbine section. The steam extracted from the 

steam turbine island is used at various locations within the mill. The process condensate generated 

is mixed with the turbine condensate and sent to the boiler feed water (BFW) tank [21].  

COMPR block is used in ASPEN Plus to simulate the steam turbine. The values of 

isentropic efficiencies, the extracted steam pressure levels, and the amount of steam extracted from 

the turbine are taken from [21,116,139]. 
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The MEA-based CO2 capture process is costly because of the high-energy requirements 

[140], and the most significant impact comes from the steam demand in the stripper column of the 

CO2 capture plant. The possibility of steam integration from within the mill is explored. In this 

study, the extracted steam at 4.2 bar is investigated as a possible source for the stripper reboiler 

steam. In Figure 6.12, the dashed red line gives a possible steam extraction point from the steam 

island towards the stripper column reboiler. 

 

 

Figure 6.11 Steam extraction point for the capture process 

 
Steam integration would reduce the capture costs by 27.0% for Mill A and around 25.0% 

for Mill B, with a net reduction of 6.6 MWh of electricity export to the grid for Mill A and 5.4 

MWh for Mill B respectively. For Mill A, a decline in the electricity export to the grid results in a 

$12.0 per tonne CO2 cost penalty. However, the cost savings of $17.7 per tonne of CO2 from the 

use of extracted steam in the stripper reboiler overshadows the cost penalty and for Mill B, a 

reduction in the electricity export to the grid results in an $11.5 per tonne CO2 cost penalty. 

However, the cost savings of $17.1 per tonne of CO2 overshadows the electricity lost penalty. The 

cost savings are similar for both the mill data. For Mill A, the amount of reboiler steam required 
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for solvent regeneration is 1.2 times higher than that for Mill B. At the same time, the amount of 

CO2 captured for Mill A is 1.2 times higher reducing the electricity loss costs and balancing out 

the costs for reboiler steam. A decrease in CO2 capture costs using extracted steam in the stripper 

reboiler was also reported [141]. Table 6.5 gives the details on the steam turbine section and steam 

savings in the stripper column reboiler for both the mills. 

 
Table 6.5 Impact of CO2 capture on the steam and electricity balances 

  
Mill A 

without 

CO2 

capture 

Mill A 

with 

CO2 

capture 

Mill B 

without 

CO2 

capture 

Mill B 

with 

CO2 

capture 

 
Steam Production 
(t/h)  

   
1163.0 

 
1163.0 

 
1177.0 

 
1177.0 

Steam extracted for 
process 
applications (t/h) 

30 bar 
Extracted 
steam 

31.4 31.4 31.8 31.8 

13 bar 
extracted steam 

249.7 249.7 252.7 252.7 

4.2 bar 
extracted steam  

529.9 598.8 536.4 548.9 

Steam extracted for 
CO2 capture (t/h)  

4.2 bar - 68.6 - 56.3 

Electricity 
generated (MWh) 

High-pressure 
section   

172.9 172.9 175.1 175.1 

Low-pressure 
section 

33.4 26.8 32.9 28.5 

Electricity demand 
in the mill (MWh) 

 119.8 119.8 125.3 125.3 

Electricity 
exported to the 
grid (MWh) 

 79.8 73.2 83.5 78.2 
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6.3.2.2 In-mill CO2 utilization 
 
Potential lies for the pulp and paper mills in improving the cash flow through in-mill CO2 

utilization. The eligibility of an entity depends if the CO2 is captured and permanently isolated or 

displaced from the atmosphere [84]. Considering 2026 as the year for calculating the capture cost 

with $50 per tonne of CO2 captured as the 45Q sequestration tax credit levels off in 2026. The 

capture costs for both the mills are calculated and seven potential applications of in-mill CO2 are 

discussed.  

Tall oil manufacture 
 
The tall oil soap rises as a top layer when the black liquor is concentrated and allowed to settle. 

