ABSTRACT

CARREJO CASTILLQ EDGAR ALFONSAQ Building Decarbonization Methods in the Pulp
and Paper IndustryUnder the directionf Drs. Sunkyu Parl& William Joseph Sagugs

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 bi ogenic car bon dfromxhe dirmospheteChy t ha't
trees) . I f this CO I's captured and per manent
mills have the potential to become nega#weission facilities. This dissertation develops a
comprehensive technical and economic frenmid to evaluate this potential, focusing on process
innovations, carbon capture and storage (CCS) technologies integration, and rigorous carbon
accounting.

The researcHirst targets the chemical heart of the kraft pulp nile 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 chitmeee(TCF)
bleaching. This process modification allows the rtollmineralize 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 likkigns with oxy-fuel combustiod burning fuel
with pure oxygen instead of air. We performed experiments usiafy-scale rotary kiln and
thermodynamic simulations to demonstrate the feasibility of lime mud calcination underebxy
combustion, which significantly increases the
and cheaper to capture. When comtimgth sodium spiking, this approach was found to reduce
the cost of carbon capture by approximately 31% compared to conventionabpuzistion
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 Nucleac®rs (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, carbofree energysource that can help to reduce the carbon intensity of paper products

up to 90%, transforming them into lewarbon 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 diffestetrs boundarié€s from
looking strictly at the capture unit to analyzing the entire life of the tree and the paper @roduct
this work reveals that narrow accounting methods often overstate the benefits. We propose a more
robust framework for calculating nedirbon 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 internationalzezb targets while @nerating 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 nreero 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 sesrtmains 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 pfiitiomlike other energyntensive
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 dioxided€if@rated during
paper production is biogerccarbon sequestered initially from the atmosphere by trees under
sustainably managed forest practj2¢s

To leverage this biogenic carbon potential, the industry can adopt practical Carbon Capture and
Storage (CCS) technolog[8. These technologies are classified into three primary categories,
each with distinct advantages and integration challenges:

PostCombustion CaptureThis is the most mature technology for industrial retrofitting. It
involves capturing C&Xfrom the flue gas exhaust after a fuel has been burned. Because the flue gas
is at atmospheric pressure and the:@0diluted 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 £@ecessitates large equipment and significant thermal
energy for solvent regeradron4].

Pre-Combustion Capturdn this architecture, the fuel is gasified prior to combustion to form a
synthesis gas (syngas) composed of hydrogen and carbon monoxide. Throughgasvateft
reaction, the carbon monoxide is converted te,&ich 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 exighg recovery boiles and lime kilnb].

Oxy-Fuel CombustionThis 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 primarilyadr@@Qvater vapor. This high

concentration of C&simplifies the downstream capture process significantly, as the gas is already



nearly pure. However, it requires an upstream air separation unit (ASU) to generate the necessary
oxygen suppli6].

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 becomesvokra
compared to other CDR approadiés

BECCS vs. Afforestation/ReforestatioWhile planting trees (afforestation) is a lawst,
naturebased 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 vulnerabdalto reve
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 verificationstrategy.

BECCS vs. Direct Air Capture (DACPAC technologies strip C&lirectly from the ambient
atmosphere. While DAC offers flexibility in siting, it faces a steep thermodynamic penalty because
the concentration of COn the air is extremely low (~0.04%). Pulp mill flue gases, by comparison,
typically have CQconcentrations of 14.6% or higher. This higher concentration makes capturing
a ton of CQ at a mill significantly more energgfficient and coseffective than capturing it from
the air.

BECCS vs. BiochaBiochar involves converting biomass into a stable chald@abubstance
for soil application. While beneficial for soil health, the scalability of biochar is constrained by the
need for distributed application and uncertainties regarding thetéomgstability 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 thee Génerated during the pulping
and recovery processes can be effectively captured and permanently stored, pulp mills have the
potential to become carbearegative facilities. In this scenario, the industry would act as a carbon
sink, actively removing C®Ofrom the atmosphere. However, realizing this potential requires
overcoming technical and economiarbers. Current carbon capture technologies are capital
intensive and impose a severe energy penalty on mill operations, often necessitating the combustion

of additional fossil fuelswhich decreasethe environmental benefjgj.



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 legarbon thermal energy sources, arsiablishes rigorous
accounting methods to verify atmospheric carbon removal.

This dissertation is organized irgox chapters. Chapter 2 proposes a novel method to enhance
carbon capture efficiency within the kraft r
ChlorineFree (TCF) bleaching. Chapter 3 transitions to experimental validation, confirming the
feasibility d retrofitting lime kilns for oxyfuel combustion to produce a @@ch flue gas stream,
offering a feasible, cosdffective pathway to capture the biogenic 2CGhapter 4 analyzes the
integration of Small Modular Nuclear Reactors (SMNRs) to solve theggrmnalty of post
combustion C® capture, providing the carbdree heat necessary for deep decarbonization.
Chapter 5 concludes with a dynamic Lifed-Cycl e
graveo framework to accurately quantniedgratedt he n
systemsFinally, 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.
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2. Chapter 2: Biogenic Carbon Capture at Pulp Mills via Sodium Spiking and Oxy
Fuel Calcination?

2.1 Abstract

Over 13 million metric tons of biogenic carbon dioxide gC&e mineralized yearly in United
States (US) pulp mill recovery boilers as molten sodium carbonate. The mineralizisd €€nsed
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@Xaptured and sequestered. We demonstrate the
feasibility of capturing biogeni€0; via sodium spiking coupled with oxyel 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 chlofi@sed bleaching with a highly alkaline
bleaching sequence. The transition to totally chlefree (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 pregess 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 afi@&alization by 4%, and the
maximum increase in sodium content in the kraft process is 9%. Without sodium spiking, estimated
CQOz capture costs are $131 and $107/mt @D air and oxyfuel combustion, respectively. With
the implementation of sodium spiking, the cost of-@@ptured decreases by 27% and 31%,
showing costs of $96 and $74/mt @@@r air and oxyfuel combustion, respectively. Ostyel
combustion reduces the costs of &&@pture compared to air combustion, but merged deployment
with sodium spiking seems to be the most -@&tctive 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 €€apture at biomass pulping mills

! 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 oxjuel calcination. Int. J. Greenh. Gas Control 145, 1044009.
https://doi.org/10.1016/}.ijggc.2025.104409



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 fetohard
abate emissions, such as those from the industrial sector. A variety aftamtpcommodities
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 industiyis sector of the industrial economy will play a significant
role in CQ removal due to the unique opportunity for laggale biogenic C®Ocapture and
sequestration. In the US, approximately 110 million tonnes of biogenia@Cemitted annually
from existing pulp mill§1]. Integrating C@ capture technologies into existing biomass pulping
processes has the potential for rssm impact. However, challenges must be overcome, including
the need to avoid disrupting current operations. In addition, there are multiple sources of biogenic
CQz at pulp mills, and they must be prioritized based on economic viability. The primary sources
of biogenic CQinclude recovery boilers (RB), biomass boilers, miui&l boilers, and lime kilns
(LK). While the recovery boiler represents thghest quantity of C®emissions, the capture of
CQOz 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 operatimositbiomass pulping mills. The
lime kiln represents the lowest quantity of £€nissions but has several advantages for carbon
capture, including its high concentration of £@w amount of impuritiesability 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 shéugune 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 C®(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 oxyfuel combustion has begmoposed to eliminate the presence of nitrogen, reducing
the costs of downstream GQ@apture due to the higher @@oncentration reachd@]. There are
few published studies on integrating efyel combustion into biomass pulp mil&], unlike other
industrial processes such as power genergdipr5], [6], cement7],[8],[9], or steel10],[11],
where literature on oxfuel combustion is more prevalent. Simulations of-6xgl combustion
coupled with rotary lime kilns have shown that it is possible to produce lime with lower specific
energy consumption and capture £&nissions with subsequent transport and storage without
affecting lime quality{12]. In addition, techn@conomic modeling has indicated that the capture
of COz 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-twsf increases the

capacity, allowing for higher throughput of lime mud (Caf{13],[14]. Novel systems and



approaches that utilize oxyel combustion have been proposed for limestone calcinfitkn
However, a largescale demonstration has yet to be done.

It is essential to note that most studies have focused on applyifigelxyombustion 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 pulpi@g industry, however, the
nuances of lime processing in the pulping industry require more dedicated studies that assess lime
kiln decarbonization strategies specific to pulp mjllg]. Prior studies have focused on the
advantages of oxfuel combustion for integrating complementary carbon capture technologies,
which has led to a deeper understanding of howfoglcombustion can enhance £€apture
efficiency and reduce energy consumption across various industrial profEsjsegalei et al.
discuss the advantages of coupling-6xgl combustion with an amine absorption carbon capture
system compared to traditional pesimbustion C@capture for five different flue gases from five
different industries such as gas and doald power plants, combined heat and power plants,
aluminum manufacturing processes and the cement industry. Their simulation findings showed that
the oxyfuel comhustion cases require less energy, mainly attributed to the mass transfer driving
force of the hgher CQ concentration achieved in the inlet flue ¢&8]. In addition, Dubois et al.
evaluated the effect of partial ofyel combustion in a cement kiln by applying a postinbustion
COz capture approach using chemical absorption with different blends of amines. They observed
an experimental relationship between the increase uc@aentration 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 to@&&ntration
led to a 26% reduction in energy consumption and up to 37% when the concentratianwdCO
increased up to 609d7]. 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 (O
production to provide a comprehensive energy use analysis iuekysystems integration.
Notably, many biomass pulp mills already separate -pigity oxygen from air for use in
bleaching, and thus existing infrastructure could potentially be levenagsg-fuel applications.

Besides oxyfuel combustion, electrification is another option for generating-pigity CO
for subsequent sequestration. Electrification has gained significant attention as a way to decarbonize
the industrial sectdi 8], [19]. Furthermore, significant research and development have been done
on both oxyfuel and electrified kilns for atmospheric €€apture (DAC)[20]. Electrified kilns



are being tested at a pilot scale to increase @@ity 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 kilfal]. 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 ozoff3], [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 elementéiezh(&Cie)
if chlorine dioxde (CIQ) is used and totally chlorireee (TCF) if no chlorine compound is used
in place of the chlorineontaining bleaching ager&7]. Sodium spiking is technically possible in
both ECF and TCF processes, however, the potential ferc@®ure is much greater in the TCF
process; sodium spiking is only possible in ECF if anl@ignification stage is used prior to GIO
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, ECHased production accounts for 99% of the total
bleached chemical pulp outd@9]. 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 CO
generated in lime kilns at existing biomass pulping mills. Specifically, we propose a "sodium
spiking" process wherein bleaching alkaline filtrates are recycled into themasliping system.
Sodium spiking increases the sodium (Na) content in the krhinguprocess, thereby increasing
the quantity of C@ mineralized as N&GOs in the recovery boiler, as shown figure 2.1 An
increased generation of PGOs causesn increase in CaCG@alcination and more higpurity CO
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 thie eand decreasing the costs of carbon



capture. A major advantage of integrating sodium spiking into biomass pulping is the reduced
consumption of toxic and corrosive chlorbkaching compound80]. 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 ¢Bigrine

For the first time, we demonstrate the potential of sodium spiking via TCF as a means to increase
the rate and decrease the cost of2 @@pture 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£A4a 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 softvare 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 ot/ét8ry metric tons (o.d.
mt) of wood (roundwood and chips) per hour for a production of 43.8-dnemetric tons of
southern bleached softwood Kraft pulp (SBSK). This production level is comparable with the daily
average production rate (900 tons per)dar a typical bleached pulp mill in the United Std23.

Table A1 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 nedbgiledeling purpose82].
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 renrathe 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 (NaS). Equatior2.1 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 screedeskparated
from the black liquor tioe 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.
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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 lbeimpusted 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 gamic 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 edrgreen liquor because of its slightly
green appearance. Green liquor mainly comprises sodium sulfid8)(sad sodium carbonate
(NaCQOgs). The reactions inside the recovery boiler that form sodium sulfide are thoroughly
described in the literatuf83], [34]. Conversely, the mechanisms driving the formation of sodium
carbonate in the recovery boiler need to be better understood. Eq@&i@ummarizes the
chemistry involved in the recovery cycle after the smelt leaves the RB (note that the carbon in the
NaxCOzandCaCQis entirely biogenic) to produce the white liquor again:

VW60 VWY 0O °90w® VWY ¢ b &

Equations2.3 and2.4 represent the calcium cycle needed to regenerate the sodium hydroxide

in the white liquor:
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The green liquor is clarified and mixed with the lime (CaO) from the lime kilnaauvsticizing
units, where the sodium carbonate reacts with slaked lime (Cg(@kdducing sodium hydroxide
(NaOH) and lime mud (precipitated calcium carbonate (GHCEquation2.2). 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 sulfidignd effective alkali of the white liquor with the makeup of sodium
sulfate (NaSQy) 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 ensur@iture content lower than
25% before feeding the kiln. At temperatures exceeding 800°C, lime mud is converted into calcium
oxide (CaO), liberating carbon dioxide (Equat®B). 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 thanddni@aching 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 cdigurations 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 sg@ksugh as improved carbon
capture economiéscould make the transition more attractive to paper mills from both an economic
and sustainability perspective. Although ECF configurationsackapt 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 @éhpercentage of sodium hydroxide (NaOH) used in the oxygen delignification
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stage ranges from one percent to nine percent (based omiwpalp), and the filtrate from the
alkaline steps is returned to the weak black liquor cycle.

The utilized elemental chlorideee (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 chlorindree (TCF) bleaching sequence sists 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 stag@5]. 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 "jungtage" configuration, meaning fresh water is only used in the last chlorine
dioxide stage (B) and the E stage. The filtrate from thedbage washer is fed countercurrent back
to the O and then the bstage 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 delignificatiogestd hus, 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 stag are listed in Tables.3 andA.4.

The process variable$dble Al) 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 ¢rédamcti the
causticizers (causticizing efficiency) are established for a given kappa number, and wood type
(softwood). Generalized process flow diagrams are shown urdsig.2 and2.3; more detailed

process parameters anetheappendix A
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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-éedmoonic analysis to establish
the cost of C@capture using an amine system. The amine system was simulated using Aspen Plus
software[36], consisting of an absorber column where the i@@he 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 C{s released and the solvent is sent back to the absorber, as showren Fig

A.7. The resultant thermodynamic properties of the MEZ contact are calculated using the
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ENRTL-RK model in Aspen. The molar composition of the lime kiln flue gas entering the absorber
Is C& (19.2%), N (47.8%), HO (31.8%), and ©(1.2%). The flue gas is cooled to 50 °C before
feeding the column. The features of the absorber and stripping columns using-tieseatenodel

were determined following the methodology described by Maddedu €®!9) In both, the

following kinetics reactions were implemented to control the interaction eletGOMEA[38]:

66 60 © 08 @
08 © 86 G0 &
006 66 00 © 008 &E "0V &
006 &6 06 © 506 65 OU ST

The rate of reaction (r) is calculated through the expression in Eq@aljomhere 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:

i QT ()]

The kinetics parameteaos the main reactions of MEA and G@volved in the absorption and

solvent regeneratioare presented in Tabkl.

Table 2.1 Kinetics parameters for the reactions of MEA anc:@€ed in Aspen modeling

Reaction k E (cal/mol)| Referencg
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 solbased captured system modeled
according to previous studig®?], [43], [38].
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2.3.3 Oxy-fuel Combustion and lime kiln retrofit

The techneeconomic analysis also considered a retrofit toforey combustion in the lime kiln
to establish the cost of G@apture. The lime kiln was modeled using Aspen Plus software under
an oxyfuel combustion process. A Rgibbs reactor was used to perform the calcination (Equation
2.3) of the lime mud coming out of tleausticizers. The combustion of natural gas provided the
heat to promote the transformation of CaG@o CaO, releasing COAn 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-failed systems, nitrogen dilutes the
combustion gases and absorbs hafiécting overall thermal efficiency. In contrast, an -dugl
environment consists primari |l y tere the He®@ transfeH O,
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 concentm areating @ higipnusriidtey tChGe keinlvi r onment
efficient separation of CO f r o m -intehstve aaptunea u s t

systemA 99% of the incoming C&xapture rate is assumed under-oxgl conditiong16].

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 dasdradkaline 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 boilessitu @Q

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 causticizeay arcluding the lime kiln).

For example, Figre 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 (~88.6%iotal 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 recoverghaibtural gas boiler, and lime kiln,

37.3% via fiber (final product) and wood rejects, and 7% as losses, as showmareHg

NG.Boile
10.9 mt/
_ : Flue Gas L
Lime Kiln="[5 11 mt/
5.44 mt/h ]
- RB Precipitator
1N;:)ura’:lf1;as 0210 mih Flue Gas
=re.0'mun ] 46.9 mt/h
Recovery Boiler |
Digester 53.6 mt/h 0.64C0)t?neuf
90 7 mt/h Causticizing
Smelt 3187 mt/h  Soap Skimmer
Woodyard i 3 83mnth 2.27 mifhy
100 mt/h :
Brownstock Washing Bleach Pulp
86.2 mt/h _ 32.4 mt/h
Bleaching
34.6 mt/h
L L] 247 mtf?
Screen-Rejects -

— 0690 mt/’h Rejects
2.18 miA
Biomass Boile

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

elemental chlorindree (ECF) bleaching sequence without sodium spiking.

In the case of the TCF process, the carbon flow is shown ume2¢ 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 chlorinefree (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 consamgpftinatural 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 tora the brown stock washing system. The total steam demand in each
process is summarized Trable A5. 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 ECEr@232) to TCF
(Figure 2.3), the load in the boiler is typically ireased by 2 or 3% by recycling dissolved organics
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from wood into the recovery boile44], [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 seenh¢ 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 TCFicageease.

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 recoviemtbsiodium 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 pracgesms of chemical
recovery Relative to the ECF process, the TCF process increases the amount of NaOH in the
recovery cycle. Thus, additional sodium sulfide{8)anust 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 Min 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 TCFopess 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 NaS 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 iz#0 Na

and carbonated into NMaOs 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 urd-i§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 sodhydroxide 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 #wlium 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 pu[d8]. 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 udét tioefu

oxygenstage's whole alkali requiremgn®].

2.4.3 Sodium spiking in a pulp mill.

Theprocess modeling is primarily focused on understanding the effect of increasing the
guantity of sodium recycled from bleaching filtrates over the entire chemical recovery cycle. The
amount of NaOH fed in the oxygen delignification stage is the onlgiton 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 (WOH) charge. However, it was decided to increase the alkali charge
beyond the normal range to maximize the extent of @Deralization in the recovery boiler and,
subsequently, the extent of €€apture from the lime kiln. As the NaOH concentration increases,
less residence time is required for delignification, allowing for smaifsd reactors and lower
bleaching cost§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 &yalehieved by
recycling alkaline filtrates from the bleach plant to the brown stock washing &ads to an
increase in carbon content within the recovery boiler smelt, as shdvigure A4. This elevated
carbon content suggests a potenti al mechani sm
carbon dioxide (CO ) captur e. Whil e some unc

pathway, the overall process can be summdigethe following reaction:
¢0 WU OO0 © LwolL 00 P T

Within the recovery boiler, organic compounds in the black liquor undergo thermal
decomposition, producing CO |, H O, coO, and H
converted into Na CO and Na S. Thesubstantidat i on
and continuous source of CO within the recov
CcO mi neralization reactions. Additionally, f
i nteractions wit h COoccurirvtteigds phase,revdousrseifd®3,[bl] ons c &
indicate thatgap hase Na CO formation is minimal, as
nearly all the carbon in the char bed has been consumed, a point at which reduction reactions
proceed very slowly. Ther ef @elyeccurstwhhenthpcharbedr vy f o
of the recovery boiler.

The literature extensively discusses sulfur reactions, particularly sulfate reduction within the
char bed, as a key pat hwsy53]{54].r The€eOreactiens dre CO f

represented by the following equations:

0M™ ¢O0 © 0Y ¢o0 <P p

0™ 10O 0O®W'Y 100 P G

The reaction in EquatioR.12 requires 2.7 times more heat than in Equaiaf, making the
reduction pathway that produces CO more ther
recovery furnacgs4]. Si nce Na CO formation requires an
of CO from both the oxidation of organics 1in

probable that CO is first gener athsmdlumwspediesi n t h
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to form Na CO . This mechanism aligns with t
when sodium spiking is implemented, reinforcing the proposed in situ mineralization process.

According toEquation2.10, 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 iRigure A4, 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 mor
CQzis 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 sodiloonate increases to 74%,
with a slight decrease in the sodium sulfide percentage (16%) and the other compounel®.gaig
shows the additional amount (percentage) of smelt generated in each case compared to the ECF
base case, where PG00z and other stium compounds are generated.

The generation of N&Osin 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 compoundgassuch
NaS, become more dominant. As illustrated inuUfegg2.6a, the relative abundance of 2Sa
increases with higher NaOH additions, whilex@@s stabilizes (Figre2.6b).
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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 spokiggtra sodium

carbonate production in the recovery boiler for each TCF scenario with sodium spiking
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Thus, recycling alkaline filtrate clearly enhances@neralization 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 opportunit 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 spikip are not high enough to cause fouling in evapord&dp 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. Bhestimated 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
acommodate the additional sodium in the sysfé). 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 operatiofiS6]. Upgrades to increase their capacity require high capital investments and
possible unproductive downtinfig7]. 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 expar[8®hs
Interestingly, prior studies have shown that it is possible to utilize computational fluid dynamic
(CFD) simulations to increase RB flow with little capital expendif®®. 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 capadiy]. In the case of lime kiln as a bottleneck, conceptual
research has shown that retrofitting LK to dxgl combustion allows an increase in lime
production without hurting lime qualif{t3]. Thus, retrofitting lime kilns to full or partial oxfyel
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 (kg 2.7a) is expected to be higher through the causticizing

reaction (Egation2.2). 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
(CaO0) is used to produce calcium hydroxide (Ca@Hkjrough hydration. Once hydrated, the
calcium interchanges positions with the sodium in the green liquaguetion2.2 indicates, to
precipitate calcium carbonate (Cagl@nd 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.

224
— 110 - 30
@ -ijected_COE in LK (90%) ‘ -
»1J [ CaCO3 in lime mud 2 Increase in LK CO2 | 8|
= — L25 &
3 a. 15 b. 5
€ 204 = 100 @
S 3 2
o o - 20 g
2 )
£ 194 v 8
(0]
E = 904 L 15O
= 18- = >
£ 8 =
3 © L10 g
O 171 = o
© 9 80 @
o 5 3
QO Ls ©
16 - = £
o
15 70 -0
ECF ~ 15 3 45 s 75 9 ECF 15 3 45 6 75 )
NaOH added in Oxygen Delignification (%) NaOH added in Oxygen Delignification, % on pulp

Figure 2.7 a. Calcium carbonate production for each TCF scenario with sodium sgikiAgnual

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

The CaCQthat is precipitated by the causticizing reactionu@&tpn2.2) 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 C@ as shown in Equatiaa3. 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 productiootfiocddcium
oxide and carbon dioxide in each scenario is shown ur&d\.6a andA.6b.

As shown in Tabl@.2, an average pulp mill has the potential to increase the amountzof CO
captured from the lime kiln from 95 -KOz/year to 125 kiCOx/year with the incorporation of

sodium spiking.
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Table 2.2 The increase in C£emissions from the lime kiln with Na spiking

Percent
LK CO» . .
) o increase in
Scenario emissions
COs
(kt/year) o
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 oxyfuel combustion, the potential G@ capture is represented by the
data in Table2.2. 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 C0O280 is aatly implementing CCS in commercial pulp mills in the US
[62].

