ABSTRACT

CUNNIFFE, JULIA CHA. DataDriven TechneEconomic Assessment of Industrial
Bioprocessing With and Without Carbon Capture. (Under the direction of Dr. William Joe
Sagues).

The frequency and intensity of natural disasters have significactiyased over the past
decade and will likely continue to escalate if society maintains its current trajectory. A key driver
of this trend is the growing accumulation of greenhouse gas (GHG) emissions in the atmosphere.
Addressing this issue requires taologies that reduce or eliminate emissions, including carbon
capture systems, with one potential solution being their implementation in bioprocessing
technologies to prevent additional emissions. Other promising strategies include transitioning to
renewale energy sources, such as wind and solar power, and improving energy efficiency across
industries and transportation systems. These solutions, alongside carbon capture, can work in
tandem to reduce our overall carbon footprint and mitigate climate change.

Bioprocessing with carbon capture involves using biological systems to produce energy
or other valuable products while capturing carbon dioxidexJ@€nerated during the process.

The captured Cg&can be utilized in a variety of ways, including chemigaldoiction, fuel

synthesis, geological sequestration, enhanced oil recovery (EOR), and incagatine

materials. Despite its potential, integrating carbon capture with bioprocessing presents
challenges, particularly around higinergy demands and assted costs, which affects the
overall economic viability. Continued research and development are essential to improve both
bioprocess itself and capture efficiency.

Techneeconomic analysis (TEA) addresses these challenges by evaluating the economic
performance of emerging technologies. TEAs allow for comparison with existing benchmarks,

determine key cost drivers and revenue sources, and support decisions abayt posdatial.



Additionally, TEAs reveal process bottlenecks and sensitivity to variapigsnWhen based on
experimental data, TEAs provide insight into whether a bioprocess can be economically scaled to
industrial levels.

This dissertation discusses several widely used bioprocessing technologies with potential
for carbon capture integratiodsing experimental data, | conducted TEAS to assess their
economic feasibility, scalability, and bottlenecks. The results help determine opportunities and
increase general understanding of the capabilities of coupling carbon capture with bioprocessing
tedhnologies.

As part of this broader investigation, Chapter 2 focused @raducing crystalline
cellulose and biofuels from poplar biomass through enzymatic hydrolysis and fermentation.
While prior studies typically targeted a single productpomductionoffers a greater versatility
and economic potential. A key gap addressed was how pH and temperature affect sugar yields
and cellulose crystallinity. | tested various pH and temperature conditions to identify optimal
conditions for both crystalline cellde and ethanol production. Additionally, | conducted a TEA
using experimental data to compare genetically modified poplar biomass with unbleached
hardwood pulp and estimate the levelized costs of crystalline cellulose.

CO: generated from bioprocesses, sastthe fermentation in Chapter 2, can be
converted into valuable compounds using redox enzymes. Chapter 3 addressed knowledge gaps
in redox enzyme production, purification, and scalability. Specifically, few TEAs, especially for
formate dehydrogenasel§H), use experimental data to assess economic viability. To bridge
this gap, | translated ladcale results into industrial cost projections, identified key cost drivers,

and highlighted bottlenecks and areas for improvement.



Another CQ-generating bioprocsswith capture potential is anaerobic digestion of
organic waste, particularly when a negative carbon footprint is achieved. In Chapter 4, |
characterized and conducted anaerobic digestion experiments on various waste samples. Gaps
exist in biogas produain data for diverse feedstocks, ceffective biogas upgrading
technologies, strategies to improve carbon removal efficiency, and the relationship between
feedstock type and overall techmoonomic feasibility. | performed biochemical methane
potential (BVIP) tests to assess biogas yields and developed a TEA of the digestion process with
integrated carbon capture and removal, guided by experimental data. Using literature and
experimental data, | identified the most suitable biogas upgrading method andexhmpa

feedstocks to evaluate their economic potential for carbon capture and removal.
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CHAPTER 1
Introduction
1.1 Climate Change Mitigation via Industrial Bioprocessing

Minimizing greenhouse gas (GHG) emissions to the atmosphere is more critical now than
ever. The United Nations reports that fossil fuels, such as coal, oil, and gas,pna#ng
contributors to global climate change, comprising more than 75% of global GHG emissions and
around 90% of all carbon dioxide (@@missions:! GHG emissions act like a blanket on the
pl anet, trapping the sun o sclintate ehtingea Asdempeeatures n g
rise, the balance of nature is disrupted, posing risks not only to human beings, but also to other
forms of life on Earth:*

A clear consequence of rising global temperatures is the increase in both the frequency
and intengy of natural disasters. In particular, the number of bilitmllar disaster events in the
United States has significantly increased over the past forty years up until 2024, as displayed in
Figure 1.1 from the National Oceanic and Atmospheric AdministrgdNOAA). The colored
lines represent the six years with the most biilmtiar disasters, adjusted for inflation, which as
of now, are all within the last eight years. The graph depicts the rest of the years by gray lines
with the annual average as thlack line. As illustrated by the figure, 2023 (purple line) had
been an active year, full of high frequency, high cost, and largely diverse extreme events. The
year 2023 was the fourth consecutive year in which eighteen or more-dilian disastersdve
affected the U.S., highlighting a consistent trend that, unfortunately, is becoming the new
normal®? Last year, 2024 (red line), was the fourteenth consecutive year-2P@4) in which
ten or more separate billiadollar disaster events have affetthe US. Recent billicdollar

disasters have encompassed wildfires, droughts, flooding events, tornado outbreaks, and

g



hurricanes, each impacting humans and the environment in unpredictable ways that are difficult
to prepare for. The most expensive dieasf 2024 was Category 4 Hurricane Helene, which

struck close to home in western North Carolina in September 2024. The damages, in the forms of
landslides, debris flows, and flooding, added up to $79.6 bilffon.

1980-2024 United States Billion-Dollar Disaster Year-to-Date Event Count (CPI-Adjusted)
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Figure 1.1 Accumulation of billiondollar disasters in the United States on a mdatmonth
basis from NOAA'3

It is evident that action is needed to mitigate the harmful effects of the rising frequency of
natural disasters. One potential method of preventing additional emissions froimgethier
atmosphere is to incorporate carbon capture into existing bioprocessing techdofagirsas
ethanol fermentation, pulp and paper refining, anaerobic digestion, and biopower geddmtion
help decarbonize industrial systeh{d:’ Bioprocessing is bioconversion of renewable
resources to fuels, chemicals, and matetiél&/hen carbon capture is integrated, thexCO
emissions generated from the bioprocess are simultaneously captured. The capiwad CO

then be utilized to create chemicals andgi& can be geologically sequestefedused for



enhanced oil recovery (EORJ}®or produce carbonegative materials!! This integration

supports the development of a circular bioeconomy, where waste streams and emissions are
repurposed as inputsrfnew products, maximizing resource efficiency and minimizing
environmental impact?