The top layer is skimmed off and maybe subsequently acidified to convert the tall oil soaps to 

crude tall oil, i.e., free fatty and resin acids, which are used to make coatings, sizing paper, paints 

varnishes, etc. Generally, sulfuric acid is used for acidulation purposes [142]. However, CO2 being 

a weak acid can partly replace the sulphuric acid used for acidulation [75].  

Lignin separation 
 
Lignin is separated from the black liquor, as it often is a bottleneck for increasing the pulp 

production in mills. Biofuels can be produced from the separated lignin, producing an additional 

product that can replace the oil that can be transported and sold for additional revenue [75,143]. 

Part of the mineral acid used in the acid treatment can be replaced by CO2.  

Precipitated calcium carbonate  
 
PCC is used as a filler in the paper machine section as it has a high scattering coefficient that helps 

in increasing the opacity of the paper produced [144]. PCC is manufactured by bubbling the CO2 

through calcium hydroxide solution.  
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Brown stock washing (BSW) 
 
Lower washing losses are achieved in the BSW section of the pulp and paper mill by reducing the 

pH by CO2 addition. The pH is lowered in one or more washing stages, attaining an improved 

washing-out of the pulp from substances contribution to COD [145].  

pH control for stock preparation and Near-Neutral Bleaching  

CO2 treatment of the alkaline pulp before processing in the paper machine assembly for improving 

the drainage of the pulp in the wet end section of the paper machine [146].  Reduction in the 

bleaching costs by maximizing chlorine dioxide bleaching efficiency can be achieved by carrying 

out the final chlorine dioxide brightening at a near-neutral condition using CO2 for pH control 

[120].  

Effluent treatment 
 
Replacement of the mineral acids in the acidulation stage by use of CO2 in the effluent treatment 

by carbonating the process of water treatment to maintain the pH at neutral [122].  

The applications of CO2 in the mill would displace the CO2 from the environment and also 

make the mill self-sufficient concerning in-mill CO2 requirements. The existing federal tax credit 

for carbon capture and sequestration would help in improving the process economics making the 

system attractive for investments and incorporating carbon capture techniques in the pulp and 

paper mills. Considering the steam integration and the federal tax credit, the CO2 capture costs for 

Mill A come at -$2.5 per tonne CO2 captured and Mill B at $2.6 per tonne CO2 captured. The 

negative value of CO2 capture costs implies that the tax credit for Mill A acts as a source of income. 

A negative CO2 capture cost value for CO2 capture from the pulp and paper mill Lime Kiln was 

also reported by [84]. 
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6.3.3 Sensitivity analysis 
 
The sensitivity analysis is done to understand: 1) the impact of flue gas CO2 concentration on 

capture costs, 2) how the flue gas flow rate affects the CO2 capture costs and 3) the impact of the 

utility costs on the CO2 capture costs. The base case, an optimized flow sheet, was used to perform 

the sensitivity analysis. 

Figure 6.12 gives the variation of CO2 capture costs with changing flue gas CO2 

concentration (mol%). The flue gas CO2 concentration was varied from 5.0 mol % to 25.0 mol % 

to gauge the impact of CO2 concentration change on the total capture costs. Initially, for lower 

flue-gas CO2 concentrations, there is a sharp decline in capture costs as the concentration increases. 

The capture costs decrease by almost 31.0% as the CO2 mol % increase from 5.0 to 10.0%. 

However, a moderate decline in capture costs is observed at higher flue-gas CO2 concentrations. 

The capture costs decrease by almost 7.0% as the CO2 mol % increase from 20.0 to 25.0%. As the 

CO2 mol % increases, an increase is seen in the equipment sizes; however, the capture costs 

decrease because of the relatively higher change in the amount of CO2 captured. A reduction in 

the capture costs with increasing flue-gas CO2 concentration was reported in literature data 

[118,125,126]. 
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Figure 6.12 Capture costs as a function of flue gas flowrate and flue gas CO2 concentrations 
 

 
Figure 6.12 also gives the variation of CO2 capture costs with changing flue gas flowrate. 

