
ABSTRACT 

CARREJO CASTILLO, EDGAR ALFONSO. Building Decarbonization Methods in the Pulp 

and Paper Industry. (Under the direction of Drs. Sunkyu Park & William Joseph Sagues). 

 

 The pulp and paper industry can evolve to be a lead player in reaching climate change goals in 

the industrial sector. Because it processes vast amounts of biomass, the industry generates 

significant biogenic carbon dioxide (CO  that was initially pulled out from the atmosphere by 

trees). If this CO  is captured and permanently stored while paper products are produced, pulp 

mills have the potential to become negative-emission facilities. This dissertation develops a 

comprehensive technical and economic framework to evaluate this potential, focusing on process 

innovations, carbon capture and storage (CCS) technologies integration, and rigorous carbon 

accounting. 

 The research first targets the chemical heart of the kraft pulp mill, the recovery cycle. We 

introduce a novel method called sodium spiking, which involves increasing the sodium 

concentration in the chemical recovery loop while transitioning to totally chlorine-free (TCF) 

bleaching. This process modification allows the mill to mineralize more carbon into sodium 

carbonate within the recovery boiler, effectively trapping it and sending it to the lime kiln. To 

complement this, we investigate retrofitting lime kilns with oxy-fuel combustionðburning fuel 

with pure oxygen instead of air. We performed experiments using a lab-scale rotary kiln and 

thermodynamic simulations to demonstrate the feasibility of lime mud calcination under oxy-fuel 

combustion, which significantly increases the concentration of CO  in the flue gas, making it easier 

and cheaper to capture. When combined with sodium spiking, this approach was found to reduce 

the cost of carbon capture by approximately 31% compared to conventional post-combustion 

capture methods. 

 However, capturing carbon requires massive amounts of thermal energy. If mills burn fossil 

fuels to power their capture systems, they diminish the environmental benefits. To solve this, this 

dissertation analyzes the integration of Small Modular Nuclear Reactors (SMNRs) into the pulp 

and paper infrastructure with CCS. The study finds that using nuclear heat to drive the carbon 

capture process is technically feasible for both kraft and recycling mills. This integration provides 

a stable, carbon-free energy source that can help to reduce the carbon intensity of paper products 

up to 90%, transforming them into low-carbon footprint goods. Although economic and technical 



challenges remain, integrating nuclear power and CCS presents a promising pathway to 

decarbonize the pulp and paper industry. 

 Finally, the value of these technologies depends on how we measure them. The final section 

of this research presents a comprehensive Life Cycle Assessment (LCA) to quantify precisely how 

much carbon is removed from the atmosphere. By comparing different system boundariesðfrom 

looking strictly at the capture unit to analyzing the entire life of the tree and the paper productð

this work reveals that narrow accounting methods often overstate the benefits. We propose a more 

robust framework for calculating net carbon removal that accounts for the timing of emissions and 

the whole supply chain. 

 Collectively, these findings offer ideas for the pulp and paper industry to evolve from a 

traditional manufacturer into a pivotal player in the global carbon removal economy, providing a 

scalable pathway to help meet international net-zero targets while generating other sources of 

revenue. 
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1. Chapter 1: Introduction  

1.1 Integrating Carbon Capture and Storage into Pulp and Paper Mills. 

 The global transition toward net-zero emissions places unprecedented pressure on the industrial 

sector, a major contributor to greenhouse gas emissions. While renewable energy adoption has 

reduced emissions in electricity generation, the industrial sector remains one of the most difficult 

to abate due to its high thermal energy requirements and inherent process emissions. Among these 

industries, the pulp and paper sector occupies a unique position[1]. Unlike other energy-intensive 

industries that rely primarily on fossil carbon, the pulp and paper industry processes a significant 

amount of biomass. Therefore, a substantial portion of the carbon dioxide (CO2) generated during 

paper production is biogenicðcarbon sequestered initially from the atmosphere by trees under 

sustainably managed forest practices[2]. 

 To leverage this biogenic carbon potential, the industry can adopt practical Carbon Capture and 

Storage (CCS) technologies[3]. These technologies are classified into three primary categories, 

each with distinct advantages and integration challenges: 

 Post-Combustion Capture: This is the most mature technology for industrial retrofitting. It 

involves capturing CO2 from the flue gas exhaust after a fuel has been burned. Because the flue gas 

is at atmospheric pressure and the CO2 is diluted by nitrogen (from the intake air), the capture 

process typically relies on chemical solvents, such as amines, to separate the carbon. While highly 

versatile, the low partial pressure of CO2 necessitates large equipment and significant thermal 

energy for solvent regeneration[4]. 

 Pre-Combustion Capture: In this architecture, the fuel is gasified prior to combustion to form a 

synthesis gas (syngas) composed of hydrogen and carbon monoxide. Through a water-gas shift 

reaction, the carbon monoxide is converted to CO2, which is then separated before the remaining 

hydrogen is used as fuel. While efficient, this method requires a fundamental restructuring of the 

power generation cycle (e.g., Integrated Gasification Combined Cycle), making it challenging to 

apply to existing recovery boilers and lime kilns[5]. 

 Oxy-Fuel Combustion: This emerging technology involves burning fuel in an environment of 

pure oxygen mixed with recirculated flue gas, rather than ambient air. By eliminating nitrogen from 

the combustion process, the resulting flue gas consists primarily of CO2 and water vapor. This high 

concentration of CO2 simplifies the downstream capture process significantly, as the gas is already 
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nearly pure. However, it requires an upstream air separation unit (ASU) to generate the necessary 

oxygen supply[6]. 

 When these CCS technologies are applied to biogenic sources, the system becomes Bioenergy 

with Carbon Capture and Storage (BECCS), a carbon dioxide removal (CDR) pathway. The 

strategic value of implementing BECCS in the pulp and paper industry becomes clear when 

compared to other CDR approaches[7]: 

 BECCS vs. Afforestation/Reforestation: While planting trees (afforestation) is a low-cost, 

nature-based solution, it is limited by land availability and saturation limits (trees eventually mature 

and stop sequestering carbon at high rates). Furthermore, the stored carbon is vulnerable to reversal 

through wildfires, pests, or decomposition. In contrast, BECCS in pulp mills captures the carbon 

continuously and stores it in geological formations, offering permanence under a proper monitoring 

and verification strategy. 

 BECCS vs. Direct Air Capture (DAC): DAC technologies strip CO2 directly from the ambient 

atmosphere. While DAC offers flexibility in siting, it faces a steep thermodynamic penalty because 

the concentration of CO2 in the air is extremely low (~0.04%). Pulp mill flue gases, by comparison, 

typically have CO2 concentrations of 14ï16% or higher. This higher concentration makes capturing 

a ton of CO2 at a mill significantly more energy-efficient and cost-effective than capturing it from 

the air. 

 BECCS vs. Biochar: Biochar involves converting biomass into a stable charcoal-like substance 

for soil application. While beneficial for soil health, the scalability of biochar is constrained by the 

need for distributed application and uncertainties regarding the long-term stability of the carbon in 

dynamic soil environments. It also competes with the need for the use of biomass for paper 

products. 

 The P&P industry supply chain acts as a centralized point source for biogenic carbon, which 

offers an excellent opportunity for CDR implementation. If the CO2 generated during the pulping 

and recovery processes can be effectively captured and permanently stored, pulp mills have the 

potential to become carbon-negative facilities. In this scenario, the industry would act as a carbon 

sink, actively removing CO2 from the atmosphere. However, realizing this potential requires 

overcoming technical and economic barriers. Current carbon capture technologies are capital-

intensive and impose a severe energy penalty on mill operations, often necessitating the combustion 

of additional fossil fuels, which decreases the environmental benefits[8]. 
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 This research moves beyond theoretical possibilities to provide actionable engineering 

solutions. It examines process modifications to enhance the efficiency of carbon mineralization, 

investigates the integration of low-carbon thermal energy sources, and establishes rigorous 

accounting methods to verify atmospheric carbon removal.  

 This dissertation is organized into six chapters. Chapter 2 proposes a novel method to enhance 

carbon capture efficiency within the kraft recovery cycle via ñsodium spikingò and Totally 

Chlorine-Free (TCF) bleaching. Chapter 3 transitions to experimental validation, confirming the 

feasibility of retrofitting lime kilns for oxy-fuel combustion to produce a CO2-rich flue gas stream, 

offering a feasible, cost-effective pathway to capture the biogenic CO2. Chapter 4 analyzes the 

integration of Small Modular Nuclear Reactors (SMNRs) to solve the energy penalty of post-

combustion CO2 capture, providing the carbon-free heat necessary for deep decarbonization. 

Chapter 5 concludes with a dynamic Life Cycle Assessment (LCA), proposing a robust ñcradle-to-

graveò framework to accurately quantify the net atmospheric carbon removal of these integrated 

systems. Finally, Chapter 6 offers a point of view of the future work required to continue the 

research towards practical and scalable CCS integration into the pulp and paper sector. 

 

 

 

 

 

 

 

 

 

 

 



 

4 

 

1.2 References 

1.  Charles M, Narayan KB, Edmonds J, Yu S (2024) The role of the pulp and paper industry 

in achieving net zero U.S. CO2 emissions in 2050. Energy Clim Chang 5:100160. 

https://doi.org/10.1016/j.egycc.2024.100160 

2.  González ME, Barrios N, Venditti RA, Pal L (2025) Advancing sustainability in the U.S. 

pulp and paper industry: Decarbonization through energy efficiency, electrification, low-

carbon fuels, and the social cost of emissions. J Clean Prod 522:146196. 

https://doi.org/10.1016/j.jclepro.2025.146196 

3.  Bui M, Adjiman CS, Bardow A, Anthony EJ, Boston A, Brown S, Fennell PS, Fuss S, 

Galindo A, Hackett LA, Hallett JP, Herzog HJ, Jackson G, Kemper J, Krevor S, Maitland 

GC, Matuszewski M, Metcalfe IS, Petit C, Puxty G, Reimer J, Reiner DM, Rubin ES, Scott 

SA, Shah N, Smit B, Trusler JPM, Webley P, Wilcox J, Mac Dowell N (2018) Carbon 

capture and storage (CCS): the way forward. Energy Environ Sci 11:1062ï1176. 

https://doi.org/10.1039/C7EE02342A 

4.  Onarheim K, Santos S, Kangas P, Hankalin V (2017) Performance and cost of CCS in the 

pulp and paper industry part 2: Economic feasibility of amine-based post-combustion CO 2 

capture. Int J Greenh Gas Control 66:60ï75. https://doi.org/10.1016/j.ijggc.2017.09.010 

5.  Vaziri P, Reza Rasaei M, Seyfoori S, Zamani S, Mahmoodi M, Sedaee B (2024) 

Advancing carbon capture technologies in CCS: A comprehensive review of pre-

combustion processes. Gas Sci Eng 131:205481. 

https://doi.org/10.1016/j.jgsce.2024.205481 

6.  Talei S, Fozer D, Varbanov PS, Szanyi A, Mizsey P (2024) Oxyfuel Combustion Makes 

Carbon Capture More Efficient. ACS Omega. https://doi.org/10.1021/acsomega.3c05034 

7.  Sagues WJ, Jameel H, Sanchez DL, Park S (2020) Prospects for bioenergy with carbon 

capture & storage (BECCS) in the United States pulp and paper industry. Energy Environ 

Sci 13:2243ï2261. https://doi.org/10.1039/D0EE01107J 

8.  Sanchez DL, Psarras P, Murnen HK, Rogers B (2025) Carbon removal efficiency and 

energy requirement of engineered carbon removal technologies. RSC Sustain 1424ï1433. 

https://doi.org/10.1039/d4su00552j 

 

  



 

5 

 

2. Chapter 2: Biogenic Carbon Capture at Pulp Mills via Sodium Spiking and Oxy-

Fuel Calcination1 

2.1 Abstract 

 Over 13 million metric tons of biogenic carbon dioxide (CO2) are mineralized yearly in United 

States (US) pulp mill recovery boilers as molten sodium carbonate. The mineralized CO2 is released 

downstream in the rotary lime kiln where it can be captured at a relatively low cost for permanent 

sequestration. The use of biocarbon and bioenergy at pulp mills enables the possibility for 

atmospheric carbon removal when biogenic CO2 is captured and sequestered. We demonstrate the 

feasibility of capturing biogenic CO2 via sodium spiking coupled with oxy-fuel calcination in the 

rotary lime kiln at existing kraft pulp mills. Sodium (Na) spiking elevates the Na ion loading in the 

kraft chemical looping process by replacing chlorine-based bleaching with a highly alkaline 

bleaching sequence. The transition to totally chlorine-free (TCF) pulping is desirable due to the 

positive impacts on environmental sustainability and public health, and sodium spiking is a new 

motive to encourage such a transition. Chemical pulping processes are modeled and simulated to 

understand the technical limits of implementing sodium spiking in existing pulp mills. Each 1% of 

sodium added to the bleaching operations increases the rate of CO2 mineralization by 4%, and the 

maximum increase in sodium content in the kraft process is 9%. Without sodium spiking, estimated 

CO2 capture costs are $131 and $107/mt CO2 for air and oxy-fuel combustion, respectively. With 

the implementation of sodium spiking, the cost of CO2 captured decreases by 27% and 31%, 

showing costs of $96 and $74/mt CO2 for air and oxy-fuel combustion, respectively. Oxy-fuel 

combustion reduces the costs of CO2 capture compared to air combustion, but merged deployment 

with sodium spiking seems to be the most cost-effective pathway to integrate carbon capture and 

storage (CCS). For the first time, sodium spiking is presented as a means to increase the rate and 

decrease the cost of biogenic CO2 capture at biomass pulping mills. 

_________________________  

1 The material in this chapter has been published as: 

Carrejo, E., Jameel, H., Park, S., Sagues, W.J., 2025. Biogenic carbon capture at pulp mills via 

sodium spiking and oxy-fuel calcination. Int. J. Greenh. Gas Control 145, 104409. 

https://doi.org/10.1016/j.ijggc.2025.104409 
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2.2 Introduction  

 Many countries have committed to achieving net zero greenhouse gas emissions by 2050, 

requiring significant deployment of carbon dioxide removal technologies to account for hard-to-

abate emissions, such as those from the industrial sector. A variety of important commodities 

originate from the pulp and paper industry such as packaging, clothing, food, and hygiene products, 

all of which make everyday life both possible and more convenient. Due to the present and growing 

scale of the pulp and paper industry, this sector of the industrial economy will play a significant 

role in CO2 removal due to the unique opportunity for large-scale biogenic CO2 capture and 

sequestration. In the US, approximately 110 million tonnes of biogenic CO2 are emitted annually 

from existing pulp mills [1]. Integrating CO2 capture technologies into existing biomass pulping 

processes has the potential for near-term impact. However, challenges must be overcome, including 

the need to avoid disrupting current operations. In addition, there are multiple sources of biogenic 

CO2 at pulp mills, and they must be prioritized based on economic viability. The primary sources 

of biogenic CO2 include recovery boilers (RB), biomass boilers, multi-fuel boilers, and lime kilns 

(LK). While the recovery boiler represents the highest quantity of CO2 emissions, the capture of 

CO2 is costly due to the various gases involved in significant reactions inside the boiler and the 

general reluctance from the pulping industry to interfere with recovery boiler operations; the 

recovery boiler is the most expensive and sensitive operation at most biomass pulping mills. The 

lime kiln represents the lowest quantity of CO2 emissions but has several advantages for carbon 

capture, including its high concentration of CO2, low amount of impurities, ability to be retrofitted 

to oxy-fuel, and ability to operate at higher temperatures. 
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Figure 2.1 Simplified process diagram for an integrated pulp mill with sodium spiking and 

oxyfuel combustion in lime kiln. 

  Lime kilns are used in biomass pulping mills to recycle chemicals, as shown in Figure 2.1, and 

might be the most effective pathway for incorporating carbon capture technologies into an 

integrated pulp manufacturing process. The flue gas (weight basis) emitted by the lime kiln 

primarily consists of CO2 (20%), water (12%), residual oxygen (3%), and a significant amount of 

nitrogen (65%) that enters the kiln with the air used for fuel combustion. Replacing air with pure 

oxygen or oxy-fuel combustion has been proposed to eliminate the presence of nitrogen, reducing 

the costs of downstream CO2 capture due to the higher CO2 concentration reached [2]. There are 

few published studies on integrating oxy-fuel combustion into biomass pulp mills [3], unlike other 

industrial processes such as power generation [4], [5], [6], cement [7],[8],[9], or steel [10],[11], 

where literature on oxy-fuel combustion is more prevalent. Simulations of oxy-fuel combustion 

coupled with rotary lime kilns have shown that it is possible to produce lime with lower specific 

energy consumption and capture CO2 emissions with subsequent transport and storage without 

affecting lime quality [12]. In addition, techno-economic modeling has indicated that the capture 

of CO2 from rotary lime kilns has the potential to be economically viable if existing kilns can be 

retrofitted [1]. In addition, it has been shown that retrofitting lime kilns to oxy-fuel increases the 

capacity, allowing for higher throughput of lime mud (CaCO3) [13],[14]. Novel systems and 
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approaches that utilize oxy-fuel combustion have been proposed for limestone calcination [15]. 

However, a large-scale demonstration has yet to be done.  

 It is essential to note that most studies have focused on applying oxy-fuel combustion in lime 

kilns used in the cement industry. Most of the advancements made in decarbonizing lime kilns in 

the cement industry can be used and adapted to lime kilns in the pulping industry, however, the 

nuances of lime processing in the pulping industry require more dedicated studies that assess lime 

kiln decarbonization strategies specific to pulp mills [14]. Prior studies have focused on the 

advantages of oxy-fuel combustion for integrating complementary carbon capture technologies, 

which has led to a deeper understanding of how oxy-fuel combustion can enhance CO2 capture 

efficiency and reduce energy consumption across various industrial processes [16]. Talei et al. 

discuss the advantages of coupling oxy-fuel combustion with an amine absorption carbon capture 

system compared to traditional post-combustion CO2 capture for five different flue gases from five 

different industries such as gas and coal-fired power plants, combined heat and power plants, 

aluminum manufacturing processes and the cement industry. Their simulation findings showed that 

the oxy-fuel combustion cases require less energy, mainly attributed to the mass transfer driving 

force of the higher CO2 concentration achieved in the inlet flue gas [16]. In addition, Dubois et al. 

evaluated the effect of partial oxy-fuel combustion in a cement kiln by applying a post-combustion 

CO2 capture approach using chemical absorption with different blends of amines. They observed 

an experimental relationship between the increase in CO2 concentration and the reduction in energy 

utilization for solvent regeneration. For a typical monoethanolamine (MEA) 30 wt% system, that 

observation was confirmed through simulations, finding that a 24% increase in CO2 concentration 

led to a 26% reduction in energy consumption and up to 37% when the concentration of CO2 was 

increased up to 60% [17]. However, there is still much to explore regarding its application in 

biomass pulp mills. In addition, future studies should include the energy demand for oxygen (O2) 

production to provide a comprehensive energy use analysis in oxy-fuel systems integration. 

Notably, many biomass pulp mills already separate high-purity oxygen from air for use in 

bleaching, and thus existing infrastructure could potentially be leveraged in oxy-fuel applications.  

 Besides oxy-fuel combustion, electrification is another option for generating high-purity CO2 

for subsequent sequestration. Electrification has gained significant attention as a way to decarbonize 

the industrial sector [18], [19]. Furthermore, significant research and development have been done 

on both oxy-fuel and electrified kilns for atmospheric CO2 capture (DAC) [20]. Electrified kilns 
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are being tested at a pilot scale to increase CO2 purity and lower the cost of integrating 

complementary carbon capture technologies such as DAC. At the same time, cement producers are 

making efforts to retrofit current kilns to electrified kilns [21]. In 2021, 20% of the generated 

electricity in the US came from renewable sources (e.g. wind and solar energy) and is expected to 

continue increasing, and thus electrification might be a viable way to decarbonize lime kilns in the 

future [22]. 

 In order to comply with the Environmental Protection Agency regulations in the US, the 

bleaching sequences were changed from using chlorine gas as the primary bleach agent to using 

chlorine dioxide, peroxide, or ozone [23], [24], [25], [26]. The change in bleaching agent aimed to 

incorporate those filtrates into the black liquor cycle without corroding boiler tubes or increasing 

process discharge as wastewater. The process discharges are deemed elemental chlorine-free (ECF) 

if chlorine dioxide (ClO2) is used and totally chlorine-free (TCF) if  no chlorine compound is used 

in place of the chlorine-containing bleaching agents [27]. Sodium spiking is technically possible in 

both ECF and TCF processes, however, the potential for CO2 capture is much greater in the TCF 

process; sodium spiking is only possible in ECF if an O2 delignification stage is used prior to ClO2 

stages. Thus, TCF is the preferred pathway for sodium spiking. This study considers two scenarios: 

ECF and TCF. ECF bleaching sequences represent the primary industrial bleaching method utilized 

in paper mills globally [28]. In the US, ECF-based production accounts for 99% of the total  

bleached chemical pulp output [29]. The ECF scenario is considered the reference without sodium 

spiking, wherein no bleached filtrates are returned to the chemical recovery cycle. The TCF 

scenario does incorporate sodium spiking.  

 In this study, we identify a valuable opportunity to increase the quantity of biogenic CO2 

generated in lime kilns at existing biomass pulping mills. Specifically, we propose a "sodium 

spiking" process wherein bleaching alkaline filtrates are recycled into the pulp-washing system. 

Sodium spiking increases the sodium (Na) content in the kraft pulping process, thereby increasing 

the quantity of CO2 mineralized as Na2CO3 in the recovery boiler, as shown in Figure 2.1. An 

increased generation of Na2CO3 causes an increase in CaCO3 calcination and more high-purity CO2 

available for capture from the lime kiln. 

 Notably, the pulp and paper industry has already used the recycling of bleaching filtrates, or 

"sodium spiking," to increase economic viability and decrease waste effluents, but there has yet to 

be an investigation into the possibility of increasing the rate and decreasing the costs of carbon 
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capture. A major advantage of integrating sodium spiking into biomass pulping is the reduced 

consumption of toxic and corrosive chlorine-bleaching compounds [30]. The bleached filtrate can 

be recycled into the brown stock washing system and combined with the black liquor to be burned 

in the recovery boiler, reducing the effluent charge as long as the filtrate contains no chlorine [31]. 

For the first time, we demonstrate the potential of sodium spiking via TCF as a means to increase 

the rate and decrease the cost of CO2 capture at biomass pulp mills. In addition, we identify 

bottlenecks in the biomass pulping process that limit the extent of sodium spiking and offer 

recommendations that will increase the probability of success when integrated into existing pulp 

mill operations. 

 

2.3 Methodology 

 This work evaluated the effect of capturing CO2 via sodium recycled from the alkaline bleaching 

stages to the recovery cycle of a hypothetical bleached pulp production process using loblolly pine 

as a feedstock. The performance of the chemical recovery cycle was assessed using a built model 

in the software WinGEMS v5.3 to provide thorough mass and energy balances in each unit 

operation involved in the bleached pulp production.  

2.3.1 Southern Bleached Softwood Kraft Pulp Mill 

 WinGems 5.3 is an iterative mass and energy balance software designed specifically for the 

Pulp and Paper industry. Therefore, the calculations are inherent in the system and based on some 

user assumptions. The WinGEMS model accounts for a baseline of 118 oven-dry metric tons (o.d. 

mt) of wood (roundwood and chips) per hour for a production of 43.8 oven-dry metric tons of 

southern bleached softwood Kraft pulp (SBSK). This production level is comparable with the daily 

average production rate (900 tons per day) for a typical bleached pulp mill in the United States [29]. 

Table A.1 shows the conditions used in the model. 

 Wood is made mainly of cellulose, hemicellulose, and lignin. From an elemental composition 

point of view, carbon (C), hydrogen (H), and oxygen (O) represent the conformation of wood, plus 

a small percentage of nitrogen and ash compounds that are negligible for modeling purposes [32]. 

Producing white pulp from wood requires combining steps that conform to a bleaching sequence 

that removes the residual lignin and the color structures in the pulp after the kraft pulping process. 

The Kappa value represents the amount of lignin that remains in the fibers after the pulping process. 
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 The wood is cooked in the digester under specific conditions (170 °C and 160 psig) using white 

liquor to extract the fibers. White liquor mainly comprises sodium hydroxide (NaOH) and sodium 

sulfide (Na2S). Equation 2.1 summarizes the kraft pulping process. The liquor spent after cooking 

is called black liquor because of its dark appearance. It contains mainly dissolved lignin coupled 

with the inorganic compounds of the white liquor. In addition, the fiber is screened and separated 

from the black liquor to be washed. The wash water used in this stage goes back to the evaporator 

sets. Once cleaned, the pulp at medium consistency (12% solids) enters the bleaching stages. 

ὡέέὨ ὅȟὌȟὕ ὔὥὛ ὔὥὕὌὌὕ

ᴼὊὭὦὩὶὅȟὌȟὕ ὈὭίίέὰὺὩὨ ὛέὰὭὨί ὅȟὌȟὕȟὔὥȟὛ Ὄὕ        ςȢρ 

 Two evaporator sets remove water and concentrate the solids in the weak black liquor coming 

from the washing system. The first set works from 16% to 30% solids; the second ranges from 30% 

to 55%; and finally, a concentrator achieves 72% solids before being combusted in the RB. 

Inorganic ashes from the RB precipitator are mixed with the black liquor and then sent back to 

minimize the losses of inorganic species. The black liquor combustion in the RB fulfills three 

essential functions: to recuperate the inorganic compounds used in kraft pulping as smelt, the 

appropriate disposal of unwanted lignin, and third, the use of the heat value from the organic content 

of the black liquor to produce steam and, subsequently, electricity.  

 After the black liquor burning process, the remaining product is the molten smelt at the bottom 

of the boiler, which contains the inorganic compounds that enter with the black liquor. Smelt flows 

into the dissolving tank to be diluted. That solution is named green liquor because of its slightly 

green appearance. Green liquor mainly comprises sodium sulfide (Na2S) and sodium carbonate 

(Na2CO3). The reactions inside the recovery boiler that form sodium sulfide are thoroughly 

described in the literature [33], [34]. Conversely, the mechanisms driving the formation of sodium 

carbonate in the recovery boiler need to be better understood. Equation 2.2 summarizes the 

chemistry involved in the recovery cycle after the smelt leaves the RB (note that the carbon in the 

Na2CO3 and CaCO3 is entirely biogenic) to produce the white liquor again: 

ὔὥὅὕ ὔὥὛ  ὅὥὕὌ  O ὅὥὅὕ ὔὥὛ ςὔὥὕὌ                        ςȢς 

 Equations 2.3 and 2.4 represent the calcium cycle needed to regenerate the sodium hydroxide 

in the white liquor: 



 

12 

 

ὅὥὅὕ ὌὩὥὸ  O ὅὥὕὅὕ                               ςȢσ 

ὅὥὕὌὕ  O ὅὥὕὌ                                          ςȢτ 

 The green liquor is clarified and mixed with the lime (CaO) from the lime kiln in re-causticizing 

units, where the sodium carbonate reacts with slaked lime (Ca(OH)2), producing sodium hydroxide 

(NaOH) and lime mud (precipitated calcium carbonate (CaCO3)) (Equation 2.2). The sodium 

sulfide does not take part in any reaction in this zone. Then, the sodium hydroxide and sodium 

sulfide combine to form the white liquor, which is clarified to separate the solid calcium carbonate. 

The model controls the sulfidity and effective alkali of the white liquor with the makeup of sodium 

sulfate (Na2SO4) to the black liquor before feeding the recovery boiler and sodium hydroxide before 

storing the white liquor to be used in the digester, restarting the cycle. Lime mud from the bottom 

layer of the white liquor clarifier is washed and filtered to ensure a moisture content lower than 

25% before feeding the kiln. At temperatures exceeding 800°C, lime mud is converted into calcium 

oxide (CaO), liberating carbon dioxide (Equation 2.3). This reaction occurs inside the lime kiln, 

where fuel (natural gas) is combusted to provide the required heat energy. Then, the quick lime 

(CaO) is sent to the causticizers again to continue the calcium looping role in producing white 

liquor. 

 The base case for this study is a conventional ECF bleaching sequence, which does not 

incorporate filtrate recycling into the black liquor cycle and, therefore, does not achieve sodium 

spiking. ECF was selected as the reference case because it is the dominant bleaching method used 

globally, making it the most representative baseline for current industrial operations in the pulp and 

paper industry. By using ECF as the starting point, this study ensures that the analysis remains 

relevant to existing mill configurations and industry practices. Additionally, comparing sodium 

spiking within a conventional ECF system provides a realistic benchmark for evaluating the 

feasibility of transitioning to TCF. Since TCF bleaching is generally considered less economically 

viable, demonstrating the potential benefits of TCF with sodium spikingðsuch as improved carbon 

capture economicsðcould make the transition more attractive to paper mills from both an economic 

and sustainability perspective. Although ECF configurations can adapt oxygen (O) delignification 

stages before the chlorine dioxide, this study considered the scenario without O stages as a reference 

to establish a baseline where no sodium is recycled. Therefore, the alternative cases consider a TCF 

sequence where the percentage of sodium hydroxide (NaOH) used in the oxygen delignification 
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stage ranges from one percent to nine percent (based on oven-dry pulp), and the filtrate from the 

alkaline steps is returned to the weak black liquor cycle.  

The utilized elemental chlorine-free (ECF) bleaching sequence consists of three units of chlorine 

dioxide (D) and two sets of alkaline extraction (E), where one of them is reinforced with peroxide 

(P). The totally chlorine-free (TCF) bleaching sequence consists of two oxygen delignification (O) 

stages, an acid stage (A), and two extraction stages, one with ozone and another with peroxide. 

Then, finally, a peroxide stage [35]. Figure A.1 presents the process flow diagram for each 

bleaching sequence. 

 After each stage, a washer cleans the pulp for the next step in the bleaching area. The ECF 

sequence has a "jump-stage" configuration, meaning fresh water is only used in the last chlorine 

dioxide stage (D2) and the E stage. The filtrate from the D2 stage washer is fed countercurrent back 

to the D1 and then the D0 stage washer. Fresh filtrate used on the E stage returns to the EoP wash 

stage. Both small filtrate circuits go to the wastewater collector for treatment and do not join the 

weak black liquor circuit (open configuration).  

 On the other hand, all the alkaline filtrates in the TCF sequence were sent back to the brown 

stock washing area, and thereby constituted sodium spiking in the recovery boiler. The main sodium 

hydroxide proportion is added in the oxygen delignification stage. Thus, the added freshwater is 

fed in the peroxide stage washer. The freshwater wash flow used in the model is controlled to keep 

16% solids in the weak black liquor sent to the evaporators in all cases. The conditions and chemical 

charges for the stages are listed in Tables A.3 and A.4. 

 The process variables (Table A.1) correlate to a specific kappa number target in the unbleached 

pulp. The pulp yield, the composition of dissolved solids in black liquor, the chemical charge in the 

digester, and the efficiencies for significant areas such as the recovery boiler (reduction) and the 

causticizers (causticizing efficiency) are established for a given kappa number, and wood type 

(softwood). Generalized process flow diagrams are shown in Figures 2.2 and 2.3; more detailed 

process parameters are in the appendix A.  
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Figure 2.2 Elemental chlorine-free (ECF) bleach process with chemical recovery. 

 

Figure 2.3 Totally chlorine-free (TCF) bleach process with chemical recovery. 

2.3.2 Liquid solvent-based carbon capture system 

 Lime kiln flue gas results from WinGEMS pulp mill simulation, under the different sodium 

spiking scenarios assessed, were used as input to perform a techno-economic analysis to establish 

the cost of CO2 capture using an amine system. The amine system was simulated using Aspen Plus 

software [36], consisting of an absorber column where the CO2 in the flue gas is in contact with the 

amine, and after being trapped in the monoethanolamine (MEA) solvent, it is sent to a stripping 

column where the CO2 is released and the solvent is sent back to the absorber, as shown in Figure 

A.7.  The resultant thermodynamic properties of the MEA-CO2 contact are calculated using the 



 

15 

 

ENRTL-RK model in Aspen. The molar composition of the lime kiln flue gas entering the absorber 

is CO2 (19.2%), N2 (47.8%), H2O (31.8%), and O2 (1.2%). The flue gas is cooled to 50 °C before 

feeding the column. The features of the absorber and stripping columns using the rate-based model 

were determined following the methodology described by Maddedu et al. (2019). In both, the 

following kinetics reactions were implemented to control the interaction of CO2 and MEA [38]: 

ὅὕ ὕὌ ᴼ Ὄὅὕ                                                           ςȢυ 

Ὄὅὕ ᴼὅὕ ὕὌ                                                             ςȢφ 

ὓὉὃ ὅὕ  Ὄὕ O ὓὉὃὅὕὕ Ὄὕ                  ςȢχ 

ὓὉὃὅὕὕ Ὄὕ  O    ὓὉὃ ὅὕ  Ὄὕ               ςȢψ 

 The rate of reaction (r) is calculated through the expression in Equation 2.9, where k is the pre-

exponential factor, T is the operating temperature in the columns, E is the activation energy, and R 

is the universal gas constant: 

ὶ Ὧz Ὕz Ὡ                                 ςȢω 

 The kinetics parameters of the main reactions of MEA and CO2 involved in the absorption and 

solvent regeneration are presented in Table 2.1. 

 

Table 2.1 Kinetics parameters for the reactions of MEA and CO2 used in Aspen modeling. 

Reaction k E (cal/mol) Reference 

5 1.33e+17 13,249 [39] 

6 6.63e+16 25,656 [40] 

7 3.02e+14 9,855.8 [41] 

8 (Absorber) 5.52e+23 16,518 [40] 

8 (Stripper) 6.50e+27 22,782 [40] 

 

 A 90% capture rate was assumed for the MEA solvent-based captured system modeled 

according to previous studies [42], [43], [38]. 
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2.3.3 Oxy-fuel Combustion and lime kiln retrofit  

 The techno-economic analysis also considered a retrofit to oxy-fuel combustion in the lime kiln 

to establish the cost of CO2 capture. The lime kiln was modeled using Aspen Plus software under 

an oxy-fuel combustion process. A Rgibbs reactor was used to perform the calcination (Equation 

2.3) of the lime mud coming out of the causticizers. The combustion of natural gas provided the 

heat to promote the transformation of CaCO3 into CaO, releasing CO2. An oxy-fuel combustion 

system replaces air with pure oxygen for combustion, eliminating the large amount of nitrogen that 

typically enters the kiln when using air. In traditional air-fired systems, nitrogen dilutes the 

combustion gases and absorbs heat, affecting overall thermal efficiency. In contrast, an oxy-fuel 

environment consists primarily of CO , H O, and residual O , which alters the heat transfer 

characteristics within the kiln. To maintain the desired kiln temperature and optimize heat 

distribution, a portion of the flue gas is recirculated back into the kiln. This recirculation increases 

the CO  concentration inside the kiln, creating a high-purity CO  environment that facilitates 

efficient separation of CO  from the exhaust stream without requiring an energy-intensive capture 

system. A 99% of the incoming CO2 capture rate is assumed under oxy-fuel conditions [16]. 

2.4. Results and discussion 

 ECF and TCF bleaching scenarios were evaluated for the southern bleached softwood Kraft 

(SBSK) pulp production process. The following results and discussion are based on the SBSK pulp 

mill model. The ECF scenario serves as the reference case and does not send alkaline filtrate from 

the bleaching washers to the recovery boiler, thus excluding sodium spiking. In contrast, the TCF 

scenario includes sodium spiking by returning alkaline filtrate to the recovery boiler for in-situ CO2 

capture. 

2.4.1 Carbon Flow 

 Process simulation allows for the tracking of carbon and sodium flows inside the system 

boundaries of the typical US chemical pulp selected for analysis in this study (woodyard, digester, 

brown stock washing, bleaching, recovery boiler, and causticizing area, including the lime kiln). 

For example, Figure 2.4 shows the carbon flows for an SBSK pulp mill process with an ECF 

bleaching sequence to produce Softwood Kappa 30. Two inputs of carbon are taken into account: 

the carbon entering with the wood (~88.5% of total carbon) and the carbon via natural gas, used in 

the natural gas boiler (~9.5% of total carbon) and in the lime kiln to provide the energy to keep the 
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high temperature required for the lime calcination (~2% of total carbon). Therefore, the majority of 

carbon is biogenic. The breakdown of carbon outputs from the ECF pulp mill includes 55.7% via 

carbon dioxide emissions in the flue gas of the recovery boiler, natural gas boiler, and lime kiln, 

37.3% via fiber (final product) and wood rejects, and 7% as losses, as shown in Figure 2.4. 

 

Figure 2.4 Carbon flows for a southern bleached softwood kraft (SBSK) pulp mill process with an 

elemental chlorine-free (ECF) bleaching sequence without sodium spiking. 

 

 In the case of the TCF process, the carbon flow is shown in Figure 2.5 for the scenario of a 3% 

sodium hydroxide charge in the oxygen delignification stage, a practical soda usage in industrial 

bleaching applications.  
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Figure 2.5 Carbon flows for a southern bleached softwood kraft (SBSK) pulp mill process with a 

totally chlorine-free (TCF) bleaching sequence with sodium spiking. 

 For both ECF and TCF processes, the carbon entering with the wood is the same. The carbon 

from the fuel used for the lime kiln is slightly higher in the TCF case due to the increase in sodium 

in the chemical recovery cycle, which demands a higher consumption of natural gas in the kiln. 

However, the total natural gas demands decreased significantly due to the lower steam required in 

the bleaching sequence, mainly due to the heat recovery during the recirculation of hot filtrate 

streams in the bleaching towards the brown stock washing system. The total steam demand in each 

process is summarized in Table A.5. The biogenic carbon entering the process accounts for ~95% 

of the total carbon input in the TCF process. Importantly, in the TCF scenario, a portion of the 

carbon is returned from the bleaching area to the brown stock washing and finally integrated into 

the black liquor cycle, ending in the recovery boiler. In transitioning from ECF (Figure 2.2) to TCF 

(Figure 2.3), the load in the boiler is typically increased by 2 or 3% by recycling dissolved organics 
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from wood into the recovery boiler  [44], [45], [46], [47]. The carbon leaving the TCF process in 

the flue gases accounts for 53.1% of the incoming carbon, 40.4% ends as fiber or wood rejects from 

the woodyard, and 6.5% is lost. The carbon losses in the TCF are lower relative to the ECF process. 

As can be seen, the differences in carbon output between the bleaching sequences reside in the 

source of carbon emissions. Relative to the ECF process, if we compare the carbon output against 

the carbon input, the carbon emissions from the recovery boiler in the TCF scenario decrease. 

Figure A.4 compares the amount of carbon that leaves with the RB flue gas and the amount of 

carbon leaving the RB with the smelt for all the scenarios evaluated.  As mass is not created or 

destroyed, the carbon is transformed from carbon dioxide in the recovery boiler to sodium carbonate 

and from sodium carbonate to calcium carbonate, which reacts in the lime kiln, releasing carbon 

dioxide at the highest concentration found in the kraft process.  

2.4.2 Sodium Flow 

 The balance of sulfur and sodium is a critical factor in the kraft process in terms of chemical 

recovery. Relative to the ECF process, the TCF process increases the amount of NaOH in the 

recovery cycle. Thus, additional sodium sulfide (Na2S) must be compensated to conserve the correct 

balance between those compounds in the white liquor. When chemical adjustments are made to 

preserve a specific loading of Na2S in the white liquor, the term used to refer to it is sulfidity, and 

when the objective is to conserve a defined amount of NaOH in the white liquor, the term used is 

causticity. Sodium makeup in the TCF process is achieved at two points: First, sodium sulfate is 

added to the concentrated black liquor before entering the recovery boiler, where it is reduced to 

promote Na2S formation. Second, sodium hydroxide is added after the white liquor clarifier to 

control the sulfidity to around 30%. 

 Regarding the sodium balance, the causticizers, digester, and recovery boiler are the main areas 

for the ECF case: 

1. The causticizing area produces the sodium hydroxide utilized in the digester. 

2. The brown stock washers separate the dissolved solids (including sodium compounds) from 

the pulp as black liquor. 

3. The sodium in the black liquor is sent to the recovery boiler, which is reduced into Na2S 

and carbonated into Na2CO3 before being sent back to the causticizing area. 
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 In this scenario, the sodium losses are mainly represented in the dissolved solids of the filtrate 

sent to the wastewater treatment from the bleaching area and the carryover in the bleached pulp. 

Figure A.2 shows the sodium flow for ECF Bleached Pulp from Softwood Kappa 30 (SBSK), 

wherein a vast majority of the Na is recycled. 