In the US, 46 pulp mills currently produiskeachegulp, and 27 out of 46 pulp mills are suitable
for nearterm implementation of sodium spikifig9]. Among these, 16 mills are -¢ocated with
the suitable geology for Cnjection, as shown ikigure A8 [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 millsvith existing oxygen delignification could be c@gtractive if the air
separation units have extra capacity and lime kiln retrofitting tefoelycombustion 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 |baah, &n alternative path could be

through the use of full or partial oxyel combustion. Retrofitting existing lime kilns to full or
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partial oxyfuel combustion increases the capacity due to the increase in reaction Kik&tits
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 highpurity CQ: product does not require extensive downstream processing, thereby reducing
costs. The energy demand for £€apture has an inverse, nlmear relationship with C©
concentration; as COconcentration 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 separatioreded for @
delignification, which is typically used in TCF processesuf@@®.8 compares carbon dioxide
concentrations in the flue gas between the current combustion afidedbxaombustion on a wet

and dry basis. The combustion of natural gas (maiiheme, a standard fuel for the lime kiln) is
defined inEquation2.13. An oxygen excess is needed to ensure complete combustion. Therefore,

the outlet flue gas contains carbon dioxide, water, and oxygen.
00 ¢b © 060 ¢O0 ¢Pp o

Accordingly, the final concentration of G@ 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 efiel combustion is a complex
endeavor due to the change in internal environment.-f@adycombustion elevates the €0
concentrations inside the kiln which in turn requires higher temperatures to achieve calcination
[14]. In addition, the kinetics of calcination (&afion 2.3) increase under oxiyel conditions,
which will require higher throughp(id 3]. Kinetic assessment using lime material from actual pulp
mills and techneeconomic modeling of lime kiln retrofitting are needed to better understand the
feasibility of using oxyfuel 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 tecle@onomic analysis (TEA) has been performed. Six scenarios
involving the Kraft process with the sodium spiking concepmt leme kiln combustion type are
assessed, as shown in Tall8. A liquid solventbased absorption using monoethanolamine
(MEA) was selected as carbon capture method, which is e&n@iin sorbent with high selectivity
towards CQand of high technologyeadinesdevel. In the case of oxfuel combustion in the lime
kiln, no carbon capture method is needed since the concentration of thweitB@@he flue gas is

significantly high and only requires water separation.
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Table 2.3 Scenarios used to assess the tea@uoummomic feasibility of C&capture via sodium

spiking.
Scenario | Bleaching| Sodium Lime
sequence| spiking 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 £xtages; High: 9% NaOH charge in €ages

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
COz. The ENRTLRK thermodynamic property package in Aspen Plus was used to predict the
interactions between the solvent and the @@l the process model was raesed40]. The CQ
product is dehydrated, purified, and compressed using a multistage of six compressor units and heat
exchangers. The final conditions of the £&e 153 bar and 44 °C, where the d®in the
supercritical state suitable for storage, pipeline transport, enhanced oil recovery (EOR) utilization,
and/or geological sequestratifb]. The costs related to the geological storage of theat&®not
included in this evaluation.

In the case of the oxfuel combustion scenarios, due to the concentration of the resultant CO
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%
Oz 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 caldi@é}idrhe flue gas
is dehydrated to produce a highrity CQ: stream. The same compression and purification units
(CPU) are considered in these scenarios to reach the fingbi©@Quct specifications. Fige 2.9
presents the schematic diagram flow for air andfoey lime kiln systems.
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Figure 2.9 Process flow diagrams for the €@apture systems used in the tecl®economic

analysesa: Amine system coupled to air combustion lime kidnpxy-fuel combustion lime kiln.

Table2.4 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 repojd], and are consistent across all scenarios.

Table 2.4 Baseline economic metrics for comparison of2€@pture costs.

Parameter Value
Plant Utilization 96%
Cost year for analysis 2024
Equity financing 40%
Loan interest 8%
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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

50%
(% of normal)
Variable costs (% of

75%
normal)
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 studi§g8]. 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:

08 0 Qi BE QE0E U QI DEDH E H'QO O
YQQQI Q¢ b® YQQQI Qe had Qo & BT

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 theeasystem and the CPU, a capacity
factor between 0.7 and 1.0 was used, and for thefudycombustion 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 Acad¢6®}. 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 25 condenses the total capital investment for thee Capture plant, the oxjuel
combustion lime kiln retrofit, the COcompression and purification system, the additional
operational cost per year, and the amount of: C&ptured. 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 costBable A6 presents a detailed breakdown of the capital and operational
cost of integrating @arbon capture and retrofitting the lime kiln to eyl combustion under the

different levels of sodium spiking in an SBSK mill.

Table 2.5 Summary performance of scenarios evaluated.

) _ Fossit .
Total _ Biogenic Total Additional
) Operating based )
. Capital based CQ CO2 Chemicals
Scenario Costs CO:2
Investment captured captured makeup
(M$/yr) captured
(TCI) (M$ (mt/yr) (mt/yr) (mt/yr)
(mt/yr)
Baseline
A 55.2 3.72 49,792 36,954 86,746 -
Baseline
5 44.2 3.73 54,313 38,530 92,844 35,533
Alternate
A 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
” 70.0 2.16 64,649 47,784 112,433 | 5,614,596
Alternate
- 56.2 2.36 71,044 50,192 121,236 | 5,667,667
Amine (MEA) concentration (wt%o) 30 % [17]
Cost of MEA ($ per tonne) $1,720 [42]
Air separation unit power demand
238 [20]
(kWh/ton Q)
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Table 2.5(continued).

COz compression power demang 13 [20]
(kWh/ton CQ) [1]
Cost of electricity ($ per kwh) $0.0751 [69]
COz output condition (bar) 153 [65]
Air combustion 90 [42]

Total CQ capture rate (%)
Oxy-fuel 99 [16]

Finally, Figure 2.D presents the cost of capturing each metric tonne ef@@he six scenarios
analyzed in this work and the detailed contribution of additional capital and operational costs.
Without sodium spiking, the estimated £€apture costs were $132 and $107/ mt @Dair and
oxy-fuel combustion, respectively. Similar costs have been reported feramipustion systems
in the cement industrjZ0], [71]. Previous studies have reported costs ranging from $90 to $150
when aminebased 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 ob C&ptured decreased
by 27% and 31%, showing a cost of $96 and $74/mt fo© air and oxyfuel combustion,
respectively. Oxyfuel combustion shows a good cost reduction potential compared to air
combustion, but merged deployment with sodium spiking seems to be the mestfexiste
pathway to integrate CCS. Additional econorbenefits can be obtained if the £1®stored and
carbon credits are sold according to the voluntary markets, financaitines or tax credits can
be claimed from the carbon capture project, or revenue is obtained from thiil2&tion. Figure

A.9 presents the cost of @@apture for a case where €@ used for EOR purposes.
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Figure 2.10 Cost of CQ capture for baseline, low sodium spiking, and high sodium spiking
scenarios.

Sodium spiking improves the throughput of G@m 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 stage 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 evaluateithe CQ 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 cycle2bainieudes the
additional amount of NaOH, N80, 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 -dugl system in the pulp and paper industry
could represet a costeffective pathway to reducing carbon emissions. Lower capital and
operational costs of ASU under okyel combustion compared to CCS in traditional air combustion
scenarios compensate for the slightly higher compressors' capital cost and pasvenpimn

required. Similarly, the higher amount of €€aptured under oxfuel combustion mitigates the
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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 oxyfuel system may be considered net carbon removal liféheycle fossil emissions are

lower than biogenic emissions capture and stored, which is an area that warrants future research.
2.5Limitations

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
bl ack | iqguor before c¢combust ielmhis, imuwnmn, iecredkas thé O i S
bi ogenic CO content in the |Iime kiln flue gas
can vary due to several factors, including washing system efficiency, the physical behavior of bed
charintherecovey boi |l er 6s reduction zone (which i1is 1in
variables in the pulping process.

A techneeconomic analysis was conducted to assess the cost implications of sodium spiking
for coO capture from the | ime Kkiln. This anal
bleaching sequences based on prior sty8ms However, actual costs can vary depending on site
specific mill conditions, and future work incorporating rearld 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 chang
natural gas usage for steam generation presents a notabsawosgt benefj its impact on miH
wide power generation was not evaluated in this study. Future research using specific mill site data
should refine the techreconomic feasibility of sodium spiking and eftyel combustion retrofits
in pulp and paper mills, providing more accurate assessment of their overall benefits and trade
offs.
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2.6 Conclusions

Lime kilns at pulp mills generate relatively highrity biogenic CQ streams, making them
ideal candidates for lowost capture and sequestration. Sodium spiking is a novel technique that
existing pulp mills can utilize to increase the amount of C4ptured in the lime kiln by recycling
alkaline filtrates from the bleaching process into the pudghing system. The relatively high
sodium content in the black liquor mineralizes 2G&hen burned in the recovery boiler. The
mineralized CQis then directeda 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 generatipmah€({me kiln
by four percent. Thus, sodium spiking increases throughput in the lime kiln operation, which may
require process intensification, including retrofitting to -dugl if there is insufficient extra
capacity in the lime kiln. Without sodiugpiking, lime kins' estimated C&capture costs are $132
and $107/mt CeXfor air and oxyfuel combustion, respectively. With the implementation of sodium
spiking, the cost of Cfcaptured decreases by 27% and 31%, showing costs of $96 and $74/mt
CQO for air and oxyfuel combustion, respectively. For the first time, a chemical pulping process
with sodium spiking and oxfuel combustion retrofit in the lime kiln was shown to reduce CO
capture costs by 31%, which has the potential to be highly impactful given that thigrefisant
incentive and motivation to capture biogenic 3@m 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-fxgl combustion into existing pulp
and paper mills for Oz capture. Furthermore, research into the teedbsmnomic 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 oxyfuel combustion'

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 whetheiuekgombustiod

which increases C{partial pressure dramaticaflyallows reliable lime production and recycling.

We addressed this gap by combining numerical modelingesmibirical evidencéo demonstrate

that pulp mill lime mud calcines successfully under 90 mol% &@ospheres representative of
oxy-fuel conditions.Our electrified rotary kiln achieved 96% Ca&€dnversion at temperatures

up to 130C0C. The resulting lime exhibited reactivity comparable to that needed in the kraft pulping
cycle, reaching more than 90% completion in causticizing reactions. Also, wessfutly re
calcined the regenerated lime mud under identical conditions, confirming the calcium cycle remains
robust throug multiple cyclesEconomic analysis reveals that efael retrofitting reduces CO
capture costs by approximately 208cfrom $146 to $117 per metric tod compared to
conventional amirdased systems, mainly because it eliminates the sdbased infrastructure
need while producing captuready CQ streamsThese results provide the first experimental proof
that oxyfuel lime kilns can serve as practical, lovemst BECCS platforms for the pulp and paper
industry, opening a viable pathway toward lasgale biogenic carbon removal.

! The material in this chaptés in preparation for publishing.
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3.2Introduction

Meeting global climate goadsparticularly the Intergovernmental Panel on Climate Change
(IPCC) target of limitingglobalwarming to 1.5 °@ requires rapiadleployment of carbon dioxide
removal (CDR) technologies. Among the engineered options, Bioenergy with Carbon Capture and
Storage (BECCYS) is one of thealable engineered CDR pathways, particularly when implemented
in industries that already generate large, continuous streams of biogenic carbon diox)d€{€0O
pulp and paper (P&P) sector is the largest industrial consumer of biomass for heat and power and
emits around 110 million metric tons leibgenicCO: per yeafl]; more than double the emissions
from the next largest bioenergy sector (corn ethanol), which emits about 45 million metric tons of
biogenicCO. annually2], making it a highly strategic candidate for BECCS integration.

Within P&P operations, the principal sources of biogenie €@@issions 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 contrastthe lime kilr® while producing a smaller biogenic €€treand
offers a simpler combustion environmehigher baselinegCO, concentratiog3], and greater
compatibility with retrofit strategies such as fuel switcfdjgr oxy-fuel combustiordue to tke
kiln materials of constructigf]. Because lime kilns convert calcium carbonate (Cgdfo
calcium oxide (CaO) to regenerate pulping chemicals, they are central to kraft pulping mill
operations and therefore a promising target for decarbonization.

Previouswork has evaluated the use of alternative-lmsed fuels in lime kilns, but fuel
switching alone cannot achieve the deep reductions required foegative emissions or CDR
Buitrago et a[4] analyzed the potential greenhouse gas (GHG) reductions and associated costs of
switching from fossil fuels to alternative boased fuels i lime kiln. Key findings indicate that
using a biofueln the lime kilncontributes to a 5.5% reduction in the global warming potential of
the paper product analyze&kross the United States, there are about 84 lime kilns in the pulp and
paper industry6], which are responsible for around 14 million metric tons of: @@issions,
equivalent to a 9% contribution from the total emissions emanating from this industry giihually
Conventional air combustion kilns operate with flue gas containing-2815n0l% CQ
concentratiofl, 7]. Retrofitting to oxyfuel combustiod where natural gas is burned in a mixture
of oxygen (Q) and recycled C¢) can increase the flue gas €&ncentratiorto a nearly pure

CQOz stream suitable for lowgost capturg].
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However, the elevated GQroncentration, and thdrwg CQ: partial pressureshifts the
thermodynamics and kinetics of calcination, increasing the temperature required to drive the CaCO
transformation into Caf8]. Despite several modeling studies suggesting technical feagtjility
no prior work has experimentally demonstrated calcinatioputd mill derivedlime mud under
oxy-fuel CQx concentrations. For instance, Eriksson efl@].studied the impact of oxjuel
combustioron various aspects, including product quality, energy efficiency, and stack gas
compositionconcluding thabxy-fuel lime production is technically feasible, showing potential for
lower energy consumption and highality lime. However, those are not considered observations
from experimental data from real lime mud calcination. Granados enalased the effect of oxy
fuel combustion on the lime throughput from the lime kiln, concluding that retrofitting the kiln
could enhance lime productidd]. However, experimental evidence on pulp mill lime mud
calcined under a high G@tmosphere is limited, and the implications on product reactivity, process
integration, and recyclability remain insufficiently unders{@@il This knowledge gap has
prevented confident investment in efugel retrofits as a BECCS stratd@i].

Key unresolved questions include: @an industrial lime mud be reliably calcined under high
CO: atmospheresfi) Can the resulting lime have the reactivity and phase purity required for
causticizing? (iii) Can the calcium cyélecalcination, causticizing, and -calcinatio® be
sustained under oxfpel conditionsTiv) Do the associated operational changes affect the economic
viability of COz capture from the kilnt this study for the first time we address these questions
when combiring numerical modeling constrained by industrial operating limits wotary kiln
experiments to evaluate the calcination behavior, lime quality, and recyclability of pulpmill
mud exposed to a 90 mol% e@tmosphereKilnSimu computationalsimulations predict
temperature profiles, calcination zones, and feasiblefwatyoperating parameters. Guided by
these results, we run an electrified threme rotary kiln under high C@tmosphere 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 technomic analysis
(TEA) comparing oxyfuel retrofits with a conventional monoethanolamine (MEA) post
combustion capture syst{14, 15]

This work provides the first experimental demonstration alxgtfuel lime kilns in pulp mills

can serve as practical, loweost BECCS platforms, establishing both technical feasibility and
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potential economic advantages for higlrity, low-cost biogenic C&capture in the pulp and paper

industry.
3.3Methodology

This work builds on Wu et 48] static calcination experiments of pulp mill lime mud (25%
moisture content) under a high €@mosphere by integrating numerical modelingexperiments
to evaluate if pulp mill ime mud can be calcinated under a 90 mol%e@t@entration (Albalance)
while preserving quality and recyclability. Oumethodological framework consists of four

component s: (i) thermodynamic modeling of an
using KilnSimu softwarg(i) cal ci nati on in an electrified th
properties and reactivitg har act eri zati on, and (iv) techno e
oxy fuel retrofits withocapueventi onal post ¢ omtk

3.3.1Materials

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-vayXluorescence (XRE]. Pure
CaCQ (>98%) used for baseline comparison was purchased from Sigirah. CaCQ powder

was certified as having a particle size of O5C¢C
3.3.20xy-fuel combustion lime kiln numerical model KilnSimu)

We usedKilnSimu to predict temperature profiles, reaction extents, and feasible operating
wi ndows under industrial constr al[lé.fTeekihwas bot h
modeled as a series of coupled control volumes exchanging heat and mass. The industrial
constraints as shown in Tabld.1 & including maximum refractory temperatu(@350 °C)
allowable gas velocit{<7m/s) and target calcination extent (>95o)ere incorporated to ensure
operational pragmatismThese predictions guided experimental temperature profile design.
Extended model parameters appear in the Supplementary Inforr{idinesB.2-B.3).

3.3.3Rotary kiln experiments

We used a®@TF1500X%-11l -R60-AF threezone rotary tube furnace from MTI Corporation with

an automatic feeding and receiving mechanism to produce the burnt lime mud under azigh CO
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atmosphere. Each heating zd@200 mm lengthxontrols the temperature using a hjglecision

(+/ 171 AC) Silicon Controll ed RecTheeqiipmentcarSCR)
operate continuously at a temperature of 140@nd up to 1500C for less than 1 houiThe

samples weréed after the desired temperature profile was reached in the-zbreeelectrified

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°. Theelectrified rotary kiln used in this study is presented in Fi§ure

Heating
zone (3)

Gas Inlet

Lime Mud
Feeding
system

= e (e e e

o e — | 200
| Tosa! {200 (. (X ]
go| |" wso| | reoo| (B &= E P

Temperature profile
Control (3 zones)

Tube Rotating
Speed Control

Figure 3.1 Lab-scale electrified rotary kiln used in this study.

To minimize the formation of rings dime mudagglomerabnd a common challenge when
processing real lime maddwe focusedon r eproducing the high tempe
industrial kiln. Preliminary trials using 15 mol% CQietermine suitable temperature profiles,
rotation speed, and residence time that avoided agglomeration while achieving high calcination
extents. Optimal performance under baseline conditre®8% calcinéion) wasestablished before
performing experiments under 90 mol% £20o0 e mul at e oxy f uel condi ti

profile was incresed accordingly.
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3.3.4Causticizing Reaction

We evaluated oxyueli derived CaO reactivity via causticizing reactions with sodium carbonate
solutions mimicking green liquor from kraft pulpinGrystals of >99% purity sodium carbonate
decahydrate (N&€03.10H:0) from SigmaAldrich were used to prepare batches of 12.5%C00a
solutions, which were put in contact with the burnt lime produced from the electrified rotary kiln

to promote the reaction presented in EquaBidn

6 ® 00 O W60 O 6 Wi ¢l WL O (31)

Each batch was reacted at @ for 2.5 hoursWe filtered, dried, and analyzéle resulting

solidsusingthermogravimetric analysiI GA) to determine the extent of conversion to CaCO
3.3.5Materials Characterization

We analyzedhe pulp milllime mud,burnt lime, and precipitated calcium carbonate from
causticizing reactiongsingthermogravimetric analyste quantify moisture, remaining carbonate,
and hydroxide content, aned Xray diffractionto identify mineral phases and assess crystalline
structure. These anal yses e n aderiveddmedndindusttial c o mp &
burnt lime Extended characterization details appeakppendix B(TablesB.4-B.5).

3.3.6Techno-economic analysi§TEA)

We performed dechneeconomic analysis (TEA) to quantify and compare the cost of CO
capture from (i) an existing afired lime kiln with amine systeribased postombustion capture
and(ii) a lime kiln retrofitted for oxyfuel combustion. The analysis evaluates economic feasibility

by comparingcapital expenditures, operating costs, tredevelized cost of C&captured.
3.4Results andDiscussion

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 causti¢da@dl) used in the pulping area
of the Kraft process. The calcium carbonate requires heat to transform it into calcium oxide and
release the CEXEquation3.2).
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Before conducting high C£atmosphere experiments, we used KilnSimu modeling results to

design our experimental approach
3.4.1KilnSimu 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 pulpdaiived material can be adequately
calcined under high COz atmospheravhile remaining within industrial operating limi{3able
B.1).

Because the oxfuel combustion uses almost pure oxygen after removing the nitrogen from the
air, which in normal combustion conditions acts as a diluentahsdrls a significantamount of
heat the internal temperature of the kiln is expected to be higher, as shown inFjttewever,
by tuning the fluegas recirculation ratio, the maximum inmefractory temperature can be held
below the industrial limit of 1350C. The optimal recirculation ratio identified (0.55) aligns with
previous modeling of oxjuel cement lime kilnd1]. 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 thaximum flue gawelocity inthekiln of 7 m/s.

(See Figurdd.2). Above this level, dust entrainment becomeshigh. Also, theflue gas entering

the hot end ofthe chainzone must b&760°C. Chains will form sticky lime deposits above this
temperatureandcouldfail or plugthekiln. Importantly, the esidualcalciumcarbonate targen the

final burnt lime is 1.5% minimum, 2.51.0% idealandabove 5%, kiln produauality can become
unstable TableB.1 summarizes all the constraints used in the KilnSimu model to predict industrial
scalability.

Despite maintaining safe refractory temperatures;fagy operation substantially shifts the
thermodynamic equilibrium of CaG@ecompositionThe elevated C£partial pressure increases
the temperature for the calcination, delaying the beginning of @d€@mposition by ~20 meters
(Figure 3.3). This delayis consistent with the equilibrium constraint tbe reaction shown in
Equation3.1 and confirms that oxjuel lime mud calcination requisdiigher temperatures to be
completedB].

Significantly, KilnSimu predicts thét within the constraints of real kiln geometry, maximum

gas velocity, and chaimone temperature limidscomplete calcination>05%) remainsdoable in
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oxy-fuel conditions The bed temperature is predicted to reach 1BOCC near zone C, which is
consistent with typical industrial kilns and in agreement with the temperature required to cross the
high COz equilibrium boundary. These insights guided the design aftperimental matrix, with
particular attation to replicating the conditions of the burning zone (Zone C).
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Figure 3.2 Axial temperature profiles in the lime kiln under air vs. -dugl combustion. Oxyfuel
operation increases peak temperatures by ~150°C but remains within the 1350°C refractory limit

when using a 0.55 flugas recirculation ratio. Zones: A (chain systddnpreheating), C (burning).
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Figure 3.3 Axial profiles of the pulp mill ime mud calcination, showing the transformation into
burn lime and C®for both air (solid lines) and oxfgel combustion (dashed lines) scenarios. The
left y-axis represents the gas mass fraction (wt%) for, @Dile the right yaxis represents the bed
mass fraction (wt%) for CaCG@nd CaO. Notably, oxjuel 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
3.4.2Electrified Rotary Kiln (experimental approach)

Basedon the KilnSimu model results, we designed our experimental setup. Before attempting
to perform the calcination under a 90 mol%:@®nosphere, the parameters onrtitary kiln were
adjusted in trials with lime mud under a 15 mol%:@@aditional 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 (Figure3.2) where the calcination reaction has the starting point. When feeding pulp mill lime
mud in this temperature profile, the formation of rings wesblematic(See FigureB.3). The

clogging and ring formation in lime kilns have been extensively stlidied8] 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 kilfs7, 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 Gateé@omposition, which promotes the
ring and balls formation inside the Kii]. To identify which factors drove ring formation in our
system, we systematically evaluatagbe material (Quartz vs. ceramic alumina), moisture content,
particle size, impurities (testingw lime mud an®8% pure CaCg), temperature profile, and

recarbonatioCOz and pure Ngases). All the cases exhibited lime mud agglomeration in the walls

of the tube. Kilndéds control parameters were mo

angle, with the same outcome.