Although implementing carbon capture in bioprocessing technologies offers several
advantages, it also presents challenges. Bioprocessing with carbon capture can demand
significant energy and be costly, which affects its economic viability. Additionally, further
research and development are necessary to optimize various efficiencies throughout the
processes, particularly on a large sédfeTo address and overcome teehallenges, a techno
economic analysis, or TEA, can be performed to evaluate the economic performance of the
technology. TEAs allow industry to compare emerging technologies to existing commercial
benchmarks, determine various costs and revenues of@sprto demonstrate its economic

feasibility, and facilitate scalingp of new technologies toward commercializatidf.

1.2 TechneEconomic Analysis and Carbon Capture in Bioprocessing

Techneeconomic analyses (TEAS) are widely used in both academimdnstry to
assess the technical feasibility and economic viability of a process, technology, product, or
project. A TEA is valuable for making strategic decisions, such as determining whether to pursue
or terminate a project, selecting the option thestaligns with business objectives, and
identifying areas to prioritize to minimize risk and reduce costs. In general, TEAs include capital
costs, which are upfront expenses that account for equipment, purchasing property or land, and
building or renovatig facilities. There are also operating costs that are recurring and reflect the

raw materials and supplies, salaries and wages, and utilities, including electricity and water.



Capital costs are typically large, upfront investments that are not directljotdayto-day
operations, but rather to growth or expansion. On the other hand, operating costs are regular and
directly tie to dayto-day tasks:'®

It is beneficial to guide early stage research and development by using labscatiergr
pilot-scale data to design and evaluate a theoretical saplpdocess. However, there can be
gaps and variability in empirical data due to its availability amessibility, particularly when it
comes to private industry data. Thus, TEA models typically estimate costs and mass balances for
processes with a limited number of unit operations. Based on literature reports, a limitation of the
current simplified proces model s appear to be their inabild:i
net steam and electricity requiremeht§.

Another shortcoming of using empirical data to direct industrial TEAs is that laboratory
results are not going to translate to commemszale perfectly due to restraints and resource
limitations on smaller scale reactors and systems. Additionally, larger, indgstlalresults
would result in cheaper costs all around compared to the TEA costs we are producing using
empirical data. Bagskon the economies of scale concept, a business gains cost advantages as it
scales operatioh!’

While TEAs are not fully representative of rié¢ scenarios, incorporating piksicale
data, sensitivity analyses, and readrld variables can make thenone realistic and valuable for
decisionmaking. Since it is not known what the actual values and costs would be on an
industrial scale, several assumptions must be made that are believed to be close to reflecting
industrial processes. The combination ofpémal data with advanced modeling techniques is
crucial to improving the accuracy and reliability of these analyses. Laboratory data gives

industry a starting point and provides ranges of values that could be reasonable wheumpscaled



Many TEAs incorpoate sensitivity analysis to predict what the costs, specifically the
levelized cost of a product, would be if more efficient, advanced, and optimal processes existed.
Moreover, sensitivity analysis presents which parameters would be most sensitivesand thu
important to consider when analyzing industrial systems. Sensitivity also allows companies to
figure out what specific parameter values to strive for and what values would significantly
influence their processes, both positively and negatively. An galyaof using TEASs is that
parameter values can be easily changed if larger scale data is obtained or the technology
advances to become more efficient.

As previously mentioned, there is a lack of available laboratoaje data that can be
incorporatedim@ T EAS . Nonet heless, the United States
Bioenergy Technologies Office (BETO) has published several TEA reports and papers on
biorefinery processes for the production of biofuels and bioproédtfths.these technical
reports, lenchscale experimental results were used for large capacity bioprocesses, including
gasification, pyrolysis, biochemical, and algae technoldgi#Bach study outlines all the
equipment and their respective installed costs, which can guide future CThvkently, several
bioprocesseshowpotential to contribute to carbon capture efforts, including ethanol
fermentation, pulp and paper refining, anaerobic digestion, and biopower genttation.
Sequestering biogenic G@missions from bioethanol refineries is regarded as a viable option
due to its technical and commercial maturity, as well as the low costs associated with capture,
transport, and storagé.Moreover, ethanol fermentation generates a-pigtity (99%) CQ gas
stream, so existing technologies can purify, dehydrate, and compress the fermentaaba CO
relatively low cost:® The typical cost for C@capture and compression from fermentation is

around $30 per tonne GQwhich is among the lowest for all GPoint sources. By comparison,



capture and compression costs from doad power plants and other industrial process that emit
dilute combustion gases range from $60 to $90 and $100 to $120 per tonng of CO
respectively.® These factors position ethalfermentation as among the most eefective and
technically feasible bioprocesses for carbon capture and storage.

As the largest industrial source of biogenic @missions in the United States, the pulp
and paper industry presents a significant oputy for carbon capture, utilization, and storage
(CCUS)!*Many pulp and paper mills operate multiple eneirggnsive processes that release
COp-containingg waste streams, some of which are relatively high in dumking them well
suited for CCUS gplications. Baseline capture costs for 4®this sector range fror$19 to
$23 per tonne, with the 45Q tax credit potentially reducing net costs by $50 pet-t@inen
these favorable economics and the scale of emissions, the pulp and paper huddssirong
potential as a key contributor to national carbon reduction efforts through CCUS deployment.

Anaerobic digestion of organic waste materials, when paired with carbon capture and
sequestration (CCS), offers the potential to produce cambgatve energy while
simultaneously mitigating emissions from waste decompositi@espite its promise, few
TEAs exist that include both biogas upgrading and €fguestration at anaerobic digestion
facilities. The biogas produced through anaerobic digestiarbe refined into compressed
natural gas (CNG) for use in natural gas vehicles, used for biopower generation, or converted
into electricity to power electric vehicles (EVS). £€pture costs for these pathways vary
widely, ranging from $34 to $200 pmne’-’ Additionally, capturing biogas from biogenic
waste in landfill® when accounting for biogas upgrading, renewable natural gas (RNG)

compression, and GQ@rying and compressi@ncan cost approximately $220 per tonne¢6



Optimizing CQ capture andhtegrating these pathways into circular carbon systems enhances

their potential to play a crucial role in reducing GHG emissions from organic waste.

1.3 Dissertation Overview

This dissertation consists of five chapters, with an introduction chaptee, ritain
research chapters, and a conclusion chapter.

Chapter 1 presents an overview of the motivation driving this dissertation, along with a
discussion of ethanol fermentation, pulp and paper refining, anaerobic digestion, and biopower
generatiod processe that show potential for integrating carbon capture to reduce emissions.
This chapter also introduces the concept of teewumomic analyses (TEAs) and demonstrates
how they can assess the economic viability of various processes.