 In the case of the TCF process, the sodium flow is shown in Figure A.3 for the same scenario 

presented for the carbon balance (a 3% sodium hydroxide charge in the oxygen delignification 

stage). Here, the essential factor is the sodium hydroxide recycled from the alkaline bleaching 

stages to the weak black liquor. Fresh sodium hydroxide should not be used as the alkali source for 

bleaching because it would exceed the amount needed for sodium makeup in the chemical recovery 

system. This imbalance between the sodium and sulfur compounds would make managing the 

sulfidity in the white liquor more challenging.  

 Our model uses oxidized white liquor as an alkali charge in all the alkaline stages to preserve 

the chemical species balance. However, the sodium sulfide in the white liquor harms the brightness 

and viscosity of bleach pulp [48]. Therefore, white liquor oxidation aims to convert the sulfide into 

sodium thiosulfate using air or pure oxygen. In addition, the capacity of the causticizing and lime-

burning systems would need to be increased by around 5% if white liquor were used to fulfill the 

oxygen stage's whole alkali requirement [49]. 

2.4.3 Sodium spiking in a pulp mill. 

 The process modeling is primarily focused on understanding the effect of increasing the 

quantity of sodium recycled from bleaching filtrates over the entire chemical recovery cycle. The 

amount of NaOH fed in the oxygen delignification stage is the only condition modified in the 

bleaching sequence, and it serves as a control variable to evaluate the amount of sodium increase 

in the bleaching filtrates. Typically, the oxygen delignification stage in TCF bleaching uses a range 

of 1.5 to 4.5% for the alkali (NaOH) charge. However, it was decided to increase the alkali charge 

beyond the normal range to maximize the extent of CO2 mineralization in the recovery boiler and, 

subsequently, the extent of CO2 capture from the lime kiln. As the NaOH concentration increases, 

less residence time is required for delignification, allowing for smaller-sized reactors and lower 

bleaching costs [49]. The increase in alkali and the higher delignification rate also require fewer 

bleaching chemicals. The inorganic portion in the concentrated black liquor increased 
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approximately one percent per each one percent of NaOH added in the oxygen delignification stages 

when filtrates are recycled. 

 The process model indicates that sodium spiking in the black liquor cycle ðachieved by 

recycling alkaline filtrates from the bleach plant to the brown stock washing areaðleads to an 

increase in carbon content within the recovery boiler smelt, as shown in Figure A.4. This elevated 

carbon content suggests a potential mechanism where sodium carbonate (Na CO ) forms via in situ 

carbon dioxide (CO ) capture. While some uncertainty remains regarding the exact reaction 

pathway, the overall process can be summarized by the following reaction: 

 ςὔὥὕὌὅὕ O ὔὥὅὕ Ὄὕ                                   ςȢρπ                                      

 Within the recovery boiler, organic compounds in the black liquor undergo thermal 

decomposition, producing CO , H O, CO, and H  gases, while inorganic sodium compounds are 

converted into Na CO  and Na S. The oxidation of organics in black liquor provides a substantial 

and continuous source of CO  within the recovery boiler, further contributing to the potential for 

CO  mineralization reactions. Additionally, fume formation from inorganic species allows further 

interactions with CO . While some reactions can occur in the gas phase, previous studies [50],[51] 

indicate that gas-phase Na CO  formation is minimal, as this reaction is significant only when 

nearly all the carbon in the char bed has been consumed, a point at which reduction reactions 

proceed very slowly. Therefore, the primary formation of Na CO  likely occurs within the char bed 

of the recovery boiler. 

 The literature extensively discusses sulfur reactions, particularly sulfate reduction within the 

char bed, as a key pathway for CO  and CO formation [52],[53],[54]. These reactions are 

represented by the following equations: 

ὔὥὛὕ ςὅ O ὔὥὛ ςὅὕ                                      ςȢρρ 

ὔὥὛὕ τὅ O ὔὥὛ τὅὕ                                        ςȢρς 

 The reaction in Equation 2.12 requires 2.7 times more heat than in Equation 2.11, making the 

reduction pathway that produces CO  more thermodynamically favorable and dominant in the 

recovery furnace [54]. Since Na CO  formation requires an oxidized form of carbon, the abundance 

of CO  from both the oxidation of organics in black liquor and sulfate reduction makes it highly 

probable that CO  is first generated within the char bed and subsequently reacts with sodium species 
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to form Na CO . This mechanism aligns with the observed increase in Na CO  content in the smelt 

when sodium spiking is implemented, reinforcing the proposed in situ mineralization process. 

 According to Equation 2.10, for every two moles of sodium hydroxide added to the pulping 

process, one additional mole of carbon dioxide is captured and sent to the causticizers as sodium 

carbonate. As shown in Figure A.4, the total amount of carbon entering the RB increases with 

elevated NaOH loading due to the dissolution of more organics during the bleaching sequence. In 

addition, the carbon contents of the smelt and flue gas increase and decrease, respectively, as more 

CO2 is mineralized into smelt form.  

 In the ECF case, the smelt composition has the following distribution: 71% sodium carbonate 

and 17% sodium sulfide; the remaining balance comprises a small portion of sodium hydroxide, 

sodium sulfate, and inerts. In the TCF case, the proportion of sodium carbonate increases to 74%, 

with a slight decrease in the sodium sulfide percentage (16%) and the other compounds. Figure 2.6a 

shows the additional amount (percentage) of smelt generated in each case compared to the ECF 

base case, where Na2CO3 and other sodium compounds are generated.  

 The generation of Na2CO3 in the smelt increases by four percent per each one percent of NaOH 

added in the oxygen delignification area. However, process model simulations suggest that at higher 

NaOH loadings, sodium carbonate formation levels off, while other sodium compounds, such as 

Na2S, become more dominant. As illustrated in Figure 2.6a, the relative abundance of Na2S 

increases with higher NaOH additions, while Na2CO3 stabilizes (Figure 2.6b).   

 

Figure 2.6 a. Additional smelt production in the recovery boiler for each TCF scenario with 

sodium spiking as compared to the ECF scenario without sodium spiking. b. Extra sodium 

carbonate production in the recovery boiler for each TCF scenario with sodium spiking. 



 

23 

 

 Thus, recycling alkaline filtrate clearly enhances CO2 mineralization in the recovery boiler, and 

now attention shifts toward impacts on upstream and downstream operations and the integration of 

carbon capture technologies. With such a dramatic increase in Na content in the kraft cycle, there 

is an opportunity for negative impacts on auxiliary operations, particularly the evaporation units. 

Fortunately, process model simulations show that elevated carbonate contents in the black liquor 

due to sodium spiking are not high enough to cause fouling in evaporators [55]. In addition, the 

heating value of the black liquor is mildly decreased due to the increase in sodium content, but with 

no significant consequence since the lower heating value is offset by the increase in the total flow 

rate of black liquor to the RB. The estimated thermal efficiency for the RB in the ECF is 62.8%, 

being slightly reduced to 61.8% and 60.1%, for 3% and 9% TCF cases, respectively.  The overall 

capacity of the evaporator system and the recovery boiler would need to be increased by ~3% to 

accommodate the additional sodium in the system [49]. Since the recovery boiler is the central and 

most expensive equipment in the Kraft process, it typically represents the main bottleneck in pulp 

and paper operations [56]. Upgrades to increase their capacity require high capital investments and 

possible unproductive downtime [57]. Therefore, it may be preferable for new or recently integrated 

paper mill operations to leave an unused buffer capacity in the recovery boiler to allow for an 

increase in the rate of black liquor burning in potential future production expansions [58]. 

Interestingly, prior studies have shown that it is possible to utilize computational fluid dynamic 

(CFD) simulations to increase RB flow with little capital expenditure [59]. As a result, sodium 

spiking can arguably be a palatable or even attractive system to integrate in any mill as CFD 

optimization has shown in real world applications to provide more than the 3% gain needed for 

sodium spiking [60], [61],[59]. As a result, the mill production bottleneck is found in the 

evaporators or lime kilns, where there is generally very little if any extra room for increased 

capacity. If needed, incorporating an evaporator body into the evaporation system is easier and 

cheaper than modifying the RB capacity [57]. In the case of lime kiln as a bottleneck, conceptual 

research has shown that retrofitting LK to oxy-fuel combustion allows an increase in lime 

production without hurting lime quality [13]. Thus, retrofitting lime kilns to full or partial oxy-fuel 

combustion should accommodate the increased capacity required for sodium spiking.  

 As the sodium carbonate in the smelt produced in the RB increases in the TCF scenarios, 

calcium carbonate production (Figure 2.7a) is expected to be higher through the causticizing 

reaction (Equation 2.2). The white liquor must be regenerated from the smelt, and the calcium cycle, 
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combined with the sodium cycle, is used to complement the recovery of chemicals. Calcium oxide 

(CaO) is used to produce calcium hydroxide (Ca(OH)2) through hydration. Once hydrated, the 

calcium interchanges positions with the sodium in the green liquor, as Equation 2.2 indicates, to 

precipitate calcium carbonate (CaCO3) and regenerate the sodium hydroxide, producing again the 

white liquor needed in the wood cooking process. As stated earlier, sodium sulfide is inert in this 

part of the process. 

  

Figure 2.7 a. Calcium carbonate production for each TCF scenario with sodium spiking. b. Annual 

projection of expected carbon dioxide capture in the Lime Kiln for each scenario. 

 The CaCO3 that is precipitated by the causticizing reaction (Equation 2.2) is removed from the 

liquid in a clarifier. This precipitate, referred to as lime mud, is then washed and filtered to increase 

its solid content. Lime mud is then put into a rotating kiln, where thermal energy is used to produce 

CaO and CO2, as shown in Equation 2.3. The production of calcium oxide and carbon dioxide has 

a linear relationship with the amount of calcium carbonate that initiates the reaction, taking into 

account the efficiency, mass, and heat transfer limitations; the final production for both calcium 

oxide and carbon dioxide in each scenario is shown in Figures A.6a and A.6b. 

 As shown in Table 2.2, an average pulp mill has the potential to increase the amount of CO2 

captured from the lime kiln from 95 kt-CO2/year to 125 kt-CO2/year with the incorporation of 

sodium spiking.   



 

25 

 

Table 2.2 The increase in CO2 emissions from the lime kiln with Na spiking. 

Scenario 

LK CO 2 

emissions 

(kt/year) 

Percent 

increase in 

CO2 

emissions 

ECF 95.0 - 

1.50% 104.5 9.5% 

3% 108.0 13.7% 

4.50% 112.1 17.9% 

6% 116.3 22.2% 

7.50% 120.5 26.4% 

9% 124.7 30.7% 

 Figure 2.7b projects the annual amount of carbon dioxide produced in the lime kiln for a 

standard kraft pulp mill when a capture system with 90% capture rate is utilized. In the case of a 

retrofitted lime kiln with oxy-fuel combustion, the potential CO2 to capture is represented by the 

data in Table 2.2. The pulp and paper industry has immense potential in applying carbon capture 

and storage technologies in sources like boilers (natural gas, biomass, and recovery boiler) and the 

lime kiln. The company CO280 is actively implementing CCS in commercial pulp mills in the US 

[62].  

 In the US, 46 pulp mills currently produce bleached pulp, and 27 out of 46 pulp mills are suitable 

for near-term implementation of sodium spiking [29]. Among these, 16 mills are co-located with 

the suitable geology for CO2 injection, as shown in Figure A.8 [63]. Further, 23 of the 46 pulp mills 

incorporate oxygen delignification stages with ECF bleaching sequences, leading to sodium spiking 

if bleaching filtrates are being recirculated to the chemical recovery cycle. Incorporating sodium 

spiking and CCS in mills with existing oxygen delignification could be cost-attractive if the air 

separation units have extra capacity and lime kiln retrofitting to oxy-fuel combustion is feasible.   

 The incorporation of sodium spiking increases the load and throughput in the lime kiln 

operation, and thus lime kilns will need to have extra capacity or the ability to improve efficiency. 

If existing lime kilns are unable to accept the increase in load, then an alternative path could be 

through the use of full or partial oxy-fuel combustion. Retrofitting existing lime kilns to full or 
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partial oxy-fuel combustion increases the capacity due to the increase in reaction kinetics [13]. In 

addition, the elimination of nitrogen in the fuel mix produces a stream of carbon dioxide that is of 

much higher purity as compared to that produced using traditional combustion with natural gas. 

The high-purity CO2 product does not require extensive downstream processing, thereby reducing 

costs. The energy demand for CO2 capture has an inverse, non-linear relationship with CO2 

concentration; as CO2 concentration increases, the energy demand for capture decreases 

exponentially [64]. The generation of oxygen can create a parasitic load and extra cost for pulp 

mills, but costs may be minimal for mills that generate a surplus of onsite energy and/or have air 

separation units already in operation with extra capacity; air separation is needed for O2 

delignification, which is typically used in TCF processes. Figure 2.8 compares carbon dioxide 

concentrations in the flue gas between the current combustion and oxy-fuel combustion on a wet 

and dry basis. The combustion of natural gas (mainly methane, a standard fuel for the lime kiln) is 

defined in Equation 2.13. An oxygen excess is needed to ensure complete combustion. Therefore, 

the outlet flue gas contains carbon dioxide, water, and oxygen. 

                                                   ὅὌ ςὕ  O ὅὕ  ςὌὕ                                               ςȢρσ                                           

Accordingly, the final concentration of CO2 in the flue gas stream is high compared to regular air 

combustion, facilitating carbon dioxide capture after the water removal.  

 Retrofitting lime kilns from traditional air combustion to oxy-fuel combustion is a complex 

endeavor due to the change in internal environment. Oxy-fuel combustion elevates the CO2 

concentrations inside the kiln which in turn requires higher temperatures to achieve calcination 

[14]. In addition, the kinetics of calcination (Equation 2.3) increase under oxy-fuel conditions, 

which will require higher throughput [13]. Kinetic assessment using lime material from actual pulp 

mills and techno-economic modeling of lime kiln retrofitting are needed to better understand the 

feasibility of using oxy-fuel combustion to manage the increased throughput in the lime kiln due to 

sodium spiking. 
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Figure 2.8 Process flow diagrams comparing the carbon dioxide concentration from the lime kiln 

regarding the combustion type. 

2.4.4 Techno-economic Analysis. 

 To explore the potential economic impact of sodium spiking in the integration of carbon capture 

systems in the paper industry, a techno-economic analysis (TEA) has been performed. Six scenarios 

involving the Kraft process with the sodium spiking concept and lime kiln combustion type are 

assessed, as shown in Table 2.3. A liquid solvent-based absorption using monoethanolamine 

(MEA) was selected as carbon capture method, which is a well-known sorbent with high selectivity 

towards CO2 and of high technology-readiness-level. In the case of oxy-fuel combustion in the lime 

kiln, no carbon capture method is needed since the concentration of the CO2 with the flue gas is 

significantly high and only requires water separation. 
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Table 2.3 Scenarios used to assess the techno-economic feasibility of CO2 capture via sodium 

spiking. 

Scenario Bleaching 

sequence 

Sodium 

spiking 

Lime 

kiln  

Baseline A ECF No Air combustion 

Baseline B ECF No Oxy-fuel 

Alternate 1A TCF Low*  Air combustion 

Alternate 1B TCF Low*  Oxy-fuel 

Alternate 2A TCF High*  Air combustion 

Alternate 2B TCF High*  Oxy-fuel 

Low: 3% NaOH charge in O2 stages; High: 9% NaOH charge in O2 stages 

 The flue gas from the lime kiln in the ECF sequence described in this work is used as a baseline 

for the air combustion system scenarios, which are coupled with the MEA system to capture the 

CO2. The ENRTL-RK thermodynamic property package in Aspen Plus was used to predict the 

interactions between the solvent and the CO2 and the process model was rate-based [40]. The CO2 

product is dehydrated, purified, and compressed using a multistage of six compressor units and heat 

exchangers. The final conditions of the CO2 are 153 bar and 44 °C, where the CO2 is in the 

supercritical state suitable for storage, pipeline transport, enhanced oil recovery (EOR) utilization, 

and/or geological sequestration [65]. The costs related to the geological storage of the CO2 are not 

included in this evaluation.  

 In the case of the oxy-fuel combustion scenarios, due to the concentration of the resultant CO2 

in the flue gas, no amine system is used. Instead, an air separation unit (ASU) is incorporated based 

on the work of Keith et al. to provide the required oxygen to perform the calcination within 95% 

O2 purity [20]. In addition, a retrofit of the lime kiln is assumed to use pure oxygen as an oxidant 

to burn the natural gas and provide the heat required for the lime mud calcination [66]. The flue gas 

is dehydrated to produce a high-purity CO2 stream. The same compression and purification units 

(CPU) are considered in these scenarios to reach the final CO2 product specifications. Figure 2.9 

presents the schematic diagram flow for air and oxy-fuel lime kiln systems. 
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Figure 2.9 Process flow diagrams for the CO2 capture systems used in the techno-economic 

analyses. a: Amine system coupled to air combustion lime kiln, b: oxy-fuel combustion lime kiln. 

 Table 2.4 presents the economic metrics used for this analysis, which are in accordance with 

the standard methodology presented by the National Renewable Energy Laboratory in their 

processes design reports [67], and are consistent across all scenarios. 

Table 2.4 Baseline economic metrics for comparison of CO2 capture costs. 

Parameter  Value 

Plant Utilization 96% 

Cost year for analysis 2024 

Equity financing 40% 

Loan interest 8% 

 

a. 

b. 
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Table 2.4 (continued). 

Loan terms, years 10 

Depreciation period (years) 7 

Construction period (years) 2.5 

% spent in year 0 8% 

% spent in year 1 60% 

% spent in year 2 32% 

Start-up time (years) 0.5 

CO2 production at start-up 

(% of normal) 
50% 

Variable costs (% of 

normal) 
75% 

Fixed costs (% of normal) 100% 

Income Tax Rate 35% 

Internal rate of return 10% 

 

 The initial equipment cost for the MEA and CPU system was generated using the Aspen Process 

Economic Analyzer (APEA) component for a flue gas rate of 48.3 metric tons per hour, and 

compared with previous studies [68]. Then, to address the flow rate of flue gas inherent in each 

case scenario, the equipment cost was estimated using the investment scaling factor equation:  

                                  
ὍὲὺὩίὸάὩὲὸ ὃ

ὙὩὪὩὶὩὲὧὩ ὧέίὸ

ὍὲὺὩίὸάὩὲὸ ὃ ὧὥὴὥὧὭὸώ

ὙὩὪὩὶὩὲὧὩ ὧὥὴὥὧὭὸώ
                                  ςȢρτ 

 Where investment A is the desired capital cost to scale, reference cost is the cost of the device 

from the APEA, investment A capacity is the target capacity, reference capacity is the design 

capacity used in APEA, and e is the capacity factor. For the amine system and the CPU, a capacity 

factor between 0.7 and 1.0 was used, and for the oxy-fuel combustion a capacity factor of 0.9 was 

used [42], [20].  

 The cost of retrofitting the lime kiln was estimated according to the report presented by the 

European Research Cement Academy [66]. Future research about retrofitting kraft mills lime kilns 

to oxy-fuel combustion and the impact on product quality of CaO obtained from lime mud over an 

oxy-fuel lime kiln in the recovery chemical cycle is needed since most of the studies are based on 

cement clinker production. 
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 Table 2.5 condenses the total capital investment for the CO2 capture plant, the oxy-fuel 

combustion lime kiln retrofit, the CO2 compression and purification system, the additional 

operational cost per year, and the amount of CO2 captured. The additional operational cost 

comprises the cost associated with the chemicals for the new amine system, and additional 

chemicals make up compared to the corresponding baseline, additional electricity, natural gas 

demand, and labor costs. Table A.6 presents a detailed breakdown of the capital and operational 

cost of integrating carbon capture and retrofitting the lime kiln to oxy-fuel combustion under the 

different levels of sodium spiking in an SBSK mill. 

Table 2.5 Summary performance of scenarios evaluated. 

Scenario 

Total 

Capital 

Investment 

(TCI) (M$  

Operating 

Costs 

(M$/yr)  

Biogenic-

based CO2 

captured 

(mt/yr)  

Fossil-

based 

CO2 

captured 

(mt/yr)  

Total 

CO2 

captured 

(mt/yr)  

Additional 

Chemicals 

makeup 

(mt/yr)  

Baseline 

A 
55.2 3.72 49,792 36,954 86,746 - 

Baseline 

B 
44.2 3.73 54,313 38,530 92,844 35,533 

Alternate 

1A 
61.7 0.84 56,366 41,662 98,029 3,489,221 

Alternate 

1B 
50.0 1.03 63,048 44,543 107,591 3,533,868 

Alternate 

2A 
70.0 2.16 64,649 47,784 112,433 5,614,596 

Alternate 

2B 
56.2 2.36 71,044 50,192 121,236 5,667,667 

Amine (MEA) concentration (wt%) 30 % [17] 

Cost of MEA ($ per tonne) $1,720 [42] 

Air separation unit power demand 

(kWh/ton O2) 
238 [20] 
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Table 2.5 (continued). 

CO2 compression power demand 

(kWh/ton CO2) 
132 

[20] 

[1] 

Cost of electricity ($ per kWh) $0.0751 [69] 

CO2 output condition (bar) 153 [65] 

Total CO2 capture rate (%) 
Air combustion 90 [42] 

Oxy-fuel 99 [16] 

 

 Finally, Figure 2.10 presents the cost of capturing each metric tonne of CO2 for the six scenarios 

analyzed in this work and the detailed contribution of additional capital and operational costs. 

Without sodium spiking, the estimated CO2 capture costs were $132 and $107/ mt CO2 for air and 

oxy-fuel combustion, respectively. Similar costs have been reported for oxy-combustion systems 

in the cement industry [70], [71]. Previous studies have reported costs ranging from $90 to $150 

when amine-based solvent systems are evaluated using the flow rates of a lime kiln in a kraft paper 

mill [43] [72], [42]. With the implementation of sodium spiking, the cost of CO2 captured decreased 

by 27% and 31%, showing a cost of $96 and $74/mt CO2 for air and oxy-fuel combustion, 

respectively. Oxy-fuel combustion shows a good cost reduction potential compared to air 

combustion, but merged deployment with sodium spiking seems to be the most cost-effective 

pathway to integrate CCS. Additional economic benefits can be obtained if the CO2 is stored and 

carbon credits are sold according to the voluntary markets, financial incentives or tax credits can 

be claimed from the carbon capture project, or revenue is obtained from the CO2 utilization. Figure 

A.9 presents the cost of CO2 capture for a case where CO2 is used for EOR purposes.  
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Figure 2.10 Cost of CO2 capture for baseline, low sodium spiking, and high sodium spiking 

scenarios. 

 Sodium spiking improves the throughput of CO2 from the lime kiln available to capture, which 

decreases the capture cost per unit. Additionally, the steam demand of the entire process decreases 

due to the higher temperature of oxidized white liquor used to supply the sodium hydroxide to 

alkaline stages in the bleaching sequence. Hence, there is a lower demand of natural gas in the 

natural gas boiler with low sodium spiking. However, we observed that in the scenarios where high 

sodium spiking was evaluated, the CO2 capture cost increased. Chemical recovery cycle in kraft 

mills is a balance between sulfur and sodium moieties. When a higher dosage of sodium hydroxide 

is used, a higher makeup of chemicals is needed to balance the cycle. Table 2.5 includes the 

additional amount of NaOH, Na2SO4, and CaO required for each case scenario. Thus, the 

operational cost increases substantially for the high sodium spiking scenario as compared to low 

sodium spiking. Lime mud calcination under an oxy-fuel system in the pulp and paper industry 

could represent a cost-effective pathway to reducing carbon emissions. Lower capital and 

operational costs of ASU under oxy-fuel combustion compared to CCS in traditional air combustion 

scenarios compensate for the slightly higher compressors' capital cost and power consumption 

required. Similarly, the higher amount of CO2 captured under oxy-fuel combustion mitigates the 



 

34 

 

cost of additional make up chemicals required when sodium spiking is implemented. Due to 

carbon's biogenic nature in this industry, capturing the carbon emissions from lime mud calcination 

with an oxy-fuel system may be considered net carbon removal if the life cycle fossil emissions are 

lower than biogenic emissions capture and stored, which is an area that warrants future research.  

2.5 Limitations  

 This study examines the impact of in situ biogenic carbon capture in the recovery boiler when 

sodium spiking is implemented. By recycling residual NaOH from the bleaching filtrates into the 

black liquor before combustion, more Na CO  is generated in the smelt. This, in turn, increases the 

biogenic CO  content in the lime kiln flue gas of a Kraft pulp mill. However, the extent of this effect 

can vary due to several factors, including washing system efficiency, the physical behavior of bed 

char in the recovery boilerôs reduction zone (which is influenced by airflows), and other operational 

variables in the pulping process. 

 A techno-economic analysis was conducted to assess the cost implications of sodium spiking 

for CO  capture from the lime kiln. This analysis relies on capital cost estimates for different 

bleaching sequences based on prior studies [35]. However, actual costs can vary depending on site-

specific mill conditions, and future work incorporating real-world data could improve cost 

estimations. 

 Regarding the carbon capture method, alternative solvents with higher capture efficiency than 

MEA [73], [74] could enhance the economic viability of integrating sodium spiking and CCS in 

existing air combustion kilns. Exploring these alternatives may further optimize the process for 

industrial application. 

 Additionally, the transition from ECF to TCF bleaching and the retrofit of the lime kiln 

combustion system introduce operational changes beyond CO  capture. While the reduction in 

natural gas usage for steam generation presents a notable cost-saving benefit, its impact on mill-

wide power generation was not evaluated in this study. Future research using specific mill site data 

should refine the techno-economic feasibility of sodium spiking and oxy-fuel combustion retrofits 

in pulp and paper mills, providing a more accurate assessment of their overall benefits and trade-

offs. 
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2.6 Conclusions 

 Lime kilns at pulp mills generate relatively high-purity biogenic CO2 streams, making them 

ideal candidates for low-cost capture and sequestration. Sodium spiking is a novel technique that 

existing pulp mills can utilize to increase the amount of CO2 captured in the lime kiln by recycling 

alkaline filtrates from the bleaching process into the pulp-washing system. The relatively high 

sodium content in the black liquor mineralizes CO2 when burned in the recovery boiler. The 

mineralized CO2 is then directed to the lime kiln, which is ultimately released in a much higher 

concentration and purity than the recovery boiler. Each one percent increase in sodium hydroxide 

used in upstream bleaching operations increases the downstream generation of CO2 in the lime kiln 

by four percent. Thus, sodium spiking increases throughput in the lime kiln operation, which may 

require process intensification, including retrofitting to oxy-fuel if there is insufficient extra 

capacity in the lime kiln. Without sodium spiking, lime kilns' estimated CO2 capture costs are $132 

and $107/mt CO2 for air and oxy-fuel combustion, respectively. With the implementation of sodium 

spiking, the cost of CO2 captured decreases by 27% and 31%, showing costs of $96 and $74/mt 

CO2 for air and oxy-fuel combustion, respectively. For the first time, a chemical pulping process 

with sodium spiking and oxy-fuel combustion retrofit in the lime kiln was shown to reduce CO2 

capture costs by 31%, which has the potential to be highly impactful given that there is significant 

incentive and motivation to capture biogenic CO2 from industrial operations, including pulp and 

paper. Future work using specific mill site data should improve the accuracy of the techno-

economic feasibility of incorporating sodium spiking and oxy-fuel combustion into existing pulp 

and paper mills for CO2 capture. Furthermore, research into the techno-economic feasibility for net 

negative emissions from pulp mills with sodium spiking and retrofitted lime kilns should be 

explored.  
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3. Chapter 3 - Decarbonizing lime kilns at pulp mills via oxy-fuel combustion1 

3.1 Abstract 

Lime kilns at pulp mills offer a strategic entry point for bioenergy with carbon capture and storage 

(BECCS), yet no previous study has experimentally validated whether oxy-fuel combustionð 

which increases CO2 partial pressure dramaticallyðallows reliable lime production and recycling. 

We addressed this gap by combining numerical modeling with empirical evidence to demonstrate 

that pulp mill lime mud calcines successfully under 90 mol% CO2 atmospheres representative of 

oxy-fuel conditions. Our electrified rotary kiln achieved 96% CaCO3 conversion at temperatures 

up to 1300 °C. The resulting lime exhibited reactivity comparable to that needed in the kraft pulping 

cycle, reaching more than 90% completion in causticizing reactions. Also, we successfully re-

calcined the regenerated lime mud under identical conditions, confirming the calcium cycle remains 

robust through multiple cycles. Economic analysis reveals that oxy-fuel retrofitting reduces CO2 

capture costs by approximately 20% ðfrom $146 to $117 per metric tonð compared to 

conventional amine-based systems, mainly because it eliminates the solvent-based infrastructure 

need while producing capture-ready CO2 streams. These results provide the first experimental proof 

that oxy-fuel lime kilns can serve as practical, lower-cost BECCS platforms for the pulp and paper 

industry, opening a viable pathway toward large-scale biogenic carbon removal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_________________________  

1 The material in this chapter is in preparation for publishing. 
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3.2 Introduction  

 Meeting global climate goalsðparticularly the Intergovernmental Panel on Climate Change 

(IPCC) target of limiting global warming to 1.5 °Cðrequires rapid deployment of carbon dioxide 

removal (CDR) technologies. Among the engineered options, Bioenergy with Carbon Capture and 

Storage (BECCS) is one of the scalable engineered CDR pathways, particularly when implemented 

in industries that already generate large, continuous streams of biogenic carbon dioxide (CO2). The 

pulp and paper (P&P) sector is the largest industrial consumer of biomass for heat and power and 

emits around 110 million metric tons of biogenic CO2 per year[1]; more than double the emissions 

from the next largest bioenergy sector (corn ethanol), which emits about 45 million metric tons of 

biogenic CO2 annually[2], making it a highly strategic candidate for BECCS integration. 

 Within P&P operations, the principal sources of biogenic CO2 emissions are the recovery boiler, 

biomass boiler, and lime kiln. Although the recovery boiler is the largest single source, its central 

role in the Kraft chemical recovery cycle and the complex chemistry occurring within it make 

retrofitting difficult. By contrast, the lime kilnðwhile producing a smaller biogenic CO2 streamð

offers a simpler combustion environment, higher baseline CO2 concentrations[3], and greater 

compatibility with retrofit strategies such as fuel switching[4] or oxy-fuel combustion due to the 

kiln materials of construction[5]. Because lime kilns convert calcium carbonate (CaCO3) into 

calcium oxide (CaO) to regenerate pulping chemicals, they are central to kraft pulping mill 

operations and therefore a promising target for decarbonization. 

 Previous work has evaluated the use of alternative bio-based fuels in lime kilns, but fuel 

switching alone cannot achieve the deep reductions required for net-negative emissions or CDR. 

Buitrago et al.[4] analyzed the potential greenhouse gas (GHG) reductions and associated costs of 

switching from fossil fuels to alternative bio-based fuels in a lime kiln. Key findings indicate that 

using a biofuel in the lime kiln contributes to a 5.5% reduction in the global warming potential of 

the paper product analyzed. Across the United States, there are about 84 lime kilns in the pulp and 

paper industry[6], which are responsible for around 14 million metric tons of CO2 emissions, 

equivalent to a 9% contribution from the total emissions emanating from this industry annually[1]. 

Conventional air combustion kilns operate with flue gas containing ~15-20 mol% CO2 

concentration[1, 7]. Retrofitting to oxy-fuel combustionðwhere natural gas is burned in a mixture 

of oxygen (O2) and recycled CO2ðcan increase the flue gas CO2 concentration to a nearly pure 

CO2 stream suitable for low-cost capture[7].  
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 However,  the elevated CO2 concentration, and thereby CO2 partial pressure, shifts the 

thermodynamics and kinetics of calcination, increasing the temperature required to drive the CaCO3 

transformation into CaO[8]. Despite several modeling studies suggesting technical feasibility[9], 

no prior work has experimentally demonstrated calcination of pulp mill  derived lime mud under 

oxy-fuel CO2 concentrations. For instance, Eriksson et al.[10] studied the impact of oxy-fuel 

combustion on various aspects, including product quality, energy efficiency, and stack gas 

composition, concluding that oxy-fuel lime production is technically feasible, showing potential for 

lower energy consumption and high-quality lime. However, those are not considered observations 

from experimental data from real lime mud calcination. Granados et al. simulated the effect of oxy-

fuel combustion on the lime throughput from the lime kiln, concluding that retrofitting the kiln 

could enhance lime production[11]. However, experimental evidence on pulp mill lime mud 

calcined under a high CO2 atmosphere is limited, and the implications on product reactivity, process 

integration, and recyclability remain insufficiently understood[12]. This knowledge gap has 

prevented confident investment in oxy-fuel retrofits as a BECCS strategy[13]. 

 Key unresolved questions include: (i) Can industrial lime mud be reliably calcined under high-

CO2 atmospheres? (ii) Can the resulting lime have the reactivity and phase purity required for 

causticizing? (iii) Can the calcium cycleðcalcination, causticizing, and re-calcinationðbe 

sustained under oxy-fuel conditions? (iv) Do the associated operational changes affect the economic 

viability of CO2 capture from the kiln? In this study, for the first time, we address these questions 

when combining numerical modeling constrained by industrial operating limits with rotary kiln 

experiments to evaluate the calcination behavior, lime quality, and recyclability of pulp mill lime 

mud exposed to a 90 mol% CO2 atmosphere. KilnSimu computational simulations predict 

temperature profiles, calcination zones, and feasible oxy-fuel operating parameters. Guided by 

these results, we run an electrified three-zone rotary kiln under high CO2 atmosphere to evaluate 

the extent of calcination, lime quality, causticizing performance, and the ability of recycled lime 

mud to undergo subsequent calcination cycles. Finally, we perform a techno-economic analysis 

(TEA) comparing oxy-fuel retrofits with a conventional monoethanolamine (MEA) post-

combustion capture system[14, 15]. 

 This work provides the first experimental demonstration that oxy-fuel lime kilns in pulp mills 

can serve as practical, lower-cost BECCS platforms, establishing both technical feasibility and 
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potential economic advantages for high-purity, low-cost biogenic CO2 capture in the pulp and paper 

industry. 

3.3 Methodology 

 This work builds on Wu et al.[8] static calcination experiments of pulp mill lime mud (25% 

moisture content) under a high CO2 atmosphere by integrating numerical modeling and experiments 

to evaluate if pulp mill lime mud can be calcinated under a 90 mol% CO2 concentration (N2 balance) 

while preserving quality and recyclability. Our methodological framework consists of four 

components: (i) thermodynamic modeling of an industrial rotary kiln under oxy fuel operation 

using KilnSimu software, (ii) calcination in an electrified three zone rotary kiln, (iii) material 

properties and reactivity characterization, and (iv) techno economic analysis (TEA) comparing 

oxy fuel retrofits with conventional post combustion CO2 capture. 

3.3.1 Materials 

 We obtained lime mud and burnt lime from a pulp mill in the southeast of the United States. 

The elemental composition of the lime mud was determined via X-ray fluorescence (XRF)[8]. Pure 

CaCO3 (>98%) used for baseline comparison was purchased from Sigma-Aldrich. CaCO3 powder 

was certified as having a particle size of Ò50 Õm from the vendor. 

3.3.2 Oxy-fuel combustion lime kiln numerical model (KilnSimu ) 

 We used KilnSimu to predict temperature profiles, reaction extents, and feasible operating 

windows under industrial constraints for both air fired and oxy fuel combustion[16]. The kiln was 

modeled as a series of coupled control volumes exchanging heat and mass. The industrial 

constraints, as shown in Table B.1 ðincluding maximum refractory temperature (1350 °C), 

allowable gas velocity (<7m/s), and target calcination extent (>95%)ðwere incorporated to ensure 

operational pragmatism. These predictions guided experimental temperature profile design. 

Extended model parameters appear in the Supplementary Information (Tables B.2-B.3). 

3.3.3 Rotary kiln  experiments 

 We used an OTF-1500X-III -R60-AF three-zone rotary tube furnace from MTI Corporation with 

an automatic feeding and receiving mechanism to produce the burnt lime mud under a high CO2 
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atmosphere. Each heating zone (200 mm length) controls the temperature using a high-precision 

(+/ī1 ÁC) Silicon Controlled Rectifier (SCR) digital controller up to 1500 ÁC. The equipment can 

operate continuously at a temperature of 1400 °C and up to 1500 °C for less than 1 hour. The 

samples were fed after the desired temperature profile was reached in the three-zone electrified 

rotary kiln. The tube rotating speed can vary from 0 to 10 rpm, and the furnace tilt angle can be 

controlled from -5 ° to 20°. The electrified rotary kiln used in this study is presented in Figure 3.1. 

 

 

Figure 3.1 Lab-scale electrified rotary kiln used in this study. 

 

 To minimize the formation of rings or lime mud agglomerationða common challenge when 

processing real lime mudðwe focused on reproducing the high temperature burning zone of an 

industrial kiln. Preliminary trials using 15 mol% CO2 determined suitable temperature profiles, 

rotation speed, and residence time that avoided agglomeration while achieving high calcination 

extents. Optimal performance under baseline conditions (>90% calcination) was established before 

performing experiments under 90 mol% CO2 to emulate oxy fuel conditions, and the temperature 

profile was increased accordingly. 
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3.3.4 Causticizing Reaction 

 We evaluated oxy-fuelïderived CaO reactivity via causticizing reactions with sodium carbonate 

solutions mimicking green liquor from kraft pulping. Crystals of >99% purity sodium carbonate 

decahydrate (Na2CO3.10H20) from Sigma-Aldrich were used to prepare batches of 12.5% Na2CO3 

solutions, which were put in contact with the burnt lime produced from the electrified rotary kiln 

to promote the reaction presented in Equation 3.1: 

 

ὅὥὕ Ὄὕ ὔὥὅὕ ᴼὅὥὅὕ ςὔὥὕὌ (3.1) 

 

 Each batch was reacted at 90 °C for 2.5 hours. We filtered, dried, and analyzed the resulting 

solids using thermogravimetric analysis (TGA) to determine the extent of conversion to CaCO3.  

3.3.5 Materials Characterization 

 We analyzed the pulp mill lime mud, burnt lime, and precipitated calcium carbonate from 

causticizing reactions using thermogravimetric analysis to quantify moisture, remaining carbonate, 

and hydroxide content, and used X-ray diffraction to identify mineral phases and assess crystalline 

structure. These analyses enabled direct comparison between oxy fuelïderived lime and industrial 

burnt lime. Extended characterization details appear in Appendix B (Tables B.4-B.5). 

3.3.6 Techno-economic analysis (TEA)  

 We performed a techno-economic analysis (TEA) to quantify and compare the cost of CO2 

capture from (i) an existing air-fired lime kiln with amine system-based post-combustion capture 

and (ii) a lime kiln retrofitted for oxy-fuel combustion. The analysis evaluates economic feasibility 

by comparing capital expenditures, operating costs, and the levelized cost of CO2 captured. 

3.4 Results and Discussion 

 The purpose of exposing lime mud to high temperatures in a rotary kiln is to produce the calcium 

oxide needed in the causticizing area to recover the caustic soda (NaOH) used in the pulping area 

of the Kraft process. The calcium carbonate requires heat to transform it into calcium oxide and 

release the CO2 (Equation 3.2). 
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ὅὥὅὕ ὌὩὥὸ  O ὅὥὕ ὅὕ  (3.2) 

 Before conducting high CO2 atmosphere experiments, we used KilnSimu modeling results to 

design our experimental approach.  

3.4.1 KilnSimu oxy-fuel model results 

 The thermochemical KilnSimu model was built under the constraints of a typical lime kiln used 

in the pulp and paper industry to evaluate whether pulp mill-derived material can be adequately 

calcined under a high CO2 atmosphere while remaining within industrial operating limits (Table 

B.1).  

 Because the oxy-fuel combustion uses almost pure oxygen after removing the nitrogen from the 

air, which in normal combustion conditions acts as a diluent and absorbs a significant amount of 

heat, the internal temperature of the kiln is expected to be higher, as shown in Figure 3.2. However, 

by tuning the flue-gas recirculation ratio, the maximum inner refractory temperature can be held 

below the industrial limit of 1350 °C. The optimal recirculation ratio identified (0.55) aligns with 

previous modeling of oxy-fuel cement lime kilns[11]. From a process perspective, the kiln is 

divided into three zones: the chain system zone (A), the preheating zone (B), and the burning zone 

(C). Other restrictions for the model include the maximum flue gas velocity in the kiln of 7 m/s. 

(See Figure B.2). Above this level, dust entrainment becomes too high. Also, the flue gas entering 

the hot end of the chain zone must be <760 °C. Chains will form sticky lime deposits above this 

temperature and could fail or plug the kiln. Importantly, the residual calcium carbonate target in the 

final burnt lime is: 1.5% minimum, 2.5-4.0% ideal, and above 5%, kiln product quality can become 

unstable. Table B.1 summarizes all the constraints used in the KilnSimu model to predict industrial 

scalability. 