The flue gas flow rate was changed from 2000.0 kmol/hr to 6000.0 kmol/hr, and the capture costs 

were calculated. The flow rate was varied so that the actual flow rate is around the midpoint of the 

lower and upper values of the flue gas flowrate. For the same CO2 concentration at different flue 

gas flow rates, the difference in capture costs was higher at the lower flue gas flow rate values. As 

the flue gas flow rate increased, the difference in the capture costs was reduced. The decreased 

difference can be explained as the flue gas flow rate increases and the CO2 captured increases at 

the same flue gas composition. For both mills, the flue gas CO2 concentration of >15.0 mol% and 

a flue gas flowrate of 6000.0 kmol/hr leads to a negative value of CO2 capture costs, indicating a 

net earning for the mill. 

The CO2 capture cost sensitivity is evaluated by the MEA solvent and electricity costs. To 

evaluate the CO2 capture costs sensitivity to the utilities, the utility costs are varied in the range of 

±50.0% of the base utility costs.  

MEA solvent losses take place from the absorber and the stripper column top and also 

MEA degradation losses are accounted for in the calculation of the operating costs. The MEA 

makeup and degradation losses account for around 5.0% of the total CO2 capture costs for Mill A 
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and almost 4.5 % for Mill B. The sensitivity of the CO2 capture costs to changing MEA costs is 

illustrated in Figure 6.13.  

 

 

Figure 6.13 Capture costs as a function of MEA costs 

 
Electricity costs account for 21.0% of the total operating costs making up to 10.0% of the 

total CO2 capture costs for both the mill data. The CO2 capture costs increase as the electricity 

costs increase (Figure 6.14). Electricity is majorly utilized by the liquid CO2 pump and 

compressors in the compression and dehydration section and the inlet flue gas blower. 

 

 

Figure 6.14 Capture costs as a function of electricity costs 
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6.4 Conclusion and prospects 
 
In this study, we did a techno-economic analysis and process flowsheet optimization of the CO2 

capture from a pulp and paper and a linerboard mill using an MEA absorption process. The 

approach utilized preparing an MEA-based CO2 absorption simulation in Aspen plus and linking 

the prepared simulation to a DFO tool using python script. We employed the CAPCOST modular 

program for doing the CO2 capture costs calculations. The results showed that for the optimized 

flowsheet, total annualized costs and utility costs were higher for Mill A. However, a higher CO2 

capture from Mill A results in an overall lower capture costs for Mill A compared to Mill B. 

Further, steam integration from within the mill to reduce the total capture costs, and in-mill 

application of captured CO2 with an existing federal tax credit for carbon capture and sequestration 

(Section 45Q - Internal revenue code) are studied. A reduction in the electricity export from the 

mill is observed when the mill steam is used for the stripper column reboiler. However, the costs 

due to steam savings mask the loss of revenue from the reduced electricity exports. After taking 

into account the steam savings and CO2 utilization, the total capture costs for Mill A were -$2.5 

per tonne of CO2 and $2.6 per tonne of CO2 for Mill B. The capture costs sensitivity was performed 

by varying the inlet flue gas flowrate, flue gas CO2 mol%, and the electricity and MEA prices. The 

results revealed that the capture costs vary from -$5.9 to $5.9 per tonne of CO2 captured.  

The steam integration and the CO2 utilization potential depend on the type of the mill, 

location, and the industrial ecology of the pulp and paper industry. Before realizing the true 

benefits of integrating the pulp and paper mill with the CO2 absorption system, a thorough 

evaluation of the entire framework needs to be done. 
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Chapter 7. Conclusions and future work 
 

This work is aimed at reducing the freshwater from the ECF bleaching section and capturing CO2 

from the Lime Kiln section of a pulp and paper mill. A simulation-based approach was developed 

to study the bleaching section and perform a techno-economic analysis of CO2 capture. An 

integrated softwood mill is selected for study on the bleaching section. First, a 5-stage Elemental 