Basedon those experimental insights and thle-scale inertia kiln limitation, it was decided
only to recreate Zone C (FiguBe2), where the temperature profif2900°C)can help to avoid the
sticky behavior of the lime mud 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 higttr@a3phere. In that
case, it is likely to be feasible in the entire kiln in an industrial setting. Using a 15 mot% CO
concentration in the gas fed to the rotary kiln, experiments perfermed with a temperature
profile of 900°C, 1000 °C, and 1100°C, tilt angle rang&03degrees, and tube rotating speed
between BB revolutions per minute (rpm), with a given retention time of 40 to 60 minutes. The
average extent of calcination obtaintr 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-3 rpm, with a given retention time of 70 to 80 minutes. The average extent of
calcination obtained for these settings was around 90%. Fidrdlustrates the experimental
extent of lime mud calcination as a function of keyary kiln operating parameters withima
environment maintained at a 1% COz atmosphere.

Once the established operational conditions showed consistency in reaching the target extent of
calcination (experiments 26 to 30) under 15 mol% CGéhcentration, the atmosphere was changed
to 90 mol% CQ (FigureB.5). As described in Wu et B8] and the KilnSimu model results, the
temperature profile of the kilmcreasesvhen the partial pressure of € 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

53



average. The mean extent of calcination obtained for these settings was around 96% as shown in
Table3.1.

Table 3.1 Summary of experimental approach emulating Zone C in thedale rotary kiln and

extent of calcination.

Tilt | Rotation . Extent of
Atmosphere | Temperature Residence S
(Mol%) profile (°C) angle| speed time (min) calcination Notes
) | (rpm) (%)
15% CQ 90010061100 | 3-10 5-8 40-60 70 Prescreening
15% CQ | 900105061200 | 5 1-3 70-80 90 Threshold
regime
90% CQ 90011561300 5 1 80 96 Optimal Oxyfuel window

The conditions for a 90 mol% CGQ@tmosphere in Tabld.1 were designated as the optimal

experimental conditions to recreate an-fuxgl environment for lime mud calcination.
3.4.3Causticizing reaction

Under dynamic and realistic conditions usindab-scale rotary kiln, we process three (3)
kilograms of pulp mill lime mud (dry basis) under optimal -6gl conditions (from Tabl&.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% (T&®esndB.6). The weight losses
(H20, CaCQ, impurities) during the thermal treatment in the range of 105°C to 1000°C were

assumed as the Ca&€Ebntent.

Table 3.2 Composition ofime produced under optimal oxyel conditions via TGA.

Metric Average| Std. Dev (SD)| Min | Max
Ca0 (%) 97.3 15 94.6| 99.3
CaCQ (%) 2.5 15 0.7 | 54

The CaO is hydrated in the water of the2Bi@sz solution (mimicking green liquor of kraft

pulping), producing Ca(OHpand heat as follows:

6@ 00 060 0QC (33)
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Na2C03.10H0 was used to prepare batches of 12.5 wt%{®a solutions Approximatelyl1.2
kilograms of CaO were processed. TaBlé presents the amount of CaO reacting in each batch
and the amount of N&Os used. On average, approximately 30% excess e€®awas utilized
to promote the complete reaction of the CaO as described in Eq84dtidn addition, Tabld3.7
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 reactiori@f®&02.5 hours for
each batch. The precipitated idal 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
CaCQ to estimate the causticizing reaction completion.

The precipitated solids from each batch of the causticizing reaction were characterized via TGA
(TableB.8). Table3.3 suggests a proper reactivity of the lime produced in the rotary kiln, since the
Ca(OHp} content in the precipitated solids is only ~4%.

Table 3.3 Average composition of causticizing precipitates.

Mean wt% .
Component +SD Interpretation
CaCQ 96.4+0.2 Dominant phasé consistent with completeausticizing
CAOH), 36+02 Minor residual hydroxid® |nd|F:ates ra.p|d hydratio& high conversion
during slaking
Other vlzlille mass <0.1% Within TGA noise

Approximately1.3 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 (Table3.4 andB.9). Similarly, in the TGA characterization, the weight losse)(HCaCQ,
impurities) during the thermal treatment in the range of 105°C to 1000°C were assumed as the

CaCQ content.

Table 3.4. Lime quality after the second oxyel calcination cycle.

Metric Value Notes
CaO produced (g) 430 Dry basis
CaoO fraction (%) | 94.4 + 1.7| Indicates high calcination from recycled limeid afterslaking
CaCQrresidual (%)| 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-tfaaalcination
of the pulp mill ime mud, demonstrating that the calcium cycle can be reproduced undeeloxy
conditions in the lime kiléd a critical validation for industrial implementatiofrigure 3.4

summarizes the complete experimental workflow

Calcination* Calcination*
under 90% CO, under 90% CO,

Slaking &
ﬁ Causticizing

3 kg Lime Mud
from Paper Mill

—— )

98% CaCO,

1.3 kg Precipitated &
Lime Mud

96% CaCO;,

1.2 kg Burnt Lime 0.5 kg Burnt Lime

-

97% Ca0 94% CaO

12.5 % Sodium
Carbonate Solution
90°C-25h

Figure 3.4 Summary of the experimental methodology to prove the feasibility of lime mud

calcination under a high C@tmosphere.

3.4.4Thermogravimetric Analysis (TGA)

All samples and products obtainafiler processing the three kilograms of lime mud under oxy
fuel conditions in the rotary kilwere characterized using TGA and XRD. Fig@re shows the
TGA profiles for the materials evaluated. The lime mud derived from the pulp milg alith the
causticizingprecipitated sample produced from the reaction of burnt lime &yote |, exhibis
thermal decomposition behaviors closely resemblirggsdlof the highpurity CaCQ reference
(98%). This similarity confirms thatalcium carbonate ihe dominant phase governing their mass
loss characteristics.

Similarly, the lime produced under ofyel combustion in theotary 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 csticizing reactions undethe selectedexperimental

conditions
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Figure 3.5 Thermogravimetric analysis (TGA) of limgycle materials from different experimental
process stages. Weiglaiss curves are shown for lime mud from a paper mill, and a causticizing
precipitated sample, both compared with a fpghity CaCQ (98%). All samples exhibit the
characteristic singtstep mass loss associated with the thermal decomposition of calcium carbonate
between ~650 and 800 °C. Two efuel rotary kiln samples (cycle | and cycle Il) are compared
with real burnt lime from thpaper mill as #enchmark. Both samples demonstrate a decomposition
pattern comparable to the burnt lime sourced from the industrial paper mill.

3.4.5X-ray diffraction (XRD)

Figure3.6 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, wedlefined diffraction peaks characteristic loighly crystalline
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Ca(22], with prominent reflections atckangles of approximately 32.2°, 37.4°, 53.9°, 64a2
67.1°,whichcorrespond tol(11), (200, (202, (311), and 222 crystal planes of Cad he samples
obtained during cycles | and Il of lime mud efael calcination in the lalscale rotary kiln present
nearly identical peak patterns, indicating stable kiln performance and consistent material quality
under oxyfuel conditions.

The calcium carbonate (98%) sample serves as a reference standard, displaying the
characteristic diffraction pattern for the calcite polymorph of Cad® the causticizing
precipitated sample,ely 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°, whichspond to (10), (113,
(202), 018, (116), and @22) crystal planes of CaG@hat are in excellent agreement with the
calcite reference stand§28]. The similar patterns otycle | andcycle Il samples with the burnt
lime from an industrial kilnsuggest high phase stability and reproducibility within the process

cycles.
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Figure 3.6 X-ray diffraction (XRD) patterns of limeycle materials from different experimental
process stages. The lime samples from cycles | and Il under controllddebxyonditions show
characteristic CaO peaks, similar to the benchmark burnt lime from thstiad scale lime Kiln,
confirming a high degree of calcination. Likewide highpurity CaCQ reference (98%) displays
well-defined calcite peaks, which closely match those observed in the caustmieagtated

sample indicating a reproducible ealm cycle like in the kraft process.

Our combined modeling and experimental results conclusively demonstrate that:
- Industrial lime mud calcines successfully under-xgl conditions. We achieved 96% average
calcination under 90 mol% CQ@t temperatures up to 13008 matching industrial performance
standards.
- Lime quality meets industrial requirements. The obtained lime showed a reactivity, phase
composition, and crystalline structure comparable to the benchmark puigenndéd burnt lime,

enabling higher ratesf causticizing (>90%) completion.
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- The calcium cycle remains robust. Successfitaleination of regenerated lime mud under
identical oxyfuel conditions confirms the process is reproducible and sustainable through multiple
cycles.

- Retrofitting existing kilns is feasible within industrial constraints. KilnSimu identified agase
recirculation ratio (0.55) that maintains safe refractory temperatures while achieving >95%

calcinatio® confirming no fundamental equipment barriers exist

3.4.6Techno-economic analysis (TEA)

We conducted a techrexonomic analysis comparing €€apture costs from (i) a conventional
air combustion lime kiln with MEA postombustion capture and (ii) an okyel retrofitted lime
kiln using a discounted cash flow rate of return method overy&@Qproject 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 annuplly Tables B.10 to B.12 detail stream
compositions and capital investments. Economic assumptions appear i3 babieended details
of the TEA are presented Appendix B

Figure3.7 presents the levelized cost of £apture for both systems. The MEA system has a
capture cost of $145.8 per metric ton of CWhile the oxyfuel system achieves $117.2 per metric
ton of CQ, 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 thec@fture costs with nearly 60% of the
total. This high capital expenditure is characteristic of arsicrribbing systems, which require
large absorption and stripping columns. Operational codtged to MEA makeypsolvent
regenerationsludge disposal, and labor castpresent the secoiargest contributgmwith 20% of
the CQ capture cost

For the oxyfuel system, theaair separation unitASU) capital cost represents the highest
contribution (33%) to the C{capture cost, followed by the introduction of a cost absent in the
amine system, the lime kiln retrofitting, contributing 20% of the cbiis cost represents the
necessary modifications to the existikign (i.e., sealing the system, new burner, recycled gas
pipeling to operate the lime kiln under a high €énvironment. The drying and compression
capital costs are similar for both cases. However, the power consumption cost is higheugl oxy

combustion due to the power requirements of the ASU.

60



Table 3.5 Economic and financial assumptions used in the teelesoaomic analysis (2024 US$).

Category Parameter Value Units
Project and financial assumptio 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 %
Startup assumptions CO; production at staftip 50 | % of normal
Variable costs 75 | % of normal
Fixed costs 100 | % of normal
Fuelandutility prices Natural gas 2.77 | $/MMBtu
Electricity 0.0774|  $/kWh
Process water 0.13 $/ton
Cooling water 0.07 $/ton
Chemicalcosts Monoethanolamine (MEA) 2042 $/ton
MEA sludge disposal 240 $/ton

The sensitivity analysi§Figure 3.7) illustrates that the capture cost for both systems is most
sensitive to two factors: the capture rate and the pisjeternalrate ofreturn (IRR).The capture
rate dictates the total annual volume @D, 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 increas€@ehroughput from the lime kiln specifically to
leverage these economies of scale and reducg €akt, 24] Furthermore, the power price has a
moderate effect on th@Oz capture cost. This effect is slightly more pronounced for thefusdly
system due to its significant electricity consumption for two processes: operating the ASU to

produce oxygermand compressing the captut€@: for subsequent handling and storage.
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Air Combustion: 86,602 tCO2 captured/y
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Figure 3.7 Cost and sensitivity analysis comparison of2@@pture cost for air and oxyel

combustion in lime kilns.
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The 20% cost reduction from oxtyel 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$600 pemetricton CO[25, 26] while other BECG pathways
in bioenergy sectors vary widely. The pulp industry advantage stems from large, continuous,
concentrated biogenic GQtreams at facilities with existing infrastructiaed a mature supply
chair[27].

The higher ASU capital cost (dominant efael 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 Statespwaproject economics.

The experimental proadf concept strengthens theseonomicfindings by demonstrating that
the quality, reactivity, and recyclability dfurnt lime are preserved undeixy-fuel conditions

required for lowcostCO; capture.
3.5Limitations and perspectives

Our study focused on the higémperature burning zone to avoid clogging iab-scale rotary
kiln. While this validates the most thermodynamically challenging aspect efuekgalcination,

a full-kiln demonstration, including preheating zones, would further strengthen industrial
confidence.

Additionally, our economic analysis did not includeGnsport and storage costs, which vary
significantly by location. Mills near suitable geological storage sites op QGlization
opportunities would see improved overall economics.

Future work should investigate:
- Longterm materials degradation under el conditions (refractory, burner, seals)
- Integration with existing mill energy systems and optimization of steam/power balances

- Hybrid approaches combining partial eftyel 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 framewloak€nable later expansion to
recovery boilers and biomass boil@rsltimately enabling comprehensive nsitale carbon
removal.

If even 25% of U.S. pulp mill lime kilns adopted efuel retrofits by 2035, this would capture
approximately 3.5 million metric tons of biogenic £&nnually. Globally, with ~400 kraft pulp
mills operatinglime kilns, the potential scales to -89 million metric tons per yef]. This
positionspulp mill lime kiln BECCS as one of the few negatemissions technologies deployable
atameaningful scale within the next decade

3.6Conclusions

We have shown for the first time thpulp mill lime mudcan be successfully calcined
causticized, and realcinedunder oxyfuel conditions within the constraints of industrial settings.
Our numerical model andbtary kiln experiments indicate that high @@tmospheres do not
compromise lime quality for kraft chemical recovery.

In our electrified rotary kiln, the lime mud reached about 96% Gas©@version under a 90
mol% CQ atmosphere at temperatures up to 2800 he CaO produced was highly reactive, with
slaking performance matching industrial standamsd causticizingreactions exceeded 90%
completion. We also realcined the regenerated lime mud under identicatfogl conditions,
which confirmed that the calcium cycle can be reproduced.

In addition, the economic analysis shows that switching from conventiotialragrwith MEA
postcombustion capture to oxyel calcination cuts the levelized cost of £&@pture by 2099
from $145.8 to $117.2 per metric tbrsince he more concentrated G@om oxy-fuel combustion
eliminaks the need for solvebased capture equipment.

Retrofitting lime kilns for oxyfuel operation offers both technical feasibility and economic
advantages for larggcale biogenic Cg&xapture irthepulp and papandustry This work provides
a foundation for industrial deployment of lesast BECCS at pulp mills and represents a critical
step toward deep decarbonization of the kraft recovery oyieldime kilns With technical

feasibility established and economics favorable, the path forward is clear: froropamfcept to

64



pilot demonstrations at operating mills, then to commercial deploymentUShpilp and paper
industryds 14 million metric tons of annual biogenic G@missions represent a substantial near
term opportunity for climate impa&tone that now has an experimentally validasedl cost

competitiveviable solution.
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4. Chapter 4 - Cost Analysis of Carbon Capture and Storage in the Pulp and Paper
Industry Integrated with Nuclear Heat!

4.1 Abstract

The pulp and paper industry generates approximately 150 million tons:ar@i€sions annually,

ranking among the top three industry sectors in terms efe@@ssions in the United States, when
biogenic CQis 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 amibased capture are enefigyensive. Nuclear energyan provide this

energy to CCS operations withoptoducing 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 blkeached 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 familteséhen integrated

with heat from either a nuclear reactor or a natural gas boiler. Two 20@hdival (MWh) 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 MWh» SMNR module was sufficient for the other mill types. Nuclear heat integration into a
CCS system, coupled with a typical kraft paper mill, can decreaser@Gsions by 91% with the
remaining9% being primarily biogenic. Accordingly, recycling mills powered by nuclear energy

can achieve almost zero emissions. In the nuclear heat integration scenarios, tapt@® costs
arelowerifhighpr essur e nucl ear steam is integrated in
the natural gas boiler, compared to if mediand lowpressure steam is delivered to the mill to

meet process needs directly. The CCS amst steam requirements were used to determine the
maximum price at which the mill watdiineed 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 ismpettive compared

69



to other fuel options, integrating CCS and SMNRs can help the pulp and paper industry reduce CO

emissions.

! The material in this chapter has been published as:

Carrejo E, Poved&iraldo 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 16:100468tps://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 dioxidg) (CO
emissions in the United States (US). The pulp and paper (P&P) industry represented 2.5% of the
total CQ emissions in the industrial sector for the US in 202 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 biogeaienigsions. Including
the nonbiogenic emissions from the combustion of natural gas in multifuel boilers and lime kilns,
approximately 150 million tonnes of G@re emitted annually from pulp and paper operations in
the US. Therefore, the US P&P industry has the potential to significantly reducen@i€ions,
with the potential to capture and sequester about 135 million tonnes:@n@QGally[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], espedralpaperbased packaging and
hygiene tissue products, where growth can be as high as 3% compound annual growth rate (CAGR)
[5], suggesting a consequent increase in @@issions 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 comerting the pulp and paper industry into a carbegative industry if biogenic
carbon is captured, stored, and seques{éle@leached 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 opportity to reduce C@emissions because of their significant market share and nearly
100% dependency on fossil fuels.

Carbon Capture and Storage (CCS) technologies aim to reduce the accumulatiemnofh€O
atmosphere. CCS refers to several engineering systems that tramn{38ions 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 thezlow CO
concentration in emissions from some processes and the lack of economies of scale to overcome
high costd7]. 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 £@mine-based solvent CCS is the most mature technology
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in the field, having been proven at an industrial scale for several dd8hdeswever, 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 thisxtpalkean energy from nuclear reactors
can help simplify the cost of deploying an amb@sed solvent CCS in the pulp and paper industry.

I n 2022, nucl ear was the USO6s third most use
contributing 20% of the tat power. Despite the growth of other rAi@ssil 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 opeiataraenactor

[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 SMNR4$10]. SMNRs are smabized nuclear reactors that can deliver up to a third

(=300 MW) of the power capacity compared to large, conventional reactors, enough to fulfill the
needs of several industrial sectors such as the pulp and paper irfdilistintegrating nuclear

energy into the P&P industry has been discussed for several dgt2ldes

There are some examples of nuclear energy integrated into manufacturing processssaA N
Power Pl ant (NPP) in G sgen, Switzerland, has
mills that produce containerboard for several ydaB. 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, whichwillbeintg r at ed i nto the countryds current n
Those efforts might accelerate the development, deployment, and commercial integration of
SMNRs worldwide. The same technical and licensing considerations can be translatedateintegr
SMNRs in pulp and paper operations with adequate heat and power supply.

Despite the appeal and environmental benefit of erengybining P&P industries with nuclear
power plants, few efforts have focused on analyzing the teebmeomic performance of energy
supply between them. Only a few studies have been carried out negéwidiproposed 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 i nt o t heheahpoivdr éystemcandrdétermirend the best way to connect the
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steam from the SMNR. However, no economic analysis of this integration was perfB®oeut

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, includpulp and paper manufacturifi®]. Vannata

et al. performed a comprehensive tecligonomic analysis of SMNR deployment in two regions

of the US to reduce COemissions 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 itustidmental to the

i ndustryods sustainability. To our knowl edge, o
nuclear reactor into the paper industry has been released. In that work, Worsham et al. coupled post
combustion C®@ capture and oxyuel 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 mill sdé combined heat p-basee carbsncapture systemi o p o
and includes the 45Q Tax Credit for CCS in the US as an incentivie.pager 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 considerevaluate the cost of GOapture 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 u@ed to make nuclear energy competitive against natural gas
powered CCS without disrupting current operations. This research article analyzes three paper
millsbé detailed heat and power ohcareod sapturedper e c o n
site was performed using a solwatsed 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 thel gbalecommissioning 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,riedusich as cement, steel, and

chemical manufacturing, major G@mitters, could benefit from similar integrations.
4.3 Systems Description
4.3.1 Rilp 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 TaBld of Appendix Q. The Kraft pulping process remains
the dominant manufacturing process for wd@sed 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 couplinggoosbustion amindased solvent
CCS for three different types of paper mills that encompass 94% of the natureatingpstes 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 referen@@D00 akdry metric tons
per year of engbroduct 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 tihafkpulp and paper manufacturing processes simulations:
high pressure (HP) (83 bar, 54€); medium pressure (MP) (11 bar, 305),°and low pressure
(LP) (4.2 bar, 224C). For the recycling mill, steam is produced at 17 bar and @Hnhél used at
medium and low pressure, at 188 dnd 153 C, respectively. The operational time assumed for
the paper mills is 351 days (8424 hours) per year.

4.3.2Southern 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 |aipaed. 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 agueous mixture of sodium hydroxide (NaOH)
and sodium sulfide (N&), 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, whlensdter is used

to maximize the cleanind the fibers. The fibers are then separated from the black liquor through
vacuumassisted filters (washers). After the brown stock washing zone, the black liquor contains
around 16% solids, which are then concentrated to 72% in the evaporator systemtifelipe
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 sodiutnaraate (NaCOs) and sodium sulfide
(N&S). The smelt then undergoes a slaking reaction with calcium hydroxide (GatOH)rm
calcium carbonate (CaGPand sodium hydroxide (NaOH), regenerating the white liquor used in
the cooking process. CaG® predpitated and filtered from the slakers, then transformed into
calcium oxide (CaO) in the lime kiln, releasing £0he CaO is then rehydrated with water to form
Ca(OHpy, which is added to the smelt in the slaking step described previously.

After washing, the fibers undergo an elemental chlefiee (ECF) bleaching process with
chlorine dioxide (CIQ). The CIQ is produced ossite. A bleaching sequence of[@-E1-D1-E2-D2
is simulated, where the nomenclature represents oxygen delignification (O), chlorine dioxide (D),
and alkaline extractiof. 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 cinm@sthe wood entering the
process. Therefore, the @@mitted from their fuel combustion is considered biogenic. In the lime
kiln, part of the C@Qemissions comes from releasing mineralized carbon in the recovery boiler, and
these emissions are also slified as biogenic. Nebiogenic CQ emissions stem from the natural
gas boiler and the lime kiln burning natural gas. In the lime kiln, part of thee@@3sions 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 MWFigure 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.
4.3.3Unbleached 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 sa@u#icspperating
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 frisas ~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 ang 00rces as desbed in the SBSK
process. The estimated total power produced in the mill is 57 MWeCRighows the described
UBSK process.

4.3.4Recycling 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 corrugategdiner (OCC) at ~35%.

In the first line, 44.8 aidry 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 tileoming 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 higlhensity tank before the paper machine with a consistency of 1286.soli

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 enteringrihehine 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 shpetssed 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 Omill 6s fmdnhdes of sldctecal .powérhsepurchased from the grid. Ci4y.
represents the mechanical recycling process described.

4.3.5Amine solventbased carbon capture process.

A COz 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 G@hrough a series of reactions described in Equations
1 to 7[24]. The remaining flue gas leaves the column at the top, and th€@gckolvent stream
leaves the column at the bottom and is heated up tG 8@fore being carried to treripping
column. At this step, the MELO; bonding is dissociated at ~120°C, releasing @l water at
the top of the column. A condenser separates the water and’€h, the dehydrated G@3 sent
to compression stages to reach supercritical conditions (153 bar, 44°C) for further transport and
storage. This purpose uses six compnesand heat exchanger sta§@g]. Once CQis removed,
the hightemperature amine solvent is used as a hot stream to preheatG&sieblvent from the
absorber, and the stripped solvent is then returned to the absorber to continue the capfdé}.cycle

The thermodynamic properties for the interaction between the MEA solvent and the flue gases
were established using the unsymmetric electrolyte NRTL ReHllebng (ENRTL-RK) model.