 Despite maintaining safe refractory temperatures, oxy-fuel operation substantially shifts the 

thermodynamic equilibrium of CaCO3 decomposition. The elevated CO2 partial pressure increases 

the temperature for the calcination, delaying the beginning of CaCO3 decomposition by ~20 meters 

(Figure 3.3). This delay is consistent with the equilibrium constraint of the reaction shown in 

Equation 3.1 and confirms that oxy-fuel lime mud calcination requires higher temperatures to be 

completed[8]. 

 Significantly, KilnSimu predicts thatðwithin the constraints of real kiln geometry, maximum 

gas velocity, and chain-zone temperature limitsðcomplete calcination (>95%) remains doable in 
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oxy-fuel conditions. The bed temperature is predicted to reach 1100ï1200°C near zone C, which is 

consistent with typical industrial kilns and in agreement with the temperature required to cross the 

high CO2 equilibrium boundary. These insights guided the design of the experimental matrix, with 

particular attention to replicating the conditions of the burning zone (Zone C). 

 

Figure 3.2 Axial temperature profiles in the lime kiln under air vs. oxy-fuel combustion. Oxy-fuel 

operation increases peak temperatures by ~150°C but remains within the 1350°C refractory limit 

when using a 0.55 flue-gas recirculation ratio. Zones: A (chain system), B (preheating), C (burning). 
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Figure 3.3 Axial profiles of the pulp mill lime mud calcination, showing the transformation into 

burn lime and CO2 for both air (solid lines) and oxy-fuel combustion (dashed lines) scenarios. The 

left y-axis represents the gas mass fraction (wt%) for CO2, while the right y-axis represents the bed 

mass fraction (wt%) for CaCO3 and CaO. Notably, oxy-fuel delays the onset of calcination by ~20 

m. This ~20 m delay confirms thermodynamic predictions but does not prevent >95% calcination 

within typical kiln residence times. 

3.4.2 Electrified Rotary Kiln (experimental approach) 

 Based on the KilnSimu model results, we designed our experimental setup. Before attempting 

to perform the calcination under a 90 mol% CO2 atmosphere, the parameters on the rotary kiln were 

adjusted in trials with lime mud under a 15 mol% CO2 (traditional air combustion atmosphere). The 

three heating zones in the rotary kiln were set at 250°C, 550 °C, and 850°C, emulating zones A and 

B (Figure 3.2) where the calcination reaction has the starting point. When feeding pulp mill lime 

mud in this temperature profile, the formation of rings was problematic (See Figure B.3). The 

clogging and ring formation in lime kilns have been extensively studied[17, 18]. Particle size and 
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impurities such as sodium and sulfur compounds have been identified as important factors 

contributing to the ring formation in kilns[17, 19, 20]. 

 Some compounds typically found in the kraft chemical recovery process that can reach the lime 

kiln have a low temperature melting point compared to CaCO3 decomposition, which promotes the 

ring and balls formation inside the kiln[21]. To identify which factors drove ring formation in our 

system, we systematically evaluated: tube material (quartz vs. ceramic alumina), moisture content, 

particle size, impurities (testing raw lime mud and 98% pure CaCO3), temperature profile, and 

recarbonation (CO2 and pure N2 gases). All the cases exhibited lime mud agglomeration in the walls 

of the tube. Kilnôs control parameters were modified as well, such as rotation speed and kilnôs tilting 

angle, with the same outcome.   

 Based on those experimental insights and the lab-scale inertia kiln limitation, it was decided 

only to recreate Zone C (Figure 3.2), where the temperature profile (>900°C) can help to avoid the 

sticky behavior of the lime mud in the 500 to 900 °C range. Suppose an extent of calcination higher 

than 90% is possible to achieve during the last part of the kiln under a high CO2 atmosphere. In that 

case, it is likely to be feasible in the entire kiln in an industrial setting. Using a 15 mol% CO2 

concentration in the gas fed to the rotary kiln, experiments were performed with a temperature 

profile of 900°C, 1000 °C, and 1100°C, tilt angle range 3-10 degrees, and tube rotating speed 

between 5-8 revolutions per minute (rpm), with a given retention time of 40 to 60 minutes. The 

average extent of calcination obtained for these settings was around 70%. Then, the temperature 

profile was modified to 900°C, 1050 °C, and 1200°C, tilt angle range 5 degrees, and tube rotating 

speed between 1-3 rpm, with a given retention time of 70 to 80 minutes. The average extent of 

calcination obtained for these settings was around 90%. Figure B.4 illustrates the experimental 

extent of lime mud calcination as a function of key rotary kiln operating parameters within an 

environment maintained at a 15 mol% CO2 atmosphere.  

 Once the established operational conditions showed consistency in reaching the target extent of 

calcination (experiments 26 to 30) under 15 mol% CO2 concentration, the atmosphere was changed 

to 90 mol% CO2 (Figure B.5). As described in Wu et al.[8] and the KilnSimu model results, the 

temperature profile of the kiln increases when the partial pressure of CO2 is high, such as in oxy-

fuel conditions. Hence, the temperature profile was modified to 900°C, 1150 °C, and 1300°C, with 

the same 5° tilt angle, and tube rotating speed  1 rpm, with a given retention time of 80 minutes on 
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average. The mean extent of calcination obtained for these settings was around 96% as shown in 

Table 3.1.  

Table 3.1 Summary of experimental approach emulating Zone C in the lab-scale rotary kiln and 

extent of calcination. 

Atmosphere 

(mol%) 

Temperature 

profile (°C) 

Tilt 

angle 

(°) 

Rotation 

speed 

(rpm) 

Residence 

time (min) 

Extent of 

calcination 

(%) 

Notes 

15% CO2 900-1000-1100 3-10 5-8 40-60 70 Pre-screening 

15% CO2 900-1050-1200 5 1-3 70-80 90 
Threshold 

regime 

90% CO2 900-1150-1300 5 1 80 96 Optimal Oxy-fuel window 

  

 The conditions for a 90 mol% CO2 atmosphere in Table 3.1 were designated as the optimal 

experimental conditions to recreate an oxy-fuel environment for lime mud calcination. 

3.4.3 Causticizing reaction 

 Under dynamic and realistic conditions using a lab-scale rotary kiln, we process three (3) 

kilograms of pulp mill lime mud (dry basis) under optimal oxy-fuel conditions (from Table 3.1). 

After completion, ~1.5 kilograms of lime (CaO) were collected. The average extent of calcination 

measured via TGA under inert nitrogen gas was ~97% (Tables 3.2 and B.6). The weight losses 

(H2O, CaCO3, impurities) during the thermal treatment in the range of 105°C to 1000°C were 

assumed as the CaCO3 content. 

 

Table 3.2 Composition of lime produced under optimal oxy-fuel conditions via TGA. 

Metric Average Std. Dev (SD) Min Max 

CaO (%) 97.3 1.5 94.6 99.3 

CaCO3 (%) 2.5 1.5 0.7 5.4 

 

 The CaO is hydrated in the water of the Na2CO3 solution (mimicking green liquor of kraft 

pulping), producing Ca(OH)2 and heat as follows:  

 

ὅὥὕ Ὄὕ ᴼὅὥὕὌ ὌὩὥὸ                    (3.3) 
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 Na2CO3.10H20 was used to prepare batches of 12.5 wt% Na2CO3 solutions. Approximately 1.2 

kilograms of CaO were processed. Table B.6 presents the amount of CaO reacting in each batch 

and the amount of Na2CO3 used. On average, approximately 30% excess of Na2CO3 was utilized 

to promote the complete reaction of the CaO as described in Equation 3.1. In addition, Table B.7 

presents the theoretical values of reactants and products based on the CaO consumed. A ceramic 

hot plate stirrer with temperature control was used to keep the reaction at 90 °C for 2.5 hours for 

each batch. The precipitated solid is the amount of filtered dry solids after finalizing the reaction 

time and being dried in the oven for 24 hours. It was compared to the theoretical value of expected 

CaCO3 to estimate the causticizing reaction completion. 

 The precipitated solids from each batch of the causticizing reaction were characterized via TGA 

(Table B.8). Table 3.3 suggests a proper reactivity of the lime produced in the rotary kiln, since the 

Ca(OH)2 content in the precipitated solids is only ~4%.  

Table 3.3 Average composition of causticizing precipitates. 

Component 
Mean wt% 

±SD 
Interpretation 

CaCO3 96.4 ± 0.2 Dominant phase ðconsistent with complete causticizing 

Ca(OH)2 3.6 ± 0.2 
Minor residual hydroxide ðindicates rapid hydration & high conversion 

during slaking 

Other volatile mass 

loss 
< 0.1% Within TGA noise 

 

 Approximately 1.3 kilograms were reprocessed again through the rotary kiln to demonstrate 

recyclability, such as in the kraft pulping process. About 0.5 kilograms were obtained in this second 

cycle (Table 3.4 and B.9). Similarly, in the TGA characterization, the weight losses (H2O, CaCO3, 

impurities)  during the thermal treatment in the range of 105°C to 1000°C were assumed as the 

CaCO3 content. 

Table 3.4 . Lime quality after the second oxy-fuel calcination cycle. 

Metric Value Notes 

CaO produced (g)  430 Dry basis 

CaO fraction (%) 94.4 ± 1.7 Indicates high calcination from recycled lime mud after slaking 

CaCO3 residual (%) 5.6 ± 1.7 Within acceptable limits for industrial lime kilns 
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 A significant 94% CaO content lime was obtained under a second cycle of oxy-fuel calcination 

of the pulp mill lime mud, demonstrating that the calcium cycle can be reproduced under oxy-fuel 

conditions in the lime kilnða critical validation for industrial implementation. Figure 3.4 

summarizes the complete experimental workflow. 

 

 
Figure 3.4 Summary of the experimental methodology to prove the feasibility of lime mud 

calcination under a high CO2 atmosphere. 

3.4.4 Thermogravimetric Analysis (TGA) 

 All samples and products obtained after processing the three kilograms of lime mud under oxy-

fuel conditions in the rotary kiln were characterized using TGA and XRD. Figure 3.5 shows the 

TGA profiles for the materials evaluated. The lime mud derived from the pulp mill, along with the 

causticizing-precipitated sample produced from the reaction of burnt lime from cycle I, exhibits 

thermal decomposition behaviors closely resembling those of the high-purity CaCO3 reference 

(98%). This similarity confirms that calcium carbonate is the dominant phase governing their mass-

loss characteristics. 

 Similarly, the lime produced under oxy-fuel combustion in the rotary kiln demonstrates a 

decomposition pattern comparable to the burnt lime sourced from the industrial paper mill, which 

serves as the benchmark material. These consistent behaviors across samples highlight the 

reproducibility of the calcination and causticizing reactions under the selected experimental 

conditions. 
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Figure 3.5 Thermogravimetric analysis (TGA) of lime-cycle materials from different experimental 

process stages. Weight-loss curves are shown for lime mud from a paper mill, and a causticizing-

precipitated sample, both compared with a high-purity CaCO3 (98%). All samples exhibit the 

characteristic single-step mass loss associated with the thermal decomposition of calcium carbonate 

between ~650 and 800 °C. Two oxy-fuel rotary kiln samples (cycle I and cycle II) are compared 

with real burnt lime from the paper mill as a benchmark. Both samples demonstrate a decomposition 

pattern comparable to the burnt lime sourced from the industrial paper mill. 

3.4.5 X-ray diffraction (XRD)  

 Figure 3.6 compares the crystalline phases of the materials obtained experimentally. The bottom 

part of the XRD spectrum represents the burnt lime from the paper mill used as the benchmark 

material. It exhibits sharp, well-defined diffraction peaks characteristic of highly crystalline 
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CaO[22], with prominent reflections at 2ɗ angles of approximately 32.2°, 37.4°, 53.9°, 64.2°, and 

67.1°, which correspond to (111), (200), (202), (311),  and (222) crystal planes of CaO. The samples 

obtained during cycles I and II of lime mud oxy-fuel calcination in the lab-scale rotary kiln present 

nearly identical peak patterns, indicating stable kiln performance and consistent material quality 

under oxy-fuel conditions. 

 The calcium carbonate (98%) sample serves as a reference standard, displaying the 

characteristic diffraction pattern for the calcite polymorph of CaCO3. In the causticizing 

precipitated sample, key peaks are clearly visible, including the primary (104) peak at 29.4° and 

other significant peaks at 36.0°, 39.4°, 43.2°, 47.5°, and 48.5°, which correspond to (110), (113), 

(202), (018), (116),  and (122) crystal planes of CaCO3 that are in excellent agreement with the 

calcite reference standard[23]. The similar patterns of cycle I and cycle II samples with the burnt 

lime from an industrial kiln suggest high phase stability and reproducibility within the process 

cycles. 
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Figure 3.6 X-ray diffraction (XRD) patterns of lime-cycle materials from different experimental 

process stages. The lime samples from cycles I and II under controlled oxy-fuel conditions show 

characteristic CaO peaks, similar to the benchmark burnt lime from the industrial scale lime kiln, 

confirming a high degree of calcination. Likewise, the high-purity CaCO3 reference (98%) displays 

well-defined calcite peaks, which closely match those observed in the causticizing-precipitated 

sample, indicating a reproducible calcium cycle like in the kraft process. 

 

 Our combined modeling and experimental results conclusively demonstrate that: 

- Industrial lime mud calcines successfully under oxy-fuel conditions. We achieved 96% average 

calcination under 90 mol% CO2 at temperatures up to 1300 °Cð matching industrial performance 

standards. 

- Lime quality meets industrial requirements. The obtained lime showed a reactivity, phase 

composition, and crystalline structure comparable to the benchmark pulp mill-derived burnt lime, 

enabling higher rates of causticizing (>90%)  completion. 
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- The calcium cycle remains robust. Successful re-calcination of regenerated lime mud under 

identical oxy-fuel conditions confirms the process is reproducible and sustainable through multiple 

cycles. 

- Retrofitting existing kilns is feasible within industrial constraints. KilnSimu identified a flue-gas 

recirculation ratio (0.55) that maintains safe refractory temperatures while achieving >95% 

calcinationðconfirming no fundamental equipment barriers exist. 

3.4.6 Techno-economic analysis (TEA) 

 We conducted a techno-economic analysis comparing CO2 capture costs from (i) a conventional 

air combustion lime kiln with MEA post-combustion capture and (ii) an oxy-fuel retrofitted lime 

kiln using a discounted cash flow rate of return method over a 30-year project lifetime. The analysis 

used mass and energy balances from a WinGEMS model of a southern bleached softwood kraft 

pulp mill producing 368,000 metric tons annually[7]. Tables B.10 to B.12 detail stream 

compositions and capital investments. Economic assumptions appear in Table 3.5. Extended details 

of the TEA are presented in Appendix B.  

 Figure 3.7 presents the levelized cost of CO2 capture for both systems. The MEA system has a 

capture cost of $145.8 per metric ton of CO2, while the oxy-fuel system achieves $117.2 per metric 

ton of CO2, a 20% cost reduction.  

 For the air combustion lime kiln with MEA, the capital investment in the MEA system 

(including a dedicated natural gas boiler) dominates the CO2 capture costs with nearly 60% of the 

total. This high capital expenditure is characteristic of amine-scrubbing systems, which require 

large absorption and stripping columns. Operational costs related to MEA makeup, solvent 

regeneration, sludge disposal, and labor costs represent the second-largest contributor, with 20% of 

the CO2 capture cost. 

 For the oxy-fuel system, the air separation unit (ASU) capital cost represents the highest 

contribution (33%) to the CO2 capture cost, followed by the introduction of a cost absent in the 

amine system, the lime kiln retrofitting, contributing 20% of the cost. This cost represents the 

necessary modifications to the existing kiln (i.e., sealing the system, new burner, recycled gas 

pipeline) to operate the lime kiln under a high CO2 environment. The drying and compression 

capital costs are similar for both cases. However, the power consumption cost is higher in oxy-fuel 

combustion due to the power requirements of the ASU. 
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Table 3.5 Economic and financial assumptions used in the techno-economic analysis (2024 US$). 

Category Parameter Value Units 

Project and financial assumptions Plant Utilization 96 % 

 Cost year for analysis 2024 - 

 Project Lifetime 30 yr 

 Capital scaling factor 0.6 - 

 Equity financing 40 % 

 Loan interest 8 % 

 Loan terms 10 yr 

 Depreciation period 7 yr 

 Income Tax Rate 35 % 

 Internal rate of return (IRR) 10 % 

Start-up assumptions CO2 production at start-up 50 % of normal 

 Variable costs 75 % of normal 

 Fixed costs 100 % of normal 

Fuel and utility prices Natural gas  2.77 $/MMBtu 

 Electricity 0.0774 $/kWh 

 Process water 0.13 $/ton 

 Cooling water 0.07 $/ton 

Chemical costs Monoethanolamine (MEA) 2042 $/ton 

 MEA sludge disposal 240 $/ton 

 

 The sensitivity analysis (Figure 3.7) illustrates that the capture cost for both systems is most 

sensitive to two factors: the capture rate and the projectôs internal rate of return (IRR). The capture 

rate dictates the total annual volume of CO2 captured. This volume, in turn, determines the 

economies of scale, which directly impacts the levelized cost of capture. Previous studies, for 

instance, have proposed methods to increase the CO2 throughput from the lime kiln specifically to 

leverage these economies of scale and reduce costs[7, 11, 24]. Furthermore, the power price has a 

moderate effect on the CO2 capture cost. This effect is slightly more pronounced for the oxy-fuel 

system due to its significant electricity consumption for two processes: operating the ASU to 

produce oxygen, and compressing the captured CO2 for subsequent handling and storage. 
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Figure 3.7 Cost and sensitivity analysis comparison of CO2 capture cost for air and oxy-fuel 

combustion in lime kilns. 
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 The 20% cost reduction from oxy-fuel retrofitting ($117.2 vs. $145.8 per metric ton) stems from 

three factors: 

- Elimination of solvent infrastructure: No large absorber/stripper columns and MEA handling 

systems. 

- Reduced thermal energy: No steam required for solvent regeneration. 

- Higher capture efficiency: 99% vs. 90% capture rate with more concentrated feed. 

 The integration of BECCS through the lime kiln at pulp mills at this cost level could position it 

competitively among the broader carbon removal options. For instance, direct air capture (DAC) 

costs currently range from $250 to $600 per metric ton CO2[25, 26], while other BECCS pathways 

in bioenergy sectors vary widely. The pulp industry advantage stems from large, continuous, 

concentrated biogenic CO2 streams at facilities with existing infrastructure and a mature supply 

chain[27]. 

 The higher ASU capital cost (dominant oxy-fuel expense) is offset by avoiding MEA system 

capital and operating expenses. The overall economic case strengthens as carbon prices increase or 

policy incentives (such as 45Q tax credits in the United States) improve project economics. 

 The experimental proof of concept strengthens these economic findings by demonstrating that 

the quality, reactivity, and recyclability of burnt lime are preserved under oxy-fuel conditions 

required for low-cost CO2 capture. 

3.5 Limitations and perspectives 

 Our study focused on the high-temperature burning zone to avoid clogging in a lab-scale rotary 

kiln. While this validates the most thermodynamically challenging aspect of oxy-fuel calcination, 

a full-kiln demonstration, including preheating zones, would further strengthen industrial 

confidence. 

 Additionally, our economic analysis did not include CO2 transport and storage costs, which vary 

significantly by location. Mills near suitable geological storage sites or CO2 utilization 

opportunities would see improved overall economics. 

Future work should investigate: 

- Long-term materials degradation under oxy-fuel conditions (refractory, burner, seals) 

- Integration with existing mill energy systems and optimization of steam/power balances 

- Hybrid approaches combining partial oxy-fuel enrichment to balance cost and capture rate 
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- Regional assessments of storage availability and transport infrastructure 

Lime kilns represent just one component of pulp mill emissions, but they offer the most 

accessible entry point for BECCS. Successful deployment at lime kilns could build operational 

experience, supply chain infrastructure, and regulatory frameworks that enable later expansion to 

recovery boilers and biomass boilersðultimately enabling comprehensive mill-scale carbon 

removal. 

If even 25% of U.S. pulp mill lime kilns adopted oxy-fuel retrofits by 2035, this would capture 

approximately 3.5 million metric tons of biogenic CO2 annually. Globally, with ~400 kraft pulp 

mills operating lime kilns, the potential scales to 35-40 million metric tons per year[6]. This 

positions pulp mill lime kiln BECCS as one of the few negative-emissions technologies deployable 

at a meaningful scale within the next decade. 

3.6 Conclusions 

 We have shown for the first time that pulp mill lime mud can be successfully calcined, 

causticized, and re-calcined under oxy-fuel conditions within the constraints of industrial settings. 

Our numerical model and rotary kiln experiments indicate that high CO2 atmospheres do not 

compromise lime quality for kraft chemical recovery. 

 In our electrified rotary kiln, the lime mud reached about 96% CaCO3 conversion under a 90 

mol% CO2 atmosphere at temperatures up to 1300°C. The CaO produced was highly reactive, with 

slaking performance matching industrial standards, and causticizing reactions exceeded 90% 

completion. We also re-calcined the regenerated lime mud under identical oxy-fuel conditions, 

which confirmed that the calcium cycle can be reproduced. 

 In addition, the economic analysis shows that switching from conventional air-firing with MEA 

post-combustion capture to oxy-fuel calcination cuts the levelized cost of CO2 capture by 20% ð

from $145.8 to $117.2 per metric tonð since the more concentrated CO2 from oxy-fuel combustion 

eliminates the need for solvent-based capture equipment. 

 Retrofitting lime kilns for oxy-fuel operation offers both technical feasibility and economic 

advantages for large-scale biogenic CO2 capture in the pulp and paper industry. This work provides 

a foundation for industrial deployment of low-cost BECCS at pulp mills and represents a critical 

step toward deep decarbonization of the kraft recovery cycle via lime kilns. With technical 

feasibility established and economics favorable, the path forward is clear: from proof-of-concept to 
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pilot demonstrations at operating mills, then to commercial deployment. The US pulp and paper 

industryôs 14 million metric tons of annual biogenic CO2 emissions represent a substantial near-

term opportunity for climate impactðone that now has an experimentally validated and cost-

competitive viable solution. 
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4. Chapter 4 - Cost Analysis of Carbon Capture and Storage in the Pulp and Paper 

Industry Integrated with Nuclear Heat1 

4.1 Abstract 

The pulp and paper industry generates approximately 150 million tons of CO2 emissions annually, 

ranking among the top three industry sectors in terms of CO2 emissions in the United States, when 

biogenic CO2 is included, followed by the chemical and petroleum industries. Carbon Capture and 

Storage (CCS) technologies can be implemented to decrease these emissions; however, mature CCS 

technologies such as amine-based capture are energy-intensive. Nuclear energy can provide this 

energy to CCS operations without producing point source emissions. This study evaluates the 

economic feasibility of integrating a Small Modular Nuclear Reactor (SMNR) to power an amine-

based CCS technology in three types of pulp and paper mills in the southeast of the United States: 

a bleached softwood kraft mill, an unbleached softwood kraft mill, and a recycling mill with an 

assumption of an annual production capacity of 500,000 metric tons. The presented scenarios 

compare the carbon capture potential and costs of a CCS system for these mills when integrated 

with heat from either a nuclear reactor or a natural gas boiler. Two 200 MW-thermal (MWth) small 

modular reactors were found to be sufficient to cover the demand for steam and power for coupling 

CCS and decommissioning the natural gas boiler in the bleached softwood kraft mill, while one 

200 MWth SMNR module was sufficient for the other mill types. Nuclear heat integration into a 

CCS system, coupled with a typical kraft paper mill, can decrease CO2 emissions by 91% with the 

remaining 9% being primarily biogenic. Accordingly, recycling mills powered by nuclear energy 

can achieve almost zero emissions. In the nuclear heat integration scenarios, the CO2 capture costs 

are lower if high-pressure nuclear steam is integrated into the millôs existing CHP system to replace 

the natural gas boiler, compared to if medium- and low-pressure steam is delivered to the mill to 

meet process needs directly. The CCS cost and steam requirements were used to determine the 

maximum price at which the mill would need to purchase nuclear steam to be competitive with 

steam costs from a natural gas boiler. Although the steam requirements for the nuclear cases are 

slightly lower than the natural gas cases, nuclear steam would need to cost a maximum of 

approximately $16 per metric ton to compete with natural gas steam production, roughly half the 

expected levelized cost of heat of $31.21 for HP steam and $25.84 for LP steam from a nuclear 

power plant. Although the cost of the system investigated in this study is not competitive compared 
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to other fuel options, integrating CCS and SMNRs can help the pulp and paper industry reduce CO2 

emissions.  
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1 The material in this chapter has been published as: 

Carrejo E, Poveda-Giraldo JA, Root SJ, Guaita N, Worsham E, Park S (2025) Cost analysis of 

carbon capture and storage in the pulp and paper industry integrated with nuclear heat. Carbon 

Capture Sci Technol 16:100468. https://doi.org/10.1016/j.ccst.2025.100468 

https://doi.org/10.1016/j.ccst.2025.100468
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4.2 Introduction  

 The industrial sector contributes significantly to the total annual carbon dioxide (CO2) 

emissions in the United States (US). The pulp and paper (P&P) industry represented 2.5% of the 

total CO2 emissions in the industrial sector for the US in 2022 [1]. Compared to other industrial 

sectors, P&P manufacturing utilizes more biomass and waste residues for heat and power 

production than any other industrial process, generating mainly biogenic CO2 emissions. Including 

the non-biogenic emissions from the combustion of natural gas in multifuel boilers and lime kilns, 

approximately 150 million tonnes of CO2 are emitted annually from pulp and paper operations in 

the US. Therefore, the US P&P industry has the potential to significantly reduce CO2 emissions, 

with the potential to capture and sequester about 135 million tonnes of CO2 annually [2].  

 According to the Food and Agriculture Organization database, the US P&P industry produced 

about 88 million tonnes of kraft pulp and recovered paper in 2022 [3]. P&P production is forecasted 

to grow by 1.1% over the next five years in the US [4], especially in paper-based packaging and 

hygiene tissue products, where growth can be as high as 3% compound annual growth rate (CAGR) 

[5], suggesting a consequent increase in CO2 emissions from the industry. Approximately 208 out 

of the 303 paper mills in the US operate using the kraft process, mechanical recycling, or a 

combination of both processes (Table S1). Kraft paper mills in the US represent an enormous 

opportunity for converting the pulp and paper industry into a carbon-negative industry if biogenic 

carbon is captured, stored, and sequestered [6]. Bleached and unbleached kraft pulp mills comprise 

approximately 43% of the US P&P production, while entirely recycling paper mills represent 

approximately 51% of the US P&P production capacity for 2022. Mechanical recycling mills also 

present an opportunity to reduce CO2 emissions because of their significant market share and nearly 

100% dependency on fossil fuels. 

 Carbon Capture and Storage (CCS) technologies aim to reduce the accumulation of CO2 in the 

atmosphere. CCS refers to several engineering systems that trap CO2 emissions and transport them 

to a reservoir to be stored or utilized safely rather than emitted into the atmosphere. However, the 

deployment of CCS still presents some technical and economic barriers, such as the low CO2 

concentration in emissions from some processes and the lack of economies of scale to overcome 

high costs [7]. In the US, financial incentives like the 45Q carbon capture tax credit promote CCS 

installation at industrial levels. In addition, legal and regulatory debates are ongoing regarding the 

transport and geological storage of CO2. Amine-based solvent CCS is the most mature technology 
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in the field, having been proven at an industrial scale for several decades [8]. However, it has an 

intensive energy demand for solvent regeneration. 

 In contrast to conventional fossil fuels with high carbon footprints or renewable energy sources 

that can be affected by seasonal changes and location, nuclear energy can provide a reliable and 

stable heat and power supply for CCS operations. In this context, clean energy from nuclear reactors 

can help simplify the cost of deploying an amine-based solvent CCS in the pulp and paper industry. 

In 2022, nuclear was the USôs third most used energy fuel source for power generation [9], 

contributing 20% of the total power. Despite the growth of other non-fossil energy (e.g., wind, 

solar), nuclear is a reliable, continuous, and safe energy source for electricity generation. Ninety-

four reactors operate in the US, and 28 of the 50 states have at least one operative nuclear reactor 

[10]. Besides stationary nuclear power facilities, the constant research and development of nuclear 

energy has made it possible to transport this technology directly to the application site by 

developing SMNRs [10]. SMNRs are small-sized nuclear reactors that can deliver up to a third 

(~300 MWe) of the power capacity compared to large, conventional reactors, enough to fulfill the 

needs of several industrial sectors such as the pulp and paper industry [11]. Integrating nuclear 

energy into the P&P industry has been discussed for several decades [12].  

 There are some examples of nuclear energy integrated into manufacturing processes. A Nuclear 

Power Plant (NPP) in G sgen, Switzerland, has successfully integrated steam supply to two paper 

mills that produce containerboard for several years [13]. In North America, a large chemical 

manufacturer announced its commitment to build and integrate four SMNRs to provide power and 

steam for its industrial facilities in Texas [14]. In addition, Canada has agreed to deploy the first 

SMNR, which will be integrated into the countryôs current nuclear power grid infrastructure [15]. 

Those efforts might accelerate the development, deployment, and commercial integration of 

SMNRs worldwide. The same technical and licensing considerations can be translated to integrate 

SMNRs in pulp and paper operations with adequate heat and power supply.  

 Despite the appeal and environmental benefit of energy-combining P&P industries with nuclear 

power plants, few efforts have focused on analyzing the techno-economic performance of energy 

supply between them. Only a few studies have been carried out regarding this proposed integration. 

Worsham and Terry evaluated the steam and electricity supply from small modular reactor units to 

a bleached pulp and paper mill [16]. The study shows the technical feasibility of integrating the 

SMNRs into the millôs combined heat power system and determining the best way to connect the 
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steam from the SMNR. However, no economic analysis of this integration was performed. Recent 

reports have explored the opportunity of using nuclear energy in pulp and paper operations to 

decarbonize this industry [17],[18]. Other studies have evaluated the risks and regulations of setting 

up a nuclear plant near industrial facilities, including pulp and paper manufacturing [19]. Vannata 

et al. performed a comprehensive techno-economic analysis of SMNR deployment in two regions 

of the US to reduce CO2 emissions from industrial process heat, including paperboard 

manufacturing. However, the study might not fully capture the nuances of pulp and paper operations 

[20]. The Kraft process relies on the reduction of inorganic chemicals made by the recovery boiler 

unit operation. Although the steam provided by the combustion of organic compounds can be 

replaced by NPP heat, reducing and recycling sodium compounds is still fundamental to the 

industryôs sustainability. To our knowledge, only one economic analysis on integrating an advanced 

nuclear reactor into the paper industry has been released. In that work, Worsham et al. coupled post-

combustion CO2 capture and oxy-fuel combustion in the lime kiln and recovery boiler of an 

unbleached kraft pulp mill with steam produced from an NPP, examining different integration 

configurations, considering energy efficiency, economic implications, and environmental impact 

[21]. 

 This study aims to provide an economic analysis of integrating an SMNR in three different 

paper millsô combined heat power systems to power an amine solvent-based carbon capture system, 

and includes the 45Q Tax Credit for CCS in the US as an incentive. Kraft paper mills in the US 

offer significant potential to transform the P&P industry into a carbon sink by capturing, storing, 

and sequestering biogenic carbon. As CCS deployment entails additional costs and energy 

demands, nuclear energy has been considered to evaluate the cost of CO2 capture when integrated 

as an energy source, alongside the effect of US financial incentives such as the 45Q Tax Credit. 

This study builds off of previous work by exploring multiple configurations for CCS using nuclear 

energy and quantifying the costs required to make nuclear energy competitive against natural gas-

powered CCS without disrupting current operations. This research article analyzes three paper 

millsô detailed heat and power needs. An economic assessment of the cost of carbon capture per 

site was performed using a solvent-based capture system with monoethanolamine (MEA) as the 

solvent. This evaluation considered the integration of an SMNR into the combined heat and power 

(CHP) system of the paper process with the goal of decommissioning the natural gas boiler and 

providing the steam required for the carbon capture process, as described in Worsham et al. [21]. 
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The results of the analysis estimate the breakeven cost of the nuclear power plant (NPP) steam to 

establish a feasible business case for integrating nuclear energy into CCS technology deployment 

in the paper industry. Integrating SMNRs with CCS technologies can significantly impact other 

industries beyond the pulp and paper sector. For instance, industries such as cement, steel, and 

chemical manufacturing, major CO2 emitters, could benefit from similar integrations. 

4.3 Systems Description 

4.3.1 Pulp and Paper Mills Process Overview 

 A summary overview of the paper mills in the US was assessed using the FisherSolve database 

for the third quarter of 2024 [22] (see Table C.1 of  Appendix C). The Kraft pulping process remains 

the dominant manufacturing process for wood-based pulp production. However, an increasing 

demand for packaging products has driven a growing market for recycled paper, as observed in Fig. 

C.1 of Appendix C. For these reasons, Kraft and recycled paper mills have been chosen for the 

present analysis. This work comprises a study of coupling post-combustion amine-based solvent 

CCS for three different types of paper mills that encompass 94% of the nature of operating sites in 

the US: two integrated kraft mills (bleached and unbleached pulp) using reliable energy from an 

SMNR to power the CCS system and supply some power, and a mechanical recycling paper mill, 

in which the SMNR provides all power to the process. A reference of 500,000 air-dry metric tons 

per year of end-product production capacity was used for the paper mills. The process simulation 

for each mill type described below was performed using WinGEMS 5.3 software [23]. Three 

different steam qualities are used in the kraft pulp and paper manufacturing processes simulations: 

high pressure (HP) (83 bar, 547 °C), medium pressure (MP) (11 bar, 305 °C), and low pressure 

(LP) (4.2 bar, 224 °C). For the recycling mill, steam is produced at 17 bar and 210 °C and used at 

medium and low pressure, at 188 °C and 153 °C, respectively. The operational time assumed for 

the paper mills is 351 days (8424 hours) per year. 

4.3.2 Southern Bleached Softwood Kraft (SBSK) 

 For the SBSK mill, 247 mt/h of logs and 56 mt/h of purchased chips at 50% moisture are 

processed in the woodyard. The bark from the logs and the unscreened chips (rejects) are sent to 

the biomass boiler for steam and power generation. The debarked logs are chipped. The accepted 
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chips from the woodyard are fed into the continuous digester and cooked under specific temperature 

and pressure conditions (170 °C and 11 bar). An aqueous mixture of sodium hydroxide (NaOH) 

and sodium sulfide (Na2S), known as white liquor, dissolves the lignin in the wood and separates 

the fibers. The kappa number target in this model is 35. The resultant yield of the incoming chips 

to fibers is ~46.4%. The fibers are sent to the brown stock washing area, where fresh water is used 

to maximize the cleaning of the fibers. The fibers are then separated from the black liquor through 

vacuum-assisted filters (washers). After the brown stock washing zone, the black liquor contains 

around 16% solids, which are then concentrated to 72% in the evaporator system. Turpentine is 

recovered from the blow line vapor after cooking, and soap is recuperated to crude tall oil (CTO) 

before the liquor reaches 30% solids.  

 The 72% concentrated black liquor is combusted in the recovery boiler, where the organic part 

of the liquor contributes the energy for steam generation, and the inorganic part is reduced at the 

bottom of the boiler as molten smelt, consisting of sodium carbonate (Na2CO3) and sodium sulfide 

(Na2S). The smelt then undergoes a slaking reaction with calcium hydroxide (Ca(OH)2) to form 

calcium carbonate (CaCO3) and sodium hydroxide (NaOH), regenerating the white liquor used in 

the cooking process. CaCO3 is precipitated and filtered from the slakers, then transformed into 

calcium oxide (CaO) in the lime kiln, releasing CO2. The CaO is then rehydrated with water to form 

Ca(OH)2, which is added to the smelt in the slaking step described previously. 

  After washing, the fibers undergo an elemental chlorine-free (ECF) bleaching process with 

chlorine dioxide (ClO2). The ClO2 is produced on-site. A bleaching sequence of O-D1-E1-D1-E2-D2 

is simulated, where the nomenclature represents oxygen delignification (O), chlorine dioxide (D), 

and alkaline extraction ú. The bleached pulp is sent to the paper machine for further refining, drying, 

and rolling. The product of this mill is bleached softwood market pulp. 

 The steam and power demands of the facilities are covered by the powerhouse (combined heat 

power), comprising a biomass boiler, recovery boiler, and natural gas boiler coupled with a turbine 

for power generation. The biomass and recovery boiler fuel comes from the wood entering the 

process. Therefore, the CO2 emitted from their fuel combustion is considered biogenic. In the lime 

kiln, part of the CO2 emissions comes from releasing mineralized carbon in the recovery boiler, and 

these emissions are also classified as biogenic. Non-biogenic CO2 emissions stem from the natural 

gas boiler and the lime kiln burning natural gas. In the lime kiln, part of the CO2 emissions comes 

from releasing mineralized carbon in the recovery boiler, which is biogenic carbon. The estimated 
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total power produced in the mill is 92 MWe. Figure C.2 shows the described SBSK process and 

indicates the use of the different steam qualities throughout the process, including the number of 

unit operations where it is used. 

4.3.3 Unbleached Softwood Kraft (UBSK) 

 For the UBSK mill, an input of softwood and roundwood of 194 mt/h and 49.5 mt/h, 

respectively, of purchased chips, are processed in the woodyard. The general Kraft process for this 

mill type is the same as described for the SBSK mill, but there are some specific operating 

differences. The kappa number target in this model is 100, meaning more lignin is kept in the fiber 

compared to the SBSK model, resulting in a black liquor fuel with a lower heating value. The 

resultant yield of the incoming chips to fibers is ~56%. Turpentine is recovered from the blow line 

vapor after cooking. However, this mill does not consider the recovery of CTO as a side product. 

In the UBSK process, the fibers are not bleached and are sent directly to the paper machine. Inside 

the paper machine, the pulp is refined and mixed with some chemical agents to provide the 

characteristic properties of the linerboard product. The powerhouse covers the steam and power 

demands of the facility, comprising the same boilers and CO2 sources as described in the SBSK 

process. The estimated total power produced in the mill is 57 MWe. Fig. C.3 shows the described 

UBSK process. 

4.3.4 Recycling Mill 

 The mechanical recycling type mill uses only recycled paper for fiber input. Two lines of stock 

fiber are used to provide the pulp for the paper machine. A mixed recycled paper (MRP) line 

provides ~65% of the fiber feedstock, complemented by old corrugated container (OCC) at ~35%. 

In the first line, 44.8 air-dry metric tons (ad mts) of mixed paper are fed into a pulper, where hot 

water disintegrates the paper. The pulper has a system to reject impurities that come with the 

feedstock, and around ~5% of the incoming feedstock is rejected in this stage. The fiber passes 

through a series of screeners, yielding about 85% mass with respect to the input material. The MRP 

fiber is stored in a high-density tank before the paper machine with a consistency of 12% solids. 

The second line processes 22.1 ad mts of OCC, similar to the process described for the MRP line. 

The OCC line yield is ~90% mass with respect to the initial OCC feedstock. The MRP and OCC 

fibers are mixed and diluted to 3.5% solids before entering the machine chest tank. Later, the 
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mixture is refined and screened before being pumped to the head box of the paper machine. 

Retention aids and starch are added during the fiber stock preparation to meet the final paper grade: 

recycled containerboard. After the sheet formation, the sheet is pressed and dried before winding. 

The primary steam demand in this mill comes from the drying area in the paper machine. A natural 

gas boiler is assumed to meet the steam demand of the mill, with a 20% of the power generated by 

the ômillôs CHP system. The remainder of electrical power is purchased from the grid. Fig. C.4 

represents the mechanical recycling process described. 

4.3.5 Amine solvent-based carbon capture process. 

 A CO2 capture system using MEA as solvent was simulated in Aspen Plus v12 to handle the 

specific flue gases characteristic of the mill types previously described and modeled in WinGEMS 

[24], [25]. The MEA CCS system consists of two main steps: absorption and stripping. The absorber 

and stripping column features in each case were assessed following the methodology described in 

[24], using 30 and 20 segments, respectively. In the absorber, the flue gas is fed at the bottom of 

the column and interacts with the MEA solvent in a countercurrent flow at a low temperature 

(~40°C) [26]. The MEA solvent traps the CO2 through a series of reactions described in Equations 

1 to 7 [24]. The remaining flue gas leaves the column at the top, and the rich-CO2 solvent stream 

leaves the column at the bottom and is heated up to 80°C before being carried to the stripping 

column. At this step, the MEA-CO2 bonding is dissociated at ~120°C, releasing CO2 and water at 

the top of the column. A condenser separates the water and CO2. Then, the dehydrated CO2 is sent 

to compression stages to reach supercritical conditions (153 bar, 44°C) for further transport and 

storage. This purpose uses six compressors and heat exchanger stages [27]. Once CO2 is removed,  

the high-temperature amine solvent is used as a hot stream to preheat the rich-CO2 solvent from the 

absorber, and the stripped solvent is then returned to the absorber to continue the capture cycle [28]. 