Chapter 2 provides indigj into the enzymatic hydrolysis and fermentation process
applied to lowlignin biomass, a type of feedstock advantageous for its improved digestibility
and reduced processing costs. Bioprocessing technologies like these convert biomass into
biofuels, biobemicals, and biomaterials through microbial or enzymatic pathways, offering a
renewable alternative to fossibsed systenist® While earlier research has generally prioritized
the production of a single output, this work investigated thedesied ptential of co
producing crystalline cellulose and ethanol, which may improve both economic performance and
process flexibility. One underexplored area addressed in this chapter is how operating
condition® specifically pH and temperatéempact sugar conveion and the resulting
crystallinity of cellulose. To fill this gap, | evaluated a range of conditions to identify optimal
parameters for dugdroduct yields. Additionally, | developed a TEA based on experimental data

to assess the commercial viabilitylafge scale crystalline cellulose production, incorporating a



scenario where we can capture and sell the@@@duced during fermentation to enhance the
economic performance of the system.

Chapter 3 explores the industrgdale production and purificatiaf enzymes for
electrochemical applications, focusing on formate dehydrogenase (FDH), a redox enzyme
capable of reducing GQo formate. Enzyméased bioprocesses are gaining attention for their
ability to convert carbon emissions into valuable produstieuenergefficient conditions.°
However, there remains a lack of comprehensive analysis around the industrial deployment of
these redox enzymes. In particular, few studies incorporate experimental data into economic
models, which can make it challeng to accurately assess the practical feasibility of enzyme
production systems. To address this shortcoming, | translatestddd findings into cost
projections for industriascale FDH production, identifying major cost contributors and potential
techncal constraints that could affect scalability of these enzgnabled C@conversion
systems.

Chapter 4 examines the anaerobic digestion of various organic waste streams, a process
that biologically converts waste into bio@§aa renewable energy sourcengmosed of methane
(CHg4) and carbon dioxide (G2 When combined with biogas upgrading technologies, anaerobic
digestion systems present an opportunity for both renewable energy generation and carbon
capturet?! Despiteits potential, there are still unresolved questions regarding the performance
and economics of such systems. Specifically, there is limited data on biogas yields from diverse
organic feedstocks, insufficient analysis of the mostetisttive methods fo€O, upgrading, a
lack of clear strategies to enhance carbon removal efficiency, and minimal understanding of how
feedstock characteristics influence the overall economic outcomes. To help fill these gaps, |

conducted detailed feedstock characterizatiahl@nchscale biochemical methane potential



(BMP) testing, followed by a rigorous TEA to understand feasibility at an industrial scale. The
study included membrane separation as a biogas upgrading method and compared feedstocks to
identify the most econormally favorable options. Sensitivity analyses across all chapters helped
determine which variables most influence cost and process performance, providing guidance for
future bioprocessing system optimization.

Chapter 5 summarizes the conclusions drawn fitwrdissertation, highlighting the
knowledge gaps addressed by this research and providing recommendations for future studies to
further explore the bioprocesses and other remaining research gaps.

In addition to integrating datdriven TEAS into the mainhapters, the circular
bioeconomy plays a vital role in advancing these bioprocesses. The circular economy aims to
reduce dependence on extracting new natural resources, while maximizing the duration that
resources remain within the technosphere by primg@aiternative use cyclé$.The
bioeconomy complements this approach by leveraging biological products and processes to
produce energy, materials, and chemicals. Together, the circular bioeconomy supports a
transition toward more sustainable productimnl consumption patterfs.

Figure 1.2 illustrates the diverse range of raw matérialsch as renewable ndood
sources, organic wastes, and gaseous wasled can be transformed into valadded products
like fuels and power, materials, and chemicatfiw the circular bioeconomy framework.

Moreover, carbon dioxide removal (CDR) becomes achievable when a system results in a net
atmospheric C®reduction over its life cycle. Emerging opportunities that combine circular
economy principles with carbon rewal include soil carbon sequestration, traditional biofuels,
and photovoltaienabled solar power, all of which hold promise for achieving netr@@oval

from the atmosphere??
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Figure 1.2 Schematic showing the different types of raw materials andupts within the
circular bioeconomy, along with the integration of carbon capture and storage.

Each research chapter aligns with the circular bioeconomy concept. In Chapter 2, we
focus on converting renewable nfwod sources to fuels (ethanol) and miaisr(crystalline
cellulose) through enzymatic hydrolysis and fermentation. Since fermentation can release CO
we plan to implement a carbon capture system to prevent these emissions from entering the
atmosphere. Similarly, Chapter 4 explores the produoaif fuels (biogas) from organic waste
with the potential to capture G&om the biogas and upgrade the methane to generate power.
Chapter 3 differs in that, instead of producingOfe use enzymes to convert gaseous waste
CQOz into chemicals, specificlgl formate. Each chapter in this dissertation demonstrates how
bioprocesses can contribute to a circular bioeconomy by converting waste materials into valuable
and potentially carbenegative products, while minimizing environmental impacts, paving the

way for more sustainable practices.
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CHAPTER 2

Co-Production of Crystalline Cellulose and Biofuel from LowLignin Biomass
2.1 Abstract

Advancements in lignocellulosic biorefining have largely focused on two approaches:
fully depolymerizing hemicellulose and cellulose into soluble sugars for chemical and fuel
production or isolating solid cellulose for bioproduct engineering. Althoughhesbgsed
bioprocessing is gaining attention, there remains limited understanding of how-&ffeosvely
maximize sugar yields while preserving highlue crystalline cellulose. This study addresses
these gaps by optimizing cellulase enzyme performtodbe ceproduction of fermentable
sugars and crystalline cellulose. In parallel, laborasmale results informed a techeoonomic
analysis (TEA) to assess the economic feasibility of scaling the fermentation process to an
industrial scale. To this dnwe developed a bioprocess that selectively hydrolyzes, or
depolymerizes, the hemicelluloses and the amorphous regions of cellulose into fermentable
sugars for biofuel production while preserving the crystalline cellulose for bioproduct
applications. Selctive hydrolysis was achieved through optimization of a cellulase enzyme
cocktail under varying pH and temperature conditions using three lignocellulosic feedstocks:
unbleached hardwood pulp, witgdpe poplar, and clustered regularly interspaced short
palindromic repeats (CRISPRXited poplar. The unbleached hardwood pulp and CRISPR
edited poplar, characterized by a low lignin content, demonstrated suitability for biofuel and
bioproduct production due to improved enzymatic accessibility and reducecpremne
requirements. These traits contribute to higher yields of fermentable sugars and more efficiency
downstream processing, highlighting their potential as sustainable feedstocks in lignocellulosic

biorefineries. An engineered yeast strain was used-terment C5 and C6 sugars into ethanol
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and CQ, yielding a solid residue with high cellulose crystallinity. Compared to thetwplel

poplar, the CRISPfedited poplar achieved significantly higher sugar and ethanol yields, with
increases of 18% and 25%spectively. Additionally, cellulose crystallinity was maintained and
even enhanced during fermentation. A teecBnonomic analysis (TEA) estimated crystalline
cellulose production costs at $4,438 per metric ton from unbleached pulp and $1,474 per metric
ton from CRISPRedited biomass, highlighting the economic advantage of CRI®RBd

feedstock engineering. This study presents a novel lignocellulosic biorefining approach that, for
the first time, prioritizes the eproduction of fermentable sugars andstajline cellulose from

low-lignin biomass feedstocks.