A diagram flowsheet for the MEA system is shown in the supplementary informa 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 €@oncentrations (%) (6, 19, 30, 40). Those ranges are
representative of flue gas flows found in a typi&ehft mill in the U329]. Subsequently,

relationships to estimate mass balances for the teebmoomic analyses were implemented.
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The ratebased model better describes the constraints in mass transfer than the equilibrium
stages model due to several reactions between MEA,&@ water in the liquid phase (Equations
4.1 to 4.7). This model sets an interface between the liquid and gas bulk gBageand the
diffusion resistance in each phase is considered, mainly the nonlinear behavior in the aqueous phase

where the reactions occur.
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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 &®ering the column with the flue gas. A 30
wt% MEA solvent solution is used for this purpose, and 90%r€@oval efficiency is targeted in

our modeling, consistent with previous wdB@,[31],[32].

When the C@concentration of the incoming flue gas increases, the MEA solvent requirement
for CO; 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 rich2MEA solvent and provide the energy needed to reverse the
interaction between the G@nd MEA to release the GOThe stripper operational pressure is
slightly higher than the pressure irthbsorber, where the @@apor pressure increases faster than
the water vapor pressure, favoring the-@€dease first. It is essential to release as much of the CO
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%&>val in the absorber.
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4.3.6Small Modular Nuclear Reactors (SMNRS)

A high-temperature gasooled reactor (HTGR) SMNR was simulated in Aspen HYSYS V12.1
to verify the integration of steam [83%h,dhm t he
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 165chan st 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
central turbine witm 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 expandeeétréhe
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 foHR&R systems are shown in the supplementary

information in FigiresC.6 andC.7. A classification of nuclear reactors is presented in Talde

4.4 Methodology

This research evaluates an innovative pathway to reduger@iSsions 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 sfgrantly changing mill operations. By replacing conventional
NG boilers with an SMNR, it is possible to supply the kigiality, carborfree steam required for
both the paper mill and the enerigyensive CCS plant. This nucleassisted approach is
trangormative 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 COof 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 costffective CQ reduction pathway when compared to a traditional fossil fuel

alternative.
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4.4.1Carbon Capture and Nuclear Energy Integration

For the integrated Kraft paper mills, four scenarios were analyzed:

Scenario 1Paper 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 opelgpendently of
the mill s CHP system.ure8taenari o 1 is illustrat

Scenario 22Paper mi | | with an integrated CCS syst
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 systieenpaper mill,
which increases the NG consumption. The CHP system of the mill provides the power required by
the CCS systen®cenario 2 is illustrated in Rige4.1b.

Scenario 3Paper mill with an integrated CCS system and SMNR. In this case, no NG boiler is

powering the millds CHP system. The NG boiler
needed in the paper mill and the CCS system. The steam is integrated iraophep mi | | 6 s C
generating power before extraction and use. T

by the CCS system. The flue gases from the paper mill feed the CCS plant. Scenario 3 is illustrated
in Figure4.1c.

Scenario 4:Paper mill with an integrated CCS system and SMNR. In this scenario, the NG
boiler in the millds CHP system is replaced by
mill and the CCS system. The steam from the SMNR is extracted at MP and samdlfasé in
the mill and the CCS plant. This setup produce
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 &Jplant. Scenario 4 is illustrated in &rg4.1d.

Biogenic and noibiogenic CQ were treated equally as @@missions 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 capturingan-biogenic CQ[2]. If the paper industry were to capture and sequester
biogenic CQ (COz absorbed by trees), it can achieve net negative direct emissions, meaning that
the P&P industry could remove more £€@m the atmosphere than it enfiits
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Figure 4.1 Flowsheet diagram of integrated) Scenario 1,i{) Scenario 2,d) Scenario 3, and
(d) Scenario 4 for Kraft mills. Note the bigger NG boiler capacity of Scenario 2.
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recycling mills. Note the bigger NG boiler capacity of Scenario 2.

4.4.2Techno-economic assessment and assumptions

The levelized cost of C£zapture per source and per mill type was calculated based on the same
methodology described by Onarheim et[aB]. A discounted cash flow analysis was conducted
for each scenario to determine the cost per metric ton efc@@ured and compressed based on
the total flue gas and G@nolar concentration. This cost represents the price that the paper mill
should pay to equal the present value of all PdSa capital &nd production costs over the project
lifetime. The technaecoromic analysis of integrating CCS into pulp and paper operations was
conducted using parameters consistent across all scenarios @IBhledhering to standard

methodologies outlined in process design red84g [35], [36], [37].
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Table 4.1 Economic metrics in all scenarios for €€apture 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 %
Startup time 0.5 years
CQO; production at start up (% of normg 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 USfdmitetise
baseline costs reported by Onarheim ef38], Kangas et al[39], and AlKhori et al.[40]. It was
updated to the year 2024sing the chemical engineering plant cost index (CEPTI)The
equipment was escalated using the investment scaling factor, with a capacity factgigf 0.6

The prices for chemicals used in this analysis are updated to 2024 using the producer price index
by industry42] and summarized in Tabke2. Additional prices, such as natural gas gogver
(electricity), are included in Tablé.2. In the same way, labor cost was updated to 2024 using the
labor indeX43]. 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 findgs from previous studi¢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 ($/ton)| Reference
Feedstocks
Wood (Softwood bd mt) 76.29 [22]
Mixed Paper (recycled) 54 [46]
Old Corrugated Container (recycle 91 [46]
Chemical Reagents
Sodium Hydroxide 480
Sodium Sulfide 637
Sodium Carbonate 294
Sodium Sulfate 104
Sulfuric Acid 163
Lime 218
Sodium Chlorate 785
Methanol 370 221
Oxygen 122
Peroxide 682
Retention Aid 3,092
Alum 102
Starch 875
Alkaline Sizing 2,340
Process Water 0.13 [38]
Monoethanolamine (MEA) 2,042 [29]
Utilities
Cooling Water 0.07 [38]
Natural Gas ($/MMBtu) 2.61 [47]
Electricity ($ per kwWh) 0.0886 [48]
Products
Crude Tall Qil (selling price) 1,281 [22]
Market Pulp SBSK (selling price) 1,411
Kraftliner Paper (selling price) 1,134 [49]
Recycled Paper (selling price) 531

bd mt: Bond dry metric ton



4 5Results 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 thdaiatal is 37 yearf22]. 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 mainyP 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

(~500,000ad mt/yr), allowing the outcomes to be affected only by the mill configuration.

4.5.1P&P mills mass and energy balances.

The summary of raw material, steam, power consumption, ance@{@sions per source for
each mill type assessed in this study is shown in TéBléor 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 Teble TableC.6. The SBSK
process requires 19% more wood feedstock to produce the same product as the UBSK process.
Therefore, SBSK has the highest steam denesahd t he model ed paper mil | ¢
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 procss. 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, anbusted 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 €issions.

Almost two million tonnes of C®are emitted annually by the SBSK mill, while the UBSK
generates 34% less emissions. For every mill, a baseline 0&1@iSsions per tonne of produced
paper is presented in Table 3. The ratio ot €Ritted 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 ea-
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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.§nMvand 0.2 Mwmt,
respectively, compared to the process requirements. The surplus is assumed to be sold to the grid
and is considered revenue in the teckenonomic 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 steamathd, and only 20% of the power
demand through CHP. The balance of power (0.3%/Mty 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.

. Softwood
Parameter Units Sofé\:\;?fzjslgg%:hed Unbleached Kraft | Recycling Mill
(UBSK)
Feedstock (Wood /)y e 1,122,849 903,825 528,957
Fiber)
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) 1551 1009 95
Consumption kWh/adt 1022 895 475
Net 529 114 (380)
CO, 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 CQ mt/yr 1,937,250 1,289,753 157,991
Biogenic CQ mt/yr 1,642,265 1,052,700 -
Carbon Intensity | Mt C/Mt 3.87 258 0.32
product
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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 off@@@ CaCQ to produce CaO. Fige
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 piocKsaft
processes, biogenic fuel sources depamdhe 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 psented in Tabld.4. In addition to the sources listed in &ig 4.3, the lime kiln
generates flue gas from NG combustion to provide the heat for calcinating G&€u0very boilers
(RB) are the primary source of @@missions in a kraft process, makingriththe 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 tigkmines 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.

600 588 mt/h [ Natural Gas Boiler (Natural gas)
[ Biomass Boiler (Biomass waste)
] [ 1 Recovery Boiler (Black Liquor)

= 500 1
=
£
= 400 389 mt/h
il
3]
S
S 300
o
S
8 200
= 341.6
2 132 mt/h

100 181.7

0 T T T T
SBSK UBSK Recycling

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.

Source Composition Mill Type
(mol%) SBSK | UBSK | Recycling
Total flow (mt/h)| 77.77 | 40.13 -
CO, 17.56 | 19.05 -
Lime Kiln N2 5455 | 47.47 -
O 1.32 1.15 -
H20 26.58 | 32.33 -
Total flow (mt/h) | 162.62 | 129.51 -
COo. 13.09 | 13.05 -
Biomass Boiler N2 58.47 | 58.71 -
02 2.03 2.02 -
H20 26.40 | 26.21 -
Total flow (mt/h) | 186.23 | 165.28 | 135.10
CO, 8.75 8.75 8.75
Natural Gas Boilel N> 71.99 71.99 71.99
O 1.74 1.74 1.74
H20 17.52 | 17.52 17.52
Total flow (mt/h) | 762.97 | 435.63 -
COo. 12.43 | 13.39 -
N2 64.98 | 65.15 -
Recovery Boiler O 2.25 1.28 -
H20 20.34 | 20.18 -
NaSOQ 1x10° | 9x10* -
Na,COs 3.9x10* | 3.3x10* -

4.5.2Carbon Capture Storage and Nuclear Thermal Energy Integration.

Scenarios 1 to 4, as described previously, were evaluated for a CCS plant that processes the
CQ available from each source of the mill independently. This evaluation aims to understand how
economies of scale affect the final cost of@@pture, with a capturing efficiency of 90%, as
reported in previous studies for MEA systg28], [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
Aal l c o mb i mre4doFor seesarias 8 an& 4, where the SMNR steam replaces the NG
boil er, the flue gas 1 s ref eruredd The thernmabandh a | |
electrical energy requirements of the CCS plant are 2:96d 132 kWhper metric ton of CQ
consistent with previous studies involving P&P and industrial operafidr}g52]. The electric

requirements also include G@ehydration and compression to the final supercritical conditions,
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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 CQ 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 mill 6s CHP systems. SMNRs can provi
operation and reduce G@missions 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 CQeqper kWh generated in the power pl§s],[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 valuetose to 5 g C&qper kWh [56]. NG boilers used for electricity production
have a global warming potential 50 times higher than nuclear rdadtors

Figure4.4 provides a visual summary of the £J@oduced 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 €for transport and geological storage. Approximately 1.2 tonnes of steam
are required to capture 1 tonne of £@revious studies on integrating CCS into paper mills have

reported ratios close to 124].
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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,sthe CO
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 N@&ihdhe lost revenue increases the
capture cost by 7% to 14%,mknding on the source of QO

I n scenario 2, the NG boiler and steam turb
retrofitted to increase fuel consumption, providing the additional steam and power required for the
CCS plant, depending on the source targeted for capture. Theasifsgim 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 exteeg€kerated.

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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I n scenario 3, this steam is assumed to enter
the benefit of cogenerated power. The paper m
plant. In scenario 4, the steam from the SMNR is integratednatpaper mill after being extracted

from the cogeneration system of the NPP, meaning that LP steam is supplied atuke pauht,

and there is no power cogeneration in the mil/l
the 200 MWh SMNR cansupply 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 inofhieRase

and dnall combinedo streams in the SBSK mill),
(a total of 400 MW).

4.5.3Carbon Capture Cost Comparison

The CQ capture costs listed in Rige 4.5represent the minimum cost to produce a net present
value of zero over a 3@ear 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 tdl 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 thiant will be shut down for 6 months to complete the retrofits. The capital
and operational costs calculated in this study are presented in TablesC.12. The changes in
cost associated with the scale of the CCS are included per mill type and sourceirofT@des
C.8,C.10, andC.12.

The CQ capture costs per source of the modeled mills under the analyzed scenarios are
presented in Figre4.5. The analysis evaluated each230urce individually and combined. In all
three paper mills analyzed, the capture cost per ton eftd€feases as more € 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 fewesn@i€sions are generated
from the black liquor. Also, the SBSK process has higher steam demands, promoting higher fuel
combustion rates and more £€émissions. Therefore, the costs associated with the CCS operation
per metric ton of C®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 meeffeciste
to increase the capacity of the mill bés CHP sy:
and turbine to supply the energy demands of the CCS (Casewgver, there is almost no cost
difference between scenarios 1 and 2 when large amounts:0d@@aptured, 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 issuppelid i nt o the mill 6s CHPaptargmitiem ( Sc
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 dhné cost of C@capture for scenario 1.

The SBSK paper mill CHP system integration requires a 206hEMNR to supply the steam
needed to replace the NG boiler and process thef@@ the lime kiln and multifuel boilers.
However, to capture the G@enerated in the RB or the combined sources case, a second 200 MW
module is required. For the UBSK and recycling paper mill needs, a 200 3MNR is sufficient
for both steam supply and GCapture.

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 standdridr and turbine
(Scenario 1), especially for the UBSK mill as shown iruFegd5. TableC.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 papél. As we illustrate in Tabléd.3 and TableC.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 combinedA30urces 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 MWk are required to capture 90% of the total 18.75 me/R@mitted (Figire 44). The
estimated costs for this capture are $146 and $133 per metric tonz2dolC€ases 1 and 2,
respectively. When nuclear heat is integrated into a recycling mill, CCS is not required because no

COz emissions are generated.
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Figure 4.5. Levelized CQ capture cost per source under scenarios 1 tod BESK, @) UBSK,

and €) 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 sometaC€&@&main
uncaptured. This is because designing a system to capture 100% otthél @£3ult in a cycle of
increasing the NG boiler to capture theA&@d then producing more GO o examine the impacts
of increasing the NG boiler, we analyzed two additional cases, which can be referred to as Scenario
la 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 gas@sgure 44). 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.df (h@®
NG boiler in Scenario 1 is increased to capture the new total of 262 m#/I8@®mt/h of steam
is required, 27 mt/h of NG should be consumed, and 73 mt/h pfSjfPoduced (Scenario 1a). In
order to capture the difference of 15 mt/h2®®@tween Scenario 1 and Scenario 1a, the NG boiler
would have to increase in size again (Scenario 1b). However, the add@i® emitted in the NG

boiler in Scenario 1a is 75% less than in Scenario 1, even without capturing allthe CO
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Additionally, increasing the size of the NG boiler decreases the unit cost of capture to $61 per
mt CQ, 5% | ess than the nall combinedod capture
mt/h CQ from Scenario 1a, increasing the NG size by the same method will result in only 6% of
the total produced CQuncaptured, with a cost of $60.50/mt £@cenario 1b). The benefit of
increased total flue gas flow treated in captured cost reaches a plateau, as shown in Appendix D of
Worsham et al21]. In Scaarios 1 and 2, every attempt to capture more WiDresult in higher
production of CQfrom 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 contributingasiggito
more emissions.

A sensitivity analysis for the GQapture cost of the flue gas from only the RB is shown in
Figure 46 for the kraft mills analyzed under Scenario 1. The variables inherent to the process, such
as CQ concentration, capture rate, and power compression usage per top, er€sted 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 CO
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 th&kplB& ess. 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 NiGiler.
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Figure 4.6 Sensitivity Analysis of RB C@capture cost ($/mt) under Scenario 1 for {ag SBSK and(b) UBSK mills considering

process variables (top) and external market factors (bottom).
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4. 5.Be 1lLeflvel i zed 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 decommissigfjy The LCOE assesses a p
competitiveness by determining if the system can sell electricity at a reasonable rate that will cover
its debt from the generated reverj66$ The LCOE is reported in $/MWHowever, industrial
sectors like P&P prioritize their steam needs, and electricity generation is a side benefit. Therefore,
levelized costs should be reported in terms of thermal energy. Following the methodology
explained by Abotaoude et gb1] for the heabnly HTGR plant, we can transform the LCOE
to the levelized cost of heat (LCOH) and use it as a comparison point to the cost of the steam from
the SMNR.AbotJ oude et al . estimated t héigh3evesRrons L COE
the analysis of more than 30 published advanced reactor costs. Low value refers to the most
optimistic and cheaper cost, while the high value represents the most conservative and expensive
case. The LCOE is estimated from two main comptsehe overnight capital cost ($/ky\and
the operational expenditures ($/MMVTableC.14 presents the estimated data. When values are
transformed from LCOE to LCOH, 40% HTGR electricity conversion efficiency is assumed. This
gives an estimated mediun€COH of $32/MWh. The low LCOE value can decrease the LCOH to
$24/MWin; the high LCOE value estimates an LCOH of $40/MW

In the US, the Inflation Reduction Act (IRA) bill is a monetary, governmental incentive to
promote private investment to implement clean energy withr€duction purpos¢s?]. 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 futlM®Ps), 48E (an emissicimsed 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
promding CCS installation at industrial scales. Under the 45Q tax credit, $85 per tonzof CO
sequestered can be claimed if power generation or industrial facilities can store more than 12,500
tons of CQ annually62].
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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 Figire 45, the lower cost scenarios for €€apture are provided when the amount of
CQOz 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 pey; M&\tan estimate that
a ton of HP steam and LP steam costs fron\RE 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 CQ 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 Equadi8@n

T6YORI QOB 68D OGN 06 KR 60 Gdn oo ffo A
- 61 Q60D VBE | o &
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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.

Steam breakeven price
CcO ($/mt steam)
Mill type Source captured
(mt/h) Steam required . .
(4.2 bar) (mt/h) Scenario 3 | Scenario 4
Recovery Boiler 133.91 303.0 $13.90 $0.58
SBSK i
All combined (No NG |, o5 7 361.4 $18.50 $4.71
boiler)
Recovery Boiler 81.97 219.3 $8.27 -
UBSK i
All combined (NoNG | 7 1 260.5 $12.80 $2.27
boiler)
Re'ai’ﬁ“”g NG Boiler 18.75* 132.35 i i

*CO2 avoided (mt/h)

Under the conditions and economic parameters used in this study, angroftnetsevaluated
in the availability of CQfrom the sources of 500,000 metric $@mnual capacity paper mills can

match the cost of the thermal heat from the NRé&stay under theredit valueof $85 per metric
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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 thecagaoof
emitting fuels in P&P operations.Following the simplified methodology presented by the U
Department of Energy article on estimating the cost of steam at an industrigf3caled
considering th®ctober 202G price ($2.61/MMBtu), the cost of a metric ton of HP steam from
an NG boiler is about $14. To match the attost of HP steam from an HTGR ($31),2he NG
price would need to increase 2.3 times to $5.96/MMBtu. A similar price ($6.56/MMBtu) was
reported by Vanatta et ft0] 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 benari®: 3 and 4 to

match only the steam delivery cost using natural gas fuel (Equa8ipn
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Table4.6 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 LE®BIL21 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 providedrfnuclear 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 f], 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. Incentivizanigoiow
heat generation from nuclear, in addition to4oarbon electricitygeneration, 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.

. . Cost of steam Breakeven steam
. Steam required| Steam required : .
Mill scenario 1 (mt/h] scenario 3 (mu/h) using natural gag price from nuclear
I ($/mt) ($/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 t he supply
decommissioned. Combined heat and electricity integration could further decarbonize the mill,

mill déds system and power
but it also has additional challenges, such aklimgi 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 vale of each product on its separate, respective market.

4. 5Pa@pe2r product carbon intensity.

The carbon intensity of a product indicates how much i8@mitted per unit of production.
In this study, carbon intensity refers to the amount of d@ctly emitted in metric tons per metric
ton of paper produced. As shown in Tabl, 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
fosdl fuel combustia.

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, glating NG combustion can make pulp
mi |l |l s neamrdut rAaclaor baommd woul d further reduce
addition to CQ. Recycling mills could achieve zero direct emissions if heat and power are supplied

from an NPP. Tabl€.15 sunmarizes the net steam usage in each scenario, thalagte in C@
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emissions, and the impact on the carbon intensity of paper products when integrating CCS and
nuclear thermal enerdgee Figire 47).

Implementing CCSdcenariosl and 2) caralsoreduce the carbon intensity of paper mill
products by 65%even when the additional G@missions from the NG boiler are not captured
However,because the uncapturedhissionswould beprimarily from fossil fuelsthis may be
counterproductivéo achievingenvironmental goals-urther studies could analyze this integration
by using biomass as a source of heat energy foarthieebasedCCS as in Sagues et g@4].
Alternatively, when nuclear energy is inte¢ed into CCS for kraft mills (scenarios 3 and, 4)
emissions are reduced by 91%, and the remaininge@@ssions are mainly biogenic. In the case
of a recycling mill powered by nuclear energy, there are no direct emissions, and theproduct

carbon intensity is zero.
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Figure 4.7 Impact of integrating CC&cenario 1and nuclear energyscenario 3pn the carbon

intensity of pulp and paper operations.

Nuclear thermal energy through 8IMRs offers a considerable benefit in reducing2CO
emissions.While integratingSMNRs into P&P operations to supply C&Sheat and power
demandsis technically feasiblethe cost is not currently competitive against a natural gas

alternative. The cost of SMNRs is expected to reduce through fudiénzlopment and
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commercialiation[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 considerategratingthermal energy from the SNR into the CCS
and P&P operations for the techaconomic analysis. However, if both heat and electrical power
are considered, a preliminary analysis estimates a ~40% cost reduction compared te the CO
capture cost found in Scenario 1, mainly due to the additional revenue from selling power to the
grid (TableC.16). Even when the NPP is extracting HP steam, the remaining HP steam produced
that passethrough the NPP turbine, produces more power ieequired for CCS operation and
COz compressiorgScenario 3)In the case of LP extractigScenario 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 operationzand CO
compression.

Additionally, this studyused 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 consgieg different solvents, such as
blends of amines, which have reported better performanceSMBA[GS].

In theeconomic analysigdditional financial incentives such as 45U, 45Y, and 48E could be
considered if electrical power is incledl 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 B&P industry, such as eliminating recovery
boilers. This elimination wuldrequire finding ways to valorize the lignin and organic components
of the black liquor while reducgnthe inorganic elements needed to regenerate white liquor
However, it would reduce trggnificant CQ 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 ptoduction using nuclear pow6].

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 requitbe Kraft process from a nuclear
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power plant, along with considering pulp mill location, proximity to current €&hsportation
pipelines, and the feasibility of installing $Rs.

Other alternatives to integrate nuclear power into the paper industry could come from a higher
electricity demand (for air separation units) if retrofittthg lime kiln and recovery boiler foxy-
fuel combustion, where the G@ the flue gas is concentratedough not to requirthe 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 oxfpel conditions with promising resul&],[68]
and technical reports exploring this integration at an industrial[2d&le

While the initial investment in nuclear power and CCS infrastructure is thigte are many
synergies for pairing with the paper industry. Pulp and paper millslargesscale CQ emittes,
and nuclear power platan provide a reliable energy source for capturing and storing CO
Additionally, financial incentivessuch as the 45Q Tax Credit, garovide an economic benefit
for the integration of nuclear power and CE$om the data presented in this study, we have
identified o business casés be &plored in future work

In the first casethe P&P industry provies flue gasor free to aseparatearbon capture facility
powered by a nuclear power plant, which processes, purifies, captures, andhso@®,
claiming tax credits as revenue. This offers the advantage of mBKiRgoperations carbon
neutral or net negative without eotf-pocket expenses since the NPP owns the CCS facilities and
operates the SMR.