 The thermodynamic properties for the interaction between the MEA solvent and the flue gases 

were established using the unsymmetric electrolyte NRTL Redlich-Kwong (ENRTL-RK) model. 

A diagram flowsheet for the MEA system is shown in the supplementary information in Fig. C.5. 

The amine system model was evaluated at different total flue gas flows in metric tons per hour (30, 

90, 150, 600, 800) and molar CO2 concentrations (%) (6, 19, 30, 40). Those ranges are 

representative of flue gas flows found in a typical kraft mill in the US[29]. Subsequently, 

relationships to estimate mass balances for the techno-economic analyses were implemented.  
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 The rate-based model better describes the constraints in mass transfer than the equilibrium 

stages model due to several reactions between MEA, CO2, and water in the liquid phase (Equations 

4.1 to 4.7). This model sets an interface between the liquid and gas bulk phases [30], and the 

diffusion resistance in each phase is considered, mainly the nonlinear behavior in the aqueous phase 

where the reactions occur.  

  

ςὌὕ P  Ὄὕ ὕὌ                                                           τȢρ 

Ὄὅὕ  Ὄὕ P  ὅὕ Ὄὕ                                        τȢς 

ὓὉὃ  Ὄὕ P  ὓὉὃ Ὄὕ                                        τȢσ 

ὅὕ ὕὌ ᴼ Ὄὅὕ                                                           τȢτ 

Ὄὅὕ ᴼὅὕ ὕὌ                                                             τȢυ 

ὓὉὃ ὅὕ  Ὄὕ O ὓὉὃὅὕὕ Ὄὕ                  τȢφ 

ὓὉὃὅὕὕ Ὄὕ  O    ὓὉὃ ὅὕ  Ὄὕ               τȢχ 

 

 Other pollutants, such as SO2 (from the recovery boilerôs flue gas), have been removed in a 

scrubbing section considered in the WinGEMS modeling of the kraft mill before entering the CC 

plant. The main goal of the absorber is to remove CO2 entering the column with the flue gas. A 30 

wt% MEA solvent solution is used for this purpose, and 90% CO2 removal efficiency is targeted in 

our modeling, consistent with previous works[30],[31],[32].  

 When the CO2 concentration of the incoming flue gas increases, the MEA solvent requirement 

for CO2 capture decreases, and therefore, the steam demand for regenerating the solvent decreases. 

The stripping column operation demands most of the energy consumed in the process. The reboiler 

uses the steam to heat the rich CO2-MEA solvent and provide the energy needed to reverse the 

interaction between the CO2 and MEA to release the CO2. The stripper operational pressure is 

slightly higher than the pressure in the absorber, where the CO2 vapor pressure increases faster than 

the water vapor pressure, favoring the CO2 release first. It is essential to release as much of the CO2 

trapped in the absorber as possible; otherwise, the capacity of the recycled solvent will be lower, 

and a higher lean solvent will be required to ensure a 90% CO2 removal in the absorber.  
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4.3.6 Small Modular Nuclear Reactors (SMNRs) 

 A high-temperature gas-cooled reactor (HTGR) SMNR was simulated in Aspen HYSYS V12.1 

to verify the integration of steam from the SMNR into the paper millôs CHP system[33]. The 

assumed thermal power of each modular reactor is 200 MW, with a reactor outlet temperature of 

750°C. The SMNR uses pressurized helium gas as a primary coolant medium, which remains inert 

even at higher temperatures. The hot helium produces 165 bar steam at a temperature of 565°C. 

Two cogeneration cycle configurations are studied in this work; in the first, the HP steam is split in 

an HP steam header to send part of it to the paper millôs CHP. The rest of the HP steam is sent to a 

central turbine within the SMNR, where power is produced, and MP steam is extracted. The MP 

steam is fed into two condensing turbines to produce more power, and the condensate is returned 

to the SMNR steam generator. In the second configuration, all HP steam is expanded in the central 

turbine, and some MP steam is sent to the mill. Both configurations keep an isolated tertiary steam 

loop that transfers heat from the nuclear plant to the paper mill without mixing with the nuclear 

power cycle steam. The diagram flowsheets for the HTGR systems are shown in the supplementary 

information in Figures C.6 and C.7. A classification of nuclear reactors is presented in Table C.2. 

4.4 Methodology 

 This research evaluates an innovative pathway to reduce CO2 emissions in paper manufacturing 

by integrating an SMNR and CCS. The SMNR would serve as a source of steam, replacing the 

natural gas (NG) boiler in paper mills and providing the heat requirements for CCS and the paper 

manufacturing processes without significantly changing mill operations. By replacing conventional 

NG boilers with an SMNR, it is possible to supply the high-quality, carbon-free steam required for 

both the paper mill and the energy-intensive CCS plant. This nuclear-assisted approach is 

transformative for two reasons: 1) it decreases the fossil fuel consumption typically associated with 

mill operations and conventional CCS, and 2) it provides a robust energy platform to enable the 

capture of biogenic CO2 of kraft mills without changing the current nature of the kraft process. 

Furthermore, an economic analysis is performed to evaluate the cost of the SMNR steam required 

to make a cost-effective CO2 reduction pathway when compared to a traditional fossil fuel 

alternative. 
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4.4.1 Carbon Capture and Nuclear Energy Integration 

 For the integrated Kraft paper mills, four scenarios were analyzed: 

 Scenario 1: Paper mill baseline with a standalone CCS system. In this scenario, the flue gases 

from the paper mill are directed to the CCS plant. The steam demand and power requirements of 

the CCS plant are met using an additional NG boiler and turbine, which operate independently of 

the millôs CHP system. Scenario 1 is illustrated in Figure 4.1a. 

 Scenario 2: Paper mill with an integrated CCS system powered by the millôs CHP. In this 

scenario, the flue gases from the paper mill feed into the CCS plant. The steam demand of the CCS 

plant is met by increasing the size of the natural gas boiler in the CHP system of the paper mill, 

which increases the NG consumption. The CHP system of the mill provides the power required by 

the CCS system. Scenario 2 is illustrated in Figure 4.1b. 

 Scenario 3: Paper mill with an integrated CCS system and SMNR. In this case, no NG boiler is 

powering the millôs CHP system. The NG boiler is replaced by an SMNR, which provides the steam 

needed in the paper mill and the CCS system. The steam is integrated into the paper millôs CHP, 

generating power before extraction and use. The millôs CHP system provides the power required 

by the CCS system. The flue gases from the paper mill feed the CCS plant. Scenario 3 is illustrated 

in Figure 4.1c. 

 Scenario 4: Paper mill with an integrated CCS system and SMNR. In this scenario, the NG 

boiler in the millôs CHP system is replaced by an SMNR, providing the steam needed for the paper 

mill and the CCS system. The steam from the SMNR is extracted at MP and sent for final use in 

the mill and the CCS plant. This setup produces a penalty in the power generated by the millôs CHP 

system. The CHP system of the mill provides the power required by the CCS system. The flue gases 

from the paper mill feed into the CCS plant. Scenario 4 is illustrated in Figure 4.1d. 

 Biogenic and non-biogenic CO2 were treated equally as CO2 emissions in the evaluated 

scenarios. This analysis assesses the economy of scale effect in the CCS deployment in paper mills. 

In previous studies, it has been shown to be economically disadvantageous for the pulp mill to focus 

efforts only on capturing non-biogenic CO2[2]. If the paper industry were to capture and sequester 

biogenic CO2 (CO2 absorbed by trees), it can achieve net negative direct emissions, meaning that 

the P&P industry could remove more CO2 from the atmosphere than it emits[1]. 
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Figure 4.1 Flowsheet diagram of integrated: (a) Scenario 1, (b) Scenario 2, (c) Scenario 3, and 

(d) Scenario 4 for Kraft mills. Note the bigger NG boiler capacity of Scenario 2. 

For the recycling mill, three scenarios were evaluated: the integration of a CCS plant powered 

by an independent NG boiler and turbine, the increased capacity of the NG boiler and power from 

the grid, and the supply of steam from the SMNR for the mill operation and power from the grid. 

The recycling mill integration alternatives are represented in Figure 4.2. 

 

a. b. 

c. d. 
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Figure 4.2. Flowsheet diagram of integrated: (a) Scenario 1, (b) Scenario 2, (c) Scenario 3 for 

recycling mills. Note the bigger NG boiler capacity of Scenario 2. 

 4.4.2 Techno-economic assessment and assumptions 

 The levelized cost of CO2 capture per source and per mill type was calculated based on the same 

methodology described by Onarheim et al. [29]. A discounted cash flow analysis was conducted 

for each scenario to determine the cost per metric ton of CO2 captured and compressed based on 

the total flue gas and CO2 molar concentration. This cost represents the price that the paper mill 

should pay to equal the present value of all CCS plantsô capital and production costs over the project 

lifetime. The techno-economic analysis of integrating CCS into pulp and paper operations was 

conducted using parameters consistent across all scenarios (Table 4.1), adhering to standard 

methodologies outlined in process design reports [34], [35], [36], [37].  

 

  

a. b. 

c. 
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Table 4.1 Economic metrics in all scenarios for CO2 capture costs. 

Parameter Value Units 

Plant Utilization  351 days 

Cost year for analysis 2024 - 

Equity financing 40% % 

Loan interest 8 % 

Loan terms 10 years 

Depreciation period 7 years 

Construction period 2.5 years 

% spent in year 0 8 % 

% spent in year 1 60 % 

% spent in year 2 32 % 

Start-up time  0.5 years 

CO2 production at start up (% of normal) 50 % 

Variable costs (% of normal) 75 % 

Fixed costs (% of normal) 100 % 

Income Tax Rate 35 % 

Internal rate of return 10 % 

Project Lifetime 30 years 

 

 The capital investment of pulp and paper operation units was estimated in US dollars from the 

baseline costs reported by Onarheim et al. [38], Kangas et al. [39], and Al-Khori et al. [40]. It was 

updated to the year 2024 using the chemical engineering plant cost index (CEPCI)[7]. The 

equipment was escalated using the investment scaling factor, with a capacity factor of 0.6[41]. 

 The prices for chemicals used in this analysis are updated to 2024 using the producer price index 

by industry[42] and summarized in Table 4.2. Additional prices, such as natural gas and power 

(electricity), are included in Table 4.2. In the same way, labor cost was updated to 2024 using the 

labor index[43]. The Aspen Process Economic Analyzer (APEA) was used to estimate the initial 

equipment cost for the CCS plant based on a flue gas rate basis in metric tons per hour. This estimate 

was compared with findings from previous studies [44], [45], [21].  
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Table 4.2 Raw materials cost and product selling prices used in the economic analysis. 

Material  Cost/Price ($/ton) Reference 

Feedstocks 

Wood  (Softwood bd mt) 76.29 [22] 

Mixed Paper (recycled) 54 [46] 

Old Corrugated Container (recycled) 91 [46] 

Chemical Reagents 

Sodium Hydroxide 480 

[22] 

Sodium Sulfide 637 

Sodium Carbonate 294 

Sodium Sulfate 104 

Sulfuric Acid 163 

Lime 218 

Sodium Chlorate 785 

Methanol 370 

Oxygen 122 

Peroxide 682 

Retention Aid 3,092 

Alum 102 

Starch 875 

Alkaline Sizing 2,340 

Process Water 0.13 [38] 

Monoethanolamine (MEA) 2,042 [29] 

Utilities 

Cooling Water 0.07 [38] 

Natural Gas ($/MMBtu) 2.61 [47] 

Electricity ($ per kWh) 0.0886 [48] 

Products 

Crude Tall Oil (selling price) 1,281 [22] 

Market Pulp SBSK (selling price) 1,411 

[49] Kraftliner Paper (selling price) 1,134 

Recycled Paper (selling price) 531 

bd mt: Bond dry metric ton 
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4.5 Results and discussion 

 Several factors make the P&P industry suitable for nuclear energy. The average construction 

year for the various paper mill sites operating in the US is 1940. Many P&P mills in the US are 

over 100 years old; however, the average technical age of the installations is 37 years [22]. This 

means that the P&P industry is constantly upgrading its equipment, making it an industry suitable 

for long-term investments. In addition, most virgin fiber processes already have a combined heat 

and power system, using mainly MP and LP steam, where heat from nuclear reactors can be 

integrated. The scale of CCS deployment and nuclear integration depends on the mill type and 

production capacity. In this study, the capacity of the three evaluated mill types was the same 

(~500,000 ad mt/yr), allowing the outcomes to be affected only by the mill configuration. 

4.5.1 P&P mills mass and energy balances. 

 The summary of raw material, steam, power consumption, and CO2 emissions per source for 

each mill type assessed in this study is shown in Table 4.3 for the production of approximately 

500,000 metric tons of product per year. The detailed steam usage and the estimated electrical 

power demand for the kraft and recycling mills are presented in Table C.3 to Table C.6. The SBSK 

process requires 19% more wood feedstock to produce the same product as the UBSK process. 

Therefore, SBSK has the highest steam demand of the modeled paper mills. The SBSKôs higher 

steam demand is also attributed to the higher delignification required by the fibers for further 

bleaching, the bleaching operation itself, and greater water removal from the black liquor than in 

the UBSK process. The SBSK mill requires 34% more steam than the UBSK process and 78% 

more than the recycling paper process. To satisfy the steam demand, bark and screened rejects from 

wood, organic solids in black liquor, and fossil fuels, typically natural gas, are combusted in a 

typical kraft process. Higher electrical power is cogenerated in the SBSK process as a side benefit, 

but the higher boiler capacities produce more CO2 emissions. 

 Almost two million tonnes of CO2 are emitted annually by the SBSK mill, while the UBSK  

generates 34% less emissions. For every mill, a baseline of CO2 emissions per tonne of produced 

paper is presented in Table 3. The ratio of CO2 emitted per tonne of produced paper is only related 

to the direct emissions produced in the paper mill; a more comprehensive analysis and system 

boundaries would be necessary to estimate each processôs life cycle emissions. For example, 
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comparable capacities in different mill locations can have different carbon intensities due to the 

emissions associated with electricity production where the power is purchased. 

 The SBSK and UBSK mills modeled produced an excess of 0.6 Mwe/mt and 0.2 Mwe/mt, 

respectively, compared to the process requirements. The surplus is assumed to be sold to the grid 

and is considered revenue in the techno-economic calculation. 

 Recycling mill operations rely primarily on fossil fuels to produce steam, but only part of the 

power requirements are fulfilled by CHP. The rest of the electricity needed is purchased from the 

grid. In our model, the NG boiler provides 100% of the steam demand, and only 20% of the power 

demand through CHP. The balance of power (0.35 Mwe/mt) is obtained from the grid.  

Table 4.3 Raw material, steam usage, power consumption, typical emissions, and carbon intensity 

of the modeled pulp and paper operations. 

 

Parameter 
Units 

 

Softwood Bleached 

Kraft (SBSK) 

 

Softwood 

Unbleached Kraft 

(UBSK) 

 

Recycling Mill 

Feedstock (Wood / 

Fiber) 
bd mt/yr 1,122,849 903,825 528,957 

Pulping Kappa  # 35 100 - 

Production mt/yr 500,877 500,877 500,877 

NG consumption in 

the CHP 
mt/hr 9.41 8.35 6.83 

Steam production mt/hr 588.35 388.83 132.35 

Electrical Power 

Production (gross)  

kWh/adt 

1551 1009 95 

Consumption 1022 895 475 

Net 529 114 (380) 

CO2 Generation 

Lime Kiln  mt/yr 179,448 101,711 - 

Recovery boiler mt/yr 1,253,392 767,243 - 

Biomass boiler mt/yr 286,588 227,482 - 

Natural gas boiler mt/yr 217,822 193,317 157,991 

Total CO2  mt/yr 1,937,250 1,289,753 157,991 

Biogenic CO2  mt/yr 1,642,265 1,052,700 - 

Carbon Intensity  
mt CO2/mt 

product 
3.87 2.58 0.32 
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 The sources of biogenic emissions in the kraft process are organic solids from the black liquor 

burnt in the recovery boiler, biomass waste combusted in hog fuel boilers, and the portion of lime 

kiln flue gas that comes from the chemical separation of CO2 from CaCO3 to produce CaO. Figure 

4.3 presents the steam contribution of each boiler to the paper mills. Around 75% of the steam 

comes from biogenic sources in the SBSK process and 68% in the UBSK process. In Kraft 

processes, biogenic fuel sources depend on the amount of wood processed to produce the paper 

sold. NG consumption is flexible and can fluctuate according to the steam demand. The amount of 

flue gas available and the composition (mol%) of the different sources in the P&P operations 

modeled are presented in Table 4.4. In addition to the sources listed in Figure 4.3, the lime kiln 

generates flue gas from NG combustion to provide the heat for calcinating CaCO3. Recovery boilers 

(RB) are the primary source of CO2 emissions in a kraft process, making them the most attractive 

target for CCS integration due to economies of scale. Unbleached paper production produces more 

steam from fossil fuels than bleached paper production due to the lower dissolved organic solids 

found in the UBSK black liquor, which determines the heat value of the black liquor as a fuel. The 

RB in the SBSK and UBSK processes accounts for 64% and 56% of the emissions, respectively.  

 

 
Figure 4.3 Energy (for steam production) contribution per boiler in the modeled paper mills. 
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Table 4.4 Composition of the flue gases in the modeled mills.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.2 Carbon Capture Storage and Nuclear Thermal Energy Integration. 

 Scenarios 1 to 4, as described previously, were evaluated for a CCS plant that processes the 

CO2 available from each source of the mill independently. This evaluation aims to understand how 

economies of scale affect the final cost of CO2 capture, with a capturing efficiency of 90%, as 

reported in previous studies for MEA systems [29], [50], [51]. For scenarios 1 and 2, which include 

a natural gas boiler, the combined flue gas stream that enters the capture system is referred to as 

ñall combinedò, as in Figure 4.4. For scenarios 3 and 4, where the SMNR steam replaces the NG 

boiler, the flue gas is referred to as ñall combined no NGò, as in Figure 4.4. The thermal and 

electrical energy requirements of the CCS plant are 2.9 GJth and 132 kWhe per metric ton of CO2, 

consistent with previous studies involving P&P and industrial operations [51],[52]. The electric 

requirements also include CO2 dehydration and compression to the final supercritical conditions, 

Source 
Composition 

(mol%) 

Mill Type 

SBSK UBSK Recycling 

 

Lime Kiln 

 

Total flow (mt/h) 77.77 40.13 - 

CO2 17.56 19.05 - 

N2 54.55 47.47 - 

O2 1.32 1.15 - 

H2O 26.58 32.33 - 

 

Biomass Boiler 

 

Total flow (mt/h) 162.62 129.51 - 

CO2 13.09 13.05 - 

N2 58.47 58.71 - 

O2 2.03 2.02 - 

H2O 26.40 26.21 - 

Natural Gas Boiler 

Total flow (mt/h) 186.23 165.28 135.10 

CO2 8.75 8.75 8.75 

N2 71.99 71.99 71.99 

O2 1.74 1.74 1.74 

H2O 17.52 17.52 17.52 

Recovery Boiler 

Total flow (mt/h) 762.97 435.63 - 

CO2 12.43 13.39 - 

N2 64.98 65.15 - 

O2 2.25 1.28 - 

H2O 20.34 20.18 - 

Na2SO4 1x10-3 9x10-4 - 

Na2CO3 3.9x10-4 3.3x10-4 - 
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where it is ready for geological storage. The significant electricity consumption in the amine system 

includes pumps for amine solvent transfer and circulation, and compressors to increase the pressure 

in the final CO2 product after separation from the flue gas. 

 In scenarios 3 and 4, the need for the NG boiler is eliminated when SMNRs are integrated into 

the paper millôs CHP systems. SMNRs can provide a steady and reliable steam source for mill 

operation and reduce CO2 emissions compared to NG boilers. Although every SMNR has unique 

characteristics, life cycle assessments of nuclear energy production have reported a range of 3 to 

50 g CO2eq per kWhe generated in the power plant[53],[54],[55]. In the case of heat (or steam), this 

is about 2.5 times lower. In most cases, the fuel and the electricity in fuel production are the most 

significant contributors to the NPP greenhouse gas (GHG) footprint. Recent studies on the US 

market reported values close to 5 g CO2eq per kWhe  [56]. NG boilers used for electricity production 

have a global warming potential 50 times higher than nuclear reactors[57]. 

 Figure 4.4 provides a visual summary of the CO2 produced per unit operation and per mill type, 

the LP steam required in the reboiler of the stripping column, and the electrical power consumption 

needed to prepare the CO2 for transport and geological storage. Approximately 1.2 tonnes of steam 

are required to capture 1 tonne of CO2. Previous studies on integrating CCS into paper mills have 

reported ratios close to 1.4[29].  
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Figure 4.4 CO2 availability, steam, and power needed to capture and meet specification conditions 

for the final CO2 product in the modeled paper mills, which are classified by source. CO2 and steam 

flow rates correspond to the left axis, and power corresponds to the right axis. 

 The following sections present the results of evaluating the associated costs and technical 

feasibility of integrating CCS and nuclear thermal energy into paper mills. In scenario 1, the CO2 

capture costs include an NG boiler and turbine to power the CCS plant. It is assumed that power is 

produced to supply the CCS operation, with any excess sent to the grid resulting in revenue. If no 

power production is considered from the standalone NG boiler, the lost revenue increases the 

capture cost by 7% to 14%, depending on the source of CO2. 

 In scenario 2, the NG boiler and steam turbine island in the paper millôs CHP system are 

retrofitted to increase fuel consumption, providing the additional steam and power required for the 

CCS plant, depending on the source targeted for capture. The emissions from the upgraded NG 

boiler are higher than the base case; therefore, an added case (Scenario 1a) is analyzed when the 

total amount of flue gas processed includes the extra CO2 generated. 

 Scenarios 3 and 4 employ the integration of a nuclear reactor. Both cases account for the steam 

provided by the SMNR to replace the NG boiler and the additional steam required by the CCS plant. 
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In scenario 3, this steam is assumed to enter the paper millôs CHP system as HP steam, providing 

the benefit of cogenerated power. The paper millôs CHP system provides the power for the CCS 

plant. In scenario 4, the steam from the SMNR is integrated into the paper mill after being extracted 

from the cogeneration system of the NPP, meaning that LP steam is supplied at the end-use point, 

and there is no power cogeneration in the mill. For the paper millôs capacity modeled in this study, 

the 200 MWth SMNR can supply the steam needed to decommission the NG boiler and the steam 

required for the reboiler of the stripping column in the CCS for solvent regeneration, except when 

the total steam demand exceeds 300 metric tons per hour of HP steam (such as in the case of RB 

and ñall combinedò streams in the SBSK mill), which implies the use of a second SMNR module 

(a total of 400 MWth). 

4.5.3 Carbon Capture Cost Comparison 

 The CO2 capture costs listed in Figure 4.5 represent the minimum cost to produce a net present 

value of zero over a 30-year economic lifetime, assuming an internal rate of return of 10%. The 

analysis does not account for fluctuations in the prices of raw materials or products (pulp/paper, 

crude tall oil, and electrical power) during the economic lifetime. Additionally, production capacity 

is assumed to remain constant except for the first year, where only 50% of the final capacity is 

processed because the plant will be shut down for 6 months to complete the retrofits. The capital 

and operational costs calculated in this study are presented in Tables C.7 to C.12. The changes in 

cost associated with the scale of the CCS are included per mill type and source of CO2 in Tables 

C.8, C.10, and C.12.   

 The CO2 capture costs per source of the modeled mills under the analyzed scenarios are 

presented in Figure 4.5. The analysis evaluated each CO2 source individually and combined. In all 

three paper mills analyzed, the capture cost per ton of CO2 decreases as more CO2 is available due 

to economies of scale. The pulp produced under the UBSK process preserves more lignin in the 

fibers, meaning more carbon stays in the paper product, and fewer CO2 emissions are generated 

from the black liquor. Also, the SBSK process has higher steam demands, promoting higher fuel 

combustion rates and more CO2 emissions. Therefore, the costs associated with the CCS operation 

per metric ton of CO2 captured from the UBSK process are slightly higher than with the SBSK 

sources. 
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  When there is no integration of nuclear energy to power the CCS plant, it is more cost-effective 

to increase the capacity of the millôs CHP system (Case 2) than to operate a standalone NG boiler 

and turbine to supply the energy demands of the CCS (Case 1). However, there is almost no cost 

difference between scenarios 1 and 2 when large amounts of CO2  are captured, such as in the case 

of the RB source alone or in the combined case. When the NG boiler is eliminated, and the HP 

steam from the SMNR is supplied into the millôs CHP system (Scenario 3), the CO2 capture cost is 

about 25% lower than Scenario 1. However, the total costs in scenarios 3 and 4 do not account for 

the cost of steam. This assumption was used to estimate the breakeven price of the steam from the 

SMNR to match the 45Q Tax Credit value and the cost of CO2 capture for scenario 1.  

 The  SBSK paper mill CHP system integration requires a 200 MWth SMNR to supply the steam 

needed to replace the NG boiler and process the CO2 from the lime kiln and multifuel boilers. 

However, to capture the CO2 generated in the RB or the combined sources case, a second 200 MWth 

module is required. For the UBSK and recycling paper mill needs, a 200 MWth SMNR is sufficient 

for both steam supply and CO2 capture.  

 In scenario 4, where the SMNR provides the LP steam for the final service use, approximately 

25% to 40% less power is produced, representing a considerable revenue penalty and making the 

capture cost more expensive than powering the CCS with a standalone NG boiler and turbine 

(Scenario 1), especially for the UBSK mill as shown in Figure 4.5. Table C.13 shows the electricity 

produced and the demand for each mill under the assessed scenarios, providing the net power 

available to sell or purchased by the paper mill. As we illustrate in Table 4.3 and Table C.13, the 

electrical power in the SBSK mill available to sell to the grid is three times the electrical power 

available to sell in the UBSK when all combined CO2 sources are captured. However,  this analysis 

does not consider electricity generation from the SMNR, and the size of the SMNR could be 

increased to make up the electricity deficit for the mill and the local grid.  

 In the recycling mill, with a total flue gas flow of 135.1 mt/h, 19.8 mt of additional steam, and 

3.4 MWe are required to capture 90% of the total 18.75 mt CO2/h emitted (Figure 4.4). The 

estimated costs for this capture are $146 and $133 per metric ton of CO2 for cases 1 and 2, 

respectively. When nuclear heat is integrated into a recycling mill, CCS is not required because no 

CO2 emissions are generated. 
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Figure 4.5. Levelized CO2 capture cost per source under scenarios 1 to 4 in (a) SBSK, (b) UBSK, 

and (c) recycling mills. Note that Scenarios 3 and 4 do not account for the steam cost from NPP. 

 Using a natural gas boiler to power the CCS system will require some CO2 to remain 

uncaptured. This is because designing a system to capture 100% of the CO2 will result in a cycle of 

increasing the NG boiler to capture the CO2 and then producing more CO2. To examine the impacts 

of increasing the NG boiler, we analyzed two additional cases, which can be referred to as Scenario 

1a and 1b. In Scenario 1 for the SBSK mill, 243 mt/h of steam is required by the CCS system to 

capture all the combined flue gases (Figure 4.4). That steam is provided by the NG boiler 

consuming 21.5 mt/h of NG and generating 420 mt/h of flue gas containing 58 mt/h of CO2. If the 

NG boiler in Scenario 1 is increased to capture the new total of  262 mt/h CO2, 305 mt/h of steam 

is required, 27 mt/h of NG should be consumed, and 73 mt/h of CO2 is produced (Scenario 1a). In 

order to capture the difference of 15 mt/h CO2 between Scenario 1 and Scenario 1a, the NG boiler 

would have to increase in size again (Scenario 1b). However, the additional CO2 emitted in the NG 

boiler in Scenario 1a is 75% less than in Scenario 1, even without capturing all the CO2. 
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 Additionally, increasing the size of the NG boiler decreases the unit cost of capture to $61 per 

mt CO2, 5% less than the ñall combinedò capture cost of Scenario 1. To capture the additional 15 

mt/h CO2 from Scenario 1a, increasing the NG size by the same method will result in only 6% of 

the total produced CO2 uncaptured, with a cost of $60.50/mt CO2 (Scenario 1b). The benefit of 

increased total flue gas flow treated in captured cost reaches a plateau, as shown in Appendix D of  

Worsham et al. [21]. In Scenarios 1 and 2, every attempt to capture more CO2 will result in higher 

production of CO2 from the NG boiler. Therefore, this could represent an operational advantage to 

integrating the SMNR compared to a traditional NG boiler for steam production. The SMNR can 

be modulated to provide the exact steam needs in the CCS without contributing significantly to 

more emissions. 

 A sensitivity analysis for the CO2 capture cost of the flue gas from only the RB is shown in 

Figure 4.6 for the kraft mills analyzed under Scenario 1. The variables inherent to the process, such 

as CO2 concentration, capture rate, and power compression usage per ton of CO2, are listed at the 

top. External market factors such as NG and electricity prices are compared at the bottom. 

Increasing and decreasing each parameter by 25% results in a range of cost per tonne of CO2 

captured of ±$7 for the SBSK process and around ±$10 to $12 in the case of the UBSK process. 

Regarding external variables, a higher electricity market price favors the SBSK mill due to the 

additional power available to send to the grid compared to the UBSK process. Conversely, a higher 

cost of NG mainly affects the UBSK mill, which requires higher NG consumption due to the lower 

heat value obtained in the black liquor compared to the SBSK process. This is compensated by 

higher steam production from the NG boiler. 
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Figure 4.6 Sensitivity Analysis of RB CO2 capture cost ($/mt) under Scenario 1 for the  (a) SBSK and  (b) UBSK mills considering 

process variables (top) and external market factors (bottom). 
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4.5.3.1 The Levelized Cost of Heat (LCOH) 

The economic feasibility of a power system is commonly measured by the levelized cost 

of electricity (LCOE)[58]. The LCOE includes the power production capacity, fuel cost, 

operational costs, the lifetime of the technology, capital expenditures during the manufacturing 

and construction stages, and decommissioning[59]. The LCOE assesses a power producerôs 

competitiveness by determining if the system can sell electricity at a reasonable rate that will cover 

its debt from the generated revenues[60]. The LCOE is reported in $/MWe. However, industrial 

sectors like P&P prioritize their steam needs, and electricity generation is a side benefit. Therefore, 

levelized costs should be reported in terms of thermal energy. Following the methodology 

explained by Abou-Jaoude et al.[61] for the heat-only HTGR plant, we can transform the LCOE 

to the levelized cost of heat (LCOH) and use it as a comparison point to the cost of the steam from 

the SMNR. Abou-Joude et al. estimated the SMNRôs LCOE at low, medium, and high levels, from 

the analysis of more than 30 published advanced reactor costs. Low value refers to the most 

optimistic and cheaper cost, while the high value represents the most conservative and expensive 

case. The LCOE is estimated from two main components: the overnight capital cost ($/kWe) and 

the operational expenditures ($/MWe). Table C.14 presents the estimated data. When values are 

transformed from LCOE to LCOH, 40% HTGR electricity conversion efficiency is assumed. This 

gives an estimated medium LCOH of $32/MWth. The low LCOE value can decrease the LCOH to 

$24/MWth; the high LCOE value estimates an LCOH of $40/MWth. 

 In the US, the Inflation Reduction Act (IRA) bill is a monetary, governmental incentive to 

promote private investment to implement clean energy with CO2 reduction purposes[62]. The IRA 

has different sections where tax credits that are applicable for nuclear reactors as a source of clean 

energy, such as 45U (a credit per kWh of electricity generated from existing NPPs), 45Y (a credit 

per kWh of electricity generated from future NPPs), 48E (an emissions-based incentive percentage 

over the capital investment on clean electricity generation infrastructure). Some of those incentives 

can not be claimed if the IRA 45Q tax credit is also claimed. 45Q is a carbon capture tax credit 

promoting CCS installation at industrial scales. Under the 45Q tax credit, $85 per ton of CO2 

sequestered can be claimed if power generation or industrial facilities can store more than 12,500 

tons of CO2 annually[62]. 
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 In this analysis, only the 45Q tax credit from the IRA is considered for calculating the 

breakeven price of steam from the NPP to the paper mill operation to power the CCS plant. As 

shown in Figure 4.5, the lower cost scenarios for CO2 capture are provided when the amount of 

CO2 is comparatively higher, such as the amount from the recovery boiler or the combination of 

several sources. From the medium LCOH of nuclear power of  $32 per MWth, we can estimate that 

a ton of  HP steam and LP steam costs from the NPP are $31.21 and $25.84, respectively. From 

Scenarios 3 and 4, where only steam is provided by the SMNR, and assuming a cost of $85 per 

ton of CO2 captured (to match the amount from the 45Q tax credit), the maximum value (breakeven 

price) that the paper mill operation would be willing to pay for every ton of steam is shown in 

Table 5. The detailed calculation is shown in Equation 4.8: 
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Table 4.5 The breakeven price of steam from the NPP integrated into paper mill operations to 

match the 45Q tax credit value. 

*CO2 avoided (mt/h) 

 

 Under the conditions and economic parameters used in this study, any of the amounts evaluated 

in the availability of CO2 from the sources of 500,000 metric tons annual capacity paper mills can 

match the cost of the thermal heat from the NPP and stay under the credit value of $85 per metric 

Mill type Source 

CO2 

captured 

(mt/h) 

Steam breakeven price  

($/mt steam) 

Steam required 

(4.2 bar) (mt/h) 
Scenario 3  Scenario 4  

SBSK 

Recovery Boiler 133.91 303.0 $13.90 $0.58 

All combined (No NG 

boiler) 
183.70 361.4 $18.50 $4.71 

UBSK 

Recovery Boiler 81.97 219.3 $8.27 - 

All combined (No NG 

boiler) 
117.14 260.5 $12.80 $2.27 

Recycling 

Mill  
NG Boiler 18.75* 132.35 - - 



 

98 

 

ton captured. The steam from the NPP would need to rely on different types of credits to make 

integrating nuclear thermal energy to power CCS financially viable and reduce the use of carbon-

emitting fuels in P&P operations. Following the simplified methodology presented by the US 

Department of Energy article on estimating the cost of steam at an industrial scale[63] and 

considering the October 2024 NG price ($2.61/MMBtu), the cost of a metric ton of HP steam from 

an NG boiler is about $14. To match the actual cost of HP steam from an HTGR ($31.21), the NG 

price would need to increase 2.3 times to $5.96/MMBtu. A similar price ($6.56/MMBtu) was 

reported by Vanatta et al.[20] for an SMNR to become economically viable when only heat is 

extracted from the reactor. 

 However, the NPP integration in Scenarios 3 and 4 has different steam demands and a smaller 

CCS system than in Scenarios 1 and 2 due to eliminating some of the flue gas production. 

Therefore, we can also consider the price that steam would need to be in Scenarios 3 and 4 to 

match only the steam delivery cost using natural gas fuel (Equation 4.9).  
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 Table 4.6 shows the resulting steam price for the SBSK, UBSK, and recycling mills. In each 

case, the steam from the NPP would need to cost less than approximately $16/mt to be competitive 

over the natural gas option. This is roughly half the expected median LCOH of $31.21 for HP 

steam and $25.84 for LP steam. These results show that to make nuclear heat competitive against 

natural gas, either the natural gas cost will need to increase, or significant cost reductions or 

incentives will need to be provided for nuclear heat use. One potential challenge for nuclear heat 

integration is that the 45Q tax credit incentivizes CCS, not net carbon reduction. In Worsham et 

al. [21] and Sagues et al.[2], adding CCS powered by natural gas or biofuels increased the mill 

NPV above the baseline case due to tax credits. By substituting an NPP for an NG boiler, fewer 

emissions can be captured because the total emissions are decreased. Incentivizing low-carbon 

heat generation from nuclear, in addition to low-carbon electricity generation, could make nuclear 

heat more competitive against other fuel sources.  
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Table 4.6 Nuclear steam price needed to equal natural gas steam price. 

Mill  
Steam required 

scenario 1 (mt/h) 

Steam required 

scenario 3 (mt/h) 

Cost of steam 

using natural gas 

($/mt) 

Breakeven steam 

price from nuclear 

($/mt) 

SBSK 242.6 215.4 14.06 15.84 

UBSK 161.6 137.3 14.06 16.55 

Recycling 152.2 132.3 14.06 16.17 

 

 This paper did not evaluate a scenario in which both heat and power from the NPP were 

integrated into a mill, and doing so would make the integration analysis and the economic results 

different, especially under scenario 4, due to the high impact of power generation capacity lost in 

the CHP millôs system and the power supply for CCS operation when the NG boiler is 

decommissioned. Combined heat and electricity integration could further decarbonize the mill,  

but it also has additional challenges, such as building new transmission lines to obtain electricity 

directly from the NPP. Additionally, combined heat and power integration would require a more 

sophisticated economic analysis to compare the cost of combined heat and electricity production 

against the value of each product on its separate, respective market. 

4.5.3.2 Paper product carbon intensity. 

 The carbon intensity of a product indicates how much CO2 is emitted per unit of production. 

In this study, carbon intensity refers to the amount of CO2 directly emitted in metric tons per metric 

ton of paper produced. As shown in Table 4.3, the most significant carbon intensity is found in the 

SBSK pulp mill. However, 85% of the SBSK carbon intensity is biogenic. Recycling mills produce 

the lowest direct emissions per ton of production, but 100% of the carbon intensity is derived from 

fossil fuel combustion. 

 In addition to the previously discussed suitability for integrating pulp and paper mills with 

nuclear energy, there are other intangible benefits, such as the flexibility in planning maintenance, 

which could align with nuclear refueling outages. Also, eliminating NG combustion can make pulp 

mills nearly ñcarbon-neutralò and would further reduce  CO and sulfur compound emissions in 

addition to CO2. Recycling mills could achieve zero direct emissions if heat and power are supplied 

from an NPP. Table C.15 summarizes the net steam usage in each scenario, the net balance in CO2 
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emissions, and the impact on the carbon intensity of paper products when integrating CCS and 

nuclear thermal energy (see Figure 4.7). 

 Implementing CCS (scenarios 1 and 2) can also reduce the carbon intensity of paper mill 

products by 65%, even when the additional CO2 emissions from the NG boiler are not captured. 

However, because the uncaptured emissions would be primarily from fossil fuels, this may be 

counterproductive to achieving environmental goals. Further studies could analyze this integration 

by using biomass as a source of heat energy for the amine-based CCS, as in Sagues et al.[64]. 

Alternatively, when nuclear energy is integrated into CCS for kraft mills (scenarios 3 and 4), 

emissions are reduced by 91%, and the remaining CO2 emissions are mainly biogenic. In the case 

of a recycling mill powered by nuclear energy, there are no direct emissions, and the productôs 

carbon intensity is zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7  Impact of integrating CCS (Scenario 1) and nuclear energy (Scenario 3) on the carbon 

intensity of pulp and paper operations. 

 Nuclear thermal energy through SMNRs offers a considerable benefit in reducing CO2 

emissions. While integrating SMNRs into P&P operations to supply CCSôs heat and power 

demands is technically feasible, the cost is not currently competitive against a natural gas 

alternative. The cost of SMNRs is expected to reduce through further development and 
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commercialization[61], which could strengthen the foundation for advancing nuclear energy in 

P&P and CCS applications.  

4.6 Limitations and prospects. 

 The present study only considered integrating thermal energy from the SMNR into the CCS 

and P&P operations for the techno-economic analysis. However, if both heat and electrical power 

are considered, a preliminary analysis estimates a ~40% cost reduction compared to the CO2 

capture cost found in Scenario 1, mainly due to the additional revenue from selling power to the 

grid (Table C.16). Even when the NPP is extracting HP steam, the remaining HP steam produced 

that passes through the NPP turbine, produces more power than is required for CCS operation and 

CO2 compression (Scenario 3). In the case of LP extraction (Scenario 4), since the steam is sent to 

the CCS and P&P mill after power generation, the power generated can compensate the 

unproduced power on the CHP mill system and the power required for CCS operation and CO2 

compression. 

 Additionally, this study used the most commercially available technology for CCS, but if 

emerging technologies are considered, they could reduce the energy requirements for carbon 

capture. Further models and economic analyses could consider using different solvents, such as 

blends of amines, which have reported better performances than MEA[65]. 

 In the economic analysis, additional financial incentives such as 45U, 45Y, and 48E could be 

considered if electrical power is included. This study aims to reduce the disruption of current P&P 

operations; however, future studies can explore using heat and power from nuclear energy to 

develop different strategies for decarbonizing the P&P industry, such as eliminating recovery 

boilers. This elimination would require finding ways to valorize the lignin and organic components 

of the black liquor while reducing the inorganic elements needed to regenerate white liquor. 