2.2 Introduction

Biorefineries offer a sustainable solution for transforming renewable biomass into a
broad range of biofuels, chemicals, and materials. Among the most promising feedstocks are
lignocdlulosic resources, such as agricultural residues, forest byproducts, and dedicated energy
crops®! The integrated biorefinery concept aims to efficiently utilize all components of
lignocellulosic biomass through processes such as enzymatic hydrolysisnfation, and
chemical conversion. For instance, lignocelluldsised biorefineries convert sugarcane bagasse
into ethanol, furfural, and electricity, demonstrating both versatility and efficient conversion of
biomass into valuable produc$These itegrated systems offer a promising alternative to
fossitbased refineries by supporting scalable production, reducing fossil fuel dependence, and
promoting rural development. Despite successes at lab and industrial scales, further research and
scaleup efforts are critical to overcome technical and economic challenges while minimizing

environmental impacts®
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In biorefinery applications, lignocellulosic biomass offers several advantages over starch
based feedstocks. Unlike starch, which is derived fromledrops like corn and wheat,
lignocellulosic materials come from ndood sources, making them noncompetitive with food
production and helping to mitigate concerns about food security and land use. Additionally,
lignocellulosic biomass is abundant andl&ly available, with the United States alone capable of
sustainably producing over 1.4 billion tons annually, which is enough to replace at least 30% of
our current petroleum consumptidfhUtilizing these materials can also contribute to reducing
greenhaoise gas (GHG) emissions and promoting a circular bioecoAdmgwever, it is
important to note that lignocellulosic biomass presents challenges in terms of its complex
structure, which can make the conversion process more difficult compared tebstsaath
feedstocks:® Despite these challenges, ongoing research and technological advancements
continue to improve the efficiency and economic feasibility of lignocellulosic biorefineries.

Furthermore, lignocellulosic material is composed primarilgatiulose, hemicellulose,
and lignin, which serve as key precursors for a wide range of sustainableasdfgproducts.
Lignocellulosic biomass varies in composition depending on the type of feedstock. Nonwoody
feedstocks typically contain 3t6% cellubse, 2635% hemicellulose, and 4Z56% lignin on a
dry weight basig.” In comparison, woody biomass generally consists e428 cellulose, 25
35% hemicellulose, and 280% lignin. Within woody biomass, softwoods contain
approximately 3312% cellulose, 181% hemicellulose, and 232% lignin, while hardwoods
have a composition of 381% cellulose, 1534% hemicellulose, and 231% lignin?"’

Among these components, cellulose is the most abundant renewable polymer on Earth,
forming the structural framework pfant cell walls>® One notable component is crystalline

cellulose, characterized by its highly ordered, tightly paéRekhis crystalline arrangement

13



imparts exceptional mechanical strength and chemical resiétgrarticularly to acidd making

it a valable material for applications in bioplastics, pharmaceuticals, and nanocompdshes.
highly ordered crystalline regions integrate with disorganized or amorphous cellulose regions.
Numerous studies have demonstrated that amorphous cellulose hysiratyzequickly than
crystalline cellulose, reinforcing the idea that the initial degree of crystallinity plays a key role in
determining the enzymatic digestibility of cellulds€.In addition, microcrystalline cellulose

(MCC) is produced via enzymatic ohemical pretreatment followed by mechanical
treatment ! Various industries can use MCC as a stabilizer, emulsifier, anticaking agent, and
dispersing agerft!!

The level of crystallinity affects the strength, stiffness, and various other mechanical
characteristics of these materials. The crystalline cellulose market is experiencing impressive
growth, with projections estimating its value to reach 1 billion USD by 2630his market
includes products such as cellulose nanofibers, cellulose natadsrgellulose microfibers, and
bacteriaderived cellulose. The rising demand and expanding applications of crystalline cellulose
have not only broadened the cellulose market, but also spurred increased investment in research
and development across mulépndustries:*2

Prior to crystalline cellulose isolation, lignocellulosic materials can undergo pulping,
such as Kraft pulping. The Kraft pulping process is the leading method used in the pulp and
paper industry. In brief, wood chips are immersed intantixture (156180°C) of high pH
solution of pH 1314, consisting of water, sodium hydroxide (NaOH), and sodium sulfide
(NaS), collectively known as white liquér3 The degree of crystallinity of cellulose increases

as Kraft pulping proceeds due to fhreferential removal of less ordered polymers. Moreover,

14



the amount of crystalline cellulose remaining in the fiber stays nearly constant as pulping
progresse$l*

The traditional method to obtain crystalline cellulose from cellulose pulp is acid
hydrolysis, which typically uses sulfuric or hydrochloric acids to break down cellulose and
hemicelluloseg:*® This method is favorable for its ability to operate under relatively mild
temperature conditions (40°C) and for achieving high sugar yields, ofteaahing up to 90%
of the theoretical glucose yietd® Additionally, acid hydrolysis can produce high yields of
cellulose nanocrystals (CNCs) but requires high capital investment due to the need for expensive
materials for reactors, tanks, and piping, rmgvio the corrosive nature of the reactarts.

Moreover, the method only requires high concentrations and quantities of acid, but also demands
large amounts of water for neutralization and washing, raising environmental conCefr.
Consequently, espite its effectiveness, acid hydrolysis faces limitations in scalability and
widespread industrial adoption due to economic and environmental challenges.

In contrast, enzymatic hydrolysis represents a relatively newer, more environmentally
friendly appr@ch to converting cellulose pulp into crystalline cellulbSe&Enzymes are protein
based biological catalysts that accelerate the rate of chemical reactions by facilitating the
conversion of substrates into different molecules or products. While engymgdtplysis offers
a greener alternative, it currently yields lower cellulose yields and requires slower reaction times
than acid hydrolysis. Additionally, enzymatic methods remain less explored in the literature
compared to chemical and mechanical preesshighlighting the need for further research to
enhance yields and optimize reaction tirhi@Bespite these challenges, enzymatic hydrolysis

holds promise as a sustainable option for crystalline cellulose production.
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Currently, researchers use enzynmedifferent biomass processing applications. A key
application of enzymes is to break down cellulose and hemicellulose into simple sugars.
Microorganisms can then ferment the sugars or use them as platform molecules to produce
valuable fuels or chemical€ellulases and hemicellulases degrade cellulose and hemicellulose,
respectively, to C5 and C6 sugars. To be effective at crystalline cellulose production, the
enzymatic system must selectively hydrolyze the hemicellulose and amorphous cellulose into
solule sugars, while leaving the crystalline cellulose in solid f@myvious research has largely
focused on two distinct pathways: the complete depolymerization of hemicellulose and cellulose
into fermentable sugars for biofuel and chemical synthesis dsdladion of solid cellulose for
use in sustainable biomaterials, such as packaging, composite, or medical appfi¢étions.
However, for lignocellulosic biofuel processes to achieve economic viability and compete with
petroleumderived fuels, the integtian of highvalue ceproducts is essential. To enable the
simultaneous production of both fermentable sugars and crystalline cellulose, bimgesting
enzymes must function synergistically. This coordinated enzymatic action not only enhances the
selecive breakdown of specific lignocellulosic componebist also mitigates inhibition caused
by residual lignin and other degradation byproducts, thereby improving overall process
efficiency®*°