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 opeghttosts.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 plaBoth business cases must be complemented with supportive
policies and regulations adeising aspects beyond economics, such as safety, risk management,
and operational strategiesich as being in a suitable location for.G€@rage 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 CQ@ 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 enéntgnsive industries, such as pulp and paper,
and sets a precedent for other bioramssuming 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 operatBimslar 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 utilizinMNRs to provide a reliable and lewarbon 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 théeetndustry
Act (NZIA), aims to develop a strong G@jection 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
EUGs 2030 c ar 1j68]i70].sAtditionally, the EUshasglentonstrated 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 CQ emissions in hartib-abate industrial sectors, such as those mentioned previously
[71],[72],[73]. This demonstrates the significant interest in using CCS and nuclear heat to reduce
COz emissions in both the EU and US industrial sectors. However, this is dependent on continuing
policies to support these technologies as tools for industriatr€iDction.

4.7 Conclusions

The P&P industry is welsuited for nuclear energy integration due to several factors. Many
US paper mills are old but continuously upgraded, making them viable fetdangnvestments.
Most mills already have combined heat and power systems that can integaafeom nuclear
reactors. This study demonstrates thaettenomigootential for CCS and nuclebeatintegration
without disrupting significantly current operationaries by mill type and capacithmong the
mills evaluated, the SBSK mill prests the lowest carbon capture cost due to its higher CO
emissions (economies of scal#)e evaluate different scenarios for integrating nuclearmal
energy and CCS, highlighting that nuclear reactors can provide the necessagrsteamribute
to the P&P 2ieducionsHoweyed, at th€ddrrent 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 ngaisragither 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 fu@hsed. Using biomass for CCS could further improve
environmental impactOn the other hand, nucleaeatintegrationto power CCScan 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 commercializifgMINRsand reducing pragttion costs must be addressed for widespread
implementation.

This work demonstrates that dependence on fossil tasbereducedusing a reliable,
continuousand safe energy source such as nuclear pdiosvever, 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 facilitywhich 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 mils system and the power supply for CCS operation when the NG boiler is
decommissionedn both the HP and LP steam extraction scenarios discussedtteengower
producedy the nuclear reactes more than enough to cover the CCS power requiremafhite
combined heat and electricity integration coumgorove SMNRs economic viabilityt 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 propertiesnangly content. Two business cases
were identified as possible optionsdeercome financial barriers associated with the proposed
integration. In Case 1, the pulp and paper industry providescCnucleapowered 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 powerait supplies steam and power at a reasonable price to cover CCS and
operational costs, while the paper mill can claim tax creditsfsetofhese 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 entngsive sectors globally,
including cement, steel, and chemical manufacturing. Iniaddihe increasing global interest in
SMNRs, as evidenced by initiatives in the European Union (e.g-Z&et Industry Act,
Declaration on EU SMR 2030), highlights a growing international recognition of their potential.
This study supports the need foontinued global collaboration on SMNR development,
standardization, and deployment strategies to achieve sharaedi©tion goals in the industrial

sector at competitive costs.
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5. Chapter 57 Quantifying Atmospheric Carbon Removal at Pulp Mills: A Life
Cycle Assessment Across System Boundaries

5.1 Abstract

The pulp and paper industry is a promising yet underexplored platform forskeage carbon
dioxide removal (CDR) due to its use of biogenic feedstocks and production of concentrated CO
emissions from point sources. This study presents the first comprehensive life cycle assessment
(LCA) of retrofitting an amindased carbon capture and storage (CCS) system into a
representative virgin kraft pulp and paper mill in the Southeastern U.SeVWAleate carbon
removal across five system configurations, applying both static and dynamic LCA methods under
multiple functional units: C@captured, biomass input, and paper outpasults show that CCS
retrofits can convert a conventional mill fromnat emitter into a net carbon sink, with total
removal efficiencies from 17% to 92% (metric tonnes ot @noved per metric tonne of GO
available for removal under selected boundary conditions). When carbon removal is normalized
to the quantity of biogenic C{zapture® a narrow, gatéo-gate system boundary thainsiders

only CCS facility emissiores removal efficiencies reached as high as 92%. The use of such narrow
boundaries aligns with precedents in traditional LCA methodology, wheretwggte
assesments are commonly applied to isolate prod¢egsl performance and allocate emissions
accordingly, providing a consistent basis for comparison across technologies. Under broader
cradleto-grave boundariés which begin tracking carbon at the point of itg/pical removal from

the atmosphereia photosynthesis in the forest, and extend to include upstream forest operations,
mill-wide emissions, and downstream product decompoditefficiencies declined, ranging

from 17% to 46% under static assumptions armappling 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 differemtecisionmaking contexts.

! The material in this chapter has been published as:

Carrejo, E., Ortega, R., Lan, K. et @uantifying 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/s43925-001565
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5.2 Introduction

Global warming, driven primarily by elevated atmospheric concentrations of carbon dioxide
(CO), will require aggressive mitigation strategies across all sectors of the global economy to
l imit temperature rise to 1.5 AC o1l d.€sese by 21
strategies fall into three complementary categories: (1) reducing reliance on fossil fuels through
the adoption of loncarbon and renewable energy sources; (2) preventing newr@iSsions via
technologies such as carbon capture and storage (CCS); and (3) actively removing legacy CO
from the atmosphere through carbon dioxide removal (CDR) pathways. CDR refers to activities
that remove C®from the atmosphere, ensuring its durable storage asoC@ansformed into
another stable form of carbi@j. CDR excludes naturally occurring GOptake that lacks direct
human or engineered intervention, and while it may incorporate carbon CCS technologies, it is
distinguished by its focus on removing £8ready in the atmosphéreather than capturing fossil
emissions at point sources such as power plants or industrial f4&]ities achieve global net
zero emissions, the Intergovernmental Panel on Climate Change (IPCC) highlights the critical need
for largescale CDR, estimating that between 350 and 1,200 gigatons :0mG& be removed
from the at mosphere by [4. CDR)projeas ale anticipatedvodutfilmi n g 1
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 fronsectors where complete abatement is challenging or economically
expensive (e.g., aviation, heavy industry, cement, chemicals, and agriculture), thereby facilitating
the achievementof neter o e mi ssi ons. I n the | ongeet term,
negatived emi ssioemoval exededsremissians,nalaver a@®aspheric CO
concentrations and contribute to global temperature redis}ion

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 procéssach as in the pulp drpaper
sectod it releases biogenic G@hat, 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 bieag@®» permanently stored
exceeds the total greenhouse gas emissions (GHG) gre@@valent) generated across the life

cycle of the biomass utilization process. For instance, Pratam{bgeahluated the integration
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of BECCS into a polygeneration system (BECES) for the ceproduction of green electricity

and methanol using palm oil empty fruit bunches as feedstock. The research compares two
scenarios for producing renewable hydrayereeded for methanol synthesissing either solar
photovoltaics (PMPEM) or a geothermal power plant (GEE&EM) as the power source. The
findings reveal that both scenarios achieve negative-égivalent emissions for electricity
generation. However, the process handles a lower amourdroéés 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 £f@m concentrated point souréesypically ranging

from 10% to 20% by volunjé, 8]0 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 biogenice@ssions (e.g., from a recovery
boiler) and its injection into deep geological formations for permanent sequestration. This study
mainly adopts a cradi®-grave system boundary, in which paper products are ultimately
decomposed at their emd-life, releasingtheir 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 dynamic LCA perspective is the effect of temporal carbon storage by the
paper product included in this study. As a mature industry withegédblished biomass supply
chains, highcapacity steam and power systeiasd relatively low fossil fuel dependsn@ulp
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 CQeach yedB]d on average, about 1 million tonnes per virgin and recycled integrated
milld setting 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. Altleyagh
is a considerable potential for CDR in the pulp and paper industry, its successful deployment will
depend on overcoming key challengesnging from varying levels of technological readiness
and high capital costs to the need for sustained finansungportive 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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durablg9, 10]. Carbon removal credits have been generated at pulp and paper mills through CCS
projects that capture biogenic €fdom recovery boiler flue g@kl].

Despitegrowing 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 b€Aeystem boundaries. While
previous studies have evaluated emissions from pulp and paper prodZti@), 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 amirkeased CCS system in a pulp and papel; spkecifically evaluating carbon
removal across multiple system boundary scenarios. This is critical, as some carbon removal
technologies may emit more @@cross the supply chain than they sequg€grTable5.1
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 witbncaapture and storage
(DACCS). In general, retrofit projects are evaluated under narrow -tfggtee) system

boundaries.

Table 5.1 Comparison of system boundaries of current registry protocols of carbon removal credits

from CCS projects.

Protocol Scope System Boundaries

Encompasses all individual CCS modu

boundaries (capture, transport, storage

CO;, captured from Bionergy (BECCS)
(gate-to-gate)

General CCS projects (DAC

Verra[20] and/or industrial Cg).

From carbon stream capture to injectio
into a storage reservoir. Includes both
embedded (infrastructure, lannde) and
operational (energy, materials) emissio
at each stag@éteto-grave).
Limited explicitly to carbon capture,

BECCS, DACCS, and biogenic

Puro.earti21] CQO; sources; excludes fossil GO

EcoEngineers/Draje2] CDR via power/heat BECCS processing, transport, and storage
using solid biomass fuels. components of the BECCS systegate
to-grave).
Primarily "cradle-to-grave' GHG
Statement (establishment, operations;¢
Industrial biogenic CCS capture| of-life). "Narrow system boundary§éte-
Isometric[23] at a point source; excludes fosg to-gate) option for facilities with

COo. financially viable ceproducts or those in
capandtrade systems, allowing exclusig
of nonCCSrelated emissions.
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Not all biomasshased industries can achieve-negative emissions through CCS integration
under commonly used system boundaries. For example, while retrofitting a corn ethanol plant to
capture higkpurity fermentation C®can reduce life cycle GHG emissions by 809424], the
upstream and downstream emissions from feedstock cultivation, transport, processing, and fuel
combustion often outweigh the biogenic £8aptured and stored. Thus, while CCS can improve
the carbon intensity of bioethanol, it does not necessarily yield-aegetive proce§d4, 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 crd@§[27].

This highlights an important tension in how carbon removal is assessed: traditional life cycle
accounting practices at biorefine®esuch as those producing ethanol or pulp and papéen
treat biogenic C®as a waste, justifying a narrow system boundary that includes only the CCS
plant. In contrast, some suggest that biogenie @&y not qualify as waste, since its availability
for capture is contingent on biomass cultivation, harvesting, transportation, and pratessing
activities that introduce additionamissions. 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 féciities as those
focusel solely on biomass bur@lat 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 @A 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 leeganding LCA conventions in process
industries, where gat®-gate analyseare widely used to isolate unit operations, benchmark
performance, and facilitate technolepytechnology comparisons. By focusing narrowly on the
CCS unit, such assessments can provide clarity about process efficiency and aid early deployment,
even wittout capturing all systestevel effects. An interesting question arises for retrofitted
biorefineries: What happens when the value of capturing and sequestering biogenic CO
approaches or exceeds the value of the primary products, such as ethanol or paper? This shifting
economic dynamit driven by the emerging value of carbon remévhbas the potential to

fundamentally reshape the role and design of existing biorefinerieippogj 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, wherentakome 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 systkewes 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 theytife 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 fafture carbon removal protocols, investment decisions,
and climate policy by highlighting the conditions under which @&@&grated biorefineries can
serve as effective and verifiable platforms for atmospheric carbon dioxide removal.

In this study, we perform a detailed cratthegate life cycle inventory of a southern U.S. virgin
integrated kraft paper mill producing packaging paper (linerboard), the fgeb@shg paper
produci28]. 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 mih sitklition, the
associated life cycle inventory and emissions of an aivéised solvent carbon capture faciétg
estimated, including the embodied emissions of building the CCS facilities. Then, the net impact
on GHG emissions of retrofitting the papwill with a CCS plant is calculated, focusing on the
capture of emissions from the recovery boiler. Additionally, several scersagaevaluatedo
quantify carbon removal efficiency whethe CCS plant is supplied witBO; from alternative

sources

5.3Methodology

The graphical abstract that summarizes the system boundaries of this study is shown in Figure
5.1. This studyestimates the carbon removal from integrating an aip@sed 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.-th-gate boundary
considers only the core production processes, excluding upstream or downstreaansmA
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cradleto-gate analysis expands this, accounting for all upstream emidssoich as resource
exploitation, procurement, and raw material preparétion addition to the production
boundaries. Conversely, a gategrave analysis includes the production ghasd all subsequent
downstream emissions, covering distribution, the use phase, arud-Eeddisposal. Finally, the
cradleto-grave boundary is the most comprehensive, including all upstream, production, and
downstream emissions for a product or sexvithis 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

estimatethe carbon removal obtained in such integration.

) CO; absorbed from the
co: atmosphere
= 7/ - e e

% Sustainably
Managed System 1

COZjGeologic

1 C System 3 P&P fossil fuel emissions + CCS facility
Storage Site

l System 4 P&P upstream & downstream emissions + CCS facility

l System 5 System 4 + dynamic carbon fluxes

Figure 5.1 System boundariesf the system analyzed in this studg) Pulp and paper mijl(b)
Carbon capture and storage facil{ty), Pulp and paper mill and carbon capture and storage facility

integrated
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This study evaluates the carbon removal potential of retrofitting a representative U.S. virgin
kraft linerboard mill with an aminbased 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:

1 System 1 (Baseling Cradle-to-Gate): Baseline GHG emissions from the standalone
paper mill (no CCS). The net carbon balance compares ther@i€sions from the process
and the raw material supply chain against the total biogenicfiX€d by the biomass
feedstock during photosynthesis.

1 System 2 (Narrow Gateto-Gate): Standalone CCS facility assessed from a static CDR
perspective, treating biogenic €@ s a fnNwasteo stream, whi | e
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 quantitiogenic CQ physically captured in the
CCS unit.

1 System 3 (Narrow Cradleto-Gate): Paper mill and CCS facility assessed from a static
CDR perspective, treating biogenic €& acepr oduct rat her than a
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 defined as the total quantity of biogenic 20
physically captured in the CCS unit.

1 System 4 (Broad Cradleto-Grave): Paper mill and CCS facility assessed from a static
CDR perspective, treating biogenic €& acepr oduct rat her than a
including onsite emissions from biomass processing, upstream emissions from biomass
sourcing, and downstream emissions from paper product decomposition. The maximum
theoretical carbon removal is definedthe total quantity of biogenic CQixed by the
biomass feedstock during photosynthesis.

1 System 5 (Dynamic Cradleto-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 biogenidix&d 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 inclatteer 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 f@raeducts or services, often involving
calculating credits for avoided burde elsewhere in the economy. For example, if BECCS
generates electricity displacing fossil fuel power generation or biochar production yielis bio
that substitutes for fossil fuels, the LCA might credit the system with the emissions avoided from
thedipl aced fossil resources. Under such -an ana
negativeodo carbon footprint on paper simply by
generates, even if there is insufficient physical removal of f&n the atmosphere. Because of
this fact, a newly introduced framework called CDR accounting aims to quantify the net amount
of COzthat is physically removed from the atmosphere and durably stored, excluding the inclusion
of avoided emission29, 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 Efdation
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Where the COfixed by biomass represents the theoretical maximum for carbon removal and

is estimated as follows (Eqtion 52)[31]:
TT
00 0zbP0 W2z — L&
(OIS

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, Equatiof.l is reduced to the biogenic €€aptured 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:

(o] OaQi | Q¢ ei 0V oV LY
Where:
% EOOET 1T M 0 0 0 v8

COgzcaptured represents the gross amount of C€ptured from the CCS operation. The
Emissionsgrojectaccounts for all of the emissions of the CCS, as shoiguation 54. The Eapture
is the sum of the emissions attributed to the consumption of electricity for the pretreatment of the
flue gas, CQcapture, compression, and dehydration, as well as the emissions associated with the
consumption of natural gas and forestry residue for steam productioninjfdaen Eorresponds to
the electricity used for liquid COtransport and injection in the basin reservoismpkiied
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 ClassificaBgsteni32]. The Eonsumables
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. Findllgrikegepresent
the losses of C&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 dohgeat
CCS,in the CDR terminology, the carbon removal efficiency is typically defined as the net CO
tonnes removed over the grossQ@nnes captured, the latter defined as what gets captured by
the CCS, e.g., after capture efficiency (&ton 5.5)[31]:
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Where the C®leaked refers to all the Ceemitted throughout the CCS operation, including
indirect emissions from power consumption.

As a second metrjave introduce the estimation of the net carbon removal efficiency, taking
the ratio of the net flux of carbon removal against the totat fd@d by biomass that can
potentially be captured again (Eq.[8)]:
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From the perspective of a CDR project capturing €8m biogenic sources, existing carbon
credit methodologies account for €€aptured under the project activity that would not have been
captured in the absence of the prd[&8}L 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 removalat{&ub.5). This sets a
narrow boundary for facility retrofits with CCS, as represented in System 2.

In system 3, the fossblased (direct and indirect) G@missions from P&P operations are
accounted forAs in System 2, net carbon removal is calculated using Equation 3; however, in
System 3, thezlddiinstexmamded CtOo include onsi
paper mill operationsSystem 3 evaluates the performance of the CCS integration under a CDR
perspective, but including fosdibsed 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 faciigcounting for all relevant
upstream and downstream activiieand determine whether such integration could effectively
transform the mill into a net carbon sink through the capture and sequestration of biogenic CO
[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 procéssalong with CC$ a necessary component of the
carbon removal activity. The complete Equatmh is used to estimate the carbon removal in
systems 4 and 5. The residual biogenic in Equdibrior systems 4 and 5 represents the carbon
content of the paper product converiteid CCO: and the biogenic C&rom 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. V@ assume all pulp products eithare incinerated completelyjecompose
aerobically into CQ@ or are decomposed anaerobicalych as in a landfillvherethe methane is
mostlyflared, or oxidized, prior to emissipwhichis aprevalenfpractice in the L5.[34, 35] Itis
important to note that the biogenic carbon stored in the paper is assumed to be released back into
the atmospherammediately after productiorwithout accounting for heat or energy use
Additionally, the broader cradi®-grave system boundary will allow the comparison of the net
carbon removal in terms of three different functional units: G@yinating from biomass, the
amount of paper produced, and biomass consumed.

In mostlife cycle assessmes)tcarbon emissions fromiomassare classified as biogenic and
are oftent r eat ed as flrhisadedigoation nae apply ta Woeddrived products like
pulp and paper, particularly when the wood is sourced from sustainably managed forests where
harvesting does not exceed regradvtlor where carbon stocks on the landscape are stable or
increasing36]. In systems 4 and 5 dhis 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 (Equatdnany biogenic
CQOzreleased to the atmosphere under these systems is counted as an gission

Table5.2 provides a summary view of the emissions accounted for in each system described

previously:

Table 5.2 COz emissions inclusions/exclusions comparison of system boundaries defined in this
analysis.

Emissions accounted for in/out Syitem Sysztem Syztem Sys4tem SysStem
Sustainable Management Forest n n n n
Operations*

Biogenic CQ fixed by biomass n n n
P&P mill biogenic CQ point sources n n n
P&P mill fossil CQ point sources n n n n
P&P mill utilities n n n n
Chemicals make up and disposal* n n n n n
Biogenic CQ in paper products n n n
Biogenic CQ losses n n n
Power from the grid n n n n
CCS Biomass Boiler n n
Wastewater treatment plant n n n n
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Table 5.2(continued)

Biomass residues transportation n n n n
CCS facility utilities n n n n
COz compression & storage n n n n
CQz losses during transportation an n n n n
injection

CCS facility embodied emissions n n n n
Paper product end of life* n n
Dynamic carbon fluxes n

*Includes transportation

5.3.1Goal 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, -tojglae e og B&P @peratibres withdug r vy i ¢
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 pra&ses. The system boundary is shown in the top left portion
of Figure 51. 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 any éaénces
of the UBSK mill from WIinGEMS v5.[B7] 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. TableD.1 presents the parameters used for the WinGEMS model. The detailed LCI data
are provided in Tabld3.2 andD.3 of the supplementary information. The Gldfission data are
mainly from the Ecoinvent database, and GWP was estimated basedyeat @8ctorg38].

A modified gateto-gate system boundary was considered when independently analyzing the
CCS plant in system 2t includes all operations involved in capturing, such as the capture and
compressiorof CO; from the point source (e.giecovery boiler flue gasits transportation via
pipelines, and its storage, including intermediate storage and injection. Additionally, the boundary
accounts for C@emissions generated by these capture, transport, and storage activities. It also
incorporates the equipment dariacilities constructed explicitly for GOremoval and their

associated emissions from materials and construction. Furthermore, the baovessymissions
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related to the collection, processing, and transportation of biedess®d fuel utilized by the
CCS system for process heat and poamd any CQ losses that occur within the system.

addition, system 3 accounts for the fossiked (direct and indirect) G@missions from P&P
operations, under an expanded cradigate system boundary compared to system 2.

For systems 4 and 5, the LCA sets a broad ctadigave system boundary where point
sources of C@emissions from the P&P mill are included alongside the CCS plant. Faglire
represents the five point source capture scenarios analyzed. Each scenario number coincides with
the number of point sources considered in the integration. Pagigrovides more detail on the
broadest system boundary represented in Figdrancluding the upstream emissions associated
with P&P operations, the CCS plant, ahd paper product end of life.

In systems 4 and 5, the net carbon removal efficiency is assessed for eashpaatcapture
scenario integrated into the CCS facility. Scenario 1 captures biogenifr@ the recovery
boiler flue gas. Scenario 2 expands on this by including €&fssions 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 fr
incorporates the lime kiln, whichmits primarily biogenic C@ but also includes fossilerived
CO: from natural gas combustion used to regenerate lime. Finally, Scenario 5 integrates all CO
point sources from both the P&P mill and the CCS plant. As noted earlier, in Systems 4 and 5,
both biogenic and fossil COemissions are explicitly accounted dorather than assuming
biogenic CQis inherently carbon neutéalwhen 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 1404@)\ver, the functional unit
is intrinsically tied to the selection of system boundaries. In our stuel\have selected three
functional units: total carbocapturedchanges with system boundary), total annual product, and

total yearly biomass consumptiorhe last two only apply to systems 4 and 5.
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5.3.2Dynamic Life Cycle Assessment

Conventional carbon removal inventories trebasmassderivedCO, a s
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subtracting later emissions from the earlier uptake; this static view assumes sequestration happens
instantly and that the CO s

interim

s t a y[2].iYet the delay between emissionn r r e |

andresequestratiostill warms the atmosphere, and that warming endures for a lasting[fgriod

Our dynamic life cycle assessmesitgtem 5) time stamps every emission and removal, translates

these dated flows into cumulative radiative forcing, and therefore penalises lags: a tonne of

biogenic CQreleased at harvest keeps heating the climate until regrowth recaptures it (the longer
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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 Gfnissions relies on the time the biogenic
CQO 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 €for bioenergy production purpo$89] and different harvested
wood productglO]. 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 productofthésggasr adi ati ve ef fi ciency
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 heand how long it stays in tremosphere after being emitted as a j8B&je

Cherubini et al. developed the GWnetric, expressed as a function of AGWP, to represent
the residual atmospheric impact of biomdse r i ved CO using i mpul se r
from carbon cycle models. This metric-CDocuses
emissionssuca s met hane ( CH ) B9.dheinmethodolagyfocasesodtee ( N O
rotation time that the biomass experienced before harvesting and allows it to sequester carbon, and
compares the atmospheric decay of biogenie €Rissions (kg biogenic Cyr) when that
biomass is combusted with the atmospheric decay of the same quantity ebdsssil CQ
emissions (kg fossil C&yr) through functions b(t) and f(t) respectively in the Gy/&efinition
(Equation 5. 7):
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Where TH represents the time horizon, in this case, 100 years, to be coherent with the time
horizon of the emission factors usecaodfaaor t he ali
is the radiative efficiency of C@as that estimates the perturbation force of certaine@ssions
(concentration) compared to an initial £€dncentration in the atmosphptg]. The function b(t)
that describes the atmospheric decay of a pulse of biooR€ time is defined as follows in
Equation5.8[39]:
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Where y(t) represents the atmospheric decay of a pulse oGOl ecul es over tii
describes the rate of biomass regrowth, which removes ther€l€ased initially, and y{t 06 )
represents the CQraction 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 southeast&{42) This rotation
period determines the timeframe over which atmosphericr&@oved 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 ateglmidpoint of the rotation cycle. This approach, developed by
Cherubini et al[39], accounts for the radiative forcing impact of biogenie @@ing the interval

between emission and resequestration through plantation regrowth.