However, it would reduce the significant CO2 emissions from the recovery boiler. For example, if 

lignin is transformed into a precursor for biofuel, it will require a substantial amount of hydrogen 

(H2), creating an opportunity to integrate H2 production using nuclear power [66]. 

 This study evaluated using nuclear energy to power a CCS plant to reduce the carbon footprint 

of various paper mills. However, future research could investigate the feasibility of eliminating the 

need for boilers and supplying the steam and power required in the Kraft process from a nuclear 
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power plant, along with considering pulp mill location, proximity to current CO2 transportation 

pipelines, and the feasibility of installing SMNRs. 

 Other alternatives to integrate nuclear power into the paper industry could come from a higher 

electricity demand (for air separation units) if retrofitting the lime kiln and recovery boiler for oxy-

fuel combustion, where the CO2 in the flue gas is concentrated enough not to require the use of 

carbon capture systems. There are studies demonstrating the proof of concept of operating the lime 

kiln with pulp mill-derived lime mud under oxy-fuel conditions with promising results[67],[68] 

and technical reports exploring this integration at an industrial scale[21]. 

 While the initial investment in nuclear power and CCS infrastructure is high, there are many 

synergies for pairing with the paper industry. Pulp and paper mills are a large-scale CO2 emitters, 

and nuclear power plants can provide a reliable energy source for capturing and storing CO2. 

Additionally, financial incentives, such as the 45Q Tax Credit, can provide an economic benefit 

for the integration of nuclear power and CCS. From the data presented in this study, we have 

identified two business cases to be explored in future work.  

 In the first case, the P&P industry provides flue gas for free to a separate carbon capture facility 

powered by a nuclear power plant, which processes, purifies, captures, and stores the CO2, 

claiming tax credits as revenue. This offers the advantage of making P&P operations carbon 

neutral or net negative without out-of-pocket expenses since the NPP owns the CCS facilities and 

operates the SMNR.  

 In the second case, the nuclear power plant would provide steam to a P&P plant that owns and 

operates the CCS facility. In this case, the paper mill would build and operate the CCS facility and 

claim the tax credit to cover the CCS investment and operational costs. To make this case feasible, 

the price of steam from the NPP cannot be more than the tax credit incentives minus the combined 

operating costs of the CCS plant. Both business cases must be complemented with supportive 

policies and regulations addressing aspects beyond economics, such as safety, risk management, 

and operational strategies, such as being in a suitable location for CO2 storage or having a feasible 

transportation to a storage site. 

 Developing and deploying CCS technologies in the industrial sector is critical to mitigating 

greenhouse gas emissions. Moreover, using nuclear energy to power CCS systems can drastically 

reduce CO2 emissions and decrease fossil fuel dependency in the industrial sector. This paper 

analyzes the integration of nuclear heat at existing pulp mills in the US, addressing the critical 
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need for reducing the environmental impact of energy-intensive industries, such as pulp and paper, 

and sets a precedent for other biomass-consuming industries.  

 Integrating SMNRs with CCS technologies can significantly impact industries beyond the pulp 

and paper sector. Major emitter industries such as cement, steel, and chemical manufacturing can 

benefit from such integrations and adopt them into their operations. Similar analyses are needed 

to determine the optimal integration methods and estimate costs, and future industrial clustering 

could promote the viability of this integration. These industries can substantially reduce their 

carbon footprints by utilizing SMNRs to provide a reliable and low-carbon energy source.  

 This technical integration could apply to other regions with carbon capture incentives or carbon 

taxes. For example, similarly to the IRA, the European Union (EU), through the Net-Zero Industry 

Act (NZIA), aims to develop a strong CO2 injection capacity of a minimum of 50 million tonnes 

per year by 2030. This act mandates oil and gas producers to implement CCS and contribute to the 

EUôs 2030 carbon storage target [69],[70]. Additionally, the EU has demonstrated a commitment 

to deploy SMNRs in Europe by 2030, through the signing of the Declaration on EU SMR 2030. 

In this declaration, they recognized the role of SMNRs, beyond simple electricity generation, to 

reduce CO2 emissions in hard-to-abate industrial sectors, such as those mentioned previously 

[71],[72],[73]. This demonstrates the significant interest in using CCS and nuclear heat to reduce 

CO2 emissions in both the EU and US industrial sectors. However, this is dependent on continuing 

policies to support these technologies as tools for industrial CO2 reduction. 

4.7 Conclusions 

 The P&P industry is well-suited for nuclear energy integration due to several factors. Many 

US paper mills are old but continuously upgraded, making them viable for long-term investments. 

Most mills already have combined heat and power systems that can integrate heat from nuclear 

reactors. This study demonstrates that the economic potential for CCS and nuclear heat integration 

without disrupting significantly current operations varies by mill type and capacity. Among the 

mills evaluated, the SBSK mill presents the lowest carbon capture cost due to its higher CO2 

emissions (economies of scale). We evaluate different scenarios for integrating nuclear thermal 

energy and CCS, highlighting that nuclear reactors can provide the necessary steam and contribute 

to the P&P industryôs CO2 reduction. However, at the current 2024 US natural gas prices, SMNRs 

are not economically viable for providing steam only. In each case, the steam from the NPP would 
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need to cost less than approximately $16/mt to be competitive over the natural gas option. This is 

roughly half the expected median LCOH of $31.21 for HP steam and $25.84 for LP steam. Our 

results show that to make nuclear heat competitive against natural gas, either the natural gas cost 

will need to increase, or significant cost reductions or incentives will need to be provided for 

nuclear heat use.  

 Implementing CCS can reduce direct emissions by 65% in pulp and paper products, but the 

remaining emissions are still fossil fuel-based. Using biomass for CCS could further improve 

environmental impact. On the other hand, nuclear heat integration to power CCS can reduce 

emissions by 91%, with the remaining emissions being mainly biogenic. Recycling mills powered 

by nuclear energy can achieve zero direct emissions. While technically feasible, economic barriers 

such as commercializing SMNRs and reducing production costs must be addressed for widespread 

implementation.  

 This work demonstrates that dependence on fossil fuels can be reduced using a reliable, 

continuous, and safe energy source such as nuclear power. However, economic challenges remain. 

This study did not explore the combined integration of heat and power from the NPP to power the 

P&P and CCS  facility, which would alter the integration analysis and economic outcomes, 

particularly under scenario 4. This is due to the significant impact of lost power generation capacity 

in the CHP millôs system and the power supply for CCS operation when the NG boiler is 

decommissioned. In both the HP and LP steam extraction scenarios discussed here, the power 

produced by the nuclear reactor is more than enough to cover the CCS power requirements. While 

combined heat and electricity integration could improve SMNRs economic viability, it presents 

additional challenges, such as the need for new transmission lines to obtain electricity directly 

from the NPP. It is also challenging to account for the market differences between heat and power 

products, and the value of steam based on its properties and energy content. Two business cases 

were identified as possible options to overcome financial barriers associated with the proposed 

integration. In Case 1, the pulp and paper industry provides CO2 to a nuclear-powered CCS facility 

for free, which then claims tax credits, making paper mill operations almost carbon neutral or net 

negative without additional costs. In Case 2, the paper mills build and operate the CCS facility, 

and the nuclear power plant supplies steam and power at a reasonable price to cover CCS and 

operational costs, while the paper mill can claim tax credits to offset these expenses. Although 

economic and technical challenges remain, integrating nuclear power and CCS presents a 
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promising pathway to decarbonize the P&P industry. Successful implementation requires policies 

and regulations addressing safety, risk management, and operational strategies. 

 Our methodology and findings for the P&P industry serve as a precedent for other industries, 

including a compelling case study that can be translated for other energy-intensive sectors globally, 

including cement, steel, and chemical manufacturing. In addition, the increasing global interest in 

SMNRs, as evidenced by initiatives in the European Union (e.g., Net-Zero Industry Act, 

Declaration on EU SMR 2030), highlights a growing international recognition of their potential. 

This study supports the need for continued global collaboration on SMNR development, 

standardization, and deployment strategies to achieve shared CO2 reduction goals in the industrial 

sector at competitive costs. 
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5. Chapter 5 ï Quantifying A tmospheric Carbon Removal at Pulp Mills: A Life 

Cycle Assessment Across System Boundaries1 

5.1 Abstract 

The pulp and paper industry is a promising yet underexplored platform for large-scale carbon 

dioxide removal (CDR) due to its use of biogenic feedstocks and production of concentrated CO2 

emissions from point sources. This study presents the first comprehensive life cycle assessment 

(LCA) of retrofitting an amine-based carbon capture and storage (CCS) system into a 

representative virgin kraft pulp and paper mill in the Southeastern U.S. We evaluate carbon 

removal across five system configurations, applying both static and dynamic LCA methods under 

multiple functional units: CO2 captured, biomass input, and paper output. Results show that CCS 

retrofits can convert a conventional mill from a net emitter into a net carbon sink, with total 

removal efficiencies from 17% to 92% (metric tonnes of CO2 removed per metric tonne of CO2 

available for removal under selected boundary conditions). When carbon removal is normalized 

to the quantity of biogenic CO2 capturedða narrow, gate-to-gate system boundary that considers 

only CCS facility emissionsðremoval efficiencies reached as high as 92%. The use of such narrow 

boundaries aligns with precedents in traditional LCA methodology, where gate-to-gate 

assessments are commonly applied to isolate process-level performance and allocate emissions 

accordingly, providing a consistent basis for comparison across technologies. Under broader 

cradle-to-grave boundariesðwhich begin tracking carbon at the point of its physical removal from 

the atmosphere via photosynthesis in the forest, and extend to include upstream forest operations, 

mill -wide emissions, and downstream product decompositionðefficiencies declined, ranging 

from 17% to 46% under static assumptions and dropping to 12% when accounting for dynamic 

biogenic carbon fluxes over time. These results underscore how system boundary definitions 

influence reported outcomes, while also illustrating the complementary roles of narrow and broad 

perspectives for different decision-making contexts.  

_________________________  

1 The material in this chapter has been published as: 

Carrejo, E., Ortega, R., Lan, K. et al. Quantifying atmospheric carbon removal at pulp and paper 

mills: a life cycle assessment across system boundaries. Carb Neutrality 5, 3 (2026). 

https://doi.org/10.1007/s43979-025-00156-5 
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5.2 Introduction  

 Global warming, driven primarily by elevated atmospheric concentrations of carbon dioxide 

(CO2), will require aggressive mitigation strategies across all sectors of the global economy to 

limit temperature rise to 1.5 ÁC or less by 2100, as projected by current climate models[1, 2]. These 

strategies fall into three complementary categories: (1) reducing reliance on fossil fuels through 

the adoption of low-carbon and renewable energy sources; (2) preventing new CO2 emissions via 

technologies such as carbon capture and storage (CCS); and (3) actively removing legacy CO2 

from the atmosphere through carbon dioxide removal (CDR) pathways. CDR refers to activities 

that remove CO2 from the atmosphere, ensuring its durable storage as CO2 or transformed into 

another stable form of carbon[3]. CDR excludes naturally occurring CO2 uptake that lacks direct 

human or engineered intervention, and while it may incorporate carbon CCS technologies, it is 

distinguished by its focus on removing CO2 already in the atmosphereðrather than capturing fossil 

emissions at point sources such as power plants or industrial facilities[3]. To achieve global net-

zero emissions, the Intergovernmental Panel on Climate Change (IPCC) highlights the critical need 

for large-scale CDR, estimating that between 350 and 1,200 gigatons of CO2 must be removed 

from the atmosphere by 2100 to limit warming to 1.5 ÁC[4]. CDR projects are anticipated to fulfill 

several critical functions across different timescales. In the short term, they are expected to 

contribute to the reduction of net emissions. Over the medium term, CDR aims to counterbalance 

residual emissions from sectors where complete abatement is challenging or economically 

expensive (e.g., aviation, heavy industry, cement, chemicals, and agriculture), thereby facilitating 

the achievement of net-zero emissions. In the longer term, CDR could potentially enable ónet-

negativeô emissions, where annual CO2 removal exceeds emissions, to lower atmospheric CO2 

concentrations and contribute to global temperature reduction[5].  

 Biomass Carbon Removal and Storage (BiCRS) refers to the process of capturing and 

permanently storing carbon dioxide that was originally removed from the atmosphere via 

photosynthesis in plants. When biomass is industrially processedðsuch as in the pulp and paper 

sectorðit releases biogenic CO2 that, if captured and sequestered, can result in net atmospheric 

carbon removal. This is a form of BiCRS named Bioenergy with Carbon Capture and Storage 

(BECCS). This removal is achieved when the quantity of biogenic CO2 permanently stored 

exceeds the total greenhouse gas emissions  (GHG) (in CO2-equivalent) generated across the life 

cycle of the biomass utilization process. For instance, Pratama et al.[6] evaluated the integration 
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of BECCS into a polygeneration system (BECCS-PS) for the co-production of green electricity 

and methanol using palm oil empty fruit bunches as feedstock. The research compares two 

scenarios for producing renewable hydrogenðneeded for methanol synthesisðusing either solar 

photovoltaics (PV-PEM) or a geothermal power plant (GEO-PEM) as the power source. The 

findings reveal that both scenarios achieve negative CO2-equivalent emissions for electricity 

generation. However, the process handles a lower amount of biomass compared to the pulp and 

paper industry, which represents one of the most promising industrial platforms for CDR at scale 

through BECCS. It emits more biogenic CO2 from concentrated point sourcesðtypically ranging 

from 10% to 20% by volume[7, 8]ð than any other industrial sector in the United States, including 

ethanol and biopower facilities. 

 From a pulp and paper process point of view, the carbon removed by biomass can be viewed 

in two forms: (1) temporary product storage: the carbon embodied in the final paper products, and 

(2) permanent geological storage: the capture of biogenic CO2 emissions (e.g., from a recovery 

boiler) and its injection into deep geological formations for permanent sequestration. This study 

mainly adopts a cradle-to-grave system boundary, in which paper products are ultimately 

decomposed at their end-of-life, releasing their stored carbon back to the atmosphere. Therefore, 

the temporary product storage does not contribute to a net carbon removal or BECCS/BiCRS-

based solution. Net atmospheric carbon removal is mainly achieved via permanent geological 

storage. Only under a dynamic LCA perspective is the effect of temporal carbon storage by the 

paper product included in this study. As a mature industry with well-established biomass supply 

chains, high-capacity steam and power systems, and relatively low fossil fuel dependency, pulp 

and paper mills offer a compelling opportunity for durable CDR when integrated with CCS. In the 

United States alone, the pulp and paper industry emits approximately 110 million tonnes of 

biogenic CO2 each year[8]ð on average, about 1 million tonnes per virgin and recycled integrated 

millðsetting the upper limit for CDR potential from this sector if all of those emissions were 

captured and durably stored without any additional emissions to the atmosphere. Although there 

is a considerable potential for CDR in the pulp and paper industry, its successful deployment will 

depend on overcoming key challengesðranging from varying levels of technological readiness 

and high capital costs to the need for sustained financing, supportive policy frameworks, and 

robust monitoring, reporting, and verification (MRV) systems. Robust lifecycle assessment as part 

of carbon market protocols is essential to ensure that claimed removals are real, additional, and 
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durable[9, 10]. Carbon removal credits have been generated at pulp and paper mills through CCS 

projects that capture biogenic CO2 from recovery boiler flue gas[11]. 

 Despite growing interest in CCS, its net carbon removal potential in the pulp and paper industry 

remains unquantified. More importantly, no studies have systematically demonstrated how critical 

and sensitive the resulting carbon balance is to the definition of the LCA system boundaries. While 

previous studies have evaluated emissions from pulp and paper production[12ï18], they have not 

assessed the net carbon removal potential of CCS integration under these varying boundary 

conditions. This study fills this methodological gap by presenting a comprehensive GHG 

accounting of an amine-based CCS system in a pulp and paper mill, specifically evaluating carbon 

removal across multiple system boundary scenarios. This is critical, as some carbon removal 

technologies may emit more CO2 across the supply chain than they sequester[19]. Table 5.1 

summarizes the system boundaries that current registry protocols use to ensure the integrity, 

effectiveness, and sustainability of CCS projects, particularly those involving bioenergy with 

carbon capture and storage (BECCS) and direct air capture with carbon capture and storage 

(DACCS). In general, retrofit projects are evaluated under narrow (gate-to-gate) system 

boundaries. 

Table 5.1 Comparison of system boundaries of current registry protocols of carbon removal credits 

from CCS projects. 

Protocol Scope System Boundaries 

Verra [20] 
General CCS projects (DAC 

and/or industrial CO2). 

Encompasses all individual CCS module 

boundaries (capture, transport, storage). 

CO2 captured from Bionergy (BECCS) 

(gate-to-gate) 

 

Puro.earth [21] 
BECCS, DACCS, and biogenic 

CO2 sources; excludes fossil CO2. 

From carbon stream capture to injection 

into a storage reservoir. Includes both 

embedded (infrastructure, land-use) and 

operational (energy, materials) emissions 

at each stage (gate-to-grave). 

EcoEngineers/Drax [22] 
CDR via power/heat BECCS 

using solid biomass fuels. 

Limited explicitly to carbon capture, 

processing, transport, and storage 

components of the BECCS system (gate-

to-grave). 

Isometric [23] 

Industrial biogenic CCS captured 

at a point source; excludes fossil 

CO2. 

Primarily "cradle-to-grave" GHG 

Statement (establishment, operations, end-

of-life). "Narrow system boundary" (gate-

to-gate) option for facilities with 

financially viable co-products or those in 

cap-and-trade systems, allowing exclusion 

of non-CCS-related emissions. 
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 Not all biomass-based industries can achieve net-negative emissions through CCS integration 

under commonly used system boundaries. For example, while retrofitting a corn ethanol plant to 

capture high-purity fermentation CO2 can reduce life cycle GHG emissions by 30ï40%[24], the 

upstream and downstream emissions from feedstock cultivation, transport, processing, and fuel 

combustion often outweigh the biogenic CO2 captured and stored. Thus, while CCS can improve 

the carbon intensity of bioethanol, it does not necessarily yield a net-negative process[24, 25]. 

Voluntary carbon credit standards, such as those of Puro.earth and Gold Standard, use system 

boundaries that allow for carbon removal from corn ethanol; in 2024, Red Trail Energy became 

the first corn ethanol facility with CCS to sell such credits[26],[27].  

 This highlights an important tension in how carbon removal is assessed: traditional life cycle 

accounting practices at biorefineriesðsuch as those producing ethanol or pulp and paperðoften 

treat biogenic CO2 as a waste, justifying a narrow system boundary that includes only the CCS 

plant. In contrast, some suggest that biogenic CO2 may not qualify as waste, since its availability 

for capture is contingent on biomass cultivation, harvesting, transportation, and processingð

activities that introduce additional emissions. From this perspective, broader system boundaries 

may be important for more accurately assessing net carbon removal. This discrepancy in boundary 

assumptions has the potential to place dedicated, greenfield BiCRS facilitiesðsuch as those 

focused solely on biomass burialðat a relative disadvantage. These facilities must account for 

emissions across the entire biomass supply chain in addition to the BiCRS process itself, whereas 

retrofitted biorefineries often only attribute emissions from the CCS unit, potentially overstating 

their net carbon removal when narrow boundaries are applied. At the same time, the use of narrow 

boundaries is not without merit: it aligns with long-standing LCA conventions in process 

industries, where gate-to-gate analyses are widely used to isolate unit operations, benchmark 

performance, and facilitate technology-to-technology comparisons. By focusing narrowly on the 

CCS unit, such assessments can provide clarity about process efficiency and aid early deployment, 

even without capturing all system-level effects. An interesting question arises for retrofitted 

biorefineries: What happens when the value of capturing and sequestering biogenic CO2 

approaches or exceeds the value of the primary products, such as ethanol or paper? This shifting 

economic dynamicðdriven by the emerging value of carbon removalðhas the potential to 

fundamentally reshape the role and design of existing biorefineries, positioning them as carbon 
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removal platforms rather than solely producers of fuels or materials. While narrow boundary 

approaches are already accepted by some crediting registries and may be appropriate in the near 

term, the carbon removal industry is still in its infancy, where taking some action is often better 

than taking none. As with many emerging sectors, it is common for standards to evolve over time, 

and these approaches may need to be revisited as carbon removal markets mature. 

 In light of these considerations, this study provides a systems-level evaluation of the carbon 

removal potential of CCS retrofits in the pulp and paper sector, with a focus on boundary 

assumptions that shape carbon removal claims. By quantifying the life cycle emissions and 

removal efficiencies across multiple scenarios and system boundaries, this work addresses a major 

gap in the literature and offers a rigorous framework for evaluating industrial BiCRS strategies. 

The findings aim to inform the design of future carbon removal protocols, investment decisions, 

and climate policy by highlighting the conditions under which CCS-integrated biorefineries can 

serve as effective and verifiable platforms for atmospheric carbon dioxide removal. 

 In this study, we perform a detailed cradle-to-gate life cycle inventory of a southern U.S. virgin 

integrated kraft paper mill producing packaging paper (linerboard), the fastest-growing paper 

product[28]. The analysis includes all direct emissions associated with paper manufacturing, as 

well as indirect emissions from sustainably sourced wood feedstock procurement, makeup 

chemical production and transport, and net electricity consumption at the mill site. In addition, the 

associated life cycle inventory and emissions of an amine-based solvent carbon capture facility are 

estimated, including the embodied emissions of building the CCS facilities. Then, the net impact 

on GHG emissions of retrofitting the paper mill with a CCS plant is calculated, focusing on the 

capture of emissions from the recovery boiler. Additionally, several scenarios are evaluated to 

quantify carbon removal efficiency when the CCS plant is supplied with CO2 from alternative 

sources.  

5.3 Methodology 

 The graphical abstract that summarizes the system boundaries of this study is shown in Figure 

5.1. This study estimates the carbon removal from integrating an amine-based system CCS plant 

to a 462,000 air dry tonnes per year unbleached softwood kraft pulp mill (UBSK) in the 

southeastern U.S. LCA system boundaries are defined by their scope. A gate-to-gate boundary 

considers only the core production processes, excluding upstream or downstream emissions. A 
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cradle-to-gate analysis expands this, accounting for all upstream emissionsðsuch as resource 

exploitation, procurement, and raw material preparationðin addition to the production 

boundaries. Conversely, a gate-to-grave analysis includes the production phase and all subsequent 

downstream emissions, covering distribution, the use phase, and end-of-life disposal. Finally, the 

cradle-to-grave boundary is the most comprehensive, including all upstream, production, and 

downstream emissions for a product or service. This study independently analyzed the pulp and 

paper mill (yellow dashed line) and carbon capture facilities (red dashed line). Then, both systems 

were integrated (pink dashed line) under several sources of flue gases feeding the CCS plant to 

estimate the carbon removal obtained in such integration. 

 

 

Figure 5.1 System boundaries of the system analyzed in this study: (a) Pulp and paper mill, (b) 

Carbon capture and storage facility, (c) Pulp and paper mill and carbon capture and storage facility 

integrated. 

 

a 

c 
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 This study evaluates the carbon removal potential of retrofitting a representative U.S. virgin 

kraft linerboard mill with an amine-based CCS system. The analysis is structured around five 

distinct system configurations, each designed to explore the influence of boundary assumptions 

and temporal carbon accounting approaches on the estimated removal efficiency: 

¶ System 1 (Baseline ï Cradle-to-Gate): Baseline GHG emissions from the standalone 

paper mill (no CCS). The net carbon balance compares the CO2 emissions from the process 

and the raw material supply chain against the total biogenic CO2 fixed by the biomass 

feedstock during photosynthesis.  

¶ System 2 (Narrow Gate-to-Gate): Standalone CCS facility assessed from a static CDR 

perspective, treating biogenic CO2 as a ñwasteò stream, while excluding upstream 

emissions from biomass sourcing, onsite emissions from biomass processing, and 

downstream emissions from paper product decomposition. The maximum theoretical 

carbon removal is defined as the total quantity of biogenic CO2 physically captured in the 

CCS unit. 

¶ System 3 (Narrow Cradle-to-Gate): Paper mill and CCS facility assessed from a static 

CDR perspective, treating biogenic CO2 as a co-product rather than a ñwasteò stream, and 

including onsite emissions from biomass processing and upstream emissions from biomass 

sourcing but excluding downstream emissions from paper product decomposition. The 

maximum theoretical carbon removal is defined as the total quantity of biogenic CO2 

physically captured in the CCS unit. 

¶ System 4 (Broad Cradle-to-Grave): Paper mill and CCS facility assessed from a static 

CDR perspective, treating biogenic CO2 as a co-product rather than a ñwasteò stream, and 

including onsite emissions from biomass processing, upstream emissions from biomass 

sourcing, and downstream emissions from paper product decomposition. The maximum 

theoretical carbon removal is defined as the total quantity of biogenic CO2 fixed by the 

biomass feedstock during photosynthesis.  

¶ System 5 (Dynamic Cradle-to-Grave): Same as System 4, but evaluated using a dynamic 

CDR perspective that accounts for the timing of biogenic carbon fluxes. The maximum 

theoretical carbon removal is defined as the total quantity of biogenic CO2 fixed by the 

biomass feedstock during photosynthesis. 
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 A standard life cycle assessment evaluates the overall environmental footprint of a product or 

service during its life cycle. In this case, the carbon footprint or global warming potential of 

linerboard for packaging production. This study did not include other impact categories (e.g., 

ozone depletion, acidification, human health, etc.). A common practice within LCA is to use 

system expansion or allocation methods to account for co-products or services, often involving 

calculating credits for avoided burdens elsewhere in the economy. For example, if BECCS 

generates electricity displacing fossil fuel power generation or biochar production yields bio-oil 

that substitutes for fossil fuels, the LCA might credit the system with the emissions avoided from 

the displaced fossil resources. Under such an analysis, a product or service can achieve a ñnet-

negativeò carbon footprint on paper simply by avoiding more emissions than the amount it directly 

generates, even if there is insufficient physical removal of CO2 from the atmosphere. Because of 

this fact, a newly introduced framework called CDR accounting aims to quantify the net amount 

of CO2 that is physically removed from the atmosphere and durably stored, excluding the inclusion 

of avoided emissions [29, 30]. 

 We aim to estimate the net carbon removal in each scenario where a CCS facility is integrated 

into a pulp and paper manufacturing process, which calculation is summarized  in Equation 5.1: 

 

ὅὕ ὪὭὼὩὨ ὦώ ὦὭέάὥίί

ὈὭὶὩὧὸ Ǫ ὍὲὨὭὶὩὧὸ ὩάὭίίὭέὲί ὥίίέὧὭὥὸὩὨ ὸέ ὖǪὖ έὴὩὶὥὸὭέὲί

ὉάὦέὨὭὩὨȟὈὭὶὩὧὸ Ǫ ὍὲὨὭὶὩὧὸ ὩάὭίίὭέὲί ὥίίέὧὭὥὸὩὨ ὸέ ὅὅὛ έὴὩὶὥὸὭέὲ

ὙὩίὭὨόὥὰ ὄὭέὫὩὲὭὧ ὅὕ  

ὔὩὸ ὅὥὶὦέὲ ὙὩάέὺὥὰ 
άὸ ὅὕ

ὪόὲὧὸὭέὲὥὰ όὲὭὸ
 

υȢρ 

 

 Where the CO2 fixed by biomass represents the theoretical maximum for carbon removal and 

is estimated as follows (Equation 5.2)[31]: 

 

ὅὕ   ὔ Ϸzύὸ ὅ  z
ττ

ρς
 υȢς 

 

 N represents the mass of biomass in metric tonnes used in the pulp and paper manufacturing 

process, and it includes the biomass used for heat and power, if any.  
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 In system 2, Equation 5.1 is reduced to the biogenic CO2 captured by the CCS facility minus 

the embodied, direct, and indirect emissions associated to CCS operation, represented in Equation 

5.3 to estimate the net carbon removal: 

 

ὅὕ   ὉάὭίίὭέὲί  ὅὕ    ὅὕ  υȢσ 

 

Where: 

  

%ÍÉÓÓÉÏÎÓ Ὁ  Ὁ   Ὁ Ὁ  υȢτ 

 

 CO2captured represents the gross amount of CO2 captured from the CCS operation. The 

Emissionsproject accounts for all of the emissions of the CCS, as shown in Equation 5.4. The Ecapture 

is the sum of the emissions attributed to the consumption of electricity for the pretreatment of the 

flue gas, CO2 capture, compression, and dehydration, as well as the emissions associated with the 

consumption of natural gas and forestry residue for steam production. The Einjection corresponds to 

the electricity used for liquid CO2 transport and injection in the basin reservoir. Eembodied 

corresponds to the emissions associated with the construction and materials of the CCS facilities 

for capture and transport equipment, estimated using the supply chain emission factors for 

commodities defined in the North American Industry Classification System[32]. The Econsumables 

correspond to the emissions associated with the amine solvent makeup and chemicals for water 

treatment in the CCS and the associated transportation to the plant. Finally, the CO2losses represent 

the losses of CO2 from the captured amount during pipeline transport and injection.  

 Since standard LCA practices for coproduct allocation differ slightly from the specific 

requirements of CDR accounting, we present two metrics to compare the flux of carbon when 

integrating a CCS plant into a current P&P operation.  

 First, from the perspective of an engineered carbon removal technology, MEA solvent-based 

CCS, in the CDR terminology, the carbon removal efficiency is typically defined as the net CO2 

tonnes removed over the gross CO2 tonnes captured, the latter defined as what gets captured by 

the CCS, e.g., after capture efficiency (Equation  5.5)[31]: 

 

ὅὥὶὦέὲ ὶὩάέὺὥὰ ὩὪὪὭὧὭὩὲὧώ Ϸ ȡ 
Ὣὶέίί ὅὕ ὧὥὴὸόὶὩὨ  ὅὕ ὰὩὥὯὩὨ 

Ὣὶέίί ὅὕ ὧὥὴὸόὶὩὨ 
ρzππϷ  υȢυ 
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Where the CO2 leaked refers to all the CO2e emitted throughout the CCS operation, including 

indirect emissions from power consumption.  

 As a second metric, we introduce the estimation of the net carbon removal efficiency, taking 

the ratio of the net flux of carbon removal against the total CO2 fixed by biomass that can 

potentially be captured again (Eq. 6) [31]: 

 

ὔὩὸ ὅὥὶὦέὲ ὶὩάέὺὥὰ ὩὪὪὭὧὭὩὲὧώ Ϸȡ 
ὅὕ ὪὭὼὩὨ ὦώ ὦὭέάὥίί  ὅὕ ὩάὭίίὭέὲί 

ὅὕ ὪὭὼὩὨ ὦώ ὦὭέάὥίί 
ρzππϷ   φ  

 

 From the perspective of a CDR project capturing CO2 from biogenic sources, existing carbon 

credit methodologies account for CO2 captured under the project activity that would not have been 

captured in the absence of the project[33]. Therefore, the convention to date in the CDR industry 

is to take a consequential LCA approach (vs. a baseline inventory), evaluating the impact on 

emissions of the incremental CDR activities to determine net removals (Equation 5.5). This sets a 

narrow boundary for facility retrofits with CCS, as represented in System 2. 

 In system 3, the fossil-based (direct and indirect) CO2 emissions from P&P operations are 

accounted for. As in System 2, net carbon removal is calculated using Equation 3; however, in 

System 3, the definition of ñCO2 lossesò is expanded to include onsite fossil fuel emissions from 

paper mill operations. System 3 evaluates the performance of the CCS integration under a CDR 

perspective, but including fossil-based emissions in the P&P mill. Consequently, the carbon 

removal efficiency is calculated using Equation 5 for System 3. 

 By applying the broadest system boundaries (Systems 4 and 5) it is possible to estimate the 

total impact of integrating a CCS plant into a pulp and paper facilityðaccounting for all relevant 

upstream and downstream activitiesðand determine whether such integration could effectively 

transform the mill into a net carbon sink through the capture and sequestration of biogenic CO2 

[29]. Under these broader boundaries, carbon removal is treated as inseparable from the entire pulp 

mill operation: the removal would not occur without the harvesting, transportation, and processing 

of biomass, making the full pulping processðalong with CCSð a necessary component of the 

carbon removal activity. The complete Equation 5.1 is used to estimate the carbon removal in 

systems 4 and 5. The residual biogenic in Equation 5.1 for systems 4 and 5 represents the carbon 

content of the paper product converted into CO2 and the biogenic CO2 from P&P mill point sources 

that is not captured by the CCS facilities due to capture efficiency, or lost during transportation 
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and injection. We assume all pulp products either are incinerated completely, decompose 

aerobically into CO2, or are decomposed anaerobically, such as in a landfill, where the methane is 

mostly flared, or oxidized, prior to emission, which is a prevalent practice in the U.S.[34, 35]. It is 

important to note that the biogenic carbon stored in the paper is assumed to be released back into 

the atmosphere immediately after production without accounting for heat or energy use. 

Additionally, the broader cradle-to-grave system boundary will allow the comparison of the net 

carbon removal in terms of three different functional units: CO2 originating from biomass, the 

amount of paper produced, and biomass consumed. 

 In most life cycle assessments, carbon emissions from biomass are classified as biogenic and 

are often treated as ñcarbon neutral.ò This designation can apply to wood-derived products like 

pulp and paper, particularly when the wood is sourced from sustainably managed forests where 

harvesting does not exceed regrowthð or where carbon stocks on the landscape are stable or 

increasing [36]. In systems 4 and 5 of this study, the biogenic carbon entering the papermaking 

process is treated as the maximum quantity available for atmospheric carbon removal, and net 

removal efficiency from CCS is evaluated relative to that amount (Equation 5.6); any biogenic 

CO2 released to the atmosphere under these systems is counted as an emission [31].  

 Table 5.2 provides a summary view of the emissions accounted for in each system described 

previously: 

 

Table 5.2 CO2 emissions inclusions/exclusions comparison of system boundaries defined in this 

analysis. 

Emissions accounted for in/out 
System 

1 

System 

2 

System 

3 

System 

4 

System 

5 

Sustainable Management Forest 

Operations* 
ṉ  ṉ ṉ ṉ 

Biogenic CO2 fixed by biomass ṉ   ṉ ṉ 

P&P mill biogenic CO2 point sources ṉ   ṉ ṉ 

P&P mill fossil CO2 point sources ṉ  ṉ ṉ ṉ 

P&P mill utilities ṉ  ṉ ṉ ṉ 

Chemicals make up and disposal*  ṉ ṉ ṉ ṉ ṉ 

Biogenic CO2 in paper products ṉ   ṉ ṉ 

Biogenic CO2 losses ṉ   ṉ ṉ 

Power from the grid  ṉ ṉ ṉ ṉ 

CCS Biomass Boiler    ṉ ṉ 

Wastewater treatment plant ṉ  ṉ ṉ ṉ 
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Table 5.2 (continued) 

Biomass residues transportation  ṉ ṉ ṉ ṉ 

CCS facility utilities  ṉ ṉ ṉ ṉ 

CO2 compression & storage  ṉ ṉ ṉ ṉ 

CO2 losses during transportation and 

injection 

 ṉ ṉ ṉ ṉ 

CCS facility embodied emissions  ṉ ṉ ṉ ṉ 

Paper product end of life*    ṉ ṉ 

Dynamic carbon fluxes     ṉ 
*Includes transportation 

 

5.3.1 Goal and Scope 

 This analysis assumes an already operating paper mill is retrofitted with CCS. The system 

boundaries defined in this study depend on the system configuration described in the methodology 

section. For system 1, the system boundary is ñcradle-to-gateò for the P&P operations without 

CCS, including the procurement of the wood as raw material and all the associated operations in a 

sustainably managed forest, and all the subsequent processes to transform the wood into paper 

during the kraft chemical pulping processes. The system boundary is shown in the top left portion 

of Figure 5.1. The upstream associated emissions from producing raw materials, makeup 

chemicals, and fuels were included. The transportation distance of raw materials was assumed to 

be within a radius of 50 miles (80 kilometers) from the paper mill. The mass and energy balances 

of the UBSK mill from WinGEMS v5.3[37] Software were used as the life cycle inventory to 

perform the LCA on global warming potential (GWP). Our modeled mill is 100% energy self-

sufficient. Table D.1 presents the parameters used for the WinGEMS model. The detailed LCI data 

are provided in Tables D.2 and D.3 of the supplementary information. The GHG emission data are 

mainly from the Ecoinvent database, and GWP was estimated based on 100-year factors[38].  

 A modified gate-to-gate system boundary was considered when independently analyzing the 

CCS plant in system 2. It includes all operations involved in capturing, such as the capture and 

compression of CO2 from the point source (e.g., recovery boiler flue gas), its transportation via 

pipelines, and its storage, including intermediate storage and injection. Additionally, the boundary 

accounts for CO2 emissions generated by these capture, transport, and storage activities. It also 

incorporates the equipment and facilities constructed explicitly for CO2 removal and their 

associated emissions from materials and construction. Furthermore, the boundary covers emissions 
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related to the collection, processing, and transportation of biomass-derived fuel utilized by the 

CCS system for process heat and power and any CO2 losses that occur within the system. In 

addition, system 3 accounts for the fossil-based (direct and indirect) CO2 emissions from P&P 

operations, under an expanded cradle-to-gate system boundary compared to system 2. 

 For systems  4 and 5, the LCA sets a broad cradle-to-grave system boundary where point 

sources of CO2 emissions from the P&P mill are included alongside the CCS plant. Figure 5.2 

represents the five point source capture scenarios analyzed. Each scenario number coincides with 

the number of point sources considered in the integration. Figure 5.2 provides more detail on the 

broadest system boundary represented in Figure 5.1, including the upstream emissions associated 

with P&P operations, the CCS plant, and the paper product end of life.  

 In systems 4 and 5, the net carbon removal efficiency is assessed for each point-source capture 

scenario integrated into the CCS facility. Scenario 1 captures biogenic CO2 from the recovery 

boiler flue gas. Scenario 2 expands on this by including CO2 emissions from the biomass boiler 

within the CCS plant, which provides the steam required for solvent regeneration in the amine 

system. Scenario 3 adds biogenic emissions from the P&P millôs own biomass boiler. Scenario 4 

incorporates the lime kiln, which emits primarily biogenic CO2, but also includes fossil-derived 

CO2 from natural gas combustion used to regenerate lime. Finally, Scenario 5 integrates all CO2 

point sources from both the P&P mill and the CCS plant. As noted earlier, in Systems 4 and 5, 

both biogenic and fossil CO2 emissions are explicitly accounted forðrather than assuming 

biogenic CO2 is inherently carbon neutralðwhen evaluating net carbon removal.  

 The functional unit in a life cycle assessment measures the performance of a product system 

and serves as a standard unit for presenting the results (ISO 14040). However, the functional unit 

is intrinsically tied to the selection of system boundaries. In our study, we have selected three 

functional units: total carbon captured (changes with system boundary), total annual product, and 

total yearly biomass consumption. The last two only apply to systems 4 and 5.  
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Figure 5.2 Flowsheet diagram showing CO2 point sources including in the carbon accounting for 

each scenario: (1) recovery boiler, (2) recovery boiler and CCS biomass boiler, (3) recovery boiler, 

CCS and P&P biomass boilers, (4) recovery boiler, CCS and P&P biomass boilers, and lime kiln, 

and (5) recovery boiler, CCS and P&P biomass boilers, lime kiln, and natural gas boiler. 

5.3.2 Dynamic Life Cycle Assessment  

 Conventional carbon removal inventories treat biomass-derived CO2 as ñcarbon neutral,ò 

subtracting later emissions from the earlier uptake; this static view assumes sequestration happens 

instantly and that the CO2ôs interim stay in the air is irrelevant[2]. Yet the delay between emission 

and resequestration still warms the atmosphere, and that warming endures for a lasting period[1]. 

Our dynamic life cycle assessment (system 5) time stamps every emission and removal, translates 

these dated flows into cumulative radiative forcing, and therefore penalises lags: a tonne of 

biogenic CO2 released at harvest keeps heating the climate until regrowth recaptures it (the longer 

the lag, the smaller the net carbon removal credit). Consequently, system 5 delivers less apparent 
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carbon removal than a static CDR balance would indicate. The persistence of those emissions 

depends on the ecosystem carbon dynamics, which can change based on several factors such as 

location, climate, and ecosystem type.  

 The temporal effect on global warming of the CO2 emissions relies on the time the biogenic 

CO2 stays in the atmosphere between when it is emitted and when it is captured again through the 

natural photosynthesis process. This dynamic in the carbon cycle has been studied for the 

immediate release of biogenic CO2 for bioenergy production purposes[39] and different harvested 

wood products[40]. The absolute global warming potential (AGWP), which represents the total 

cumulative radiative forcing resulting from a single release of a gas into the atmosphere, is 

calculated by integrating over time the product of the gasôs radiative efficiency (Ŭ) and the function 

describing the fraction of that gas remaining in the atmosphere over time since its emission. In 

simpler terms, AGWP is the accumulated warming effect of a gas over time, determined by how 

strongly it traps heat and how long it stays in the atmosphere after being emitted as a pulse[39]. 