Despite the growing interest in enzyased bioprocessing, studies have
systematically optimized commercially available cellulase enzymes for th@uayedse
production of fermentable sugars and crystalline cellulose. This study addresses this critical gap
by optimizing the Cellic CTec3 enzyme cocktail, whiclmteins cellulasés endoglucanases,

e X 0 gl uc anguasidases that workfhogether to hydrolyze cellulose into glucose

monomers. Additionally, hemicellulases facilitate the breakdown of hemicelluloses, further
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enhancing cellulose hydrolysis and geneagafermentable sugars such as xylose, arabinose,
mannose, and galactos® By evaluating key process parameters such as pH and temperature,
we developed a novel strategy that maximizes sugar yields while preserving cellulose
crystallinity. This approachnables the efficient eproduction of ethanol and highly crystalline
cellulose, a process largely unexplored in enzymatic bioconversion research, with applications
spanning food, cosmetics, packaging, and pharmaceutiéals.

This study also fills an imgrtant knowledge gap by applying laboratscale data to a
techneeconomic analysis (TEA) to assess the economic feasibility of scaling the process to an
industrial level. Alongside the TEA, a sensitivity analysis was performed to assess how key
variables such as substrate and electricity costs, impact overall process economics. Our findings
underscore the potential of-pooducing crystalline cellulose and biofuels as a commercially
viable strategy, demonstrating how enzybased lignocellulosic biorefaries can integrate
material and energy production more efficiently. By bridging fundamental enzymatic process
optimization with economic assessment, this study provides a blueprint for future sustainable,
costeffective biorefineries, paving the way fardiescale adoption of enzymatic biomass

conversion technologies.

2.3 Methodology
2.3.1 Materials
To demonstrate the feasibility of this stu
hydrolysis and fermentation experiments on poplar biomass, chosenrégidgrowth,
sustainability, and ability to thrive on n@mable land without competing with food crds The

substrates used in this study were unbleached market poplar pulp, C&d&&iRpoplar, and
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wild-type poplar. Unbleached pulp was obtainednfd/estRock (Covington, VA, USA).

TreeCo grew the CRISR&dited and wiletype poplar trees using greenhouses and harvested
them after six months of growth. The cellulose, hemicellulose, lignin, and ash contents of the
three raw samples were determined usirggNational Renewable Energy Laboratory (NREL,
TP-510-42618) procedure for compositional analysis.

Prior to experimentation, the unbleached pulp was washed with 5 L of deionized (DI)
waterto wash away free lignin and other chemicals present onutfece of the material.lhe
wild-type and CRISPRdited poplar samples were provided in branch form, so they were first
passed through a larger chipper and shredder (SuperHandy, Ontario, CA, USA). All the materials
were then milled using a benchtop IKA MB (Staugen, Germany) continuous feed grinding
mill to a final particle size of 250 em. The
determined to account for it when calculating the required amount of pulp for each reactor.
Moisture content was measgarusing either a moisture content analyzer (U.S. Solid, Cleveland,
OH, USA) or an oven set to 105°C if determined manually via a drying method, which is
outlined in the NREL compositional analysis procediffe.

The commercial enzyme used in thgeriments was an enzyme cocktail, Cellic CTec3
(Novonesis, Bagsvaerd, Denmark), with an enzyme loading of 10 mg protein/g holocellulose in
biomass. As previously mentioned, Cellic CTec3 contains several types of enzymes, including
endoglucanases, exoghum a s e sglucoaidaskes. Ho hydrolyze the amorphous cellulose
regions, our goal was to optimize the process conditions for the endogluédhasegell as the
hemicellulases to hydrolyze the hemicellulose. On the other hand, exoglucanases target the

cystall i ne -glueokidases hydsotyze callabidse, bvhich contain two glucose
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molecules. A genetically modified yeast strain, Cellerity (Novonesis, Bagsvaerd, Denmark), was

also used to eferment both C5 and C6 sugars for ethanol produétion.

2.3.2 Experimental Design

The general experimental design of the enzyme hydrolysis and fermentation process is
displayed in Figure 2.1. The two main feedstocks, unbleached poplar pulp and GRIiERR
poplar, were treated with the Cellic CTec3 enzymektail to selectively hydrolyze the
amorphous cellulose and hemicellulose. Simultaneously, Cellerity yeéstneented the sugars
released by enzymatic hydrolysis during the reaction. In the end, two main products were present

in the solution: ethanol arcrystalline cellulose with residual lignin and yeast cells.

Tailored enzymes Saccharomyces cerevisiae
from Novonesis (GMO yeast: Cellerity by

Feedstock 1: 1 Novonesis)
Unbleached - —— Ethanol
PoplarPulp ~~ ] ESeIectlvtg = 1 —
nzymatic »| Co-Fermentation .
Feedstock2: _____| Hyd)r/olysis Crystalline
CRISPR- — Cellulose with

Edited Poplar Lignin and Yeast

Figure 2.1 General pocess flow diagram of the enzyme hydrolysis and fermentation
experiments.

In order to test the effects of pH and temperature on the enzymatic activity of the Cellic
CTec3on the biomass, unbleached pulp was subjected to two temperatures (30°C and 50°C) and
five pHs (3.0, 4.5, 6.0, 7.5, and 9.0), resulting in ten different condition combinations. According
to Novonesis, CTec3 thrives in conditions of 50°C and pH-#.Bich is a higher temperature
and | ower pH than what is suitable for this

microorganisms that grow best in 30°C and pH 6.0 conditions. Therefore, if the enzymatic
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hydrolysis resulted in sufficient sugar yielasthose conditions, then the conditions could stay
consistent throughout the entire reaction with simultaneous enzymatic hydrolysis and

fermentation.