The dynamics of forest growt h, expres8%ed in
[39]:
Q0 g (5.9)
I/IC“"
Where:

"Q0 : is the atmospheric carbon uptake.

H: is the mean, and it is assumed that occurs in the year of maximum C uptake and is taken half of
the rotation period, p=rotation/2.

. . 1S the variance and determines the width of the distribution, and it is assumed to be half of the
mean, G = O/ 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 whiokesllare the same age,
and (2) harvesting is carried out by cleatting, with the site replanted immediately. The

harvested biomass is then processed at the pulp mill, where (3) all of the bammasd 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 G 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 C&that was released during combustion. Additionally, (5) the @GMietric
only considers one growdmarvesting cycle, and (6) carbon contributions from roots and surface
litter are excluded frorthe analysis. FigurB.1 shows the dynamics of forest growth considered
in this methodologhB9].

Using the full impulse response functiéh, 43] that integrates the ocean and terrestrial

biosphere interaction in the carbon cy4#g, Equation5.8 is represented as (&afion 510):

D ¢ X NQ ‘_p Q %) HQ 0 P T
I/Ic“ .

Wheret denotes the distribution relaxation time scale of the @@issions in the climate
system within the natural C cycle, which represents how quickly or slowly tbes@&ken up by
the ocean (upper and deep), terrestrial biomasses, and rock weathering or sediment formations.
The p(mean) denotes half of the rotation period in biomass growth (u=r/2), being r the rotation
period, and the 0 ( vaalr itammched! fi sobstshuemende ano (ble-=

The GWRio 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 staselyeffect of
continuous emissiof46i 48].

While the above assumptions address the timimipfmill-based combustion emissions and
subsequent forest regrowth, a significant portion of the harvested carbon remains temporarily
sequestered in the linerboard product before eventuabfelifé disposal. To account for this
temporal storage effect, theethodology developed by Guest et/48] 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(Equation5.11). This approach recognizes
that delaying C@emission (by storing carbon in the product) reduces the cumulative radiative

forcing compared to immediate release.
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Equation511 i ntroduces a st)orepegeringghe timedbdtwepnar a me
paper production and esad-l | f e i ncineration. For this stud
linerboard packaging, representing an optimistic service life in storage, distribution, and moving
applications. The climate impact biogenic CQ pulses is estimated by multiplying the GWP
factor by the amount of biogenic G@ithin the system boundary.

A virgin fiber integrated paper mill can be conceptualized as a hybrid system comprising
a natural carbon uptake procgéghirough the use of wood that removes:@Om the atmosphere
via photosynthesé and an engineered process that emits @@ng paper manufacturing. Prior
research has suggested that while the biogenic carbon captured in biomass is ultireatétgde
during production or endf-life decomposition, the temporal dynamics of this carbon cycle can
influence its climate impdld]. This provides the rationale for including a dynamic assessment as
system 5. In this analysis, the maximum quantity ok @@ilable 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 HFERABIBHG emissions
associated with paper production are treated as leakages from the initial biogenic carbon stock
[50]. Additionally, the final carbon content of the linerboard prodwessumed to be 46.13%

[7]10 was modeled as fully oxidized to @@pon productiofbl].

5.3.3System Description.
5. 3BBofmass 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 C®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 wooAraitipe

emission factor considering the chippingge 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 iiDHable
[52].

5.3PBlI A and Paper Mil/|l Process

Figure5.3 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 prproptr 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 swdzpiently used in the biomass boiler forsitu steam and power
generation. Here, we found a source of biogenig €flssions. The propsize chips are fed into
the continuous digester through a conveyor, where sodium hydroxide (NaOH) and sodium sulfide
(N&S) 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 fotrénsparent 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 tdceurs;candzhemtee pwhier e t
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 pegs in the final washing stage and, counterently, 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 liquasipalt 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 throughoutet evaporators and concentrators. With this level of solids, the
concentrated black liquor is combusted inside the recovery boiler. The second source of biogenic
CQz is found here. The organic solids (lignin and a small portion of carbohydrates) of the black
liguor 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 withrcécbar) and carbon

dioxide at high temperatures and under reduced oxygen content, famsimglt that consists of
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sodium carbonate (N@0s3) and sodium sulfide (N&). Note that the carbon in the /88 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(@QH)Equation5.12), previously produced
after slaking calcium oxide (CaO) (Equatibri4), precipitates calcium carbonate and produces
NaOH. Note that the resultant liquor corresponds to the white liquor used in the continuous
digestor after separating the Ca€C®his CaCQ or lime mud is dried and sent to the lime kiln,

where heat is provided to proceed with the endothermic calcination reaction (E&uERion
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We found the third source of biogenic £émissions in the lime kiln. However, the €@
the flue gas from the lime kiln is a mixture of biogenic and fdssilderived carbon. 61.4% of
the lime kiln CQ emissions are biogenic and generated by releasingfio® the CaC@to
produce CaO, and 38.6% comes from the natural gas being combusted to provide the heat needed
for the calcination reacti¢n].

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 gage 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, furthérying 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 efficiesfc§8%). The boilers produce
superheated steam at 83 bar and 547 °C, which passes through a multistagessack turbine,
where mediunpressure steam at 11 bar and 305 °C anepi@ssure steam at 4.2 bar and 224 °C

are extracted and distributed fatilization 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% elattrseltsufficient, the power excess is
assumed to be sent to the grid and offset somee@ssions according to the emission factors

regarding the millbds | ocation.
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Figure 5.3 Flowsheet diagram of pulp and paper mill.

Winder

|
|
|
I
|
|
|
|
Lime |
Mud
Washer |
|
I*z':?riw
| >
|
|
ISl:ldium
Paper Makeup
Product |

[ Dissolving
a0 Pulp Tank White Liquor
= = Scregener Paper Press Storage Tank
Drum Drum Drum mggg B 8 o
Pulp Storage Pulp Cleaning Refiners . P r Machin
Washer  Washer  Washer tank System Rejects aper Machine oo e
L J Section Calendering
:
L R u_—|_r
- WWT Common
Aerobic System
Ponds WWT Clarifier Collector
—_—— ]
Effluent Fresh Papern'!aking v Dregs
Water Chemicals

135



5. 3ABii®dased carbon capture and storage faci

The flue gas containing COrom the paper mill is fed into a capture system using
monoethanolamine (MEA) as solvent. The MBAsed CCS consists mainly of two columns: the
absorber, where the flue gas is in contact countercurrently with the solvent, where the MEA
chemically bonds t€0.[53]. Then, once the solvent has trapped the, @@ sent to the stripping
column, where this mixture of MEEQ: is heated up to ~120 °C to release the..Clhe
interaction of MEA with CQis represented in Equations 15 to[23].
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COz and water leave the upper part of the stripping column, being further separated through a
condenser. The dried G@ compressed to supercritical conditions (153 bar, 44°C) for further

transport and storage, as shown in Fidide
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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 inpgleensuppary information
document. The carbon capture facilitydés tot al
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 yearhddirs per day)7, 8]. The capture and transportation system
design lifetime is 30 years. The €€apture 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. dollaf®4]. TableD.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, repgesenstarup and
pressure increase of the boiler. The capture system andd@ression power consumption were

determined in agreement with data reported in the literfgdig55], and a steam consumption of
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1.2 metric tons of steam per metric ton ofZ&@ptured was utilizefb6]. A 0.01% CQ loss rate

was assumed during pipeline transportgb@hin a stainless steel 304 pif8, 59]under >150

bar. A baseline injection power consumption of 2.77 kWh per metric tom@® used60]. A
sensitivity analysis was performed by varying these parameters (0.08%1ZC leakage; £50%
injection power) to estimate their impact on net carbon removal. Similarly;nail&Qaransport
distance by truck was assumed for both CCS byproduct disposal and bark supply, reflecting typical
U.S. pulp and paper industry logistics. Theadletl emission factors used to calculate the global

warming potential of the CCS operation are presented in Table
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 CO
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 arrdyeflews, estimating baseline
emissions, and designing the integratedacarcapture system. TalBe8 s ummar i zes t he
raw material inputs, steam and power consumption, ane@3sions under the baseline scenario
(System 1).

For each system configuration analyzed in the integration of CCS into the pulp and paper
industryd except systems 2 and 3esults were normalized across three functional units: total
CO removed, total annual produtoh. out put, and
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Table 5.3 Raw material, steam usage, power consumption, andc@idsions of the pulp and

paper mill reference scenario.

Parameter Units Unbleached Softwood Kraft (UBSK)
Logs 762,300
Feedstock (Wood) _ od mt/yr
Chips 192,360
Linerboard production mt/yr 462,339
NG consumption in the CH mt/yr 46,554
Steam production mt/hr 329

Electrical Power

Consumption 895

Production (gross) kWh/ad mt 989

Balance 94

CQOz 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 CQ mt/yr 1,157,159

Biogenic CQ mt/yr 992,919
Fossitfuel-derived CQ mt/yr 164,240

Wood moisture: 50%ad: air dry; od: oven dry; mt: metric ton; kWh: kilowatts per hour.

5.4.1System 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 biogenie @l63orbed by biomass during
forest growth is ultimately remitted during the pulping, papermaking, and productadriide
stages, resulting in a closémbp carbon cycle with no net carbon removal. However, the system
also relies on fossil fuels to mesteam demand and consumes externally produced chemicals such

as NaOH and N&QOy, introducing addibnal fossitderived emissions into the system. Emissions
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from pulp and paper mill operations, including both biogenic andbmmyenic sources, are
summarized in TablB.7.

As shown inFigure 55, when normalized per tonne of €theoretically available for removal
(i.e., the total carbon content of the biomass feedstock), the system not -entytgethe full
amount of biogenic C£&Xi 1.000 t CQ), but also contributes an additiorftall29 t CQ of fossit
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 papkoperates as a net source of GEl@issions
when evaluated from a CDR perspectiMenetheless, the relatively small fossil carbon budden
equivalent to just 13% of the biogenic carbon cysldighlights how close the system is to carbon
neutrality, underscoring its strong potential as a platform for achievingeggttive emissions
throuch 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 atmospherie t@oretically available for remov@aldefined
as the amount of CQixed 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 kigure5.6aand5.6b, respectively. The results are consistent with findings
from previous life cycle assessments of packagiragle paper mills. On a pproduct basis,
approximately3.9 tonnes of atmospheric €@re 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 concurrentlyOebnitsnnes of fossil

derived CQ, primarily from direct combustion and upstream energy inputs (Fig6eg. When
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normalized to the amount of woody biomass input, the results indicate@0abnnes of C&are

stored per tonne of feedstd@clased on an average carbon content of3@#td0.25 tonnes of
fossitderived CQare emitted per tonne of biomass processed (Figbig. 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 atmosphegi¢h@Dgh sustainably sourced
biogenic feedstocks. The relatively low fossil emission intensity per tonne of biomass or product
positions this industry as a compelling candidate for ©6&bled CDR. Notably, the ratio of
biogenic carbon stored to fossil €émitted exceeding 7:1 when normalized by biomass i@put
demonstrates a potential for high carb@emoval 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 re¢gative 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 b{g) paper produced ar{th) woody biomass consumed.
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5.4.2System 2 (Narrow Gateto-Gate): Standalone CCS facility

System 2 represents a standalone athased CCS facility assessed fronstatic CDR
perspectivetreating biogenicCa s a fAwasted stream. The system
emissions from biomass sourcing, onsite emissions from biomass processing, and downstream
emissions from product eraf-life. Only emissions directly attributable to the CCS operation are
consideed, consistent with a narrow gdtegate accounting framework commonly used in CDR
project protocols. Under this framework, the maximitwv@oretical carbon removal is defined as
the total quantity of biogenic COphysically captured in the CCS unit. In this system
configuration, CQis captured from the flue gas of the recovery boiler at a representative UBSK
pulp and paper mill. Table®.4 andD.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
approximately637,000 metric tonnes of biogenic €Qer yeay 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, C®@ transport and injection, as well as material inputs (e.g., equipment
manufacturing, chemical consumables), and minoe @@kage during pipeline transport, the
carbon removal is estimated at 585,790 metric tonnes eB@Qually as calculated by Equation
5.3 and shown in Tabl®.8. This corresponds to et carbon removal efficiency of 92%
indicating that for every 100 tonnes of £€ptured, 92 tonnes contribute to atmospheric carbon
removal. Notably, emissions from uncaptured biogenic @d biogenic C® from steam
generation in the biomass boiler are excluded from this accounting perspective, since they are
considered carbon neutral. As illustrated Figure 5.7, the largest contributions to residual
emissions arise from electricity used in the2€O@mpression, 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), nor mal i zed obrgpregentiogsthe théoreticg maximem C O
carbon removal under a narrow CDR system boundary.

To meet the steam demand of 223,000 Ib/hr, a biomass boiler fueled by bark would generate
approximately 257,033 metric tonnes of £@the CDR project expands the CCS system also to
capture the biogenic CG@missions from the biomass boiler, the total gross biogenic@gured
would increase to 868,303 metric tonnes. The associatede@@@sions for this scenario are
detailed in the third column of Tab28. When combining the flue gas from the recovery boiler
and biomass boiler, the net carbon remogathes 799,379 metric tonnes of28Q@orresponding
to a carbon removal efficiency of 92%, as calculated using Equa&omhis is the same removal
efficiency observed under system boundaries that exclude biomass boiler emissions, since
biogenic CQ is treated as carbemeutral. Thus, CDR projects that draw narrow system

boundaried starting with pointsource biogenic CfXreated as "waste C@ will likely yield
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high carbon removal efficiencies (>90%) under the assumptions and parameters used in System 1
of this analysis. TablB.9 presents the CCS plant parameters when the differen@@ sources
of the paper mill and the biomass boiler of the CCS are targeted to be captured.

5.4.3System 3 (Narrow Cradleto-Gate): Paper mill and CCS facility

System 3 represents an integrated system that includes both the pulp and paper facility and the
aminebased CCS unit, assessed from a static CDR perspective. In this framework, biogenic CO
i's treated as a Bystens2t Thesystein boermary ircludes ohsieremissions
from biomass processing at the paper mill and upstream emissions from biomass sourcing but
excludes downstream emissions from paper product decomposition. Thistorgdte approach
captures a moreomprehensive picturef dacility-level emissions while still maintaining a focus
on processgevel carbon removal performance. The maximum theoretical carbon removal remains

defined as the total quantity of biogenic £4ghysically captured in the CCS unit. As in System 2,

net carbon removal is calculated using Equabi8n; however, i n Systzem 3,
|l eakagesd is expanded to include upstream an
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 disfisect fossil fuel emissions

primarily stem from orsite natural gas combustion. Notably, the electrimigted emissions

attributed to the CCS plant are lower than those in the standalone CCS assessment under System

2, as the energy required foud 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 plantds power demand.
When onl2yromet@® recovery bourléay.flardglasct h s

and indirect fossil fuel emi ssions from pul p
removal efficiency declines from 92% (as seen
project still qualafiamoant GDR, peeogamenh £Paste

Expanding the system boundary to al so captur e
(Furge 86) i mproves the ney tarlb&6f. r Fmov hler eefii
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include the P&PubhdBechadanchbeialsers ¢ hiegefficienc)
emi ssions for each sbéf@ario are provided in T
Figure5.9 compares the net carbon removal efficiency of System 2 (narrovicggége) with
System 3 (narrow crad®-gate) under a CDR framework that takes the maximum theoretical
atmospheric carbon removal to be equal to the amount of biogenighg€ically 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 bouwgdacludes on} 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 C@as little effect on net efficiency within this limited accounting scope.
However, once fossil fualerived emissions from the paper mill are included in the system
boundary (narrow cradim-gate), expanding CCS capacity yields noticeable gains in net carbon
removab rising from 55.4% to 72.8% as additional biogenic sourcesageired. The figure also
includes a scenario where flue gases from the lime kiln and natural gas boiler are captured. While
these fossiberived emissions do not affect the net atmospheric carbon balance under a strict CDR
logic, they are included for agparison. 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, demorstating t
productbased carbon retention could further enhance removal efficiency to 84.4%. While this
scenario is not feasible under current-efdife practice® where most paper products are either
recycled, incinerated, or biodegradg@b, 51P it could become viable in the future through
emerging biomass carbon stabilization strategies, such agdongburial of biomass waste
materials. Supplementary Figube4 presents the gross €Captured and net CGO@emoved for
each evaluated case, complementing the values reported inD.&0le
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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 mil/l (Systeém 3),
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representing the theoretical maximum carbon removal under each scenario. Results are shown
for three point source scenari¢a) recovery boiler only(b) recovery boiler and CCS biomass
boiler, and(c) recovery boiler, CCS biomass boiler, and P&P biomass boiler.
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Figure 5.9 Comparison of carbon removal efficiency across multiple systems and scenario
configurations. The analysis includes Systé@me2standalone CCS facility assessed with a narrow
gateto-gate bounday and System @ an integrated paper mill and CCS facility evasaawith

a narrow cradkto-gate boundary. Both are assessed under a static CDR perspective, with

variations in poinisource emissions included across scenarios.
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5.4.4System 4 (Broad Cradleto-Grave): Paper mill and CCS facility

System 4 represents an integrated pulp and paper facility with dragseel CCS, assessed
under a broad cradk®-grave system boundary. Under these broader boundaries, carbon removal
is treated as inseparable from the entire pulp mill operation: the eémvould not occur without
the harvesting, transportation, and processing of biomass, making the full pulping dralcess
with CCS) a necessary component of the carbon removal activity. In this configuration, biogenic
CQ: is treated as a eoroduct rathe t han a fAwasteod stream, and
accounted fa¥ including upstream emissions from biomass cultivation and sourcing, onsite
emissions from biomass processing, and downstream emissions from paper product
decomposition. The maximum thetical carbon removal is defined as the total amount of
biogenic CQ fixed by the biomass feedstock during photosynthesis. All other emidsions
regardless of souréeare classifiedasCOi |l eakageso in the net remove
removal is quatified usingEquation5.6, 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 produof-$ifelmanagement
in determining thelurability and credibility of claimed carbon removals.

In this system, the amount of €fixed by the biomass is defined as the2@Quivalent 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 thelp and paper facility are already included in the
accounting of biomass used for paper manufacturing to avoid dooibiging.

Biogenic CQ emissions include all uncaptured £@leased from biomass combustion in the
paper mil | ®@anamely, tharecowery hoileg @osnass boiler, and limeskis well as
in the CCS facility. These emissions also account fos I68ses during pipeline transportation
and geological injection. The biogenic £@tained in pulp corresponds to the carbon content of
the final paper product, assuming complete oxidation te @@n degradation or eraf-life
disposal (e.g., incineration). This asgption is reasonable given that the dominant@&Hde
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, 61P converting it to CQ@prior to atmospheric release. This supports the assumption that the
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majority of carbon in discarded paper is ultimately released as @D methane. The paper

product enebf-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 GGemissions, such as those associated with the removal of volatile
compounds (e.g., turpentine), are categorized

Direct fossil CQ emissions reflect #n 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 managemerthasied electricity consumption, and
the embodie@missions 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 C&ixed by biomas8 representing the theoretical carbon removal potential.
These results are shown in Figr20, with emissions disaggregated using a complete etadle
grave system boundary (System 4).

The initial scenario (Figur&.10a) targets only the recovery boiler flue @dke largest
biogenic CQ 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 thex€@ptured from the recovery boiler. Despite
the modest net carbon removal efficiency, the system achievesegeive emissions,
demonstrating that even partial CCS integratian 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%
(Figure5. 10b), while further inclusion of the P&P biomass boiler raises this to 36% (FHJO®.

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
infrastructurerelatedemissions.

Further expansion to include the lime kiln and natural gas boiler elevates net carbon removal
efficiency to 46% in the most comprehensive scenario (Figafe). This indicates that when all
major CQ 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 oxdfrssid
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emissions from the natural gas boiler may not be sufficient on their own to achievegagve
outcomes, their inclusion in a fully integrated capture system significantly enhances overall
performance.

While economic studies suggest that targeting wiglame, highpurity CQ: 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 integratigh 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 5.10Life 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 biogenidix&d by the
biomas$ representing the theoretical maximum carbon removal under each scenario. Results are
shown for five capture scenaridg) recovery boiler only(b) recovery boiler and CCS biomass
boiler, (c) recovery boiler, CCS biomass boiler, and P&P biomass bilesame as (c) plus lime

kiln, and(e) same as (d) plus natural gasler.

FiguresD.5 andD.6 present life cycle C£emissions normalized by two additional functional
unitsd per tonne of paper produced and per tonne of biomass condwffedng complementary
insights to the results shown in Fig&r&0. These alternative perspectives highlight the significant
contribution of uncaptured biogenic emissions as well asoétite product emissions to the
overall carbon balance.

Figure5.11 summarizes net carbon removal efficiency across several system and scenario
configurations using both gate-gate and cradio-grave system boundaries. Under the gate
gate system (System 2), results are normalized to the total biogenav@i@ble 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 increaghis to 75.6%. This is a notable contrast to Fi§@e
where both capture scenarios showed similar removal perfordarae where the net carbon
removal efficiency reached as high as 92% under a narrow system boundary. The discrepancy
arises from differences in the normalization methdédgure 5.9 uses gross biogenic GO
captured, whereas Figubel1l uses total biogenic carbon input, consistent with Equ&tén

The cradleto-grave system (System 4) incorporates all life cycle emissions, including
upstream sourcing, onsite operations, and downstream product decomposition. The carbon
removal efficiencies presented in Fig&&1 for this system boundary are normalized to the total
amount of CQfixed 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 Figur&.11, which is the totabiogenic CQ 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 defigm the P&P biomass boiler,
lime kiln, and natural gas boil@met 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-toagi@ve footprint of the
mill and CCS infrastructure.

Importantly, Figures.11 also includes a hypothetical scenario in which the carbon content of
the paper product is assumed to be permanently stored rather than emitteafdifendhis
scenario results in a substantial jump in net removal efficiency to 78.2%, demondinating
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 ilmimass 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 erad-life (EoL) emissions as well. As sucproduct 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 thenethane emissions impact on net carbon removal (FiDuBg
Additionally, TableD.11 presents a summary of the annuab €@issions 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 Systé@me2standalone CCS facility assessed with a narrow
gateto-gate bounday and Systemd an integrated paper mill and CCS facility evaaadawith

a cradleto-grave boundary. Results for System 4 are normalized to the totdixé@ by biomass

during photosynthesis, representing the theoretical maximum for atmospheric carbon removal. In
contrast, System 2 results are normalized to
recovery boiler (RB) or from both the RB and the&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-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 recoveryddhilerlargest
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biogenic CQ point sourcé is sufficient to shift the facility from a net emitter to a net carbon sink
under a cradli¢o-grave life cycle boundary. In contrast, capturing only the emissions from smaller
sources, such as the biomass boiler or lime kiln, is unlikelghteae neinegative 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 carbosequestration.
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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 cradi®-grave life cycle assessment perspective (System 4). Results reflect

increasing CCS coverage across major point sources within the facility.