 Cherubini et al. developed the GWPbio metric, expressed as a function of AGWP, to represent 

the residual atmospheric impact of biomass-derived CO  using impulse response functions (IRF) 

from carbon cycle models. This metric focuses solely on CO  and does not account for non-CO  

emissions such as methane (CH ) and nitrous oxide (N O)[39]. Their methodology focuses on the 

rotation time that the biomass experienced before harvesting and allows it to sequester carbon, and 

compares the atmospheric decay of biogenic CO2 emissions (kg biogenic CO2/yr) when that 

biomass is combusted with the atmospheric decay of the same quantity of fossil-based CO2 

emissions (kg fossil CO2/yr) through functions b(t) and f(t) respectively in the GWPbio definition 

(Equation 5.. 7): 

Ὃὡὖ  
ὃὋὡὖ

ὃὋὡὖ
 
᷿ ‌ ὦὸὨὸ

᷿ ‌ ὪὸὨὸ
   υȢχ  

 

 Where TH represents the time horizon, in this case, 100 years, to be coherent with the time 

horizon of the emission factors used in the analysis of the previous configurations. The ŬCO2 factor 

is the radiative efficiency of CO2 gas that estimates the perturbation force of certain CO2 emissions 

(concentration) compared to an initial CO2 concentration in the atmosphere[41]. The function b(t) 

that describes the atmospheric decay of a pulse of bio CO2 over time is defined as follows in 

Equation 5.8[39]: 
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ὦὸ ώὸ  Ὣὸώὸ ὸὨὸ υȢψ  

 

 Where y(t) represents the atmospheric decay of a pulse of CO2 molecules over time, g(tô) 

describes the rate of biomass regrowth, which removes the CO2 released initially, and y(t-tô) 

represents the CO2 fraction remaining in the atmosphere.  

 The temporal dynamics of forest carbon uptake are central to the dynamic LCA methodology. 

For this analysis, a rotation period of 25 years was assumed, representing typical commercial 

management practices for loblolly pine plantations in the southeastern U.S.[42] This rotation 

period determines the timeframe over which atmospheric CO2 removed during photosynthesis is 

re-sequestered following biomass combustion. The forest regrowth dynamics are modeled using a 

cumulative normal distribution function that captures the temporal pattern of carbon uptake, with 

maximum uptake occurring at the midpoint of the rotation cycle. This approach, developed by 

Cherubini et al. [39], accounts for the radiative forcing impact of biogenic CO2 during the interval 

between emission and resequestration through plantation regrowth. 

 The dynamics of forest growth, expressed in Equation 8 by g(tô), is shown in Equation 5.9 

[39]:  

Ὣὸ
ρ

Ѝς“„
Ὡ  (5.9) 

 

Where: 

Ὣὸ: is the atmospheric carbon uptake. 

µ: is the mean, and it is assumed that occurs in the year of maximum C uptake and is taken half of 

the rotation period, µ=rotation/2. 

„: is the variance and determines the width of the distribution, and it is assumed to be half of the 

mean, ů = Õ/2. 

 For the dynamics of forest growth and carbon cycling, the following assumptions were 

considered. The analysis begins with a mature loblolly pine plantation ready for harvest. Upon 

harvesting, (1) the biomass feedstock originates from a stand in which all trees are the same age, 

and (2) harvesting is carried out by clear-cutting, with the site replanted immediately. The 

harvested biomass is then processed at the pulp mill, where (3) all of the biomass-derived carbon 
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that is not retained in the paper product is combusted in mill operations (recovery boiler, biomass 

boilers, lime kiln), and the resulting CO2 is treated as an instantaneous emission pulse. Following 

this emission pulse, (4) by the end of the next rotation period, plantation regrowth absorbs the 

same quantity of CO2 that was released during combustion. Additionally, (5) the GWPbio metric 

only considers one growth-harvesting cycle, and (6) carbon contributions from roots and surface 

litter are excluded from the analysis. Figure D.1 shows the dynamics of forest growth considered 

in this methodology[39]. 

 Using the full impulse response function[41, 43] that integrates the ocean and terrestrial 

biosphere interaction in the carbon cycle[44], Equation 5.8 is represented as (Equation 5.10):  

 

ὦὸ  ὥ  ὥὩ
ρ

Ѝς“„
Ὡ  ὥ ὥὩ Ὠὸ υȢρπ  

 

 Where † denotes the distribution relaxation time scale of the CO2 emissions in the climate 

system within the natural C cycle, which represents how quickly or slowly the CO2 is taken up by 

the ocean (upper and deep), terrestrial biomasses, and rock weathering or sediment formations. 

The µ(mean) denotes half of the rotation period in biomass growth (µ=r/2), being r the rotation 

period, and the ů (variance) is assumed to be equal to half of the mean (ů=Õ/2)[45]. 

 The GWPbio factor is invariant across spatial scales, from individual stands to entire landscapes 

[45], and the cumulative impact of a pulse emission is equivalent to the steady-state effect of 

continuous emissions[46ï48]. 

 While the above assumptions address the timing of pulp mill -based combustion emissions and 

subsequent forest regrowth, a significant portion of the harvested carbon remains temporarily 

sequestered in the linerboard product before eventual end-of-life disposal. To account for this 

temporal storage effect, the methodology developed by Guest et al.[49] was applied, which 

modifies the atmospheric decay function b(t) to incorporate the time period during which carbon 

is stored in the product before being released as CO2 (Equation 5.11). This approach recognizes 

that delaying CO2 emission (by storing carbon in the product) reduces the cumulative radiative 

forcing compared to immediate release. 
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Equation 5.11 introduces a storage period parameter (ɗ) representing the time between 

paper production and end-of-life incineration. For this study, ɗ = 3 years was assumed for 

linerboard packaging, representing an optimistic service life in storage, distribution, and moving 

applications. The climate impact of biogenic CO2 pulses is estimated by multiplying the GWPbio 

factor by the amount of biogenic CO2 within the system boundary. 

A virgin fiber integrated paper mill can be conceptualized as a hybrid system comprising 

a natural carbon uptake processðthrough the use of wood that removes CO2 from the atmosphere 

via photosynthesisðand an engineered process that emits CO2 during paper manufacturing. Prior 

research has suggested that while the biogenic carbon captured in biomass is ultimately re-emitted 

during production or end-of-life decomposition, the temporal dynamics of this carbon cycle can 

influence its climate impact[1]. This provides the rationale for including a dynamic assessment as 

system 5. In this analysis, the maximum quantity of CO2 available for capture is defined by the 

total carbon content of the biomass processed by the mill. Carbon sequestration estimates were 

based on the aboveground biomass carbon content, assumed to be 51.6%[7]. All GHG emissions 

associated with paper production are treated as leakages from the initial biogenic carbon stock 

[50]. Additionally, the final carbon content of the linerboard productðassumed to be 46.13% 

[7]ðwas modeled as fully oxidized to CO2 upon production[51]. 

 

5.3.3 System Description. 

5.3.3.1 Biomass Procurement 

 The softwood logs used as raw material for the kraft liner paper were assumed to be produced 

under typical silvicultural practices in the southeastern U.S.; the emission factor used for 

estimating the CO2 emissions includes the primary forest operations, such as site preparation, 

planting, applying fertilizers and herbicides, thinning and logging. Additionally, around 20% of 

the biomass used to produce paper was assumed to enter in the form of wood chips. Another 

emission factor considering the chipping stage was used for this portion. The life cycle inventory 
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of the cultivation, harvesting, and handling of southern softwood chips is presented in Table D.4 

[52]. 

5.3.3.2 Pulp and Paper Mill Process  

 Figure 5.3 represents the flow diagram of the reference paper mill. The linerboard production 

starts once the softwood logs and wood chips are received at the pulp mill gate. They are stored 

onsite, and the logs are transformed into chips of a small size to promote proper impregnation of 

the chemicals used to delignify the wood. This size change is made in the woodyard section, where 

the logs are debarked, cleaned, and chipped. The bark and the rejects from the screeners that 

control the chip size are subsequently used in the biomass boiler for in-situ steam and power 

generation. Here, we found a source of biogenic CO2 emissions. The proper-size chips are fed into 

the continuous digester through a conveyor, where sodium hydroxide (NaOH) and sodium sulfide 

(Na2S) are used as pulping chemicals to separate the lignin from the cellulosic fibers, and with the 

use of steam, the temperature and pressure conditions are raised (170 °C, 60 bar). The mixture of 

chemicals used in this stage is called white liquor for its transparent yellow appearance. 

 In the continuous digester, the chips pass through 5 different zones: first, the impregnation 

with white liquor under high pressure; second, the heating zone where the pulping temperature is 

reached to enter into the third zone where the ñcookingò process occurs; and then the pulp is 

washed in the fourth zone, to finally being blown outside of the digestor in the fifth zone. The pulp 

goes through a screening process and is subsequently subjected to a series of washing stages. The 

freshwater enters the process in the final washing stage and, counter-currently, goes back through 

the washers to clean the pulp. Then, the filtrate from the first washer joins the liquor that went out 

from the digester, where it is finally sent to the evaporators. The liquor in this part is called black 

liquor due to the dissolved lignin after cooking, which provides the black color to the liquid phase. 

At this stage, the dissolved solids have an average concentration of 16%, and a final concentration 

of 72% is reached throughout the evaporators and concentrators. With this level of solids, the 

concentrated black liquor is combusted inside the recovery boiler. The second source of biogenic 

CO2 is found here. The organic solids (lignin and a small portion of carbohydrates) of the black 

liquor combust and provide heat to produce steam, leaving the inorganic sodium and sulfur 

compounds to go to the bottom of the boiler, where they react with carbon (char) and carbon 

dioxide at high temperatures and under reduced oxygen content, forming a smelt that consists of 
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sodium carbonate (Na2CO3) and sodium sulfide (Na2S). Note that the carbon in the Na2CO3 enters 

the process with the wood; thus, it is considered biogenic. 

The smelt is dissolved in water, producing a greenish liquid called green liquor. This liquor 

is clarified, eliminating a small amount of carbonaceous solids called dregs. The clarified green 

liquor is put in contact with calcium hydroxide (Ca(OH)2) (Equation 5.12), previously produced 

after slaking calcium oxide (CaO) (Equation 5.14), precipitates calcium carbonate and produces 

NaOH. Note that the resultant liquor corresponds to the white liquor used in the continuous 

digestor after separating the CaCO3. This CaCO3 or lime mud is dried and sent to the lime kiln, 

where heat is provided to proceed with the endothermic calcination reaction (Equation 5.13). 

ὔὥὅὕ ὔὥὛ  ὅὥὕὌ  O ὅὥὅὕ ὔὥὛ ςὔὥὕὌ υȢρς  

ὅὥὅὕ ὌὩὥὸ  O ὅὥὕὅὕ  υȢρσ  

ὅὥὕὌὕ  O ὅὥὕὌ  υȢρτ  

 We found the third source of biogenic CO2 emissions in the lime kiln. However, the CO2 in 

the flue gas from the lime kiln is a mixture of biogenic and fossil-fuel-derived carbon. 61.4% of 

the lime kiln CO2 emissions are biogenic and generated by releasing CO2 from the CaCO3 to 

produce CaO, and 38.6% comes from the natural gas being combusted to provide the heat needed 

for the calcination reaction[7].  

 On the other hand, the clean fibers are pumped from the pulp plant to the paper machine. In 

the paper machine, a set of cleaners separates sand or other impurities. Subsequently, the fibers 

pass through a set of refiners to increase the strength of the paper once the sheet is formed, and 

chemical agents are applied to the fiber furnish to control specific paper properties in the final 

product. The paper is formed in a fourdrinier machine, where vacuum helps to remove water and 

form the paper sheet, further drying through the press and dryer sections. Finally, a roll is formed, 

cut, and prepared to be shipped to the customers.  

 The combined heat and power (CHP) plant in the pulp and paper mill is connected to all the 

heat energy sources (recovery boiler with a 64% thermal efficiency, biomass boiler with a thermal 

efficiency of 75%, and natural gas boiler with a thermal efficiency of 78%). The boilers produce 

superheated steam at 83 bar and 547 °C, which passes through a multistage back-pressure turbine, 

where medium-pressure steam at 11 bar and 305 °C and low-pressure steam at 4.2 bar and 224 °C 

are extracted and distributed for utilization in the different areas of the paper mill (digester, 
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evaporators, and paper machine (dryers)), as well in the deaerators and air heaters of the boilers in 

the CHP system. Electricity is generated and supplied internally when the steam passes through 

the turbines. Given that our reference mill is 100% electricity self-sufficient, the power excess is 

assumed to be sent to the grid and offset some CO2 emissions according to the emission factors 

regarding the millôs location. 
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Figure 5.3 Flowsheet diagram of pulp and paper mill. 
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5.3.3.3 Amine-based carbon capture and storage facilities 

 The flue gas containing CO2 from the paper mill is fed into a capture system using 

monoethanolamine (MEA) as solvent. The MEA-based CCS consists mainly of two columns: the 

absorber, where the flue gas is in contact countercurrently with the solvent, where the MEA 

chemically bonds to CO2 [53]. Then, once the solvent has trapped the CO2, it is sent to the stripping 

column, where this mixture of MEA-CO2 is heated up to ~120 °C to release the CO2. The 

interaction of MEA with CO2 is represented in Equations 15 to 21 [53].  

 

ςὌὕ P  Ὄὕ ὕὌ  υȢρυ  

Ὄὅὕ  Ὄὕ P  ὅὕ Ὄὕ  υȢρφ  

ὓὉὃ  Ὄὕ P  ὓὉὃ Ὄὕ  υȢρχ  

ὅὕ ὕὌ ᴼ Ὄὅὕ  υȢρψ  

Ὄὅὕ ᴼὅὕ ὕὌ   υȢρω  

ὓὉὃ ὅὕ  Ὄὕ O ὓὉὃὅὕὕ Ὄὕ  υȢςπ  

ὓὉὃὅὕὕ Ὄὕ  O    ὓὉὃ ὅὕ  Ὄὕ υȢςρ  

 

 CO2 and water leave the upper part of the stripping column, being further separated through a 

condenser. The dried CO2 is compressed to supercritical conditions (153 bar, 44°C) for further 

transport and storage, as shown in Figure 5.4. 
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Figure 5.4 Flowsheet diagram of Carbon Capture and Storage system. 

 The steam required by the stripping column in the CCS plant was assumed to be provided by 

a biomass boiler. Forestry residues were considered fuel for steam generation. The estimated 

required steam in the CCS operation for each case is presented in the supplementary information 

document. The carbon capture facilityôs total design capacity varies according to the point sources 

subject to capture in the pulp and paper mill. It is assumed that a 90% capture rate with a plant 

usage of 96% (350 days per year, 24 hours per day) [7, 8]. The capture and transportation system 

design lifetime is 30 years. The CO2 capture plant cost and ancillaries, including the cost of the 

transport system, were estimated using data reported in the literature, with the values adjusted to 

2024 U.S. dollars[54]. Table D.5 presents the detailed data used for the LCA of the CCS system 

boundary. When the CCS is evaluated independently, the energy usage in the purification of the 

flue stack coming into the plant is accounted for. When the CCS is integrated into the paper mill, 

that power consumption is accounted for in the point source of the flue gas fed into the CCS.  

 The steam required in the reboiler of the stripping column of the CCS is produced by the 

functioning of a biomass boiler that uses mainly bark and wood residues as fuel. A small 

percentage of natural gas use is considered in the biomass boiler, representing the start-up and 

pressure increase of the boiler. The capture system and CO2 compression power consumption were 

determined in agreement with data reported in the literature [54],[55], and a steam consumption of 
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1.2 metric tons of steam per metric ton of CO2 captured was utilized [56]. A 0.01% CO2 loss rate 

was assumed during pipeline transportation[57] in a stainless steel 304 pipe [58, 59] under >150 

bar. A baseline injection power consumption of 2.77 kWh per metric ton CO2 was used [60]. A 

sensitivity analysis was performed by varying these parameters (0.0014%ï5% CO2 leakage; ±50% 

injection power) to estimate their impact on net carbon removal. Similarly, a 50-mile transport 

distance by truck was assumed for both CCS byproduct disposal and bark supply, reflecting typical 

U.S. pulp and paper industry logistics. The detailed emission factors used to calculate the global 

warming potential of the CCS operation are presented in Table D.6. 

5.4 Results and discussion 

 In accordance with the defined goal and scope, this life cycle assessment focuses exclusively 

on GHG emissions, with global warming potential (GWP) expressed in metric tonnes of CO2-

equivalent as the primary impact category. The analysis is based on a representative kraft pulp and 

paper mill with an annual production capacity of 462,000 metric tonnes of linerboard. This 

reference mill serves as the basis for modeling material and energy flows, estimating baseline 

emissions, and designing the integrated carbon capture system. Table 5.3 summarizes the millôs 

raw material inputs, steam and power consumption, and CO2 emissions under the baseline scenario 

(System 1).  

 For each system configuration analyzed in the integration of CCS into the pulp and paper 

industryðexcept systems 2 and 3ðresults were normalized across three functional units: total 

CO  removed, total annual product output, and total yearly biomass consumption. 
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Table 5.3 Raw material, steam usage, power consumption, and CO2 emissions of the pulp and 

paper mill reference scenario.  

 Wood moisture: 50%; ad: air dry; od: oven dry; mt: metric ton; kWh: kilowatts per hour. 

 

5.4.1 System 1 (Baseline): Baseline greenhouse gas emissions  

 System 1 represents the standalone paper mill under current operating conditions, without 

carbon capture integration. In this configuration, all biogenic CO2 absorbed by biomass during 

forest growth is ultimately re-emitted during the pulping, papermaking, and product end-of-life 

stages, resulting in a closed-loop carbon cycle with no net carbon removal. However, the system 

also relies on fossil fuels to meet steam demand and consumes externally produced chemicals such 

as NaOH and Na2SO4, introducing additional fossil-derived emissions into the system. Emissions 

Parameter Units  Unbleached Softwood Kraft (UBSK) 

Feedstock (Wood) 
Logs 

od mt/yr 
762,300 

Chips 192,360 

Linerboard production mt/yr 462,339 

NG consumption in the CHP mt/yr 46,554 

Steam production mt/hr 329 

Electrical Power 

Consumption 

kWh/ad mt 

895 

Production (gross) 989 

Balance 94 

CO2 Generation 

Recovery boiler (RB) mt/yr 707,748 

Biomass boiler (BB) mt/yr 227,379 

Lime Kiln (LK)  mt/yr 94,106 

Natural gas boiler (NGB) mt/yr 127,926 

Total CO2 mt/yr 1,157,159 

Biogenic CO2 mt/yr 992,919 

Fossil-fuel-derived CO2  mt/yr 164,240 
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from pulp and paper mill operations, including both biogenic and non-biogenic sources, are 

summarized in Table D.7.   

 As shown in Figure 5.5, when normalized per tonne of CO2 theoretically available for removal 

(i.e., the total carbon content of the biomass feedstock), the system not only re-emits the full 

amount of biogenic CO2 (ï1.000 t CO2), but also contributes an additional 0.129 t CO2 of fossil-

derived emissions to the atmosphere. These emissions are primarily associated with onsite energy 

use and the upstream production and transportation of makeup chemicals. This analysis confirms 

that, under current conditions, the integrated paper mill operates as a net source of GHG emissions 

when evaluated from a CDR perspective. Nonetheless, the relatively small fossil carbon burdenð

equivalent to just 13% of the biogenic carbon cycledðhighlights how close the system is to carbon 

neutrality, underscoring its strong potential as a platform for achieving net-negative emissions 

through CCS integration. 
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Figure 5.5 Life cycle greenhouse gas emissions associated with the standalone pulp and paper mill 

(System 1), normalized to the total atmospheric CO2 theoretically available for removalðdefined 

as the amount of CO2 fixed by biomass during growth. 

 To assess carbon flows under alternative functional units, the standalone paper mill system 

(System 1) was also analyzed per tonne of paper produced and per tonne of woody biomass 

consumed, as shown in Figure 5.6a and 5.6b, respectively. The results are consistent with findings 

from previous life cycle assessments of packaging-grade paper mills. On a per-product basis, 

approximately 3.9 tonnes of atmospheric CO2 are temporarily stored as biogenic carbon in the 

wood fiber for each tonne of paper produced. This stored carbon is partially released during 

pulping and papermaking processes, while the system concurrently emits 0.5 tonnes of fossil-

derived CO2, primarily from direct combustion and upstream energy inputs (Figure 5.6a). When 

Biogenic emissions 

Fossil fuel-derived emissions 
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normalized to the amount of woody biomass input, the results indicate that 1.89 tonnes of CO2 are 

stored per tonne of feedstockðbased on an average carbon content of 46%ðand 0.25 tonnes of 

fossil-derived CO2 are emitted per tonne of biomass processed (Figure 5.6b). These values provide 

important reference points for evaluating the relative magnitude of carbon storage and emissions 

with respect to both product output and resource input.  

 Together, these results underscore the significant climate mitigation potential of the pulp and 

paper sector, which processes large volumes of atmospheric CO2 through sustainably sourced 

biogenic feedstocks. The relatively low fossil emission intensity per tonne of biomass or product 

positions this industry as a compelling candidate for CCS-enabled CDR. Notably, the ratio of 

biogenic carbon stored to fossil CO2 emittedðexceeding 7:1 when normalized by biomass inputð

demonstrates a potential for high carbon removal efficiency. Even without CCS, the system 

operates near carbon neutrality; with the integration of capture and storage technologies, it could 

transition into a durable, verifiable net-negative emissions platform at industrial scale. 
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Figure 5.6 Life cycle greenhouse gas emissions associated with the standalone pulp and paper 

mill (System 1), normalized by (a) paper produced and (b) woody biomass consumed. 

b 
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5.4.2 System 2 (Narrow Gate-to-Gate): Standalone CCS facility 

 System 2 represents a standalone amine-based CCS facility assessed from a static CDR 

perspective, treating biogenic CO2 as a ñwasteò stream. The system boundary excludes upstream 

emissions from biomass sourcing, onsite emissions from biomass processing, and downstream 

emissions from product end-of-life. Only emissions directly attributable to the CCS operation are 

considered, consistent with a narrow gate-to-gate accounting framework commonly used in CDR 

project protocols. Under this framework, the maximum theoretical carbon removal is defined as 

the total quantity of biogenic CO2 physically captured in the CCS unit. In this system 

configuration, CO2 is captured from the flue gas of the recovery boiler at a representative UBSK 

pulp and paper mill. Tables D.4 and D.5 summarize the parameters and emission factors that 

account for the emissions derived from the CCS operation. The CCS unit captures a gross total of 

approximately 637,000 metric tonnes of biogenic CO2 per year, representing the theoretical 

maximum atmospheric carbon removal under these system boundaries. After accounting for 

emissions associated with electricity use for flue gas pretreatment, capture, compression, 

dehydration, CO2 transport and injection, as well as material inputs (e.g., equipment 

manufacturing, chemical consumables), and minor CO2 leakage during pipeline transport, the 

carbon removal is estimated at 585,790 metric tonnes of CO2 annually, as calculated by Equation 

5.3 and shown in Table D.8. This corresponds to a net carbon removal efficiency of 92%, 

indicating that for every 100 tonnes of CO2 captured, 92 tonnes contribute to atmospheric carbon 

removal. Notably, emissions from uncaptured biogenic CO2 and biogenic CO2 from steam 

generation in the biomass boiler are excluded from this accounting perspective, since they are 

considered carbon neutral. As illustrated in Figure 5.7, the largest contributions to residual 

emissions arise from electricity used in the CO2 compression, transport, and injection stages. This 

highlights the importance of grid carbon intensity in determining overall CCS performance across 

geographic regions. 
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Figure 5.7 Life cycle greenhouse gas emissions associated with the standalone CCS facility 

(System 2), normalized by gross biogenic CO  capturedðrepresenting the theoretical maximum 

carbon removal under a narrow CDR system boundary. 

 To meet the steam demand of 223,000 lb/hr, a biomass boiler fueled by bark would generate 

approximately 257,033 metric tonnes of CO2. If the CDR project expands the CCS system also to 

capture the biogenic CO2 emissions from the biomass boiler, the total gross biogenic CO2 captured 

would increase to 868,303 metric tonnes. The associated CO2 emissions for this scenario are 

detailed in the third column of Table D.8. When combining the flue gas from the recovery boiler 

and biomass boiler, the net carbon removal reaches 799,379 metric tonnes of CO2ðcorresponding 

to a carbon removal efficiency of 92%, as calculated using Equation 5.5. This is the same removal 

efficiency observed under system boundaries that exclude biomass boiler emissions, since 

biogenic CO2 is treated as carbon-neutral. Thus, CDR projects that draw narrow system 

boundariesðstarting with point-source biogenic CO2 treated as "waste CO2"ðwill likely yield 
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high carbon removal efficiencies (>90%) under the assumptions and parameters used in System 1 

of this analysis. Table D.9 presents the CCS plant parameters when the different CO2 point sources 

of the paper mill and the biomass boiler of the CCS are targeted to be captured. 

5.4.3 System 3 (Narrow Cradle-to-Gate): Paper mill and CCS facility 

 System 3 represents an integrated system that includes both the pulp and paper facility and the 

amine-based CCS unit, assessed from a static CDR perspective. In this framework, biogenic CO2 

is treated as a ñwasteò stream similar to System 2. The system boundary includes onsite emissions 

from biomass processing at the paper mill and upstream emissions from biomass sourcing but 

excludes downstream emissions from paper product decomposition. This cradle-to-gate approach 

captures a more comprehensive picture of facility-level emissions while still maintaining a focus 

on process-level carbon removal performance. The maximum theoretical carbon removal remains 

defined as the total quantity of biogenic CO2 physically captured in the CCS unit. As in System 2, 

net carbon removal is calculated using Equation 5.3; however, in System 3, the definition of ñCO2 

leakagesò is expanded to include upstream and onsite fossil fuel emissions from paper mill 

operations. 

 Indirect fossil fuel emissions in this system include those associated with forest management 

activities that supply wood to the paper mill, the production and transport of other raw materials 

and makeup chemicals, wastewater treatment, and landfill disposal. Direct fossil fuel emissions 

primarily stem from on-site natural gas combustion. Notably, the electricity-related emissions 

attributed to the CCS plant are lower than those in the standalone CCS assessment under System 

2, as the energy required for flue gas pretreatment is already embedded within the energy use of 

the P&P operations. Additionally, surplus electricity generated by the paper mill is used to offset 

a portion of the CCS plantôs power demand. 

 When only the CO2 from the recovery boiler flue gas is captured (Figure 5.8a), and both direct 

and indirect fossil fuel emissions from pulp and paper operations are included, the net carbon 

removal efficiency declines from 92% (as seen in System 2) to 55%. Despite this reduction, the 

project still qualifies as CDR, as a substantial amount of biogenic CO2 is permanently sequestered. 

Expanding the system boundary to also capture flue gas from the CCS plantôs biomass boiler 

(Figure 5.8b) improves the net carbon removal efficiency to 65%. Further extending capture to 
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include the P&P biomass boiler (Figure 5.8c) increases the efficiency to 72%. Detailed annual 

emissions for each scenario are provided in Table D.10. 

 Figure 5.9 compares the net carbon removal efficiency of System 2 (narrow gate-to-gate) with 

System 3 (narrow cradle-to-gate) under a CDR framework that takes the maximum theoretical 

atmospheric carbon removal to be equal to the amount of biogenic CO2 physically captured in the 

CCS unit. For the small boundary case, the removal efficiency remains constant (~92%) even as 

the CCS plant's capacity increases. This is not because the system is unaffected by scale, but rather 

because the narrow system boundary includes only fossil carbon emissions from the CCS unit 

itself and excludes all emissions associated with the pulp and paper mill. As a result, increasing 

the capture of biogenic CO2 has little effect on net efficiency within this limited accounting scope.  

 However, once fossil fuel-derived emissions from the paper mill are included in the system 

boundary (narrow cradle-to-gate), expanding CCS capacity yields noticeable gains in net carbon 

removalðrising from 55.4% to 72.8% as additional biogenic sources are captured. The figure also 

includes a scenario where flue gases from the lime kiln and natural gas boiler are captured. While 

these fossil-derived emissions do not affect the net atmospheric carbon balance under a strict CDR 

logic, they are included for comparison. Their inclusion slightly increases removal efficiency but 

does not significantly alter the overall trend. Finally, a hypothetical case is shown in which the 

carbon stored in the paper product is assumed to be permanently retained, demonstrating that 

product-based carbon retention could further enhance removal efficiency to 84.4%. While this 

scenario is not feasible under current end-of-life practicesðwhere most paper products are either 

recycled, incinerated, or biodegraded [35, 51]ðit could become viable in the future through 

emerging biomass carbon stabilization strategies, such as long-term burial of biomass waste 

materials. Supplementary Figure D.4 presents the gross CO2 captured and net CO2 removed for 

each evaluated case, complementing the values reported in Table D.10. 
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Figure 5.8 Life cycle greenhouse gas emissions associated with the integration of a CCS facility 

into a UBSK pulp and paper mill (System 3), normalized by the gross biogenic CO  capturedð

b 

a 
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representing the theoretical maximum carbon removal under each scenario. Results are shown 

for three point source scenarios: (a) recovery boiler only, (b) recovery boiler and CCS biomass 

boiler, and (c) recovery boiler, CCS biomass boiler, and P&P biomass boiler. 

 

 

Figure 5.9 Comparison of carbon removal efficiency across multiple systems and scenario 

configurations. The analysis includes System 2ða standalone CCS facility assessed with a narrow 

gate-to-gate boundaryðand System 3ðan integrated paper mill and CCS facility evaluated with 

a narrow cradle-to-gate boundary. Both are assessed under a static CDR perspective, with 

variations in point-source emissions included across scenarios. 
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5.4.4 System 4 (Broad Cradle-to-Grave): Paper mill and CCS facility 

 System 4 represents an integrated pulp and paper facility with amine-based  CCS, assessed 

under a broad cradle-to-grave system boundary. Under these broader boundaries, carbon removal 

is treated as inseparable from the entire pulp mill operation: the removal would not occur without 

the harvesting, transportation, and processing of biomass, making the full pulping processðalong 

with CCSða necessary component of the carbon removal activity. In this configuration, biogenic 

CO2 is treated as a co-product rather than a ñwasteò stream, and all lifecycle emissions are 

accounted forðincluding upstream emissions from biomass cultivation and sourcing, onsite 

emissions from biomass processing, and downstream emissions from paper product 

decomposition. The maximum theoretical carbon removal is defined as the total amount of 

biogenic CO2 fixed by the biomass feedstock during photosynthesis. All other emissionsð

regardless of sourceðare classified as CO2 ñleakagesò in the net removal calculation. Net carbon 

removal is quantified using Equation 5.6, which reflects this comprehensive boundary condition. 

This approach provides the most complete accounting of emissions and removals without 

considering ecosystem carbon dynamics. It highlights the role of product end-of-life management 

in determining the durability and credibility of claimed carbon removals.  

 In this system, the amount of CO2 fixed by the biomass is defined as the CO2 equivalent to the 

carbon content of the roundwood logs and chips used for paper production, as well as the bark and 

forestry residues combusted in the biomass boiler to generate steam for CCS operations. Wood 

rejects utilized in the biomass boiler of the pulp and paper facility are already included in the 

accounting of biomass used for paper manufacturing to avoid double-counting.   

 Biogenic CO2 emissions include all uncaptured CO2 released from biomass combustion in the 

paper millôs point sourcesðnamely, the recovery boiler, biomass boiler, and lime kilnðas well as 

in the CCS facility. These emissions also account for CO2 losses during pipeline transportation 

and geological injection. The biogenic CO2 retained in pulp corresponds to the carbon content of 

the final paper product, assuming complete oxidation to CO2 upon degradation or end-of-life 

disposal (e.g., incineration). This assumption is reasonable given that the dominant end-of-life 

pathways for paper products in the United States are recycling, landfill, and incineration. While 

anaerobic decomposition in landfills can generate methane, most U.S. municipal solid waste 

landfills are equipped with gas collection systems, and the majority of collected methane is flared 

[35, 61]ðconverting it to CO2 prior to atmospheric release. This supports the assumption that the 
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majority of carbon in discarded paper is ultimately released as CO2, not methane. The paper 

product end-of-life implications on the net carbon removal efficiency when integrating CCS into 

P&P operations are analyzed in a section of the supplementary information material. Additional 

unaccounted biogenic CO2 emissions, such as those associated with the removal of volatile 

compounds (e.g., turpentine), are categorized as ñother biogenic lossesò to close the mass balance. 

 Direct fossil CO2 emissions reflect the combustion of natural gas within both the pulp and 

paper mill and the CCS facility. Indirect emissions include upstream and downstream activities 

such as raw material transportation, forest management, grid-based electricity consumption, and 

the embodied emissions of CCS infrastructure and consumables.   

 To evaluate the impact of fully integrating CCS across multiple point sources within P&P 

operations, we assessed net carbon removal across five sequential capture scenarios, normalized 

to the total biogenic CO2 fixed by biomassðrepresenting the theoretical carbon removal potential. 

These results are shown in Figure 5.10, with emissions disaggregated using a complete cradle-to-

grave system boundary (System 4).  

 The initial scenario (Figure 5.10a) targets only the recovery boiler flue gasðthe largest 

biogenic CO2 point source in a typical kraft mill. This configuration yields the lowest net carbon 

removal efficiency of 17%, as upstream and operational emissions from both the P&P and CCS 

facilities reduce the overall effectiveness of the CO2 captured from the recovery boiler. Despite 

the modest net carbon removal efficiency, the system achieves net-negative emissions, 

demonstrating that even partial CCS integration can transform a kraft mill into a carbon sink while 

continuing to produce economically and socially valuable materials.  

 Subsequent scenarios expand the CCS facility to include flue gas from additional point sources. 

Capturing emissions from the CCS biomass boiler increases the net removal efficiency to 26% 

(Figure 5. 10b), while further inclusion of the P&P biomass boiler raises this to 36% (Figure 5.10c). 

These incremental improvements highlight the value of expanding CCS coverage to other biogenic 

sources, although they also illustrate diminishing returns due to the rising influence of indirect and 

infrastructure-related emissions.  

 Further expansion to include the lime kiln and natural gas boiler elevates net carbon removal 

efficiency to 46% in the most comprehensive scenario (Figure 5.10e). This indicates that when all 

major CO2 point sources are captured, nearly half of the potential carbon removal from biomass is 

durably sequestered. Although targeting smaller point sources like the lime kiln or fossil-derived 
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emissions from the natural gas boiler may not be sufficient on their own to achieve net-negative 

outcomes, their inclusion in a fully integrated capture system significantly enhances overall 

performance.  

 While economic studies suggest that targeting high-volume, high-purity CO2 streams (e.g., 

recovery boiler, biomass boilers) can be financially viable under existing incentives such as the 

U.S. 45Q tax credit, these findings emphasize that maximizing environmental benefit requires 

broader system integration[7, 8]. Taken together, these results underscore the importance of 

strategic CCS deployment across multiple point sources to optimize carbon removal outcomes in 

the pulp and paper sector. 
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Figure 5.10 Life cycle greenhouse gas emissions associated with the integration of a CCS facility 

into a UBSK pulp and paper mill (System 4), normalized by the total biogenic CO2 fixed by the 

biomassðrepresenting the theoretical maximum carbon removal under each scenario. Results are 

shown for five capture scenarios: (a) recovery boiler only, (b) recovery boiler and CCS biomass 

boiler, (c) recovery boiler, CCS biomass boiler, and P&P biomass boiler, (d) same as (c) plus lime 

kiln, and (e) same as (d) plus natural gas boiler. 

 Figures D.5 and D.6 present life cycle CO2 emissions normalized by two additional functional 

unitsðper tonne of paper produced and per tonne of biomass consumedðoffering complementary 

insights to the results shown in Figure 5.10. These alternative perspectives highlight the significant 

contribution of uncaptured biogenic emissions as well as end-of-life product emissions to the 

overall carbon balance.  

 Figure 5.11 summarizes net carbon removal efficiency across several system and scenario 

configurations using both gate-to-gate and cradle-to-grave system boundaries. Under the gate-to-

gate system (System 2), results are normalized to the total biogenic CO2 available for capture from 

biomass combustion only (whether in RB or RB + CCS BB), excluding upstream and downstream 

emissions. As shown, targeting only the recovery boiler achieves 60.7% net carbon removal, while 

including the CCS biomass boiler increases this to 75.6%. This is a notable contrast to Figure 5.9, 

where both capture scenarios showed similar removal performanceðand where the net carbon 

removal efficiency reached as high as 92% under a narrow system boundary. The discrepancy 

arises from differences in the normalization methodðFigure 5.9 uses gross biogenic CO2 

captured, whereas Figure 5.11 uses total biogenic carbon input, consistent with Equation 5.6.   

 The cradle-to-grave system (System 4) incorporates all life cycle emissions, including 

upstream sourcing, onsite operations, and downstream product decomposition. The carbon 

removal efficiencies presented in Figure 5.11 for this system boundary are normalized to the total 

amount of CO2 fixed by the biomass during photosynthesis, which represents the theoretical upper 

limit for atmospheric carbon removal, and differs from the functional unit for System 2 results 

presented in Figure 5.11, which is the total biogenic CO2 available for capture from biomass 

combustion in the recovery boiler (RB) or the RB plus the CCS biomass boiler (CCS BB). As 

additional flue gas streams are incorporated into the CCS designðfrom the P&P biomass boiler, 

lime kiln, and natural gas boilerðnet carbon removal efficiency steadily increases from 17.1% to 
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45.2%. These gains reflect the importance of maximizing the number of point sources captured in 

order to overcome the emissions burden associated with the full cradle-to-grave footprint of the 

mill and CCS infrastructure.   

 Importantly, Figure 5.11 also includes a hypothetical scenario in which the carbon content of 

the paper product is assumed to be permanently stored rather than emitted at end-of-life. This 

scenario results in a substantial jump in net removal efficiency to 78.2%, demonstrating the 

powerful influence of durable product carbon storage on overall system performance. While not 

currently achievable under standard waste management practices, this level of removal could be 

possible through future innovations in biomass burial or other carbon stabilization strategies.  

 Together, these results emphasize that while expanding the number of capture targets within 

the facility improves net removal, achieving high overall carbon removal efficiency will ultimately 

require addressing end-of-life (EoL) emissions as well. As such, product carbon fate should be 

considered a critical design parameter in future CDR strategies applied to the pulp and paper sector. 

In a section in the supplementary information, we analyze the paper product EoL and perform a 

sensitivity analysis on the methane emissions impact on net carbon removal (Figure D.3). 

Additionally, Table D.11 presents a summary of the annual CO2 emissions and net carbon removal 

under a complete static LCA perspective of a CCS integrated into the UBSK mill. 
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Figure 5.11 Comparison of carbon removal efficiency across multiple systems and scenario 

configurations. The analysis includes System 2ða standalone CCS facility assessed with a narrow 

gate-to-gate boundaryðand System 4ðan integrated paper mill and CCS facility evaluated with 

a cradle-to-grave boundary. Results for System 4 are normalized to the total CO2 fixed by biomass 

during photosynthesis, representing the theoretical maximum for atmospheric carbon removal. In 

contrast, System 2 results are normalized to the biogenic CO  available for capture from the 

recovery boiler (RB) or from both the RB and the CCS biomass boiler (CCS BB). A hypothetical 

case assuming permanent sequestration of carbon in the paper product is also included. 

 The net carbon removal potential of integrating CCS into a virgin fiber-based pulp and paper 

mill, expressed per unit of annual product and per tonne of biomass consumed, is presented in 

Figure 5.12. These results confirm that carbon capture from the recovery boilerðthe largest 
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biogenic CO2 point sourceðis sufficient to shift the facility from a net emitter to a net carbon sink 

under a cradle-to-grave life cycle boundary. In contrast, capturing only the emissions from smaller 

sources, such as the biomass boiler or lime kiln, is unlikely to achieve net-negative emissions on 

its own. As additional point sources are included in the CCS system design, the carbon removal 

potential improves significantly, demonstrating the value of targeting multiple emission streams 

for durable carbon sequestration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Net carbon removal potential of various CCS integration scenarios at a UBSK pulp 

and paper mill, normalized by total annual product output (top) and total biomass consumed 
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(bottom), under a cradle-to-grave life cycle assessment perspective (System 4). Results reflect 

increasing CCS coverage across major point sources within the facility. 

5.4.5 System 5 (Dynamic Cradle-to-Grave): Paper mill and CCS facility  

 System 5 preserves the configuration of System 4 but replaces its static biogenic carbon 

balance with the time-explicit GWPbio factor. This parameter (i) applies a radiative forcing penalty 

for the years that biogenic CO  remains in the atmosphere between combustion and forest 

regrowth, and (ii) awards a credit for the period that carbon stays locked in pulp and paper products 

before their assumed end-of-life incineration. The GWPbio factor accounts only for the radiative 

forcing impact of biogenic CO2 and does not consider other GHGs such as N2O or CH4 [45, 49]. 