2.3.3 Enzyme Hydrolysis

We added the unbleached poplar pulp to the enzymatic hydrolysis reactsdids a
loading of 3% (w/w) and enzyme loading of 10 mg protein per g holocellulose in biomass. The
reaction mixture also included thymol (~1 g) as an antimicrobial agent and distilled (DI) water to
reach a final working volume of 250 mL. The protein contérCellic CTec3 was measured
using the Bradford assay, while the biomass holocellulose composition was determined through
compositional analysis. In addition, the reactors were set up in triplicates for each condition and
continuously mixed at 200 rpmrf@2 hours. Initial pH adjustments were made using phosphoric
acid (HsPQy) or 0.5 M potassium hydroxide (KOH). The pH was maintained using 0.5 M or 2 M
KOH in a pH tower setup that automatically added base whenever the pH dropped below the set
point. The 06 M KOH was used during process optimization experiments, while the 2 M KOH
was used in fermentation experiments, as the presence of microorganisms caused more
significant pH drops than enzyremly conditions. After the 72 h reaction, the solutions were
immediately filtered to separate the solid residue and liquid filtrate using a vacuum filtration
setup and filter with a 0.45 um pore size (Pall Corporation, Port Washington, NY, USA). The

solids leftover from the filtration were air dried in a fume hood ased for various analyses.
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2.3.4 Ethanol Fermentation

Novonesis (Bagsvaerd, Denmark) provided Cellerity, a genetically modified yeast, for
the ethanol fermentation experiments. The culture medium consisted of the following ingredients
in DI water: yeasextract (10 g/L) and peptone from soybean meal (25 g/L). The initial pH of
this solution was adjusted to 5.8 using 6 M HCI and then sterilized by autoclave at 121°C for 20
min before use. Following the pH adjustment and sterilization, we inoculatedtilme ¢u a
shaker table at 35°C and 170 rpm for at least 18 hours.

Each reactor contained 250 mL solutions, which were made up of AM1 media containing
diammonium phosphate, monoammonium phosphate, magnesium sulfate heptahydrate, and trace
metals, along wit DI water, poplar samples, and thymol (controls only). We carried out the
enzymatic hydrolysis and fermentation experiments on the unbleached pulp with a 10% (w/w)
solids loading, as 3% (w/w) would not produce enough sugars and ethanol to be economically
viable on a larger scale. The initial solids content (at t=0 h) was 3% (w/w), and more pulp was
added at 12 hours (5.34% (w/w) total), 24 hours (7.67% (w/w) total), and 48 hours (10% (w/w)
total). Once inoculated, the Cellerity yeast (0.1 OD) was addibe teactors three hours after
we added the CTec3 enzymes. After thehdfr reaction was complete from the time we added
the enzymes, the solutions were vacuum filtered in a similar way to the previous enzymatic
hydrolysis experiments.

Once we completedhe 10% (w/w) experiments, we tested the vijide poplar, CRISPR
poplar, and unbleached pulp at 20% (w/w) solids in a shaker table at 175 rpm with a total volume
of 125 mL. The reason for increasing the solids load again was to ensure that enough sagars we
produced for ethanol production, especially for the CRISPR anetyypkl materials that were

not previously chemically treated. The solids content at minus 12 hours started at 4% (w/w) and
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were increased at 0 hours (8% (w/w) total), 12 hours (12% (tetad), 24 hours (16% (w/w)

total), and 36 hours (2 (w/w) total). In this case, the Cellerity yeast was added at the 12 hour
time point. In addition, the pHs were checked and manually adjusted every sampling time point
to ensure the reactions were ocadrout around pH 6.0. We carried out the fermentations for 72
hours after the microbes were incorporated to maintain consistency with the previous
experiments. Similar to the previous experiments, we filtered the remaining solids from the

liquid following the end of the fermentation.

2.3.5 High-Performance Liquid Chromatography

A 1260 Infinity Il High-Performance Liquid Chromatography (HPLC) instrument
(Agilent, Santa Clara, CA, USA) calculated the sugar yields, specifically glucose and xylose, as
well asthe ethanol concentrations. Additionally, the HPLC used an Aminex-8i#Xcolumn
(300 x 7.8 mm, BieRad, Hercules, CA, USA) at an oven temperature and RID detector
temperature of 50°C with 0.05 mM sulfuric acicc@@x) as the mobile phase at a flow rate of

0.5 mL/min.

2.3.6 XRay Diffraction
To analyze the crystallinity of the raw, hydrolyzed, and fermented materials, we-used x
ray diffraction (XRD), specifically a Panalytical Empyrean (Malvern Panalytical, Malvern,
United Kingdom) instrument operated at 45 kV and 40 mA. Prior to testinguthges in the
XRD, each material dried in a 50°C oven for 72 hours to ensure complete moisture removal and

consistent preparation. After drying the samples, a glass mortar and pestle ground them to
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achieve a uniform distribution size. The samples werespdemito a sample holder to achieve a
flat surface before placing them into the XRD.

The X-rays illuminated the sample, which diffracted and entered a detector. The sample
and detector moved to change the dsufe®®acti on
We used a -30datascangaee ofd.D47%s and step size of 0.026. We calculated the

crystallinity index (CI) values using Equation 1, which is based on the Segal Méthod.

o

ZpMT 1)

where tisthemaximm I ntensity of diffractiaeisthef or 2d
intensity of diffraction for 2d between 18A a
A benchmark, microcrystalline cellulose (MCC), dried in a similar way, was used to
compare to the experimental samples. We considetreee C1 6 s suf ficient i f t
value within 15% of that of MCC, as the crystallinities were evaluated as relative values to the
benchmark. It is important to note that there are other techniques for measuring the crystallinity
of a material, inluding Raman spectroscof?f and solidstate nuclear magnetic resonance

(ssNMR)??°Therefore, we could use different measurement methods in parallel to confirm the

material crystallinity.

2.3.7 Scanning Electron Microscopy

To obtain a physical idea afhat the poplar fibers looked like before and after hydrolysis
and fermentation, we used a Benchtop TM 4000 Scanning Electron Microscopy (SEM) (Hitachi
High Tech, Tokyo, Japan) to create images by scanning the surface of the sample with a focused
beam of &ectrons. The SEM analyses used an accelerating voltage of 5 kV and different

magnifications ranging from x50 to x3000.
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2.3.8 TechneEconomic Analysis
2.3.8.1 Modeling and Simulation Software

A techneeconomic analysis (TEA) determined the econdedsibility of the enzyme
hydrolysis and fermentation process using the empirical data from the 20% (w/w) solid
experiments. SuperPro Designer v13 (Intelligen, USA) modeled and simulated the process, while

Excel outlined the economic costs and processtidias

2.3.8.2 Process and Assumptions

The process included sections for biomass pretreatment, enzyme hydrolysis and
fermentation, ethanol distillation, and cellulose and yeast separation (Figure 2.2). In the
pretreatment portion, the poplar feedstaas transported, stored, washed, milled, sieved, and
screw conveyed before entering the simultaneous enzymatic hydrolysis and fermentation reactor.
Additionally, there were two seed fermentors to grow the yeast cells prior to the main production
vessel. Tk fermentation process produced a nearly pure streamofdS@), so we assumed
that we could capture and sell this byproduct as revenue. Another byproduct of this process was
ethanol, which continued to two distillation columns to increase the conéemtiedllowing the
distillation process was an ethanol dehydration step, where we produced a highly pure stream of
ethanol (99%), which we could also sell as a byproduct revenue. The solids, including the
crystalline cellulose and yeast, entered a lysi@® so that the yeast could be broken down
into its individual components, facilitating the separation of the yeast from the cellulose. We
removed a majority of the yeast during the centrifuge step, while the crystalline cellulose moved

to a spray dryeto create a dried cellulose product, the main output of the process.
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Figure 2.2Process flow diagram of the enzyme hydrolysis and fermentation process used in
model.