5.4.5System 5 (Dynamic Cradleto-Grave): Paper mill and CCS facility

System 5 preserves the configuration of Sy s
balance with the timexplicit GWRio factor. This parameter (i) applies a radiative forcing penalty
for the years that bi ogenic CO remai ns i n
regrowth, and (ii) awards a credit for the period that carbon stays locked in pulp and paper products
before their assumed eraf-life incineration. The GWi factor accounts only for the radiative
forcing i mpaceanddods nd comsiger othecGHGIsuch a® Nr CH: [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 fg@@print

The warming effect of the delayed €0s 1 | | ust 548 e d Bil3gashbws the r e
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-Gierefore 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 GMyRquals 0.0856 kg Cper kg CQuio because the
entire emission pulse warrtfse atmosphere until forest regrowth gradually offsets it.

F i g ol8keillustrates 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 optigestealistic uppebound
scenario for temporary carbon storage. During this period, the carbon remains sequestered,
reducing cumulative radiative forcing. Upon incineration at year 3, a nemp@€e is emitted,
which is gradually offset by fest regrowth. With this storage credit, the dynamic GWP
decreases to 0.0655 kg €@er kg CQuio. One and tweyear service life scenarios are also
considered to reflect potential risks such as rough handling, moisture exposure, and fluctuating
temperature and humidity. The associated GY¥Rlues and carbon flux profiles are presented in
FigureD.7.

The GWRio, when no temporal storage of carbon in the product is accounted for, is multiplied
by the biogenic C&emissions not captured by the CCS facility and the other biogenic losses. The

GWhio, when the temporal storage of carbon in the product is accounted for, is then multiplied by
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the equivalent biogenic COn 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 kegnal€sions/yr

are added due to the atmospheric decay and contribution to global warming of the biogenic CO
This scenario represents the case where more biogeniis €@itted into the atmosphere among

all the cases analyzed. These added emissions decrease the total net carbon removal efficiency
from 17% to 12%, meaning the C@&nt integrated into the P&P operation still acts as CDR,
even under the most pessimistic scenario @igta). Conversely, when all the €fbint sources

are targeted to be captured in the CCS (Big4b), less biogenic COis released into the
atmosphere, contributing only 66.3 kmt £2g@missions/yr to global warming and representing
about 3% in net carbon removal efficiency decrease. Tak presents a summary of the annual
COz emissions and net carbon removal under a dynamic LCA perspectivesd mtégrated into

the UBSK mill.

To assess robustness to tempor al par ameter
varied from 0 to 3 years (Tab®4). This variation changes the GWYHactor from 0.0856 to
0.0655, resulting in net carbon removal efficiency ranges of 12.3% for scenario 1 (recovery
boiler) and 41.842.4% for scenario 5 (recovery boiler, CCS and P&P biomass boilers, lime kiln,
and natural gas boiler). Despite thigd35 percentage point variation compared to static LCA
results (System 4), all scenarios ntain netnegative 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 conduct
(Table 4). This analysis extends the G\WRramework by delaying the oxidation of biogenic
carbon in paper products according to their a
Equation5.11, the CQ release from product incineration was tistefted within the dynamic
carbon balance, and the corresgagdsWhio factor was recalculated following the approach of
Guest et al[49]. This procedure effectively represents a modest resig@needistribution
consistent with realistic lifetimes of paper products. The resulting decrease islo & 0.0856
to 0.0655 demonstrates that accounting for temporary praduncon storage slightly enhances
the shorterm climatemitigation benefit without altering the overall conclusion that CCS

integration achieves neegative emissions.
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Table54Sensi tivity of product car bpeamdneteabord e nc e

removal efficiency.

Net carbon Net carbon
. Paper Product
Loblolly Pine _ removal removal
_ Storage Time GWPyio . .
Rotation (years) efficiency efficiency
(years) . .
(Scenario 1) | (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 througtoGMike
the static assumption of immediate product oxidation neglectstenortcarbon storage in paper
products. This contrast underscores the t@tibetween temporal accuracy and methodological
simplicity, indicating that the static treatment maglsily underestimate the shderm climate
benefits of retained product carbon.
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Rotation period = 25 years, Storage period = 0 years

Fraction of CO, in atmosphere

0 20 40 60 80 100
Time (years)

Rotation = 25 years, Storage period = 3 years

Figure 5.13 Carbon flux profiles for System %a) immediate biogenic carbon release from mill
combustion sources (biomass boilers, recovery boiler, and lime kilnjhpoarbon 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 terms of total carbon removal by biomass when the

following COz point sources are captured and evaluated under a dynamic LCA perspective
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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 ch@ifrom biomass input to therepduction of virgin fiber
based papér with an annual production capacity higher than 400,000 metric tonnes, representing
approximately 33% of total domestic paper production and a majority of total biogenic CO
emissiong62]. 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, asgdont24% of total national
production capacity. Notably, 34% of these hagipacity 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 detmining 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 ofi@€@ated pulp and paper operations.
Two of the most influential variables affecting carbon removal outcomes acarthen intensity
of grid electricity and the C{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 hoanges in these parameters affect net carbon
removal across two system boundaries: a narrow-tgajate perspective (System 2) and a
comprehensive cradi®-grave perspective (System 4), assuming that only the recovery boiler flue
gas is captured.

Figure 5.15 illustrates the resulting trends. In System 2 (fédg.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 COs considered climataeutral under the CDR accounting convention.
However, as electricity becomes more carbuansive, carbon removal efficiency declines

steeply, demonstrating the vulnerability of narmygtem boundaries to energy source emissions.
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In contrast, System 4 (Rige 5.15b) reflects a full life cycle accounting approach, where all
emissiond regardless of origid are considered. In this case, net removal efficiency is relatively
insensitive to changes in grid carbon intensity but highly sensitive to thec&ure rate. A
decline in capture efficiency leads to sharp reductions in net carbon removal, as all uncaptured
emissions, including biogenic GQare penalized. This highlights the importance of optimizing
CCS performance in configuratis that adopt broader accounting frameworks.

Importantly, even under worsase conditiorts low capture efficiency (50%) and high
electricity carbon intensity (72350 kg CQJMWh)d net removal remains achievable,
underscoring the potential of C&@&egrated pulp and paper mills to deliver meaningful climate
benefits. Furthermore, minor contributors, such as emissions from feedstock procurement and fuel
consumption in transpotian, were found to have a minimal impact under the assumptions
established in this analysis.

Finally, comparing the relative impacts of €Qipeline leakage and injection power
consumption (Figur®.8), for System 4 (capturing only biogenic carbon from the recovery boiler),
when fugitive CQleakage 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/nt CO
yet the performance curves were nearly identical. Thiediegs 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 gatéo-gate boundary under a static CDR perspective (System Zbpadbroad
cradleto-grave boundary under a static CDR perspective (System 4). Shaded regions indicate the

carbon intensity range of the U.S. Southeast grid subregion.
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5.6 Limitations and perspectives

Integrating carbon capture and storage into current pulp and paper operations has the potential
not only to reduce facilityevel CQ emissions and associated environmental impacts, but also
when applied to biogenic emission souftés enable durable atmospheric carbon removal. This
positions the sector as a promising contributor tezeed and even netegative climate targets.

Pulp and paper C@emissions accounted for ~2.5% of the total GHG emissions (6.3 &} @O
the U.S. industrial sector for 202&gnifying an important amount of G@missions that can be
removed every year if captured and seques{é&id

The pulp and paper industry is a wedltablished 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 highasime high-purity streams of biogenic
CQzin the U.S. industrial landscape. If these emissions were fully captured and durably stored,
they could enable up to 110 million tonnes of2@®be removed from the atmosphere annually.
This figure represents a thetical 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 demiuleal.

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 evaBdated againsthe FisherSolve database, a
widely recognized industry intelligence platform that offers detailedspékific data, particularly
for U.S. facilities. However, the use of secondary data sadirsesh as generic emission factors
from the Ecoinvent databas to estimate global warming potential (GWP) introduces a degree of
uncertainty. Future work could improve accuracy by developingspeeific 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 @dixed 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 systenis2, 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 absenceustlahdndé4].

Future integrated assessments should, therefore, incorporate dynamic SOC models to provide a
more holistic view of the technologyds cli mat
efficiency metric.

The dynamic LCA methodology applied in system 5, particularly through thenct&&tor,
offers a valuable framework to capture thehependent carbon dynamics associated with biogenic
CO: 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 usedllmasa 25year rotation
for loblolly pine in the southeastern U.&.fdractical assumption that enables comparability across
systems). However, future studies could further enhance accuracy by integratisygesitie
biomass growth models and refined aboveground estimation funf@sh$6]. While GWRio
methodology assumes immediate revegetation and does not consider surfacgglmdo
decomposition delay39], these simplifications are common in current practice and help
operationalize complex biogeochemical procgé8#s Acknowledging these limitations is
essential, yet the framework provides a sound starting point for quantifying the climate
implications of biogenic carbon flows in forestoased systenf39].

This study highlights the important role that P&P operations and their associated supply chains
could play in achieving netero targets within the industrial sector. The selection of system
boundaries has a direct influence on both the estimated nencamoval 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 pienne of CQremoved. Future studies could expand upon
the current analysis by incorporating tecleamnomic assessments that evaluate both the cost of
carbon removal and the potential implications for carbon credit pricing under various boundary
assumptions. Broadaystem boundaries, which account for upstream emissions from biomass
harvesting, transportation, and processing, tend to reduce the ne¢r@@yal attributed to each
pulp mill. As a result, the cost per tonne of carbon removal increaseshyhaising 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 waliformed investmeinand policy decisions.
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Practical implementation of the breAdundary 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 trackeetmfiable records of
its type, origin, and chain of custody to qualify as a reliable source of biogenicrédts.
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 fronficed fossil carbori23].

While point sources like RB or BB are typically assumed to be biogenic, any fossil fuel
consumption (e.g., during starp) must be accounted for. Process historical data should be used
to determine the amount of time during which the stream should roiniselered biogenic.

The captured COmass should be measured at the plant exit by a continuous emissions
monitoring system (CEMS), which can provide the2@0ncentration 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 enaklaccuracy 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 thee B®injected into dedicated geological storage
(e.g., a Class VI well) and disqualify any emske like Enhanced Oil Recovery (EOR). Also, it is
required that the storage operator conductemgn MRV in the storage site, including seismic
and pressure mdoring, to ensure permanence.

From a technical and operational perspective, the combination of differemqidd® 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 thiomass boiler and the multifuel boilers can be located
at a considerable distance, requiring lahsfance pipeline arrangements within the mill to
combine flue gases, whidmplies higher costs and more detailed designs. Moreover, all the
sources of C®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 G@oint source, anticipating the carbon capture rate and the
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effect on efficiency from the solvent interaction with impur{f€3. 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 beneifil 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 miliaditionally viewed as
net emitters due to their fossil fuel use and process emissions, they also produce large volumes of
concentrated biogenic COtha® if captured and durably stor@dcan enable meaningful
atmospheric carbon dioxide removal. Integrati of CCS at the mill 6s r ec
reverse the carbon balance, turning the facility into a net sink, with total removal efficiencies from
17% to 92% (metric tonnes of G@&moved per metric tonne of G@vailable 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 etirgy biorefineries. Under a narrowtgdo-gate framework, only
the CCS unit is evalwuated, treating biogenic
stream readily available for capture. Under broader boundaries, carbon removal is treated as
inseparable from the entire pulp miiperation: the removal would not occur without the
harvesting, transportation, and processing of biomass, making the full pulping pratasg
with CCS3 a necessary component of the carbon removal activity. These competing assumptions
lead to widely divegent 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 atmosphese? T
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 purpbsét carbon removdhcilities 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 projedtéth 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

U: gas radiative efficiency

ad: airdry

CQOz: carbon dioxide

CQOre: carbon dioxide equivalent

COgbio: biomassderived carbon dioxide

CO2 fixed by biomass theoretical maximum for carbon removal

CO2 captured gross amount of C{raptured by the CCS facility

COrz i0sse; losses of C@from the captured amount during pipeline transport and injection
Emissionsrojeci sSum of the entire emissions related to the CCS facility

Ecapturée €missions of the CCS operation from power and heat consumption to capturethe CO
Einjection: @missions from electricity used for transport and sequestering of the CO
Eembodied €missions associated with the construction and materials of the CCS facilities
Econsumablesemissions related to the chemicals used in the CCS operation
Econsumablesemissions related to the chemicals used in the CCS operation

GWhio: residual atmospheric impact of biomakesived CQ

Gt: gigatonnes

h: hour

kg: kilogram

kWh: kilowatts per hour

Ib: pounds

mt: metric tonne

MWh: megawatss per hour

N: mass of biomass in metric tonnes

d: storage period parameter
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od: ovendry
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 61 Discussion and Future Work

This dissertation has built a complete framework for transforming the pulp and paper industry
from a CQ emitter into a carbenegative industry that helps fight climate change. By combining
chemical process changes (sodium spiking), equipment upgradeiéxypmbustion), carbon
capture technology, lowarbon energy sources (small nuclear reactors), anefut 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
process. At the same time, ekyel calcination (Chapter 3) targets the dirkilnd the industrys
largest concentrated source of biogenic carbon emissiomaking it easier and cheaper to capture
COz. To power the demand of energensive carbon capture processes, the economic analysis
of nuclear integration (Chapter 4) provideseliable solution to meet the heat demand. Finally,
the life cycle assessment framework (Chapter 5) reveals a weakness in how we count carbon,
showing that "nekero” claims depend heavily on where we draw the boundaries.

However, like any research that combines computer modeling with-soaddl 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 oxfuel combustion in lime kilns has focused on the cement industry.
Chapter 2 suggested that more research is needed on hduebxpnditions affect the quality of
calcium oxide produced from lime mud in kraft mill lime kiina topic hat Chapter 3 began to
address.

The experiments in Chapter 3 showed that high l€¢els 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 ¢batd affecthe kilnds protective lining.

The experimental work in this dissertation only tested the-tagiperature burning zone of
the kiln. This focus was necessary to avoid clogging problems lalttezale equipment. While

testing the burning zone confirmed that dugl 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 unctrebxy
conditions, particularly the refractory lining, burner, and seals. Studies should also examine how
this technology fits into existing mill energy systems and howbdlance steam and power
throughout the mill. Exploring partial oxfyiel enrichmeréé a middleground approaah could
help find the right balance between cost and

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 deploymemtadtice 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 ta@savamilble 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 SMiRsup mills. Beyond
technical issues, social science researdndamentato understanidg whether communities
will accept these facilities. Surveys and engagement studies in major forestry regions, such as the
U.S. Southeast, would provide cruciafarmation about public acceptance of placing nuclear
reactors next to manufacturing stea 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 §icamtly change the economics,
especially in scenarios where the Gsithatural 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 powdrta 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 €@missions 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
chemcals needed for pulping. Another promising option is using nuclear power to produce
hydrogen, which would be helpful if lignin is converted into biodualprocess that requires large
amounts of hydrogen. Additionallggtrofitting the recovery boiler for oxfuel combustion could
concentrate C&in the exhaust enoughétiminate the need for traditional carbon capture systems

To complete the economic analysis, future work should assess regional differences in CO
storage availability and transport infrastructure. Transport and storage costs vary widely by
location, and mills near suitable underground storage sites pus&dpportunities 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 carbonusingGWHhio). However, it uses simplified forest growth models and assumes
that biomass is carbon neutnalthout fully accounting for changes in Soil Organic Carbon (SOC)
during harvesting. The calculation of maximum carbon removal is based only-ara@tOred 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 forra complete picture of climate
benefits. Future studies could also use-stecific biomass growth modeladabetter 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 environnpécttaie 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 -ssmmamic
assessments. This work should evaluate both the cost of carbon removal and the potential
implications for carbon credit pricing under various system boundary agssam his is crucial

because broader system boundaries, which account for upstream emissions, tend to increase the
cost per tonne of COremoved, 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 biomassipgdeacking of fuel
and power use, and continuous measurement of capturedt®6th 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 discipleregineers and foresters,
economists and environmental scientists, industxperts,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 Captureat Pulp Mills via Sodium Spiking and Oxy-Fuel Calcination

A.1l. 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
Carbon % 51.6
Compositipn Beforg Hydrogen % 6.4
Pulping
Oxygen % 41
Kappa Number 30
Pulp yield % 457
Effective Alkali on Wood % 15.13
Sulfidity % 30
Causticizing Efficiency % 85
N Carbon % 56.5
Dissolved Salds | HVdrogen % 6.6
Oxygen % 36.9
Recovery Boiler Reduction % 95
Pulp o.d ton/day| 1,051
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Table A.2Individual bleaching stage definitidf].

Bleaching stage

Definition

Oxygen
Delignification (O)

Stage where the bulk of the residual lignin in the pulp is solubilized and remo\
oxygen as oxidant agent joined with sodium hydroxide under high pressur|

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 ren

more promptly in subsequent stages. It requires a low pH range for reasonable

Alkaline extraction

(E)

Sodium hydroxide is used to solubilize the lignin, which was made more susct
to alkali in previous stages. To lower overall chemical use in the entire bles

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 befor

oxidant agents such as peroxide or ozone.

Peroxide (P)

Generally, itis the last stage of an alkaline bleaching sequence. Peroxide is an e
final brightening agent that helps to control and reach the final brightness target

substantial dissolution of lignin.

Brightnessis 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.é&@ptbnees 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.

Unbleached Pulp
_—

Water

Chlorine
Dioxide (D)

: Bleached Pulp
Alkaline Chlorine Alkaline Chlorine
P:rxt:;?:;l((’go-P] [ *| Dioxide (D) extraction (E) Dioxide (D)

Effluent

Effluent Water

Water + dissolved solids(including

NaOH] to chemical recovery cycle
—

Water
Water

v

Unbleached Pulp
—_—

Oxygen
delignification

Alkaline |

Alkaline
———»| Acid Stage (A) ————»| extraction -
(0) Ozone (EoZ)

Bleached Pulp
Peroxide (P)

on -
Peroxide (EoP) |

Effluent

Figure A.1. Configurations for the elemental chlorifree (ECF) (top) and totally chloridfece

(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 chlorindree sequence WInGEMS paramet@is

Stage Operating Data Chlor_ine Alkalir_le Chlor_ine Alkalir_le Chlor_ine
Dioxide Extraction Dioxide | Extraction | Dioxide
Temperature (°C) 60 65 75 70 65
Chlorine Dioxide (CIQ) 8.5 - 25 - 1
Oxygen (Q) (% / - 0.5 - - -
Sodium Hydroxide (NaOH)* pz'g) - 2.6 - 2.6 -
Peroxide (HO,) - 0.2 - - -
Yield (%) 98.8 99.5 98.8 99.6 99.5
*Oxidized White Liquor
Table A.4 Totally chlorinefree sequence WinGEMS paramet@is

stage Operating Data | 400 | Siage | Exaction | Exvacton | P09

Temperature (°C) 98 90 70 70 80

Ozone (Q) - 0.26

Sulfuric Acid (H.SQy) - 0.6 0.22 -

Oxygen (Q) (% /od 3 15 15
SOd'L(ijag}/_'d)iOX'de pulp) variable 1.1 1 0.8
Mag"(‘fﬂsg;g”&)su”ate 0.5 0.2 0.2 0.25

Peroxide (HO,) 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)
Digester - 1.24 2.29 - 1.24 1.78
Bleaching - - 3.84 - - 0.67
Pulp mill
Evaporator (20.9%) - 0.76 3.46 - 0.81 3.66
Subtotal - 2.00 9.59 - 2.05 6.11
Dryer (13.4%) - 1.49 1.59 - 151 1.60
Paper mill Hot water heating - - 1.18 - - 1.00
Subtotal - 1.49 2.77 - 1.51 2.60
Soot blowing 1.14 - - 1.14 - -
Air heater (RB, BB, NGB) - 0.47 1.43 - 0.39 1.18
Power plant
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 23.20 klb/od mt 18.50
pulp pulp
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Table A.6 Capital and Operational cost of integrating CCS in Lime Kilre €@rce in the SBSK
mill.

Air Combustion Oxy-fuel Combustion
Baseline| Low Sodium High Sodium | Baseline| Low Sodium High Sodium

Spiking Spiking Spiking Spiking
Capital Cost Breakdown Installed Capital Cost US $million (2024)
Absorber Column 4.60 5.12 5.79 - - -
Heat Exchangef€oolers 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 26.20 30.47 34.59 21.40 24.61 27.85
Capital Cost
Total Capital Investment 55.20 61.70 70.0 44.20 50.0 56.2
Operating Costs Summary
Variable Costs
Pulp and Paper Additiong - 0.94 1.43 0.01 0.93 1.42
Chemicals
Natural Gas Demand Credi - (4.02) (3.59) - (4.02) (3.59)
Carbon Capture Plant (ME4 1.46 1.51 1.73 - - -
30%)*
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 generg 0.30 0.30 0.30 0.30 0.30 0.30
overhead (40% of DL)
Maintenance (~3% of TFC)| 0.84 0.94 1.06 0.68 0.76 0.85
Property Insurance an| 0.37 0.41 0.47 0.30 0.33 0.37
Taxes
Total Fixed Operating 2.26 2.41 2.59 2.04 2.16 2.28
Costs
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 chlorinfee (ECF) bleaching sequence without sodium spiking. Unlike carbon
flows, most sodium (Na) mass is looped and recirculated in the chemical recadery cy
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Figure A.3. Sodium flow for a southern bleached softwood kraft (SBSK) pulp mill process with
a totally chlorinefree (TCF) bleaching sequence with sodium spiking. The sodium (Na) is also
looped and recirculated from the bleaching stages to the chemical recovery cycl
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Figure A.8. Geospatial plot showing the location of potential mills where sodium spiking is

potentially applicable and suitable geological areas for $8Questration.

A.2. CO Utilization through Enhanced Oil Recovery.

COz has been successfully utilized to extract oil in wells due to its great miscibility with oil in a
process called C£Enhanced Oil Recovery (EOR3]. This use of C@was considered in the
economic analysis, including revenue based on each scenario whenptisea€€dimed to be used

for EOR purposep!]. The revenue for each scenario was assessed assuming a selling price of $44
per tonne of C@ which is the estimated time value of the :Qbice reported by Pilorgé et al.

when compressed C@s used for EOR5]. Considering EOR use (Figure S9), without sodium
spiking, lime kilns' estimated CQapture costs are $88 and $63/mt2G@ air and oxyfuel
combustion, respectively. Additionally, with the implementation of sodium spiking, the cost of
CQO: captured decreases by 41% and 52%, showing costs of $52 and $3Q/fat &©and oxy

fuel combustion, respectively.
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Appendix B: Supplementary Information to Chapter 3

Decarbonizing lime kilns at pulp mills via oxyfuel 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 > 05 %
Maximum allowed inner wall alumina brick temperat| 1350 °C
Maximum flue gas velocity in the kiln 7 m/s
Flue gas entering the hot end of chains 760 °C
Lime mud (CaC@) kiln feed temperature 260 °C
Residual CaC@in CaD product 15-4 %

B.1KilnSimu Model

KilnSimu facilitates a thorough analysis of the rotary kiln performance by integrating key
behavioral characteristics with thermal dynamic andly/sit models a rotary kiln by dividing it
into a series of connected zomesaxial control cells, as shown in Figure BEhchcell is an open
thermodynamic system that exchanges mass and heat, with internal prapeniesratures,
compositionslassumed to be constant. The simulation solves for a stable,-statalgondition
by balancing energy and mass flows, using Gibbs energy minimization to determine equilibrium.
The model also calculates chemical reaction rates for the materi@hbediud)and ncorporates
the physical motion caused by the Kdnrotation The thermodynamic data for the system

components are integrated into the KilnSimu package through the FactSage {#tabase

196



RECFCIEd F'UE Gas

Recycled Flue Gas

Il; .
cell celln To Nitrogen
L 1 v
.
e T S ti Air
- eparation
n n+l
Flue Gas Gas Hgg GasTy" | Hu
A' ]
' Mpg" & Mgp"
! Hog" | 4 Hgo"
v v '
i i Mass/heat Mass/heat
Lime mud Ty" Lime t':]':‘s'ir:; ' transter of gas
C 2ns
GEN) Bod GEEE) pod GREE) 0 |
mpp"t Mpp" bed and gas z
—p Ti L) v
H n-1 Hpn
bb T0 bb
Ts

KilnSimu Rotary Kiln

Figure B.1.Representation of the KilnSimu countarrrent model for an oxfuel rotary Kiln.