Free Chlorine bleaching section was simulated using Windows General Energy and Material 

Balance Systems (WinGEMS) to develop a process of an integrated softwood line of a Kraft pulp 

mill. Three levels of research work are considered which include unit operations, a combination 

of unit operations, and a combination of various processes. Data for building the simulation was 

taken from a softwood mill which provided the materials flow, the bleach tower freshwater flows, 

and important pulp properties. Steady-state equations for the ECF bleaching sequence 

D0EOPD1EPD2 are included in the simulation. The simulation model captures the effects of carry-

over from brown stock washers (BSW) and extraction stage washers on the pulp brightness. Also, 

the prepared simulation model can predict changes in the kappa number, brightness, and COD 

values with changes in the operating parameters. Industry data were used to verify the model 

outputs and the percent difference between industry operation date and simulation results in terms 

of key pulp properties such as pulp brightness and pulp kappa number was in the range of 0.2 to 

5.5%, respectively.  

A high degree of interaction between various processes leads to a built-up of NPEs in the 

system. To tackle the problem of the NPEs build-up, for the first time, the 5-stage bleaching model 

was used to simulate the replacement of freshwater in the bleach tower washers with the paper 

machine section white water. The simulation was used to track the NPEs and the water flows in 
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the bleaching section. To study the partition of the Ca2+ ions on the fiber surface and the 

surrounding solution, the Donnan equilibrium model was linked with the 5-stage bleaching model 

using the dynamic data exchange (DDE) feature in WinGMES. After simulating white water 

addition, the free Ca2+ ions are calculated using the value of partition coefficient 'λ', and taking the 

inputs of the metal ion concentration from the ECF bleaching section of the WinGEMS model. 

The amount of free Ca2+ ions in the solution was used to calculate the scaling tendency in the 

bleaching section. Usually, the calcium oxalate scaling is formed in the extraction section and the 

calcium oxalate scaling is formed in the acidic chlorine dioxide stages. The sensitivity analysis 

helped to understand the changes in the SI value with changes in the amount of freshwater 

replacement. Different parameters were considered while calculating the value of SI like the point 

of addition of white water, the pulp consistencies, the system pH, temperature, and the 

concentration of Ca2+ ions in the white water. The SI value sensitivity analysis revealed that for 

all the parameters, the value of SI increases for both the calcium oxalate and the calcium carbonate 

scaling as the amount of white water addition in the bleach section increases. For the calcium 

oxalate scale in the bleaching section, the first instance of scaling was encountered for the D1 stage 

at around 25% freshwater replacement with 200 ppm Ca2+ content in the white water for 5% pulp 

consistency. However, the calcium carbonate scaling was not predicted in the Ep and EOP stages 

as these stages operate at alkaline pH values and the value of the solubility product, and therefore 

the scaling also depends on the amount of CO2 dissolved in water. 

 This study explored the application of the bleaching section simulation for predicting the 

amount of effluent reduction due to white water recycling in the bleaching section. However, the 

WinGEMS simulation for sequence D0EOPD1EPD2 of softwood line can be used to optimize the 

parameters of the bleaching section. It is very well established that chlorine dioxide usage in the 
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bleaching section can be optimized by varying the temperature and dosages of oxygen and 

peroxide in the EOP stage. The simulation can be used to optimize the usage of chlorine dioxide 

and also further improve the effluent quality. The simulation can also be extended to optimize the 

steam consumption in the bleach section. Integrating the simulation with the rest of the mill 

simulation would also help in understanding and giving insights into the process from wood chips 

to the paper machine section. In the pulp and paper mill, the simulation can also help the plant 

personnel as a prediction tool for determining the chemical dosages, the utility consumption, and 

the effluent quality in the bleaching section for a specific target of the pulp brightness and the 

kappa number. 

 The second part of the research focused on the CO2 capture from the Lime Kiln section of 

the pulp and paper industry. The simulation approach included the preparation of a Monoethanol 

amine solvent-based CO2 capture flowsheet in Aspen plus. First, a techno-economic analysis was 

performed by processing a published theoretical Lime Kiln flue gas data into the absorption setup. 