Within the model and economic evaluation of the process, along with the incetporat
empirical data, there are several assumptions, parameters, and inputs involved as outlined in
Table 2.1. The values listed are for the base case scenarios for both poplar pulp and CRISPR
edited poplar materials.

Table 2.1Technical parameters, procesplts, and assumptions used in model for base case.

Parameter Value Reference
e Roads to Remova
0

Plant utilization 90% (330 days) Report®

Cost year 2024

Capital cost contingency 10% of direct + indirect CAPEX

Indirect capital cost 42.2% of totadirect CAPEX Roads to Rfomo"a
Report’

Fixed operating cost 4.5% of total CAPEX Roads to Rsomova
Report-

Return on equity 15%

Interest rate 10%

Project life 20 years

Capital recovery factor 12.6%
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Table 2.1(continued).

Imarc-3!
U.S. Grains
Byproducts asevenue streams Ethanol ($590/MT) Councif32
and selling price Carbon dioxide ($50/MT) Pacific Northwest
National
Laboratory-33
Fastmarkets
Unbleached pulp cost $1,500/MT RISP3
Unbleached pulp crystallinity 55.8% Empirical
" 71% cellulose, 21% hemicellulose, Empirical
Unbleached pulp composition .
8% lignin
Unbleached pulp conversion 36% conversion of cellulose Empirical

efficiencies
CRISPRedited poplar cost

CRISPRedited poplar
crystallinity
CRISPRedited poplar
composition
CRISPRedited poplar
conversion efficiencies

32% conversion of hemicellulose

$80/MT

36.7%

60% cellulose, 26% hemicellulose,

14% lignin
18% conversion of cellulose

15% conversion of hemicellulose

Timber Updaté3®
Index Mundf-3®
Empirical

Empirical

Empirical

CAPEX = capital costs OPEX = operating costs

In addition to the parameters and assumptions above, the costs forthapb®e

equipment (drying and compression) and power (drying and compression electricity

consumption) are outlined in Equation 2 and Equatié®’ Bsspectively.

88 0 OQY AQEG B 8

8

T[8TX-6—7

(2)

3)

We also performed a sensitivity analysis to determine how changes in various parameter

values affect the resulting cost of the crystalline cellulose product. To provide a visual
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representation of which parameters are most and least sensitive seet@dethe sensitivity as a

tornado plot.

2.4 Results and Discussion
2.4.1 Biomass Composition

The composition of biomass is a critical factor in determining its suitability for
conversion processes, such as enzymatic hydrolysis and fermentation. Dffed=tocks vary
in their cellulose, hemicellulose, and lignin content, which directly influences the efficiency of
these processes. Figure 2.3 presents the composition of the starting biomass, focusing on these
three key components. Cellulose is a higirlystalline polymer composed of repeating glucose
monomers arranged in long, linear chains with a high degree of polymerization. Hemicellulose,
in contrast, consists of various pentose and hexose sugars, organized in a branched, amorphous
structure with dower polymerization degree. Lignin is a complex, thd@aensional polymer
made up of aromatic rings and a highly branched stru¢fifeogether, these data provide a

clear overview of the biomass6és ¢ hatmantc al comp
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Figure 2.3Biomass compositions of raw wilgpe poplar, CRISPRdited poplar, and
unbleached poplar pulp. Error bars represent standard deviations from triplicate experiments.

The wild-type poplar exhibited the lowest cellulose content at 50% (w/w) and the highest
lignin content at 26% (w/w). In contrast, poplar pulp had the highest amount of cellulose with a
content of 71% and the lowest lignin amount of 8% due to its prepigdpsg treatment. The
cellulose and lignin contents of the CRISB&ted poplar are intermediate between those of the
wild-type and pulp materials. For the process optimization experiments, we used the unbleached
poplar pulp due its relatively similar cgmsition to the CRISPRdited poplar. The lowest lignin
contents allow us to produce more fermentable sugars from the cellulose and hemicellulose
components. The hydrolysis of cellulose and hemicellulose produces glucose and xylose,
respectively, which see as the main fermentable sugars derived from the poplar pulp. A
previous study by Zhang et al. (2020) analyzed the removal of lignin to promote the conversion

of lignocellulose to fermentable sugars and found that delignified samples increased the sugar
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yields by 36% to 48%. The significant difference in sugars could be due to the physical barrier
properties of lignin, making it difficult for enzymes to reach and hydrolyze the cellulose and

hemicellulosé&:3°

2.4.2 Process Development and Optimization

2.4.2.1 Sugar Production from Unbleached Pulp Treated under Various Conditions
Maximizing sugar concentrations through enzymatic hydrolysis is critical when the

primary goal is biofuel production. However, the objective of this study was to identify the

optimal conditions for a bioprocess that not only converts the biomass to fermentation sugars,

but also retains sufficient residual solids for theponduction of crystalline cellulose. To

evaluate hydrolysis efficiency, the study quantified holocellda$e extractivefree, lignin

free portion of biomass composed of both hemicellulose and celfifidas.shown in Figure

2.4, mild fermentation conditions of 30°C and pH 6.0 resulted in a high holocellulose conversion

while still preserving a sufficient amauof solid residues to enable efficient crystalline cellulose

production This balance is important because, although extensive holocellulose degradation

increases sugar yields, it can also reduce the available solid substrate needed for crystalline

cellulose formation. Under these conditions, enough solids remained to provide the cellulose

content required for effective downstream processing andduglity crystalline cellulose

output.
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Figure 2.4Holocellulose conversion at various temperature andgtditions from unbleached
poplar pulp at 3% (w/w) and 72 h reaction time. Error bars represent standard deviations from
triplicate experiments.

As expected, the CTec3 enzymes achieved a high holocellulose conversion at 50°C and
pH 4.5,consistent witlthe operational specificatins provided by Novonesig? Experimental
resultsconfirmed thisshowing near oslightly above 100% conversion undeega conditions
(Figure 2.4). Values exceeding 100% likedgult fromanalyticalvariability or slight
underestimation aheinitial holocellulose contedt commonchallengesvhen working with
complex lignocellulosic material¥he holocellulose conversiogenerallyfollowed theorder
45>6.0>3.0>7.5>9.8xcept at 30°@vhere pH 3.0nargnally outperformed pH 6.CGBugar

concentrationgncreasednore rapidly at 50°C than at 30°C during thetf24 hours, likely due
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toenhanced enzyme activityi t hi n CTec36s optimal temperatur e

Novonesis:?®

Despite the high conversiat 50°C and pH 4.5, the study did not select those conditions
for further processing. Complete or neamplete conversion of holocellulose leaves little solid
residue for crystalline cellulose recovery, which was a key objective of this study. Therefore
milder fermentation conditio@s30°C and pH 6.8 were chosen as they provided a better
balance between sufficient sugar release and the retention of solid material for crystalline
cellulose production after 72 hours. The study applied these conditiamssiegeient
fermentation experiments to supportmoduct generation and enhance process efficiency, as
maintaining the same temperature and pH throughout the process simplified operations and

enabled the use of a lowsmperature condition.