Accounting for the dynamics of the carbon cycle in an industry that involves significant biomass 

use helps increase the accuracy of the results in terms of carbon footprint[39].  

 The warming effect of the delayed CO2 is illustrated in Figure5.13. Figure5.13a shows the 

instant release case: every tonne of biogenic carbon is oxidised immediately in the hog fuel boilers, 

the recovery boiler, and the lime kiln. All of the resulting CO2 therefore enters the atmosphere at 

once, and no credit is assigned for the carbon that remains temporarily stored in finished products. 

Under this assumption, the dynamic GWPbio equals 0.0856 kg CO2e per kg CO2bio because the 

entire emission pulse warms the atmosphere until forest regrowth gradually offsets it. 

Figure5.13b illustrates the fate of the linerboard product after it leaves the mill. A three-

year service life is assumed, during which the boxes are reused (e.g., for storage, distribution, or 

moving) before being incinerated. This duration represents an optimistic yet realistic upper-bound 

scenario for temporary carbon storage. During this period, the carbon remains sequestered, 

reducing cumulative radiative forcing. Upon incineration at year 3, a new CO2 pulse is emitted, 

which is gradually offset by forest regrowth. With this storage credit, the dynamic GWPbio 

decreases to 0.0655 kg CO2 per kg CO2bio. One and two-year service life scenarios are also 

considered to reflect potential risks such as rough handling, moisture exposure, and fluctuating 

temperature and humidity. The associated GWPbio values and carbon flux profiles are presented in 

Figure D.7.  

 The GWPbio, when no temporal storage of carbon in the product is accounted for, is multiplied 

by the biogenic CO2 emissions not captured by the CCS facility and the other biogenic losses. The 

GWPbio, when the temporal storage of carbon in the product is accounted for, is then multiplied by 
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the equivalent biogenic CO2 in the pulp/paper product. In the scenario where only the recovery 

boiler flue gas stream is targeted to be captured in the CCS facility, 103.9 kmt CO2e emissions/yr 

are added due to the atmospheric decay and contribution to global warming of the biogenic CO2. 

This scenario represents the case where more biogenic CO2 is emitted into the atmosphere among 

all the cases analyzed. These added emissions decrease the total net carbon removal efficiency 

from 17% to 12%, meaning the CCS plant integrated into the P&P operation still acts as CDR, 

even under the most pessimistic scenario (Fig. 5.14a). Conversely, when all the CO2 point sources 

are targeted to be captured in the CCS (Fig. 5.14b), less biogenic CO2 is released into the 

atmosphere, contributing only 66.3 kmt CO2e emissions/yr to global warming and representing 

about 3% in net carbon removal efficiency decrease. Table D.13 presents a summary of the annual 

CO2 emissions and net carbon removal under a dynamic LCA perspective of a CCS integrated into 

the UBSK mill.  

 To assess robustness to temporal parameter uncertainty, the product storage period (ɗ) was 

varied from 0 to 3 years (Table 5.4). This variation changes the  GWPbio factor from 0.0856 to 

0.0655, resulting in net carbon removal efficiency ranges of 11.3ï12.1% for scenario 1 (recovery 

boiler) and 41.8ï42.4% for scenario 5 (recovery boiler, CCS and P&P biomass boilers, lime kiln, 

and natural gas boiler). Despite this 3 to 5 percentage point variation compared to static LCA 

results (System 4), all scenarios maintain net-negative emissions, confirming the robustness of the 

conclusion that CCS integration enables atmospheric carbon removal.  

 To explicitly address the influence of product carbon residence time on the dynamic results of 

the net carbon removal efficiency, we conducted a sensitivity analysis varying ɗ from 0 to 3 years 

(Table 4). This analysis extends the GWPbio framework by delaying the oxidation of biogenic 

carbon in paper products according to their assumed service lifetime. For each ɗ value defined in 

Equation 5.11, the CO2 release from product incineration was time-shifted within the dynamic 

carbon balance, and the corresponding GWPbio factor was recalculated following the approach of 

Guest et al. [49]. This procedure effectively represents a modest residence-time distribution 

consistent with realistic lifetimes of paper products. The resulting decrease in GWPbio from 0.0856 

to 0.0655 demonstrates that accounting for temporary product-carbon storage slightly enhances 

the short-term climate-mitigation benefit without altering the overall conclusion that CCS 

integration achieves net-negative emissions. 
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Table 5.4 Sensitivity of product carbon residence time (ɗ) on dynamic GWPbio and net carbon 

removal efficiency. 

Loblolly Pine 

Rotation (years) 

Paper Product 

Storage Time 

(years) 

GWPbio 

Net carbon 

removal 

efficiency 

(Scenario 1) 

Net carbon 

removal 

efficiency 

(Scenario 5) 

25 0 0.0856 11.32% 41.77% 

25 1 0.0812 11.49% 41.92% 

25 2 0.0733 11.79% 42.18% 

25 3 0.0655 12.08% 42.43% 

 

 A methodological tension arises when combining static and dynamic LCA perspectives. The 

dynamic framework used here values the timing of biogenic carbon fluxes through GWPbio, while 

the static assumption of immediate product oxidation neglects short-term carbon storage in paper 

products. This contrast underscores the trade-off between temporal accuracy and methodological 

simplicity, indicating that the static treatment may slightly underestimate the short-term climate 

benefits of retained product carbon. 
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Figure 5.13 Carbon flux profiles for System 5: (a) immediate biogenic carbon release from mill 

combustion sources (biomass boilers, recovery boiler, and lime kiln), and (b) carbon storage credit 

from three years of temporary sequestration in the packaging product.  
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Figure 5.14 Net carbon removal associated with the integration of a carbon capture plant into a 

UBSK pulp and paper mill normalized in terms of total carbon removal by biomass when the 

following CO2 point sources are captured and evaluated under a dynamic LCA perspective 

a 
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(System 5): (a) recovery boiler, (b) recovery boiler, CCS and P&P biomass boilers, lime kiln, and 

natural gas boiler.  

5.5 Sensitivity Analysis 

 A screening of currently operating U.S. pulp and paper mills was conducted to identify 

facilities comparable to the reference mill used in this analysis. As of 2024, 64 out of 226 active 

mills maintain an integrated supply chainðfrom biomass input to the production of virgin fiber-

based paperðwith an annual production capacity higher than 400,000 metric tonnes, representing 

approximately 33% of total domestic paper production and a majority of total biogenic CO2 

emissions [62]. Most of these mills are located in the southeastern U.S., with others situated in the 

Midwest (e.g., Michigan) and western states (e.g., Idaho). Of the 64 integrated mills, 30 facilities 

operate at a scale exceeding 400,000 metric tons per year, accounting for 24% of total national 

production capacity. Notably, 34% of these high-capacity mills achieve greater than 90% energy 

self-sufficiency, consistent with the operational profile of our reference facility. Mill location also 

plays a critical role in determining the carbon intensity of grid electricity, which is especially 

relevant for CCS deployment scenarios requiring external power.   

 Understanding how carbon removal performance responds to changes in key system 

parameters is critical for assessing the robustness of CCS-integrated pulp and paper operations. 

Two of the most influential variables affecting carbon removal outcomes are the carbon intensity 

of grid electricity and the CO2 capture efficiency of the CCS system. These factors vary widely 

depending on mill location, technological design, and solvent or equipment performance. A 

sensitivity analysis was conducted to explore how changes in these parameters affect net carbon 

removal across two system boundaries: a narrow gate-to-gate perspective (System 2) and a 

comprehensive cradle-to-grave perspective (System 4), assuming that only the recovery boiler flue 

gas is captured.   

 Figure 5.15 illustrates the resulting trends. In System 2 (Figure 5.15a), electricity carbon 

intensity emerges as the primary driver of performance. When power is supplied from a zero-

carbon source (e.g., biomass), variations in CCS capture efficiency have minimal impact, since 

uncaptured biogenic CO2 is considered climate-neutral under the CDR accounting convention. 

However, as electricity becomes more carbon-intensive, carbon removal efficiency declines 

steeply, demonstrating the vulnerability of narrow system boundaries to energy source emissions.  
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 In contrast, System 4 (Figure 5.15b) reflects a full life cycle accounting approach, where all 

emissionsðregardless of originðare considered. In this case, net removal efficiency is relatively 

insensitive to changes in grid carbon intensity but highly sensitive to the CO2 capture rate. A 

decline in capture efficiency leads to sharp reductions in net carbon removal, as all uncaptured 

emissions, including biogenic CO2, are penalized. This highlights the importance of optimizing 

CCS performance in configurations that adopt broader accounting frameworks.  

 Importantly, even under worst-case conditionsðlow capture efficiency (50%) and high 

electricity carbon intensity (725ï750 kg CO2e/MWh)ðnet removal remains achievable, 

underscoring the potential of CCS-integrated pulp and paper mills to deliver meaningful climate 

benefits. Furthermore, minor contributors, such as emissions from feedstock procurement and fuel 

consumption in transportation, were found to have a minimal impact under the assumptions 

established in this analysis.   

 Finally, comparing the relative impacts of CO2 pipeline leakage and injection power 

consumption (Figure D.8), for System 4 (capturing only biogenic carbon from the recovery boiler), 

when fugitive CO2 leakage increases from ~0% to 5%, the net carbon removal efficiency decreases 

from 17.12% to 15.6%. In contrast, the system is highly insensitive to injection power 

consumption, which was varied by ±50% (from 2.77 kWh/mt to a maximum of 4.16 kWh/mt CO2), 

yet the performance curves were nearly identical. These findings suggest that maintaining pipeline 

integrity is a more critical factor than variations in injection power for maximizing the net carbon 

removal of the storage process. 
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Figure 5.15 Sensitivity analysis of carbon removal efficiency as a function of electricity carbon 

intensity and CCS capture rate, with recovery boiler as the sole point source. Results are shown 

for (a) a narrow gate-to-gate boundary under a static CDR perspective (System 2) and (b) a broad 

cradle-to-grave boundary under a static CDR perspective (System 4). Shaded regions indicate the 

carbon intensity range of the U.S. Southeast grid subregion. 

 

 

 

b 

Carbon Capture Rate 

 

a 



 

166 

 

5.6 Limitations and perspectives 

 Integrating carbon capture and storage into current pulp and paper operations has the potential 

not only to reduce facility-level CO2 emissions and associated environmental impacts, but alsoð

when applied to biogenic emission sourcesðto enable durable atmospheric carbon removal. This 

positions the sector as a promising contributor to net-zero and even net-negative climate targets. 

Pulp and paper CO2 emissions accounted for ~2.5% of the total GHG emissions (6.3 Gt CO2e) in 

the U.S. industrial sector for 2022, signifying an important amount of CO2 emissions that can be 

removed every year if captured and sequestered [63].   

 The pulp and paper industry is a well-established sector anchored by a mature and vertically 

integrated forestry supply chain. It ranks among the largest industrial users of biomass. As a result, 

virgin paper production generates some of the highest-volume, high-purity streams of biogenic 

CO2 in the U.S. industrial landscape. If these emissions were fully captured and durably stored, 

they could enable up to 110 million tonnes of CO2 to be removed from the atmosphere annually. 

This figure represents a theoretical maximum, assuming no additional emissions occur across the 

supply chain or operational life cycle. Given this potential, the pulp and paper industry is uniquely 

positioned to support national and global climate mitigation goals through carbon dioxide removal.  

 The life cycle inventory for the reference pulp and paper mill is grounded in a robust technical 

foundation, leveraging advanced process modeling through WinGEMS v5.3 to represent industrial 

operations accurately. These results were cross-validated against the FisherSolve database, a 

widely recognized industry intelligence platform that offers detailed mill-specific data, particularly 

for U.S. facilities. However, the use of secondary data sourcesðsuch as generic emission factors 

from the Ecoinvent databaseðto estimate global warming potential (GWP) introduces a degree of 

uncertainty. Future work could improve accuracy by developing site-specific emission factors 

tailored to the operational and regional characteristics of individual facilities.  

 Furthermore, this study estimates the theoretical maximum for carbon removal based solely on 

the amount of atmospheric CO2 fixed by aboveground biomass from sustainably managed 

plantations. A key limitation of this approach is the exclusion of soil organic carbon (SOC) 

contributions, which several studies have shown to represent a significant additional carbon sink 

within forest systems[52, 64]. The theoretical maximum for carbon removal also includes the 

biomass waste residues used to provide steam to the CCS facility. Emerging research indicates 

that SOC dynamics can significantly impact the net climate benefit of utilizing forest residues for 
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bioenergy due to the associated changes in SOC, even in the absence of land-use change[64]. 

Future integrated assessments should, therefore, incorporate dynamic SOC models to provide a 

more holistic view of the technologyôs climate mitigation potential under a net carbon removal 

efficiency metric.  

 The dynamic LCA methodology applied in system 5, particularly through the GWPbio factor, 

offers a valuable framework to capture time-dependent carbon dynamics associated with biogenic 

CO2 fluxes. By incorporating temporary carbon storage in products and the timing of emissions 

from biomass combustion, the approach improves upon conventional static LCAs. For modeling 

forest regrowth, a simplified cumulative normal distribution was used based on a 25-year rotation 

for loblolly pine in the southeastern U.S. (a practical assumption that enables comparability across 

systems). However, future studies could further enhance accuracy by integrating site-specific 

biomass growth models and refined aboveground estimation functions [65],[66]. While GWPbio 

methodology assumes immediate revegetation and does not consider surface albedo[67] or 

decomposition delays[39], these simplifications are common in current practice and help 

operationalize complex biogeochemical processes[68]. Acknowledging these limitations is 

essential, yet the framework provides a sound starting point for quantifying the climate 

implications of biogenic carbon flows in forestry-based systems[69].   

 This study highlights the important role that P&P operations and their associated supply chains 

could play in achieving net-zero targets within the industrial sector. The selection of system 

boundaries has a direct influence on both the estimated net carbon removal efficiency and the 

number of carbon credits that can be issued when CCS is integrated into P&P operations. At the 

same time, broader or narrower boundary definitions significantly impact the cost of carbon 

removal, typically expressed in USD per tonne of CO2 removed. Future studies could expand upon 

the current analysis by incorporating techno-economic assessments that evaluate both the cost of 

carbon removal and the potential implications for carbon credit pricing under various boundary 

assumptions. Broader system boundaries, which account for upstream emissions from biomass 

harvesting, transportation, and processing, tend to reduce the net CO2 removal attributed to each 

pulp mill. As a result, the cost per tonne of carbon removal increases, thereby raising the implied 

price of carbon credits under these more comprehensive accounting frameworks. Rigorous and 

transparent definition of system boundaries is therefore essential for producing accurate cost 

estimates and enabling well-informed investment and policy decisions.  
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 Practical implementation of the broad-boundary LCA analyzed in this study requires a robust 

MRV framework that establishes a physical and contractual chain of custody. This framework 

must begin with sustainably managed forests, where biomass is tracked with verifiable records of 

its type, origin, and chain of custody to qualify as a reliable source of biogenic CO2 credits. 

Furthermore, records of all fuel and power consumption during biomass processing and 

transportation must be available.  

 Once the certified biomass is processed at the pulp and paper mill, verification must begin at 

the point source. Here, the biogenic fraction of the flue gas must be quantified, for instance, using 

the ASTM D6866 standard to differentiate biogenic from co-fired fossil carbon [23].   

 While point sources like RB or BB are typically assumed to be biogenic, any fossil fuel 

consumption (e.g., during start-up) must be accounted for. Process historical data should be used 

to determine the amount of time during which the stream should not be considered biogenic.  

 The captured CO2 mass should be measured at the plant exit by a continuous emissions 

monitoring system (CEMS), which can provide the CO2 concentration and the volumetric flow 

rate. This measurement must be matched by a second set of meters at the injection well. With this, 

it not only provides an additional layer of measurement between the facility and the storage 

operator, but also enables accuracy in the quantification of transport losses.  

 Finally, validating durable removal needs adherence to leading protocols (e.g., from Puro.earth 

or Isometric). These protocols require that the CO2 be injected into dedicated geological storage 

(e.g., a Class VI well) and disqualify any end-use like Enhanced Oil Recovery (EOR). Also, it is 

required that the storage operator conduct long-term MRV in the storage site, including seismic 

and pressure monitoring, to ensure permanence.   

 From a technical and operational perspective, the combination of different CO2 point sources 

in the paper mill presents some challenges. Typically, the recovery boiler and the lime kiln are 

located relatively close to each other within the paper mill, as their functions are closely related to 

the chemical recovery cycle. However, the biomass boiler and the multifuel boilers can be located 

at a considerable distance, requiring long-distance pipeline arrangements within the mill to 

combine flue gases, which implies higher costs and more detailed designs. Moreover, all the 

sources of CO2 in the process have different concentrations and impurities that require specific 

treatment before being combined into a single stream. It is necessary to evaluate the performance 

of the solvent individually for each CO2 point source, anticipating the carbon capture rate and the 
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effect on efficiency from the solvent interaction with impurities[70]. Future work should 

experimentally test solvent stability and capture effectiveness for each specific flue gas stream in 

a pulp and paper mill to reduce technological risks and enable robust carbon capture system design. 

In parallel, it may also be beneficial to assess the feasibility and performance of deploying 

independent CCS units for each major point source, particularly where spatial separation or flue 

gas characteristics make centralized capture less practical.  

 

5.7 Conclusions 

 This study evaluated the potential for atmospheric carbon removal by integrating CCS into a 

virgin-fiber-based pulp and paper mill across multiple system configurations and life cycle 

perspectives. The results demonstrate that while pulp and paper mills are traditionally viewed as 

net emitters due to their fossil fuel use and process emissions, they also produce large volumes of 

concentrated biogenic CO2 thatðif captured and durably storedðcan enable meaningful 

atmospheric carbon dioxide removal. Integration of CCS at the millôs recovery boiler alone could 

reverse the carbon balance, turning the facility into a net sink, with total removal efficiencies from 

17% to 92% (metric tonnes of CO2 removed per metric tonne of CO2 available for removal under 

selected boundary conditions). A central insight from this analysis is the critical role of system 

boundary definitions in evaluating net carbon removal. This is particularly relevant for CDR 

projects based on retrofitting existing biorefineries. Under a narrow gate-to-gate framework, only 

the CCS unit is evaluated, treating biogenic CO  emissions from the pulp and paper mill as a waste 

stream readily available for capture. Under broader boundaries, carbon removal is treated as 

inseparable from the entire pulp mill operation: the removal would not occur without the 

harvesting, transportation, and processing of biomass, making the full pulping processðalong 

with CCSða necessary component of the carbon removal activity. These competing assumptions 

lead to widely divergent estimates of removal efficiency, even for the same technical system. As 

such, they raise important questions for carbon markets: What constitutes the full scope of human 

intervention necessary for carbon to be considered removed from the atmosphere? These 

distinctions are not merely academic. They materially affect how CDR projects are valued, 

credited, and compared. If narrow boundaries are used, retrofitted biorefineries may appear 

disproportionately effective compared to purpose-built carbon removal facilities that must account 
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for full supply chain emissions. To support environmental integrity and transparency in emerging 

CDR markets, crediting standards and registries should clearly articulate how system boundaries 

are defined and justified, particularly for retrofit projects. With the right combination of policy 

incentives, infrastructure investment, and methodological rigor, the pulp and paper industry could 

emerge as a key contributor to durable, scalable carbon dioxide removal. 

 

Nomenclature 

Ŭ: gas radiative efficiency 

ad: air-dry 

CO2: carbon dioxide 

CO2e: carbon dioxide equivalent 

CO2bio: biomass-derived carbon dioxide 

CO2 fixed by biomass: theoretical maximum for carbon removal 

CO2 captured: gross amount of CO2 captured by the CCS facility 

CO2 losses: losses of CO2 from the captured amount during pipeline transport and injection 

Emissionsproject: sum of the entire emissions related to the CCS facility 

Ecapture: emissions of the CCS operation from power and heat consumption to capture the CO2 

Einjection: emissions from electricity used for transport and sequestering of the CO2 

Eembodied: emissions associated with the construction and materials of the CCS facilities  

Econsumables: emissions related to the chemicals used in the CCS operation  

Econsumables: emissions related to the chemicals used in the CCS operation  

GWPbio: residual atmospheric impact of biomass-derived CO2 

Gt: gigatonnes 

h: hour 

kg: kilogram 

kWh: kilowatts per hour 

lb: pounds 

mt: metric tonne 

MWh: megawatss per hour 

N: mass of biomass in metric tonnes 

ɗ: storage period parameter 



 

171 

 

od: oven-dry 

SOC: soil organic carbon 

yr: year 

 

Abbreviations 

AGWP: absolute global warming potential 

BB: biomass boiler 

BECCS: bioenergy with carbon capture and storage 

BiCRS: biomass carbon removal and storage 

CCS: carbon capture and storage 

CDR: carbon dioxide removal 

CEMS: continuous emissions monitoring system 

CHP: combined heat power 

DACCS: direct air capture with carbon capture and storage 

EOR: enhanced oil recovery 

GHG: greenhouse gases 

GWP: global warming potential 

LCA: life cycle assessment 

LK: lime kiln 

MRV: monitoring, reporting, and verification 

MEA: monoethanolamine (30 wt%) 

NG: natural gas 

RB: recovery boiler 

UBSK: unbleached softwood kraft pulp mill 
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6. Chapter 6 ï Discussion and Future Work 

 This dissertation has built a complete framework for transforming the pulp and paper industry 

from a CO2 emitter into a carbon-negative industry that helps fight climate change. By combining 

chemical process changes (sodium spiking), equipment upgrades (oxy-fuel combustion), carbon 

capture technology, low-carbon energy sources (small nuclear reactors), and careful carbon 

accounting, this work shows that we already have the tools needed to reduce emissions in the pulp 

and paper industry. 

 Sodium spiking (Chapter 2) offers a new way to increase the amount of biogenic carbon 

captured in the recovery cycle by leveraging the recovery boiler's natural CO  mineralization 

process. At the same time, oxy-fuel calcination (Chapter 3) targets the lime kilnðthe industryôs 

largest concentrated source of biogenic carbon emissionsðmaking it easier and cheaper to capture 

CO2. To power the demand of energy-intensive carbon capture processes, the economic analysis 

of nuclear integration (Chapter 4) provides a reliable solution to meet the heat demand. Finally, 

the life cycle assessment framework (Chapter 5) reveals a weakness in how we count carbon, 

showing that "net-zero" claims depend heavily on where we draw the boundaries. 

 However, like any research that combines computer modeling with small-scale experiments, 

this work has some improvement opportunities that can be addressed with future research. 

6.1 Oxy-Fuel Combustion in Lime Kilns 

 Most research on oxy-fuel combustion in lime kilns has focused on the cement industry. 

Chapter 2 suggested that more research is needed on how oxy-fuel conditions affect the quality of 

calcium oxide produced from lime mud in kraft mill lime kilnsða topic that Chapter 3 began to 

address. 

 The experiments in Chapter 3 showed that high CO2 levels delay the start of calcination. While 

the reaction does finish eventually, this delay effectively shortens the working length of the kiln. 

In a mill running at full capacity, this could create a bottleneck, forcing operators to either reduce 

daily lime production or raise temperatures to levels that could affect the kilnôs protective lining. 

 The experimental work in this dissertation only tested the high-temperature burning zone of 

the kiln. This focus was necessary to avoid clogging problems in the lab-scale equipment. While 

testing the burning zone confirmed that oxy-fuel calcination works under the most challenging 
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conditions, a full demonstration, including the preheating zones, would build more confidence in 

the technology for industrial use. 

 Future research should investigate how well kiln materials hold up over time under oxy-fuel 

conditions, particularly the refractory lining, burner, and seals. Studies should also examine how 

this technology fits into existing mill energy systems and how to balance steam and power 

throughout the mill. Exploring partial oxy-fuel enrichmentða middle-ground approachðcould 

help find the right balance between cost and CO  capture rates. 

6.2 Nuclear Integration Economics 

 The economic analysis in Chapter 4 relies on cost estimates for Small Modular Nuclear 

Reactors (SMNRs) that assume mature, optimized deployment. In practice, the first installations 

could face much higher costs, regulatory hurdles, and supply chain problems. The analysis also 

assumes that a nuclear steam supply can easily connect to a millôs variable steam needs, which 

oversimplifies the complex controls required to balance grid demands, reactor safety, and changing 

mill operations. 

 Future research should fill these gaps in several ways. First, integrating nuclear power into 

chemical plants must include thorough safety analyses, including detailed Hazard and Operability 

Studies (HAZOP) that examine the steam connection between SMNRs and pulp mills. Beyond 

technical issues, social science research is fundamental to understanding whether communities 

will accept these facilities. Surveys and engagement studies in major forestry regions, such as the 

U.S. Southeast, would provide crucial information about public acceptance of placing nuclear 

reactors next to manufacturing sitesða factor that could determine whether this approach is 

practically viable. 

 This study only looked at using thermal energy (heat) from the nuclear reactor for carbon 

capture and mill operations. It did not consider scenarios where both heat and electricity from the 

reactor were integrated. Adding electricity to the mix would significantly change the economics, 

especially in scenarios where the millôs natural gas boiler is shut down and replaced, affecting both 

lost power generation and the electricity needed to run the carbon capture system. 

 However, using both heat and electricity from a nuclear plant can create additional challenges. 

New transmission lines would be needed to deliver electricity directly from the reactor. It is also 

difficult to compare the market value of heat versus power and to determine what steam is worth 
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based on its temperature and energy content. Future work should develop a complete economic 

analysis that considers both electrical and thermal energy from the reactor. 

 Furthermore, the economic analysis only included the 45Q tax credit from the Inflation 

Reduction Act. Other clean energy incentives, such as 45U, 45Y, and 48E, were not considered 

but could be relevant if electrical power integration is included. 

 In addition, the highest impact on CO2 emissions would come from strategies that use nuclear 

heat and power to eliminate recovery boilers. However, if recovery boilers are removed, mills need 

other ways to process the lignin and organic materials in black liquor while still producing the 

chemicals needed for pulping. Another promising option is using nuclear power to produce 

hydrogen, which would be helpful if lignin is converted into biofuelða process that requires large 

amounts of hydrogen. Additionally, retrofitting the recovery boiler for oxy-fuel combustion could 

concentrate CO2 in the exhaust enough to eliminate the need for traditional carbon capture systems. 

 To complete the economic analysis, future work should assess regional differences in CO2 

storage availability and transport infrastructure. Transport and storage costs vary widely by 

location, and mills near suitable underground storage sites or CO2 use opportunities would likely 

see better overall economics.  

6.3 Life Cycle Assessment and Carbon Accounting 

 The Life Cycle Assessment in Chapter 5 makes important progress in accounting for the timing 

of biogenic carbon (using GWPbio). However, it uses simplified forest growth models and assumes 

that biomass is carbon neutral, without fully accounting for changes in Soil Organic Carbon (SOC) 

during harvesting. The calculation of maximum carbon removal is based only on CO2 captured by 

aboveground biomass from sustainably managed plantations. A major limitation is that it excludes 

SOC, which could represent a significant additional carbon sink in forest systems. Future 

assessments should integrate dynamic SOC models for a more complete picture of climate 

benefits. Future studies could also use site-specific biomass growth models and better estimation 

methods, moving beyond the simplified model currently used. 

 The LCA performed in this dissertation focuses exclusively on global warming potential. It 

did not include other environmental impacts such as ozone depletion, acidification, or human 

health effects. Future work could provide a more complete environmental picture by evaluating all 

impact categories when carbon capture is integrated into pulp and paper operations. Also, future 
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studies should expand upon the current life cycle analysis by incorporating techno-economic 

assessments. This work should evaluate both the cost of carbon removal and the potential 

implications for carbon credit pricing under various system boundary assumptions. This is crucial 

because broader system boundaries, which account for upstream emissions, tend to increase the 

cost per tonne of CO2  removed, thereby raising the implied price of carbon credits. 

 In addition, practical implementation also requires a strong monitoring, reporting, and 

verification (MRV) framework. This framework must establish a verifiable chain of custody that 

starts with sustainably managed forests and extends through biomass processing, tracking of fuel 

and power use, and continuous measurement of captured CO2 at both the plant exit and injection 

well. MRV that needs to be developed under transparent and standard practices. 

 The next phase of work will require collaboration across disciplines, engineers and foresters, 

economists and environmental scientists, industry experts, and policymakers. Each of the 

limitations and future research directions outlined here represents not just a knowledge gap but an 

opportunity to refine and strengthen the paper industry as a leader in carbon removal projects. 
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Appendix A: Supplementary Information to Chapter 2 

 

Biogenic Carbon Capture at Pulp Mills via Sodium Spiking and Oxy-Fuel Calcination 

A.1. WinGEMS Model description 

The battery limit of the reference process model includes the woodyard, digester, brown stock 

washing, bleaching, paper machine, evaporators, recovery boiler, causticizers, lime kiln, biomass, 

and natural gas boilers. 

 

Table A.1 Parameters used in the WinGEMS Model. 

   Softwood 

 Wood Chips  o.d ton/day 2554 

Composition Before 

Pulping 

Carbon % 51.6 

Hydrogen % 6.4 

Oxygen % 41 

 Kappa Number   30 

 Pulp yield % 45.7 

 Effective Alkali on Wood % 15.13 

 Sulfidity % 30 

 Causticizing Efficiency % 85 

Composition 

Dissolved Solids 

Carbon % 56.5 

Hydrogen % 6.6 

Oxygen % 36.9 

 Recovery Boiler Reduction % 95 

 Pulp o.d ton/day 1,051 
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Table A.2 Individual bleaching stage definition [1]. 

Bleaching stage Definition 

Oxygen 

Delignification (O) 

Stage where the bulk of the residual lignin in the pulp is solubilized and removed by 

oxygen as oxidant agent joined with sodium hydroxide under high pressure. An 

alkaline pH is required during the oxygen reaction with lignin. 

Chlorine Dioxide 

(D) 

Chlorine Dioxide attacks the lignin groups in the fibers, allowing them to be removed 

more promptly in subsequent stages. It requires a low pH range for reasonable use. 

Alkaline extraction 

(E) 

Sodium hydroxide is used to solubilize the lignin, which was made more susceptible 

to alkali in previous stages. To lower overall chemical use in the entire bleaching 

sequence, it can be reinforced with oxidant agents such as peroxide or ozone. 

Acid Stage (A) This stage aims to remove contaminants such as metal ions from the fiber before using 

oxidant agents such as peroxide or ozone. 

Peroxide (P) Generally, it is the last stage of an alkaline bleaching sequence. Peroxide is an excellent 

final brightening agent that helps to control and reach the final brightness target without 

substantial dissolution of lignin. 

 

Brightness is the parameter used as a response variable from the bleaching process. It measures 

the interaction of light with the fibers on a scale of 0 to 100%. A higher value means that more 

light is reflected, and less light is absorbed by the paper sheet. Both sequences in Figure S1 aim to 

achieve a target brightness of 92%. The caustic needs in each bleaching sequence are covered by 

oxidized white liquor in the model.  

 

 

Figure A.1. Configurations for the elemental chlorine-free (ECF) (top) and totally chlorine-free 

(TCF) (bottom) bleaching sequences. The ECF configuration does not recover any filtrate and thus 
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does not involve sodium spiking, while the TCF configuration sends the alkaline filtrates to the 

chemical recovery cycle and thus does involve sodium spiking. 

 

Table A.3 Elemental chlorine-free sequence WinGEMS parameters [2]. 

Stage Operating Data 
Chlorine 

Dioxide 

Alkaline 

Extraction 

Chlorine 

Dioxide 

Alkaline 

Extraction 

Chlorine 

Dioxide 

Temperature  (°C) 60 65 75 70 65 

Chlorine Dioxide (ClO2) 

 (% / 

o.d 

pulp) 

8.5  - 2.5  - 1 

Oxygen (O2) - 0.5 -  -  - 

Sodium Hydroxide (NaOH)* - 2.6 - 2.6  - 

Peroxide (H2O2)  - 0.2 -  -  - 

Yield  (%) 98.8 99.5 98.8 99.6 99.5 

*Oxidized White Liquor       

 

Table A.4 Totally chlorine-free sequence WinGEMS parameters [2]. 

Stage Operating Data 
Oxygen 

delignification 

Acid 

Stage 

Ozone 

Extraction  

Alkaline 

Extraction 
Peroxide 

Temperature  (°C) 98 90 70 70 80 

Ozone (O3)  

 

 

(% / o.d 

pulp) 

-   0.26     

Sulfuric Acid (H2SO4) - 0.6 0.22 -   

Oxygen (O2) 3   1.5 1.5   

Sodium Hydroxide 

(NaOH)* 
variable   1.1 1 0.8 

Magnesium Sulfate 

(MgSO4) 
0.5   0.2 0.2 0.25 

Peroxide (H2O2)       0.21 0.66 

Yield  (%) 98 99 99.6 99.8 99.8 

*Oxidized White liquor       
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Table A.5. Steam demand for SBSK mill.  

  ECF Bleaching Sequence TCF Bleaching Sequence 

Section Subsection 
1200 psig 160 psig 60 psig 1200 psig 160 psig 60 psig 

Steam demand (klb/od mt pulp) 

Pulp mill  

Digester  - 1.24 2.29 - 1.24 1.78 

Bleaching - - 3.84 - - 0.67 

Evaporator (20.9%) - 0.76 3.46 - 0.81 3.66 

Subtotal - 2.00 9.59 - 2.05 6.11 

Paper mill  

Dryer (13.4%) - 1.49 1.59 - 1.51 1.60 

Hot water heating - - 1.18 - - 1.00 

Subtotal - 1.49 2.77 - 1.51 2.60 

Power plant  

Soot blowing 1.14 - - 1.14 - - 

Air heater (RB, BB, NGB) - 0.47 1.43 - 0.39 1.18 

Deaerator (17.0%) - - 4.31 - - 3.52 

Subtotal 1.14 0.47 5.74 1.14 0.39 4.70 

 
TOTAL 1.14 3.96 18.10 1.14 3.95 13.41 

TOTAL Steam Demand 
klb/od mt 

pulp 
 23.20 

klb/od mt 

pulp 
 18.50 
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Table A.6 Capital and Operational cost of integrating CCS in Lime Kiln CO2 source in the SBSK 

mill. 
 Air Combustion Oxy-fuel Combustion 

 Baseline Low Sodium 

Spiking 

High Sodium 

Spiking 

Baseline Low Sodium 

Spiking 

High Sodium 

Spiking 

Capital Cost Breakdown Installed Capital Cost US $million (2024) 

Absorber Column 4.60 5.12 5.79 - - - 

Heat Exchangers-Coolers 2.90 1.93 2.13 1.20 1.31 1.43 

Pumps 0.30 0.33 0.37 - - - 

Stripper Column 12.10 13.55 15.32 - - - 

Compressors 9.10 10.30 11.8 10.20 11.45 12.60 

Lime Kiln retrofit - - - 0.70 0.73 0.78 

Air Separation Unit - - - 10.70 11.9 13.54 

Total Fixed Capital (TFC) 29.0 31.23 35.41 22.80 25.39 28.35 

Added Direct + Indirect 

Capital Cost 

26.20 30.47 34.59 21.40 24.61 27.85 

Total Capital Investment 55.20 61.70 70.0 44.20 50.0 56.2 

Operating Costs Summary 

Variable Costs 

Pulp and Paper Additional 

Chemicals 

- 0.94 1.43 0.01 0.93 1.42 

Natural Gas Demand Credits - (4.02) (3.59) - (4.02) (3.59) 

Carbon Capture Plant (MEA 

30%)* 

1.46 1.51 1.73 - - - 

Air Separation Unit* - - - 1.68 1.96 2.24 

Total Variable Costs 1.46 (1.57) (0.43) 1.69 (1.13) 0.07 

Fixed Costs 

Direct Labor (DL) 0.76 0.76 0.76 0.76 0.76 0.76 

Benefits and general 

overhead (40% of DL) 

0.30 0.30 0.30 0.30 0.30 0.30 

Maintenance (~3% of TFC) 0.84 0.94 1.06 0.68 0.76 0.85 

Property Insurance and 

Taxes 

0.37 0.41 0.47 0.30 0.33 0.37 

Total Fixed Operating 

Costs 

2.26 2.41 2.59 2.04 2.16 2.28 

Total Operational Costs 3.72 0.84 2.16 3.73 1.03 2.35 
*Includes Compression Power Consumption 
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Figure A.2. Sodium flow for a southern bleached softwood kraft (SBSK) pulp mill process with 

an elemental chlorine-free (ECF) bleaching sequence without sodium spiking. Unlike carbon 

flows, most sodium (Na) mass is looped and recirculated in the chemical recovery cycle. 
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Figure A.3. Sodium flow for a southern bleached softwood kraft (SBSK) pulp mill process with 

a totally chlorine-free (TCF) bleaching sequence with sodium spiking. The sodium (Na) is also 

looped and recirculated from the bleaching stages to the chemical recovery cycle. 
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Figure A.4. Carbon flows from the recovery boiler with variation in extent of sodium spiking in 

each total chlorine-free (TCF) scenario. 

 

 

Figure A.5. a. Sodium recycling in each evaluated total chlorine-free (TCF) scenario. b. Smelt 

production in the recovery boiler for each total chlorine-free (TCF) scenario with sodium 

spiking. 
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Figure A.6. a. Calcium oxide production in the lime kiln for each TCF scenario with sodium 

spiking. b. Carbon dioxide production in the lime kiln for each TCF scenario with sodium spiking.  

 

 

 
Figure A.7. CO2 Capture Amine System Model in Aspen Plus. 

 



 

194 

 

 

Figure A.8. Geospatial plot showing the location of potential mills where sodium spiking is 

potentially applicable and suitable geological areas for CO2 sequestration. 

 

A.2. CO2 Utilization through Enhanced Oil Recovery. 

 

CO2 has been successfully utilized to extract oil in wells due to its great miscibility with oil in a 

process called CO2 Enhanced Oil Recovery (EOR) [3]. This use of CO2 was considered in the 

economic analysis, including revenue based on each scenario when the CO2 is assumed to be used 

for EOR purposes [4]. The revenue for each scenario was assessed assuming a selling price of $44 

per tonne of CO2, which is the estimated time value of the CO2 price reported by Pilorgé et al. 

when compressed CO2 is used for EOR [5]. Considering EOR use (Figure S9), without sodium 

spiking, lime kilns' estimated CO2 capture costs are $88 and $63/mt CO2 for air and oxy-fuel 

combustion, respectively. Additionally, with the implementation of sodium spiking, the cost of 

CO2 captured decreases by 41% and 52%, showing costs of $52 and $30/mt CO2 for air and oxy-

fuel combustion, respectively. 
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Figure A.9. Cost of CO2 capture for baseline, low sodium spiking, and high sodium spiking 

scenarios when EOR revenue for CO2 utilization is accounted. 
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Appendix B: Supplementary Information to Chapter 3 

 

Decarbonizing lime kilns at pulp mills via oxy-fuel combustion 

 

Table B.1. Constraints of existing lime kilns used in the pulp and paper industry, based on input 

from an industrial vendor. 

Parameter  Value  Units 

Kiln length 113 m 

Retention time ~ 4 h 

Lime mud flow rate (Wet / Dry basis)  900 / 675 mt/day 

Burnt Lime (CaO) exit temperature ~ 1000 °C 

Extent of calcination > 95 % 

Maximum allowed inner wall alumina brick temperature 1350 °C 

Maximum flue gas velocity in the kiln  7 m/s 

Flue gas entering the hot end of chains  760 °C 

Lime mud (CaCO3) kiln feed temperature  260 °C 

Residual CaCO3 in CaO product 1.5 - 4 % 

 

B.1 KilnSimu  Model 

 KilnSimu facilitates a thorough analysis of the rotary kiln performance by integrating key 

behavioral characteristics with thermal dynamic analysis[1]. It models a rotary kiln by dividing it 

into a series of connected zones or axial control cells, as shown in Figure B.1. Each cell is an open 

thermodynamic system that exchanges mass and heat, with internal properties (temperatures, 

compositions) assumed to be constant. The simulation solves for a stable, steady-state condition 

by balancing energy and mass flows, using Gibbs energy minimization to determine equilibrium. 

The model also calculates chemical reaction rates for the material bed (lime mud) and incorporates 

the physical motion caused by the kilnôs rotation. The thermodynamic data for the system 

components are integrated into the KilnSimu package through the FactSage database[2]. 
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Figure B.1. Representation of the KilnSimu counter-current model for an oxy-fuel rotary kiln. 