CAPCOST modular program was linked to the Aspen plus file using a python script and the 

equipment costs were calculated. The total capture costs, the equipment costs, the utility costs, and 

the economic evaluation methodology in the published literature were compared. A significant 

difference is observed in the capital costs of this study and the published report. The costing 

equations, the methodology for calculating the base equipment costs, EPC, construction, and fixed 

operating costs were the main factors leading to a difference in the total capture costs for both the 

studies. Analyzing the cost breakdown, the highest difference in the capital costs was observed in 

the stripper section and the compressor and dehydration sections. However, the operating costs for 

both studies were similar. The sensitivity analysis provided a range of the CO2 capture costs by 

varying the flue gas CO2 composition and the utility costs. 
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 The approach used to do the CO2 capture techno-economic analysis was extended to 

calculate CO2 capture costs by processing two real mill Lime Kiln data. In this work, a techno-

economic assessment of carbon dioxide capture from Lime Kiln flue gas of a pulp and paper mill 

(Mill A) and a linerboard mill (Mill B), using a Monoethanolamine (MEA) absorption desorption 

process, was carried out. We coupled the ASPEN Plus simulator with a derivative-free 

optimization (DFO) tool to identify the overall optimal configuration for minimizing the total 

capture cost. The capture costs were calculated using CAPCOST. Eight degrees of freedom, the 

direct contact cooler stages, the absorber stages, the stripper stages, solvent lean loading, solvent 

weight concentration, stripper inlet temperature, the flue gas inlet temperature, and the amount of 

CO2 captured were selected for process and flowsheet optimization. Additionally, we evaluate the 

effect of steam integration, and Section 45Q of the existing federal tax credit for carbon capture 

and sequestration on the CO2 capture costs. Considering the steam integration and Section 45Q, 

the total capture costs for were -$2.5 per tonne of CO2 for Mill A and $2.6 per tonne of CO2 for 

Mill B. Further, the CO2 capture costs sensitivity was performed by varying the inlet flue gas 

flowrate, flue gas CO2 mol%, and the electricity and MEA prices. The sensitivity analysis results 

showed that the capture costs vary from -$5.9 to $5.9 per tonne of CO2 captured. 

Historically the pulp and paper industry is looked at as a sector emitting bio-based CO2 and 

hence not heeded upon as a potential source of carbon capture. However, recent alarming trends 

of CO2 emissions and the associated temperature rise have focused the attention of researchers on 

the topic of bio-based CO2 capture. Ways to implement the carbon capture include giving tax 

Incentives which ensures that the manufacturing sector pays necessary attention to the major 

source of CO2. Studies, though theoretical, have brought into play the techniques used for 

capturing carbon dioxide from various other sectors like the power plant, cement industries, etc., 
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and applying those techniques to the pulp and paper industry. Identification of carbon-emitting 

clusters and considering a combined carbon capture scenario would further strengthen the cause 

of carbon dioxide capture and utilization. 

Overall, this research using the simulation approach enabled to have an understanding of 

the softwood line 5-stage ECF bleaching section, the scaling tendency, the white water recycling 

capacity using WinGEMS simulation, and the donna equilibrium theory. Also, the simulation 

approach was utilized to study the techno-economic analysis of CO2 capture from the pulp and 

paper mill Lime Kiln section. The research done would provide a platform for further research on 

the topic of effluent reduction and CO2 capture from the pulp and paper industry. This in turn 

would help to reduce the environmental footprint of the sector. 

Every industrial sector has its intricacies and nuances. Simulation and modeling earlier 

have and in the future would help to bridge the gaps between various methods and schemes used 

for emissions and waste reduction from different sectors including the pulp and paper industry. 

Direct retrofitting a particular technology from one sector to another might not be completely 

feasible however, accessing the necessary degrees of freedom and the process parameters can be 

done using the available technological tools. 
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