In the control cell n, the mass balances for the bed and gas flows are given as follows:

0 Qdx a a a T 0
"O0d, & a a a 1 "&
Where the equilibrium for the bed mass flow that reacts is calculated as:
o ®w zZda "&
a P W za "&
w 0 zZAGPOTY'Y 2w "Q)
a O YD o a a P w Z Aa a " 8p

The composition of the gas flow is estimated similarly.

In the case of the energy balances, we have:

0 QqX0 c O ©
"00q O © O ©

C1 Cn
Ct Ccn
=
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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).

V] V] V] ) " 80

0 O Tt "

The details of the heat transfer flow calculations can be found in Meye[l¢tTdle model
parameters, flows, and heat coefficients for energy balances used in thesbKyiInSimu are
presented in Table’.2 and B3.

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 simulatinfyyedr 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 phag 5
Heat loss/kW 100
Extra heat loss for solids/kW 20
Name of process KILN
Type of process KILN
Direction of gas flow{l = countercurrent, 1 = cecurrent) -1
Radiation:0=Radial radiation onlygtherwise axial radiatiol 0
Relative postion (Rel.pog 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 matgdaigrees 40
Dynamic repose angle of the bilbgreef(correlation 3). 40
Measured residence tinfle) (correlation 0) 4
Measured rotation velocitfy/min) (correlation 0) 1
Rotation velocity(r/min) 1
Inclination of drum(degreep 1.25
Calcination Kinetics
Air Combustion Oxy-fuel Combustion
Ao (1/s) Ea (3/mol) Ao (1/s) | Ea(I/moal)
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 inefirst section 50 1
Length of the sectiomq) 115 5
Inner diameter of the sectigm) 4 4
Outer diameter of the section (this is calculated in KilnSimu from thickiegs 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 (brickh) 0.22 0.09
Conductivity of the inner layer (WHK) 1.2 15
Thickness of the outer layer (steel) (m) 0.13 | 0.01
Conductivity of the outer layer (WAK) 50 40

B.2 Materials Characterization

The pulp millderived lime mud and burnt lime used as raw material and benchmark in this
study were analyzed in terms of the Ca@Ontent. The elemental composition of the lime mud
was obtained via XRF, and it is presented in T&3]. The CaCQ@ content in the lime mud is
approximately 73.81% (wet basis) with a moisture content of Z%8%.composition of the burnt
lime obtained from the pulp mill is 1.5% Ca&(@nd impurities)and 98.5% Caddry basis),
determined indirectly via thermogravimetric analysis. The particle size distribution of the lime

mud is presented in Tabi4.
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Table B.4. Pulp milkderived lime mud patrticle size distribution via Gilsem8h vibratory
sieve (ASTM) shaker.

Particle size (um) Percentage (%
>300 9.29
25071 300 0.53
1257 250 43.38
751 125 17.36
<75 29.43

B.2.1X-ray fluorescence analysi¢XRF)
The elemental composition of lime mud was estimated usirgyXfluorescence (XRF)
analysisusing pelletized lime mud samples in aluminum capsuges Bruker 5i portable Xay

fluorescence (pXRF) scanner.

Table B.5. Elemental composition (% mass) of the lime mud viea}X fluorescence (XRF)

Component Mass Fraction (%)

Ca 39.67
MgO 2.30
SiO, 0.51
Al,03 2.13

P 0.56

Na 0.50

Cl 0.17

S 0.00

K20 0.00

Fe 0.00

Mn 0.00
Loss on ignition* 54.15

*Includes Carbon

B.2.2Thermogravimetric 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 -dugl conditions, and thenhe 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 hegatiate 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-txgl conditions via TGA.

Batch | CaO produced (g| CaO (%) | CaCQ (%)

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 TableB.6 assumes the mass losses in the range of 105°C to 500 °C as £af@dH)
in temperatures above 500°C, as CaClhe thermal decomposition of Ca(Qlécurs entirely
at 385°@4] and in the case of CaGabove 800°(3].

Table B.7. Summary of CaO batches processed undeifesdyconditions and corresponding

causticizing performance.

Ca0 | NaCOs | Nacos | €3¢Q » Causticizing
. produced | Precipitated .
Batch| input added | excess (theoretical,| solids (g) Completion
(9 ) (%) a) ’ (%)
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.

Weight | Weight | Total
losses | losses | weight
Batch| (mg) (mg) losses Ca(gZ)H)Z ng')q
105500 500 (mg)
°C 1000 °C

1 0.39 10.55 10.94 3.6 96.4
2 0.35 9.47 9.82 35 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 35 96.5

Table B.9. Composition of CaO produced under optimal-txgl conditions (second cycle) via
TGA.

Batch | CaO produced (g| CaD (%) | CaCQ (%)
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.2.3X-ray diffraction analysis (XRD)

The phase structure of pulp miérived lime mud and oxjuel burnt lime samples was
determined using XRD performed using a PANalytical EmpyreaayXdiffractometer at room
temperature fitted with a copper (Cu) anodea) generator (wavelength = 1.548Bwith 40 mA

tube current, 45 kV generator voltage, scan rang@0fDand a step size of 0.013°.
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Table B.10. Stream composition for an air combustion lime kiln.

Input/Ou'tput . Natural , , Dust Flue
Composition | Lime Mud Air Lime
Gas Recycle Gas
(Wt%)
CaO 0.06 - - 85.00 0.06 -
CaCQ 80.75 - - 2.85 80.75 -
Ca(OH) 12.99 - - - 12.99 -
Inerts 6.20 - - 9.91 6.20 -
CasQ - - - 2.24 - -
CHa - 920 - - - -
CoHs - 10 - - - -
O, - - 23.30 - - 1.33
N> - - 76.70 - - 47.95
CO. - - - - - 30.22
H20 - - - - - 20.50
Totalflow | " o5 904 | 1547 | 23330 | 11,740 2,055 | 37,315
(kg/h)
Temperature| g 20 20 699 149 70
)
Table B.11. Stream composition for an oxyel combustion lime kiln.
gg;téggii?:; Lime Natural Oxygen Lime Dust Recycled| Flue
Mud Gas Recycle | Flue Gas| Gas
(Wt%)
CaO 0.06 - - 85.00 0.06 - -
CaCQ 80.72 - - 2.85 80.72 - -
Ca(OH) 12.97 - - - 12.97 - -
Inerts 6.24 - - 10.00 6.24 - -
CaSQ - - - 2.15 - - -
CHy - 90 - - - - -
CoHs - 10 - - - - -
O - - 95 - - 2.75 2.75
N, - - - - - - -
CO, - - - - - 64.48 64.48
H20 - - 5 - - 32.77 32.77
TO(Z: /';'];’W 25916 | 1,481 | 5475 | 11,742 | 2,076 | 20,984 | 17,169
Te”(]fgat“re 75 20 20 699 149 149 84
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B.3 Techno-economic Analysis

A techneeconomic analysis (TEA) was conducted to estimate and compare the cost of
capturing the C®from a current alcombustion lime kiln and a retrofitted okyel 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 4joostbustion systenusing
monoethanolamine (MEA) 30 wt% as a solvent to capture and separateztfrer@@e flue gas
is considered. Tabld.6 shows the economic assumptianidized in this analysis anthe prices
used forthe MEA, natural gas, power (electricity), process water, and MEA sludge dispbsal
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 thoroughlsriejG et a[5] The detailed
composition of the streams associated with the lime kiln under air anflelxgombustion
scenarios is summarized in TabR40 andB.11. An annual amount of 86,602 and 92,844 metric
tons of CQ are projected to be captured under a traditional air combustion lime kiln du@ixy

combustion lime kiln, respectively.

B.3.1Postcombustion CQ, 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 Plufb]. MEA solvent traps the C{n an absorber column at low temperature (~40 °C)
when it is put in contact with the flue gas containing the.de MEACQO; 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 tore,ofdd8istent with
previous MEA systems integratif@ 7]. Once the C@solventrich reaches a temperature above
100 °C, it starts to release the £@hich 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 CQO-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 TableB.10, the flue gas from the lime kiln entering the MEA absorber

column is assumed to consist of £82, H20, and Q. Also, a 90% C®@removal is taking place

204



in the MEA system from the lime kiln flue d8%. 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 EquatiBril reported inBaker et a[9] and the amount of CO
reported in Tabl&.11:

o
AAU

= (B.11)
Lo W W

#1 0 %8- A (¢ o®*
In addition,an auxiliary natural gas boiler capex was considered for heat supply in the MEA
system, escalating the value reported irKAbri et al[10]. The CQ dehydration and compression
capital investment is estimated using EquaBal?2:
o
AAU

Tt (B.12)

#1 0%8 A o® Y

The initial capital investment estimation was updated to 2024 using the capital cost scaling
methodologyl11]. 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 kgp&®our, and
the electricity consumption in the GOrying and compression is calculated as 0.073 kW per kg
COz per houf9].

B.3.20xy-fuel combustion

Retrofitting the lime kiln for oxyfuel 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 escalated24 dollars from the vendor
guote reported in Keith et Hl2], according to the needs noted in TaBl&l. The flue gas consists
mainly of CQ and RHO; thereforeit simplifies the CQ purification and does not require a £0
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 thed@@entration. Also,
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the flue gas recirculation pipeline, the flue gas recycle fan, and the lime kiln burner. The CO
drying and compression capex was estimated using Equafién

The oxyfuel system TEA was estimated considering the same amount of lime mud processing
and does not assume any high througl@Jit 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 tore @6 purity) is used to
estimate the electricity cost in the ABQ], and the electricity consumption in the £ddying and
compression is calculated as 0.073 kW per kg @D houf9]. The CQ capture rate for the oxy
fuel combustion system is assumed to be [A9%56

In both systems, thexpenses associated with the28eological storageere not included
TableB.12 summarizes the total capital investment forieA system the oxyfuel combustion
lime kiln retrofit, the air separation unithe CQ compression and purification systeamdthe
operational cost per yeakt the same lime mud processing rate, the-fue) system consumes
less fuel, which slightly reduces the tafil» generated by the kiln. Despite this lower generation,
the system captures a higher annual amou@Qaf This greater capture volume is a direct result
of the oxyfuel process, which pragtes a concentrat&D, stream and thus enables a much higher

capture rate.

Table B.12. Capital and operational cost of integrating CCS in lime kil &fDirce in the
SBSK mill.

. . Oxy-fuel
Air Combustion Combustion
Capital Cost Breakdown
Installed Capital Cost US $million
(2024)
Absorber Column -
Heat Exchanger€oolers 22 50 -
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 [ 0.30 0.30
Maintenance (~3% of TFC) 1.00 0.80
Property Insurance and Taxes 044 0.35
Total Fixed Operating Costs 2.49 221
Total Operational Costs 3.49 3.

*Includes Compression Power Consumption

7
= Ajr Combustion
= = = Oxy-fuel Combustion
6 -
@
E
'.D -
$ 5 —_— -
- — — "‘n
3 -7 \
»n -
@ 4 -7
U] P \
7
\ s
3 | \
2 - T T ' ' ! ' I I ; . I
0 20 40 60 80 100 120

Position (m)
Figure B.2. Gas velocity profiles along the kiln length underfaied and oxyfuel combustion
conditions predicted by KilnSimu. OxXyel operation results in consistently lower gas speeds due
to higher gas density, while both profiles remain below the recommenttatherent limit (red

line).
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For the oxyfuel 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 badk 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 liter@tarados et 4l.3]
developed a ondimensional EuleriarLagrangian mathematical model to analyze the effect of
fluegasreci rcul ati on ( FGR) on the Kkilnbds ther mal
limestone. The findings suggest that dugl combustion, particularly with optimized FGR levels
(around 40% to 55%), significantly increases coal reactivity and energfaraallowing for a
potential rise in raw material throughput or the design of shorter kilns for the same production rate.
Figure B.2 compares the gapeed in the kiln for air and oxfpel scenarios. The oxfuel
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 e dryer (LMDP
such as those commonly used in Finiamdost 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, whefssas wet
kilns may need four hours or mdeachieve 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 kamrotation 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 graskial bed temperature once the residual
CaCQ fraction approaches0% This behavior typically yields maximum bed temperaturéisen
range of 11041200 °C, which aligns with operational observations and serves as a constraint for
parameter selection in the kiln model.

The totalresidence time for both scenarios was established as 4.3 hours for the entire length of
the kiln (115 m).n the initial section of the reactor- m), the material bed consists almost
entirely ofCaCQ (100% mass fraction), and t@Omass fraction ipracticallyzero, indicating

that the material temperature is below the thresholthi®calcinatiorreaction A central insight
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from Figure3.4 is the significant delay in the onset and progression of the calcination reaction
under the oxyfuel combustion scenario. In the air combustion scenario, Gd€Qins to
transform into CaO at approximately 40 m. In contrast, undeifuedyconditions, the reaction
does not start until approximately 60 irhis 20meter delay shifts the entire calcination zone
further down the reactor.his observed delay is a direct consequence of the high partial pressure
of CQz inherent in the oxyfuel environment. The recycled flue gas portion entering the kiln is
assumed to be dehydrated, which increases thecQt@entration in the entire kiln and limits the
amount of gaseousater present only to the water created by the fuel combustion. This helps to
maintain a very high concentration of €iside the kiln (~90 %)The equilibrium of the
calcination reaction is highly sensitive to & partial pressureéA higherCOzin the surrounding
gas increases the equilibrium temperature required to drive the decomposiGaCa[3].
Therefore, a higher temperature is needed to drive the reaction forward. Kiim8imeucal model
simulationhelpedto understanavhetherexisting kilndoperational parameters chemodified to
achieve oxyfuel calcination in a way that is acceptable to current industrial P&P operations.

While the proof of concept of oxfpel calcination was demonstrated through a thermodynamic
model andotary kiln experimentsa further consideration in the transition to dxgl combustion
or electrified rotary kil n rmnakheattransfer snvidorsnerdnt i al
Under oxyfuel conditions, the higEO; atmosphere modésthe temperature experienced by the
refractory lining, requiring careful evaluation of refractory durability and temperature profile. In
the case of kiln electrificain, the internal temperature can be more precisely controlled to
maintain conditions withinhie 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, atiadtern
design may incorporate a multilayer configuration consisting of a metallictdagater layer,
followed by hightemperatureesistant solid bricks, refractory insulation, and finally the structural
metal frame. In such a configuration, heat is catetliinward through the metal layer toward the
solids bed; consequently, this layer must be engineered to handle temperatures close tp 1450 °C
such as in the cement industry kilns.

Retrofitting a conventional kiln for oxfuel 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 thdab-scale rotary kiln tube showing representative clogging

conditions during experiments with lime mud in 28°C, 550 °C, and 850°C temperature range

profiles
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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%¥@a@absphere.
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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¥a@absphere.

Nomenclature
0 Frequency factor of phase constituents, (1/s)
w OResidence time, (s)
'O 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)

X 4200 V3 I

Enthalpy flow (W)
mass flow of phase constituents (kg/s)
Pressure (Pa)
Heat flow (W)
Gas constant, 8.314472 (J/mol*K)
Temperature (K)
mass fractions of phase constituents (%)

Subscripts and Superscripts

b Bed
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Gas

Inner wall

Outer wall
Surroundings, surface
Control volume

5 0O O TrTQ
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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 20p4

Total Avg. :
_ _ . Percentagq Production
Mill type Sites| Production per site
(ad mt/yr) (%) (ad mt/yr)
Kraft 46 19,894,441 432,488
Kraft (7?;/‘2; '\é'I‘ZCha”'Ca' 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/NosPapers 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 Mechanical Recyclé Mechanical PulpingThe 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 (SMRSs)

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 TaBleSmall nuclear reactors
(SMRs) can provide up to 300WkE, 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

. Operating Output
Size
(MW1r) (MWo)
Micro O 150 O 50
Small R R
150 O 50 O
(SMR)
Medium | 900 O | 300 O
Large > 1800 > 600

Table C.3 Estimated steam demand for a typical SBSK mill.

Section Subsection 27.6 bar, mt/hn 11.0 bar, mt/hy 4.2 bar, mt/hr
Digester (14.3%) - 33.60 50.64
Oxygen delignification - - 21.37
Bleaching - - 46.90
Pulp mill o
(49.5%) Evaporator (20.9%) - 37.47 85.58
ClO2 plant - - 10.14
Caustic plant - - 5.35
Subtotal - 71.07 219.98
Dryer (13.4%) - 38.22 40.64
Paper mill :
(17.3%) Hot water heating - - 22.71
Subtotal - 38.22 63.35
Soot blowing 22.68 - -
Air heater (RB, BB, NGB - 14.02 36.50
Power plant™r, - erator (17.0% 99.85
(33.29%) eaerator (17.0%) - - .
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/hif 11.0 bar, mt/hi 4.2 bar, mt/hn
Digester (16.1%) - 22.41 40.08
Pulp mill Evaporator (19.8%) - 20.75 56.34
(49.5%) Caustic plant - - 3.72
Subtotal - 43.16 100.14
Dryer (20.3%) - 38.24 40.65
Paper mill .
(17.3%) Hot water heating - - 20.22
Subtotal - 38.24 60.87
Soot blowing 22.68 - -
Air heater (RB, BB, NGB - 8.03 24.41
Power plant
0 - -
(33.2%) 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
Dryer (62.7%) 42.46 40.52
Paper mill .
H h - 17.71
(76.1%) ot water heating
Subtotal 42.46 58.24
Air heater (RB, BB, NGB 1.78 5.42
Power plant 0
(23.9%) 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 NofDxygen 5.999 ) i
stage)
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
Pﬁﬁ’ler 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 Chemica 550,000 adt/yr 114
Recovery Plant Paper
Mill
Wood Handling Woodyard 630 ni/h 69
Cooking Plant Continuous Digester 1649 adt/yr 129
Complement
Pulp Bleaching an¢ DO-EORD1-P Stageg 1500 adt/yr 56
Washing plus Brownstock
Washers
Evaporators Black Liquor 460 tHO/h 57
Evaporation
Kraft Recovery Boiler | Recovery Boileii ESP 2514 mt ds/h 176
- Complement
Causticizing Plant Include Lime Kiln - 5564 nf WL/d 54
ESP
Multi-fuel Boiler Biomass Boileii ESP 106 MW 108
Natural Gas Boiler NG Boiler 9400 kg/h 13
Steam Turbine Island | Extraction/Back 92 MW, 56
Pressuré Condensing
Turbine
Bleach Chemical Plant | Bleach Chemical 56 mt ClQ/d 38
Preparationi ASU - 20 mt Q/d
White Liquor
Oxidation
Paper Mill Paper Machine 500,000 adt/yr 258
Wastewater Treatment | Clarifier 7  Second 66,300 ni/d 49
Treatment
Total $1,177 million

Complement: Auxiliary equipment

Table C.8 Capital and Operational costs of integrating CCS per source 0inGe SBSK mill.

Lime Kiln Biomass Natural Gas Recovery

Boiler Boiler 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 overhe 6.3 6.3 6.3 6.3
(40% of DL)
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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 Chemica 500,000 adt/yr 109
Recovery Plant Paper
Mill
Wood Handling Woodyard 508 ni/h 61
Cooking PlantWashers| Continuous Digester 1596 adt/yr 127
Complement
Evaporators Black Liquor 296 tHO/h 44
Evaporation
Kraft Recovery Boiler | Recovery Boileii ESP 1392 mt ds/h 123
- Complement
Causticizing Plant Include Lime Kiln - 2833 nf WL/d 36
ESP
Multi-fuel Boiler Biomass Boileil ESP 84 MWin 94
Natural Gas Boiler NG Boiler 8351 kg/h 12
Steam Turbine Island | Extraction/Back 60 MW, 43
Pressuré Condensing
Turbine
Paper Mill Paper Machine 500,000 adt/yr 258
Wastewater Treatment | Clarifier 7  Second 42700 ni/d 38
Treatment
Total $945 million

Table C.10Capital and Operational costs of integrating CCS per source ahG@ie UBSK mill.

Lime Kiln Biomass Natural Gas Recovery

Boiler Boiler 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 overhe 5.9 5.9 5.9 5.9
(40% of DL)
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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 1  Second 32380 ni/d 32
Treatment
Total $329 million

Table C.12 Capital and Operational costs of integrating CCS per source pinGfe 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 overhe 3.5
(40% of DL)
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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Scenario ‘ 1 ‘ 2 ‘ 3 ‘ 4
Electrical Power SBSK
Production (Gross) 1551 2482 2378 1166
Consumption kWh/adt| 1022* 1729 1650 1650
Net 529 753 728 (484)
Electrical Power UBSK
Production (Gross) 1009 1607 1517 689
Consumption kWh/adt| 895* 1366 1295 1295
Net 114 241 222 (606)
Electrical Power Recycling Mill
Production (Gross) 95 125 - -
Consumption kWh/adt| 475* 533 475* 475*
Net (380) (408)

*Not include the power demand of the CCS system.

Low Mid High
Overnight
Capital Cost | $/kWe 4000 6000 7000
(CAPEX)
$/kWin* 1600 2400 2800
OPEX $/MWe 15 25 35
$/MWi* 6 10 14
LCOE $/MWe 60 80 100
LCOE from
OCC 45 55 65
LCOE from
OPEX 15 25 35
LCOH $/ MW 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.

Table C.13 Electricity demand and electricity produced for the CHP mill's system under the
assessed scenarios in each paper mill when all combingsi@faes are attempted to be captured.

Table C.14 Estimation of the levelized cost of heat from the LCOE of a nuclear rgagtor
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Table C.15 Impact of integrating CCS and nuclear energy on the carbon intensity of pulp and
paper operations.

Softwood Bleached Softwood Unbleached | Recycling
Units Kraft (SBSK) Kraft (UBSK) Mill
Case 12 Case #4 Case 12 Case # Case 12
*Steam usage mt/hr 830.95 803.75 550.43 526.13
Additional NG mthr 21.2 . 14.12 - 1.73
Consumption
**Net CO, mt/yr 193,725 | 171,943 128,975 109,644 15,799
*k%k
Natural gas mtyr 490,741 i 326,814 - 39,926
boiler
Total CQ mt/yr 684,466 | 171,943 455,789 109,644 55,725
Net Carbon | mtCO/mt |, 0.34 0.91 0.22 0.11
Intensity product

*Includes the additional steam for CCS **@@missions 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.

Case ($/mt C@
Source SBSK UBSK
3a Change in cost compare 3a Change in cost compare
to Scenario 1 (%) 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 Boilell $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 ($/mf) @@es 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 engy 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.
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Figure C.1 United States' evolution of pulps for paper and board produ@&jon
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Figure C.2 Southern Bleached Kraft Softwood Mill and steam usage.
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