 

 In the control cell n, the mass balances for the bed and gas flows are given as follows: 

ὄὩὨȡ  ά ά ά ά π          ὄȢρ 

Ὃὥίȡ  ά ά ά ά π          "Ȣς 

 Where the equilibrium for the bed mass flow that reacts is calculated as: 

ά ὼ άz           "Ȣσ 

ά ρ ὼ άz          "Ȣτ 

ὼ ὃ ÅzØÐὉȾὙὝ ῳzὸ          "Ȣυ 

ά Ὃ Ὕȟὖȟὼ ά ά ρ ὼ ᶻά ά          "Ȣφ 

 The composition of the gas flow is estimated similarly.  

 In the case of the energy balances, we have:  

 

ὄὩὨȡ  Ὄ Ὄ Ὄ Ὄ ὗ ὗ π          "Ȣχ 

Ὃὥίȡ  Ὄ Ὄ Ὄ Ὄ ὗ ὗ π          ὄȢψ 
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Where Q refers to the heat flow between the gas mass, bed mass, and the internal/external walls, 

and the surroundings (atmosphere). 

ὗ ὗ ὗ π          "Ȣω 

ὗ ὗ π          "Ȣρπ 

 The details of the heat transfer flow calculations can be found in Meyer et al.[1] The model 

parameters, flows, and heat coefficients for energy balances used in the oxy-fuel KilnSimu are 

presented in Tables B.2 and  B.3. 

 KILN process is used to perform the calcination of lime mud (thermochemical calculations), 

and CYCL process is used to separate the gas from the solids leaving the kiln and, at the same 

time, to cool down the gas that is recycled to the kiln. 

 

Table B.2. Summary of key KilnSimu model parameters used for simulating air-fired and oxy-

fuel calcination, including numerical settings, kiln operating conditions, and kinetic constants for 

both combustion modes. 

Model Parameter Value 

Maximum number of iterations 50 

Number of iterations with fixed temperatures 10 

Number of internal KILN iterations. 1 

Maximum error in temperature °C 5 

Temperature of the ambient air °C 20 

Number of processes 2 

Name of process CYCL 

Type of process CYCLONE 

Residence time (used with gas side kinetics for all phases) 5 

Heat loss/kW 100 

Extra heat loss for solids/kW 20 

Name of process KILN  

Type of process KILN  

Direction of gas flow (-1 = counter-current, 1 = co-current) -1 

Radiation: 0=Radial radiation only, otherwise axial radiation 0 

Relative position (Rel .pos) 0 

Gas mass transfer coefficient from gas to bed. 0.0012 

Rel .pos 0.1 

Gas mass transfer coefficient from gas to bed. 0.0012 

Rel .pos 0.2 

Gas mass transfer coefficient from gas to bed. 0.0012 

Rel .pos 0.5 

Gas mass transfer coefficient from gas to bed. 0.0012 

Residence time correlation. 1 
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Table B.2. (continued). 

 
Static repose angle of the bed material (degrees) 40 

Dynamic repose angle of the bed (degrees) (correlation 3). 40 

Measured residence time (h) (correlation 0) 4 

Measured rotation velocity (r/min) (correlation 0) 1 

Rotation velocity (r/min) 1 

Inclination of drum (degrees) 1.25 

Calcination Kinetics 

Air Combustion Oxy-fuel Combustion 

A0 (1/s) Ea (J/mol) A0 (1/s) Ea (J/mol) 

1000 178000 5000 178000 

 

 

Table B.3. Geometric, thermal, and discretization parameters used for the KILN and CYCL 

(cyclone) processes in the KilnSimu model, including section dimensions, wall emissivities, 

refractory and steel layer properties, and numerical cell configuration. 

Process KILN  CYCL  

Number of sections 1 1 

Number of calculation cells in the first section 50 1 

Length of the section (m) 115 5 

Inner diameter of the section (m)  4 4 

Outer diameter of the section (this is calculated in KilnSimu from thickness) (m) 4.7 4.2 

Emissivity of the inner surface of the wall 0.7 0.7 

Emissivity of the outer surface of the wall 0.9 0.7 

Number of layers. 2 2 

Thickness of the inner layer (brick) (m)  0.22 0.09 

Conductivity of the inner layer (W/m-K)  1.2 1.5 

Thickness of the outer layer (steel) (m)  0.13 0.01 

Conductivity of the outer layer (W/m-K) 50 40 

 

B.2 Materials Characterization 

 The pulp mill-derived lime mud and burnt lime used as raw material and benchmark in this 

study were analyzed in terms of the CaCO3 content. The elemental composition of the lime mud 

was obtained via XRF, and it is presented in Table B.5[3]. The CaCO3 content in the lime mud is 

approximately 73.81% (wet basis) with a moisture content of 25%. The composition of the burnt 

lime obtained from the pulp mill is 1.5% CaCO3 (and impurities) and 98.5% CaO (dry basis), 

determined indirectly via thermogravimetric analysis. The particle size distribution of the lime 

mud is presented in Table B.4. 
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Table B.4. Pulp mill-derived lime mud particle size distribution via Gilson 3-inch vibratory 

sieve (ASTM) shaker. 

Particle size (µm) Percentage (%) 

>300 9.29 

250 ï 300 0.53 

125 ï 250 43.38 

75 ï 125 17.36 

<75 29.43 

 

 

B.2.1 X-ray fluorescence analysis (XRF) 

 The elemental composition of lime mud was estimated using X-ray fluorescence (XRF) 

analysis using pelletized lime mud samples in aluminum capsules via a Bruker 5i portable X-ray 

fluorescence (pXRF) scanner. 

 

Table B.5. Elemental composition (% mass) of the lime mud via X-ray fluorescence (XRF) 

Component Mass Fraction (%) 

Ca 39.67 

MgO 2.30 

SiO2 0.51 

Al 2O3 2.13 

P 0.56 

Na 0.50 

Cl 0.17 

S 0.00 

K2O 0.00 

Fe 0.00 

Mn 0.00 

Loss on ignition* 54.15 
                                                         *Includes Carbon 

 

B.2.2 Thermogravimetric Analysis (TGA) 

 A thermogravimetric analyzer Discovery TGA 550 (TA Instruments) was used to determine 

the sample composition of the raw lime mud from the paper mill, the lime from each stage of the 

first and second cycle of calcination under oxy-fuel conditions, and the lime mud from the lab-

scale causticizing reaction. Using a gas atmosphere of 40 cc/min nitrogen, the samples were heated 

up from room temperature to 105 °C with a heating rate of 20 C/min and kept at 105 °C for five 

minutes to remove moisture. Then, a heating rate ramp of 40 °C/min was used to reach 1000 °C, 

and the samples were kept at this temperature for 10 minutes, changing the inert atmosphere to air. 
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Within this temperature range, this technique helps to measure indirectly the remaining carbon 

content of the lime samples. 

 

Table B.6. Composition of CaO produced under optimal oxy-fuel conditions via TGA. 

Batch CaO produced  (g) CaO (%) CaCO3 (%) 

1 104 97.56 2.44 

2 154 96.24 3.76 

3 184 94.65 5.35 

4 193 99.31 0.69 

5 256 97.68 2.32 

6 289 97.72 2.28 

7 290 98.18 1.82 

Total 1470 97.33 2.49 

 

 Data in Table B.6 assumes the mass losses in the range of 105°C to 500 °C as Ca(OH)2, and 

in temperatures above 500°C, as CaCO3. The thermal decomposition of Ca(OH)2 occurs entirely 

at 385°C[4] and in the case of CaCO3, above 800°C[3]. 

 

Table B.7. Summary of CaO batches processed under oxy-fuel conditions and corresponding 

causticizing performance. 

Batch 

CaO 

input 

(g) 

Na2CO3 

added 

(g) 

Na2CO3  

excess 

(%) 

CaCO3 

produced 

(theoretical, 

g) 

Precipitated 

solids (g) 

Causticizing 

Completion 

(%) 

1 150.48 377.77 32.63 268.71 252.29 93.89 

2 150.42 373.27 31.10 268.61 257.08 95.71 

3 150.18 375.52 32.10 268.18 253.80 94.64 

4 150.12 379.07 33.40 268.07 260.13 97.04 

5 150.54 374.71 31.50 268.82 258.59 96.19 

6 150.30 377.77 32.79 268.39 246.70 91.92 

7 150.00 377.84 33.08 267.86 264.09 98.59 

8 105.70 252.38 26.14 188.75 186.17 98.63 

Total 1157.74 2888.33 31.59 2067.39 1978.85 95.83 
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Table B.8. Composition via TGA of precipitated solids produced after the causticizing reaction.  

Batch 

Weight 

losses 

(mg) 

105-500 

°C 

Weight 

losses 

(mg) 

500-

1000 °C 

Total 

weight 

losses 

(mg) 

 

Ca(OH)2 

(%) 

CaCO3 

(%) 

1 0.39 10.55 10.94 3.6 96.4 

2 0.35 9.47 9.82 3.5 96.5 

3 0.37 9.75 10.12 3.7 96.3 

4 0.45 10.70 11.15 4.0 96.0 

5 0.42 10.52 10.94 3.8 96.2 

6 0.37 9.72 10.08 3.6 96.4 

7 0.37 10.55 10.92 3.4 96.6 

8 0.35 9.83 10.18 3.5 96.5 

 

Table B.9. Composition of CaO produced under optimal oxy-fuel conditions (second cycle) via 

TGA. 

Batch CaO produced  (g) CaO (%) CaCO3 (%) 

1 65 96.59 3.41 

2 125 95.11 4.90 

3 75 92.85 7.15 

4 165 93.21 6.79 

Total 430 94.44 5.56 

 

B.2.3 X-ray diffraction analysis (XRD) 

 The phase structure of pulp mill-derived lime mud and oxy-fuel burnt lime samples was 

determined using XRD performed using a PANalytical Empyrean X-ray diffractometer at room 

temperature fitted with a copper (Cu) anode X-ray generator (wavelength = 1.5406 Å) with 40 mA 

tube current, 45 kV generator voltage, scan range 10-90°, and a step size of 0.013°. 
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Table B.10. Stream composition for an air combustion lime kiln.  

Input/Output 

Composition 

(wt%) 

Lime Mud 
Natural 

Gas 
Air  Lime 

Dust 

Recycle 

Flue 

Gas 

CaO 0.06 - - 85.00 0.06 - 

CaCO3 80.75 - - 2.85 80.75 - 

Ca(OH)2 12.99 - - - 12.99 - 

Inerts 6.20 - - 9.91 6.20 - 

CaSO4 - - - 2.24 - - 

CH4 - 90 - - - - 

C2H6 - 10 - - - - 

O2 - - 23.30 - - 1.33 

N2 - - 76.70 - - 47.95 

CO2 - - - - - 30.22 

H2O - - - - - 20.50 

Total flow 

(kg/h) 
25,904 1,547 23,330 11,740 2,055 37,315 

Temperature 

(° C) 
75 20 20 699 149 70 

 

 

Table B.11. Stream composition for an oxy-fuel combustion lime kiln.  

Input/Output 

Composition 

(wt%) 

Lime 

Mud 

Natural 

Gas 
Oxygen Lime 

Dust 

Recycle 

Recycled 

Flue Gas 

Flue 

Gas 

CaO 0.06 - - 85.00 0.06 - - 

CaCO3 80.72 - - 2.85 80.72 - - 

Ca(OH)2 12.97 - - - 12.97 - - 

Inerts 6.24 - - 10.00 6.24 - - 

CaSO4 - - - 2.15 - - - 

CH4 - 90 - - - - - 

C2H6 - 10 - - - - - 

O2 - - 95 - - 2.75 2.75 

N2 - - - - - - - 

CO2 - - - - - 64.48 64.48 

H2O - - 5 - - 32.77 32.77 

Total flow 

(kg/h) 
25,916 1,481 5,475 11,742 2,076 20,984 17,169 

Temperature 

(° C) 
75 20 20 699 149 149 84 
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B.3 Techno-economic Analysis 

 A techno-economic analysis (TEA) was conducted to estimate and compare the cost of 

capturing the CO2 from a current air-combustion lime kiln and a retrofitted oxy-fuel combustion 

lime kiln using a discounted cash flow rate of return (DCFROR) method, for a lifetime project of 

30 years. For the traditional air combustion lime kiln, a post-combustion system using 

monoethanolamine (MEA) 30 wt% as a solvent to capture and separate the CO2 from the flue gas 

is considered. Table 3.6 shows the economic assumptions utilized in this analysis and the prices 

used for the MEA, natural gas, power (electricity), process water, and MEA sludge disposal. The 

mass and energy balance for the lime kiln was obtained from a WinGEMS model of a southern 

bleached softwood kraft pulp (SBSK) mill, which produces about 368,000 metric tons of pulp 

annually. The details of the mill have been discussed thoroughly in Carrejo et al.[5] The detailed 

composition of the streams associated with the lime kiln under air and oxy-fuel combustion 

scenarios is summarized in Tables B.10 and B.11. An annual amount of 86,602 and 92,844 metric 

tons of CO2 are projected to be captured under a traditional air combustion lime kiln or oxy-fuel 

combustion lime kiln, respectively. 

 

B.3.1 Post-combustion CO2 capture 

 MEA system represents the most mature and demonstrated system at an industrial scale that 

can be considered for installation in an existing facility. The MEA system was simulated using 

Aspen Plus[5]. MEA solvent traps the CO2 in an absorber column at low temperature (~40 °C) 

when it is put in contact with the flue gas containing the CO2. The MEA-CO2 stream is then sent 

to a stripping column, where it is heated (~120 °C) using steam coming from a natural gas boiler. 

The thermal energy requirement is estimated as 2.9 GJ per metric ton of CO2, consistent with 

previous MEA systems integration[6, 7].  Once the CO2 solvent-rich reaches a temperature above 

100 °C, it starts to release the CO2, which is further dehydrated and compressed until reaching 

critical conditions (153 bar, 44°C), where it behaves as a liquid suitable for transport and storage. 

The CO2-free MEA solvent is returned to the absorber column after exchanging heat to decrease 

its temperature. The detailed MEA system (chemical reactions, kinetics) is described in Carrejo et 

al.[5, 7]. As shown in Table B.10, the flue gas from the lime kiln entering the MEA absorber 

column is assumed to consist of CO2, N2, H2O, and O2. Also, a 90% CO2 removal is taking place 
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in the MEA system from the lime kiln flue gas[8]. The lime mud, lime, and dust recycling are 

reported on a dry basis. 

 The MEA system equipment includes the absorber column, heat exchangers and coolers, 

solvent circulation pumps, and the stripper column. The initial cost of the MEA system in million 

dollars was estimated using Equation B.11 reported in Baker et al.[9] and the amount of CO2 

reported in Table B.11: 

#!0%8 --Α ςσσȢωz

ÍÔ
ÄÁÙ

υȟσωρȢπω
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      (B.11) 

 In addition, an auxiliary natural gas boiler capex was considered for heat supply in the MEA 

system, escalating the value reported in Al-Khori et al.[10]. The CO2 dehydration and compression 

capital investment is estimated using Equation B.12: 

#!0%8 --Α σπȢσψz
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      (B.12) 

 The initial capital investment estimation was updated to 2024 using the capital cost scaling 

methodology[11]. The operating cost in the MEA system includes the natural gas used in the 

auxiliary boiler for heat supply, MEA solvent makeup, water makeup, power consumption in the 

amine system and the compression system, MEA sludge disposal, and the labor costs. The 

electricity consumption for the MEA system is estimated as 0.064 kW per kg CO2 per hour, and 

the electricity consumption in the CO2 drying and compression is calculated as 0.073 kW per kg 

CO2 per hour[9]. 

 

B.3.2 Oxy-fuel combustion  

 Retrofitting the lime kiln for oxy-fuel combustion implies the separation of nitrogen from the 

air to use only oxygen for the fuel burning. Therefore, the air separation unit (ASU) is a central 

component of the capital investment required. It was escalated to 2024 dollars from the vendor 

quote reported in Keith et al.[12], according to the needs noted in Table B.11. The flue gas consists 

mainly of CO2 and H2O; therefore, it simplifies the CO2 purification and does not require a CO2 

capture system. Other modifications in the lime kiln are considered in the capital investment, such 

as the lime kiln sealing to avoid any air entering the system, diluting the CO2 concentration. Also, 
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the flue gas recirculation pipeline, the flue gas recycle fan, and the lime kiln burner. The CO2 

drying and compression capex was estimated using Equation B.12. 

 The oxy-fuel system TEA was estimated considering the same amount of lime mud processing 

and does not assume any high throughput[13]. However, due to the different temperature profile 

in the system, a 11% reduction in natural gas consumption is accounted for in the annual 

operational cost. A power consumption of 238 kWh per metric ton of O2 (95% purity) is used to 

estimate the electricity cost in the ASU[12], and the electricity consumption in the CO2 drying and 

compression is calculated as 0.073 kW per kg CO2 per hour[9]. The CO2 capture rate for the oxy-

fuel combustion system is assumed to be 99%[14]. 

 In both systems, the expenses associated with the CO2ôs geological storage were not included. 

Table B.12 summarizes the total capital investment for the MEA system, the oxy-fuel combustion 

lime kiln retrofit, the air separation unit, the CO2 compression and purification system, and the 

operational cost per year. At the same lime mud processing rate, the oxy-fuel system consumes 

less fuel, which slightly reduces the total CO2 generated by the kiln. Despite this lower generation, 

the system captures a higher annual amount of CO2. This greater capture volume is a direct result 

of the oxy-fuel process, which produces a concentrated CO2 stream and thus enables a much higher 

capture rate.  

 

Table B.12. Capital and operational cost of integrating CCS in lime kiln CO2 source in the 

SBSK mill. 

Capital Cost Breakdown 

Air Combustion 
Oxy-fuel 

Combustion 

 

Installed Capital Cost US $million 

(2024) 

Absorber Column 

22.50 

- 

Heat Exchangers-Coolers - 

Pumps - 

Stripper Column - 

Compressors 5.47 5.62 

Auxiliary Boiler 5.30 - 

Lime Kiln retrofitting (Sealing) - 0.55 

Recycle Flue Gas Pipeline - 1.86 

Flue Gas Recycle Fan - 0.37 

Kiln Burner - 5.13 

Air Separation Unit - 13.1 

Total Fixed Capital (TFC) 33.27 26.63 
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Table B.12 (continued). 

 
Added Direct + Indirect Capital Cost 32.44 26.02 

Total Capital Investment 65.71 52.65 

Operating Costs Summary ($million/yr)  

Variable Costs 

Carbon Capture Plant (MEA 30%)* 0.99 - 

Air Separation Unit* - 1.34 

Total Variable Costs 0.99 1.34 

Fixed Costs 

Direct Labor (DL) 0.76 0.76 

Benefits and general overhead (40% of DL) 0.30 0.30 

Maintenance (~3% of TFC) 1.00 0.80 

Property Insurance and Taxes 0.44 0.35 

Total Fixed Operating Costs 2.49 2.21 

Total Operational Costs 3.49 3.54 
*Includes Compression Power Consumption 

 

 

 
Figure B.2. Gas velocity profiles along the kiln length under air-fired and oxy-fuel combustion 

conditions predicted by KilnSimu. Oxy-fuel operation results in consistently lower gas speeds due 

to higher gas density, while both profiles remain below the recommended entrainment limit (red 

line). 
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 For the oxy-fuel combustion lime kiln, the condition of exposing the brick to temperatures 

below 1350 °C was met. An important parameter that is modified to control the internal 

temperature profile is the recirculation ratio of flue gas that comes back inside the kiln at a lower 

temperature to help maintain the internal conditions stable. The optimal flue gas recirculation ratio 

found in our model was 0.55, which is in agreement with published literature. Granados et al.[13] 

developed a one-dimensional EulerianïLagrangian mathematical model to analyze the effect of 

flue gas recirculation (FGR) on the kilnôs thermal behavior and the decarbonation process of 

limestone. The findings suggest that oxy-fuel combustion, particularly with optimized FGR levels 

(around 40% to 55%), significantly increases coal reactivity and energy transfer, allowing for a 

potential rise in raw material throughput or the design of shorter kilns for the same production rate. 

Figure B.2 compares the gas speed in the kiln for air and oxy-fuel scenarios. The oxy-fuel 

combustion shows a profile with a 30% lower speed, which complements the residence time to 

obtain a proper rate of calcination of the lime mud. 

 In rotary lime kilns, the required residence time is strongly influenced by the kiln type and the 

moisture content of the incoming lime mud. In kilns equipped with a lime mud dryer (LMD)ð

such as those commonly used in Finlandðmost of the moisture is removed upstream in a dedicated 

drying unit using hot exhaust gases from the kiln, resulting in feed temperatures exceeding 150 

°C. These systems typically require shorter residence times, three hours or less, whereas wet-feed 

kilns may need four hours or more to achieve complete drying within the kiln itself. For example, 

in a representative industrial kiln with approximately 25 % moisture in the incoming mud, water 

removal required roughly 25 m of the total 100 m kiln length. In KilnSimu, the residence time 

changes by adjusting the kilnôs rotation speed. Under realistic conditions, calcination near the hot 

end should transition from endothermic decomposition to a regime where a portion of the supplied 

heat increases the solid temperature, producing a gradual rise in bed temperature once the residual 

CaCO3 fraction approaches 50%. This behavior typically yields maximum bed temperatures in the 

range of 1100-1200 °C, which aligns with operational observations and serves as a constraint for 

parameter selection in the kiln model. 

 The total residence time for both scenarios was established as 4.3 hours for the entire length of 

the kiln (115 m). In the initial section of the reactor (0-40 m), the material bed consists almost 

entirely of CaCO3 (100% mass fraction), and the CaO mass fraction is practically zero, indicating 

that the material temperature is below the threshold for the calcination reaction. A central insight 
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from Figure 3.4 is the significant delay in the onset and progression of the calcination reaction 

under the oxy-fuel combustion scenario. In the air combustion scenario, CaCO3 begins to 

transform into CaO at approximately 40 m. In contrast, under oxy-fuel conditions, the reaction 

does not start until approximately 60 m. This 20-meter delay shifts the entire calcination zone 

further down the reactor. This observed delay is a direct consequence of the high partial pressure 

of CO2 inherent in the oxy-fuel environment. The recycled flue gas portion entering the kiln is 

assumed to be dehydrated, which increases the CO2 concentration in the entire kiln and limits the 

amount of gaseous water present only to the water created by the fuel combustion. This helps to 

maintain a very high concentration of CO2 inside the kiln (~90 %). The equilibrium of the 

calcination reaction is highly sensitive to the CO2 partial pressure. A higher CO2 in the surrounding 

gas increases the equilibrium temperature required to drive the decomposition of CaCO3[3]. 

Therefore, a higher temperature is needed to drive the reaction forward. KilnSimu numerical model 

simulation helped to understand whether existing kilnsô operational parameters can be modified to 

achieve oxy-fuel calcination in a way that is acceptable to current industrial P&P operations. 

 While the proof of concept of oxy-fuel calcination was demonstrated through a thermodynamic 

model and rotary kiln experiments, a further consideration in the transition to oxy-fuel combustion 

or electrified rotary kiln is the substantial change in the kilnôs internal heat-transfer environment. 

Under oxy-fuel conditions, the high CO2 atmosphere modifies the temperature experienced by the 

refractory lining, requiring careful evaluation of refractory durability and temperature profile. In 

the case of kiln electrification, the internal temperature can be more precisely controlled to 

maintain conditions within the safe operating window of the insulating brick materials. However, 

the proximity of the electric heating elements to the kiln shell would expose the metallurgical 

frame to significantly elevated external temperatures. To address this challenge, an alternative 

design may incorporate a multilayer configuration consisting of a metallic heat-transfer layer, 

followed by high-temperature-resistant solid bricks, refractory insulation, and finally the structural 

metal frame. In such a configuration, heat is conducted inward through the metal layer toward the 

solids bed; consequently, this layer must be engineered to handle temperatures close to 1450 °C, 

such as in the cement industry kilns. 

 Retrofitting a conventional kiln for oxy-fuel operation further requires minimizing air 

infiltration to maintain the desired gas composition and combustion efficiency. This adaptation 
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necessitates the installation of dedicated pipelines for both recycled flue gas recirculation and high-

purity oxygen supply, along with appropriate sealing improvements throughout the system. 

 

 
Figure B.3. Internal views of the lab-scale rotary kiln tube showing representative clogging 

conditions during experiments with lime mud in the 250°C, 550 °C, and 850°C temperature range 

profiles. 

 

 

 
Figure B.4. Experimental extent of lime mud calcination as a function of key rotary kiln operating 

parameters within an environment maintained at a 15 mol% CO2 atmosphere. 
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Figure B.5. Experimental extent of lime mud calcination as a function of key rotary kiln operating 

parameters within an environment maintained at a 90 mol% CO2 atmosphere. 

 

Nomenclature 

ὃ   Frequency factor of phase constituents, (1/s) 

ῳὸ  Residence time, (s) 

Ὁ  Activation energy of phase constituents (J/mol) 

G  Gibbs energy (J/mol) 

Gmin  Function that returns mass flows of phase constituents at equilibrium (kg/s) 

H  Enthalpy flow (W) 

m  mass flow of phase constituents (kg/s) 

P  Pressure (Pa) 

Q  Heat flow (W) 

R  Gas constant, 8.314472 (J/mol*K) 

T  Temperature (K) 

x  mass fractions of phase constituents (%) 

 

Subscripts and Superscripts 

b Bed 
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g Gas 

i Inner wall 

o Outer wall 

s Surroundings, surface 

n Control volume 
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Appendix C: Supplementary Information to Chapter 4 

 

Cost Analysis of Carbon Capture and Storage in the Pulp and Paper Industry Integrated 

with Nuclear Heat. 

 

 

Table C.1 United States Pulp and Paper Industry Overview 2024 [1] 

Mill type Sites 

Total 

Production  
Percentage 

Avg. 

Production 

per site 

(ad mt/yr)  (%) (ad mt/yr) 

Kraft 46 19,894,441  432,488 

Kraft (74%)/Mechanical 

Recycle 
28 19,353,049  691,180 

Kraft (62%)/Other* 17 10,654,306  626,724 

Total Kraft Mills 91 40,821,367   

Soda/Sulfite 7 587,012  83,859 

Mechanical Pulping 7 1,547,707  221,101 

Total Integrated Mills  105 42,956,086 54.23%  

Mechanical Recycle 117 21,505,687  183,809 

Recycled Integrated** 145 30,586,116 38.61%  

Specialties/Non-Papers 43 1,420,205  33,814 

Tissue & Towel 38 4,247,244  111,770 

Non-Integrated 81 5,667,449 7.15%  

Total 303 79,209,651 100.00% - 

*Other: Semichemical ï Mechanical Recycle ï Mechanical Pulping. The number in brackets represents the 

proportion of virgin fiber produced through the Kraft process. 

**Includes the recycled pulp mill production from integrated mills  

 

C.1 Small Modular Nuclear Reactors (SMRs) 

 The duality of nuclear energy in providing power and steam without greenhouse gas emissions 

makes it a reasonable energy source to decarbonize the industrial sector. Nuclear reactors can be 

classified by size (amount of power produced), as shown in Table C.2. Small nuclear reactors 

(SMRs) can provide up to 300 MWe, with the flexibility of working in modules. This modularity 

allows them to combine power outputs to meet the energy demands of different industrial sectors.  
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Table C.2 Nuclear reactors classification 

Size 
Operating 

(MW th) 

Output 

(MWe) 

Micro Ò 150 Ò 50 

Small 

(SMR) 
150 Ò 900 50 Ò 300 

Medium 900 Ò 1800 300 Ò 600 

Large > 1800 > 600 

 

 

 

Table C.3 Estimated steam demand for a typical SBSK mill.  

Section Subsection 27.6 bar, mt/hr 11.0 bar, mt/hr 4.2 bar, mt/hr 

Pulp mill 

(49.5%) 

Digester (14.3%) - 33.60 50.64 

Oxygen delignification - - 21.37 

Bleaching - - 46.90 

Evaporator (20.9%) - 37.47 85.58 

ClO2 plant - - 10.14 

Caustic plant - - 5.35 

Subtotal - 71.07 219.98 

Paper mill 

(17.3%) 

Dryer (13.4%) - 38.22 40.64 

Hot water heating - - 22.71 

Subtotal - 38.22 63.35 

Power plant 

(33.2%) 

Soot blowing 22.68 - - 

Air heater (RB, BB, NGB) - 14.02 36.50 

Deaerator (17.0%) - - 99.85 

Condenser - - 22.68 

Subtotal 22.68 14.02 159.03 

 TOTAL 22.68 123.31 442.36 

TOTAL Steam Demand mt/h  588.35 
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Table C.4 Estimated steam demand for a typical UBSK mill.  

Section Subsection 27.6 bar, mt/hr 11.0 bar, mt/hr 4.2 bar, mt/hr 

Pulp mill 

(49.5%) 

Digester (16.1%) - 22.41 40.08 

Evaporator (19.8%) - 20.75 56.34 

Caustic plant - - 3.72 

Subtotal - 43.16 100.14 

Paper mill 

(17.3%) 

Dryer (20.3%) - 38.24 40.65 

Hot water heating - - 20.22 

Subtotal - 38.24 60.87 

Power plant 

(33.2%) 

Soot blowing 22.68 - - 

Air heater (RB, BB, NGB) - 8.03 24.41 

Deaerator (17.6%) - - 68.62 

Condenser - - 22.68 

Subtotal 22.68 8.03 115.71 

 
TOTAL 22.68 89.43 276.72 

TOTAL Steam Demand mt/h  388.83 

 

 

Table C.5 Estimated steam demand for a typical recycling mill.  

Section Subsection 11.0 bar, mt/hr 4.2 bar, mt/hr 

Paper mill 

(76.1%) 

Dryer (62.7%) 42.46 40.52 

Hot water heating - 17.71 

Subtotal 42.46 58.24 

Power plant 

(23.9%) 

Air heater (RB, BB, NGB) 1.78 5.42 

Deaerator (18.5%) - 24.45 

Subtotal 1.78 29.87 

 
TOTAL 44.24 88.11 

TOTAL Steam Demand mt/h 132.35 
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Table C.6 Estimated power consumption for each type of paper mill. 

  kW required per BDT  

Section Subsection SBSK UBSK Recycling 

Pulp mill  Woodyard 16,663 13,419 - 

 Continuous Digester 11,197 9,018 - 

 Washing & Screening 7,998 6,441 - 

 Oxygen Delignification 5,332 - - 

 
Bleaching (per Non-Oxygen 

stage) 
5,999 - - 

 Raw recycled fiber (OCC) - - 4,721 

 Cleaning 3,999 3,221 3,777 

 Evaporation 5,332 4,294 - 

 Power Plant 1,333 1,074 629 

 Causticizing & Lime Kiln 4,799 3,865 - 

 Cooling Tower 3,333 2,684 - 

 Raw Water 2,666 2,147 - 

 Miscellaneous 3,999 3,221 1,888 

 Subtotal 72,649 49,382 11,016 

 kWh per ton 545 460 175 

Paper 

Mill  
Stock Prep 1,118 559 2,804 

 Papermachine 22,352 22,362 14,019 

 Waste Treatment 3,185 1,398 - 

 Subtotal 26,655 24,319 16,823 

 kWh per ton 477 435 300 

 TOTAL (kWh/ton)  1022 895 475 
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Table C.7 Capital Expenditure for the SBSK Mill. 

Unit  Description Capacity Capex (US $million) 

Mill Infrastructure Pulp and Chemical 

Recovery Plant ï Paper 

Mill  

550,000 adt/yr 114 

Wood Handling Woodyard 630 m3/h 69 

Cooking Plant Continuous Digester - 

Complement 

1649 adt/yr 129 

Pulp Bleaching and 

Washing 

D0-EOP-D1-P Stages 

plus Brownstock 

Washers 

1500 adt/yr 56 

Evaporators Black Liquor 

Evaporation 

460 tH2O/h 57 

Kraft Recovery Boiler Recovery Boiler ï ESP 

- Complement  

2514 mt ds/h 176 

Causticizing Plant Include Lime Kiln - 

ESP 

5564 m3 WL/d 54 

Multi -fuel Boiler Biomass Boiler ï ESP 106 MWth 108 

Natural Gas Boiler NG Boiler  9400 kg/h 13 

Steam Turbine Island Extraction/Back 

Pressure ï Condensing 

Turbine 

92 MWe 56 

Bleach Chemical Plant Bleach Chemical 

Preparation ï ASU - 

White Liquor 

Oxidation 

56 mt ClO2/d 

20 mt O2/d 

38 

Paper Mill Paper Machine  500,000 adt/yr 258 

Wastewater Treatment Clarifier ï Second 

Treatment 

66,300 m3/d 49 

Total $1,177 million 

Complement: Auxiliary equipment 

 

Table C.8 Capital and Operational costs of integrating CCS per source of CO2 in the SBSK mill. 

 Lime Kiln  Biomass 

Boiler 

Natural Gas 

Boiler 

Recovery 

Boiler 

Capital Cost Summary US $million (2024) 

Pulp and Paper Facilities* 1,763 1,763 1,763 1,763 

Carbon Capture Plant (MEA 30%) 56.1 79.4 67.9 226.3 

Total Fixed Capital 1,819 1,842 1,831 1,989 

Operating Costs Summary 

Variable Costs 

Pulp and Paper Operation 162.1 162.1 162.1 162.1 

Carbon Capture Plant (MEA 30%) 12.8 14.2 13.3 26.1 

Total Variable Costs 174.9 176.3 175.4 188.2 

Fixed Costs 

Direct Labor (DL) 15.7 15.7 15.7 15.7 

Benefits and general overhead 

(40% of DL) 

6.3 6.3 6.3 6.3 
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Table C.8 (continued) 
Maintenance (3% of TFC) 54.6 55.3 54.9 59.7 

Property Insurance and Taxes 23.9 24.2 24.1 26.2 

Total Fixed Operating Costs 100.5 101.5 101 107.9 

*Includes Installation Cost 

 

Table C.9 Capital Expenditure for the UBSK Mill 

Unit  Description Capacity Capex (US $million) 

Mill Infrastructure Pulp and Chemical 

Recovery Plant ï Paper 

Mill  

500,000 adt/yr 109 

Wood Handling Woodyard 508 m3/h 61 

Cooking Plant -Washers Continuous Digester - 

Complement 

1596 adt/yr 127 

Evaporators Black Liquor 

Evaporation 

296 tH2O/h 44 

Kraft Recovery Boiler Recovery Boiler ï ESP 

- Complement  

1392 mt ds/h 123 

Causticizing Plant Include Lime Kiln - 

ESP 

2833 m3 WL/d 36 

Multi -fuel Boiler Biomass Boiler ï ESP 84 MWth 94 

Natural Gas Boiler NG Boiler  8351 kg/h 12 

Steam Turbine Island Extraction/Back 

Pressure ï Condensing 

Turbine 

60 MWe 43 

Paper Mill Paper Machine  500,000 adt/yr 258 

Wastewater Treatment Clarifier ï Second 

Treatment 

42700 m3/d 38 

Total $945 million 
 

 

 

Table C.10 Capital and Operational costs of integrating CCS per source of CO2 in the UBSK mill. 

 Lime Kiln  Biomass 

Boiler 

Natural Gas 

Boiler 

Recovery 

Boiler 

Capital Cost Summary US $million (2024) 

Pulp and Paper Facilities* 1,416 1,416 1,416 1,416 

Carbon Capture Plant (MEA 30%) 37.9 67.8 62.6 159.1 

Total Fixed Capital 1,454 1,484 1,479 1,575 

Operating Costs Summary    

Variable Costs*    

Pulp and Paper Operation 92.1 92.1 92.1 92.1 

Carbon Capture Plant (MEA 30%) 8.7 10.3 9.9 17.1 

Total Variable Costs 100.8 102.4 102 109.2 

Fixed Costs    

Direct Labor (DL) 14.6 14.6 14.6 14.6 

Benefits and general overhead 

(40% of DL) 

5.9 5.9 5.9 5.9 



 

220 

 

Table C.10 (continued) 
Maintenance (3% of TFC) 43.6 44.5 44.4 47.3 

Property Insurance and Taxes 19.1 19.5 19.5 20.7 

Total Fixed Operating Costs 83.2 84.5 84.4 88.5 

*Includes Installation Cost 
 

 

 

 

Table C.11 Capital Expenditure for the Recycling Mill. 

Unit  Description Capacity Capex (US $million) 

Mill Infrastructure Paper Mill 500,000 adt/yr 28 

Natural Gas Boiler NG Boiler  6825 kg/h 11 

Paper Mill Paper Machine  500,000 adt/yr 258 

Wastewater Treatment Clarifier ï Second 

Treatment 

32380 m3/d 32 

Total $329 million 
 

 

Table C.12 Capital and Operational costs of integrating CCS per source of CO2 in the recycling 

mill. 

 Natural Gas 

Boiler 

Capital Cost Summary US $million 

(2024) 

Pulp and Paper Facilities* 492 

Carbon Capture Plant (MEA 30%) 54.2 

Total Fixed Capital 546.2 

Operating Costs Summary 

Variable Costs 

Pulp and Paper Operation 69.8 

Carbon Capture Plant (MEA 30%) 7.3 

Total Variable Costs 77.1 

Fixed Costs 

Direct Labor (DL) 8.6 

Benefits and general overhead 

(40% of DL) 

3.5 

Maintenance (3% of TFC) 16.4 

Property Insurance and Taxes 7.2 

Total Fixed Operating Costs 35.7 

                                    *Includes Installation Cost 
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Table C.13 Electricity demand and electricity produced for the CHP mill's system under the 

assessed scenarios in each paper mill when all combined CO2 sources are attempted to be captured. 

Scenario 1 2 3 4 

Electrical Power SBSK 

Production (Gross) 

kWh/adt 

1551 2482 2378 1166 

Consumption 1022* 1729 1650 1650 

Net 529 753 728 (484) 

Electrical Power UBSK 

Production (Gross) 

kWh/adt 

1009 1607 1517 689 

Consumption 895* 1366 1295 1295 

Net 114 241 222 (606) 

Electrical Power Recycling Mill  

Production (Gross) 

kWh/adt 

95 125 - - 

Consumption 475* 533 475* 475* 

Net (380) (408)   

                      *Not include the power demand of the CCS system. 

 

Table C.14 Estimation of the levelized cost of heat from the LCOE of a nuclear reactor [2] 

  Low Mid High 

Overnight 

Capital Cost 

(CAPEX) 

$/kWe 4000 6000 7000 

 $/kWth*  1600 2400 2800 
     

OPEX $/MWe 15 25 35 
 $/MWth*  6 10 14 
     

LCOE $/MWe 60 80 100 

LCOE from 

OCC 
 45 55 65 

LCOE from 

OPEX 
 15 25 35 

     

LCOH $/MWth 24 32 40 

LCOH from 

OCC 
 18 22 26 

LCOH from 

OPEX 
 6 10 14 

*Assumes an electrical conversion efficiency of 40% for the HTGR. 
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Table C.15 Impact of integrating CCS and nuclear energy on the carbon intensity of pulp and 

paper operations.  

 Units 

Softwood Bleached 

Kraft (SBSK) 

Softwood Unbleached 

Kraft (UBSK) 

Recycling 

Mill  

Case 1-2 Case 3-4 Case 1-2 Case 3-4 Case 1-2 

*Steam usage mt/hr 830.95 803.75 550.43 526.13  

Additional NG 

Consumption 
mt/hr 21.2 - 14.12 - 1.73 

**Net CO2  mt/yr 193,725 171,943 128,975 109,644 15,799 

***Natural gas 

boiler 
mt/yr 490,741 - 326,814 - 39,926 

Total CO2  mt/yr 684,466 171,943 455,789 109,644 55,725 

Net Carbon 

Intensity  

mt CO2/mt 

product 
1.37 0.34 0.91 0.22 0.11 

*Includes the additional steam for CCS **CO2 emissions vented after CCS implementation 

***Additional CO2 emissions generated by the NG boiler operation. 

 

Table C.16 Cost comparison of integrating CCS and nuclear energy (heat and power) in kraft 

mills. 

 

 

Source 

 

Case ($/mt CO2) 

SBSK UBSK 

3a 
Change in cost compared 

 to Scenario 1 (%) 
3a 

Change in cost compared 

 to Scenario 1 (%) 

Lime Kiln $74.6 36.91% $93.5 33.32% 

Biomass Boiler $64.2 39.19% $71.8 37.06% 

Natural Gas Boiler $75.3 36.16% $80.4 34.90% 

Recovery Boiler $35.5 50.43% $44.9 45.50% 

Scenario 3a: The total carbon capture cost ($/mt CO2) does not account for the steam (heat) and 

power required for the CCS and replacing the decommissioned NG boiler. The difference in cost 

compared to Scenario 1 represents the room to cover the cost of steam and power from the NPP to 

match conventional energy sources (e.g., natural gas). However, to our knowledge, there is no 
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standard methodology that combines both costs (steam and electricity) into a single value for a 

technically correct comparison. 

 

 
Figure  C.1 United States' evolution of pulps for paper and board production [3]. 
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Figure C.2 Southern Bleached Kraft Softwood Mill and steam usage. 

 
