2.4.2.2Crystallinity Index of Unbleached Pulp Treated under Various Conditions

The crystalline structure of cellulose plays a key role in shaping the physical properties of
cellulosebased materials, especially crystalline cellulose. A key metric for evaluliing t
structure is the crystallinity index (ClI), which describes the relative quality of crystallinity in
cellulose. In nature, Cl typically ranges from 40% to 95%, with the remainder being amorphous
cellulose?0 As previously discussed, cellulose compsisgo distinct structural domains: highly
ordered crystalline regions and less ordered amorphous regions. Evaluating crystallinity in both
raw and hydrolyzed materials is essential, particularly given the objective of producing a highly
crystalline solid gproduct. In addition to analyzing the prepared pulps, a commercial

microcrystalline cellulose sample was included as a benchmark for comparison.
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This study aimedo optimize the process conditions for endoglucar@dasd
hemicellulases ttargetthe amorphous regions of cellulose and the hemicellulose components,
respectivelyto support efficiency biomass deconstructidocurate interpretation of the Cl
offers valuable insight intoellulos® susceptibilityto enzymatic hydrolysis. Prior reseh has
demonstrated that crystallinity exerts a greater influence on enzymatic hydrolysis than other
structural parameters, such as the degree of polymerization (DP) or specific surface area
(SSA)?*! Lower Cl values are associated with increased hysi®Busceptibility due to the
relatively loose structure of amorphous celluld$eMoreover, hydrolysis of the amorphous
regions occurs at a significantly faster rate than that of crystalline cellulose. Therefore, a lower
Cl correlates with enhanced sug#elds and accelerated hydrolysis reaction rafés.

Since Cl values can vary depending on the measurement technique, it is beneficial to use
complementary methods alongside the commonly employed Segal métihodne
comparative study, researchersaluated four different approaches usingax diffraction
(XRD) and solidstate nuclear magnetic resonance (ssSNMR), incorporating analysis techniques,
such as peak deconvolution, amorphous subtraction, and C4 peak sepaf#tinong the
methods reviewd across approximately 80 articles, the Segal méthasged orXRD peak
height was used most frequently, appearing ir8B% of the studies. The remaining three
techniques were used far less often, each appearing in-A96%f the cases?®

XRD itselfis a versatile, nodestructive analytical technique that can reveal important
physical properties of a material, including its crystal structure, phase composition, and
orientation. As noted earlier, this study used XRD to medhkar€l of raw unbleachauulp and
pulp subjected to enzymatic hydrolysis under various pH and temperature conditions, as

illustrated in Figure 2.5.
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Figure 2.5Crystallinity index (Cl)values of raw unbleached poplar palpg3% (w/w) and 72 h
reaction timeafter enzymatic hyadysis under different pH and temperature conditions.

The majority of samples, except for the raw unbleached pulp, achieved CI values within
15% of commercial microcrystalline cellulose (73% + 1184l of the hydrolyzed samples
increased in Cl compared the raw pulpThe mild fermentation conditions (30°C, pH 6.0)
yielded a CI of 69%, within 4% of the CI value for MCC, and were therefore selected for use in
the fermentation experiments due to their favorable sugar concentration and CI value.
Therawandhhydr ol yzed pulp sampl es all had CI 6s
comparisonPe Aguiar et al(2020) utilized XRD on sugarcane bagasse and straw enzymatically
treated with Cellic CTec3 to create cellulose nanomaterials, specifically CNCs. The values
observedn our study closely aligned with those reported by De Aguiar et al. (2020), which

ranged from 56% to 74%:®Notably, neither of the aforementioned studies optimized the

process for cgroduction of biofuels and cellulose materidlgeview paper by Mibelin et al.
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(2020) compiled ClI values of various biomass sources used for the production of cellulose
nanocrystals and cellulose nanofibrils. The study showed that edryan@lyzed materials
exhibited crystallinities ranging from 49% to 90% for nanolbaind 58% to 88% for
nanocrystals, demonstrating that CI can vary significantly depending on the raw material,
enzyme type and dosage, operational conditions, and measurement riéfoelsurrent study
demonstrates that our enzymatic treatment yietgstallinity indices comparable to those
reported in literature, while being optimized for simultaneous biofuel and crystalline cellulose

production, highlighting its potential for integrated biorefinery applications.

2.4.3 Fermentation of Unbleached Pulp
2.4.3.1 Sugar and Ethanol Production from Unbleached Pulp Treatednder Optimal
Conditions

The unbleached poplar pulp underwent simultaneous enzymatic hydrolysis-and co
fermentation under the optimal conditions identified during the screening (30°CQptd 6.
produce ethanol and GCBince the low solids content of 3% (w/w) produced a low
concentration of sugars, we performed the initial fermentation experiments at 10% (w/w) to
ensure high ethanol titer and improve scalability and economic feasibitiiyre=2.6a shows the
concentrations of glucose, xylose, and total sugars over time, whereas Figure 2.6b displays the

ethanol concentrations over time using unbleached pulp.
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Figure 2.6(a) Sugar concentrations of enzyme hydrolyzed and (b) ethanol cotioastict

enzyme hydrolyzed and fermented unbleached poplar pulp at 10% (w/w), 30°C, and pH 6.0 over
72 h.

When performing enzymatic hydrolysis alone without the yeast present, the sugar
concentration at 72 hours reached about 53 g/L, as shown in Figar&\dth yeast present, the
ethanol concentration at 72 hours was about 31 g/L (Figure 2.6b). The concentrations of sugar
and ethanol vary because the yeast converts only a portion of the available sugar into ethanol
during fermentation. The yeast convelts rest of the sugar into G@nd energy, producing two
moles of CQand two moles of ethanol for every mole of sugar fermetté@f the total sugars
produced, the majority was glucose, as expected, since the biomass contained about three times
as mub cellulose as hemicellulose. The xylose concentration began to plateau at the end of the
hydrolysis experiment, while the glucose content continued to increase. Similar to the glucose
trend, the ethanol concentration also increased over time during fatimenwith a small lag
between the-Oand 12hour time points, as the yeast was added three hours after the enzymes to

ensure there was sugar present in the reactors.
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Several studies have investigated enzymatic hydrolysis and fermentation across various
biomass types. Moon et al. (2009) conducted enzymatic hydrolysis (50°C, pH 4.5) and ethanol
fermentation (30°C, pH 4.5) on food waste at 12% (w/w) solids, yielding about 52 g/L glucose
and 29 g/L ethanol. The results from the current siusly g/L total sugr and 31 g/L ethandl
closely match those reported by Moon et al. (2688\dditionally, a paper by Rabelo et al.

(2014) using a 10% (w/w) solids concentration, similar to ours, performed enzymatic hydrolysis
on sugarcane bagasse at 50°C and pHdll8yved by ethanol fermentation at 34°C. At this

solids level, the authors produced around 31 g/L glucose, 3 g/L xylose, and 14 g/L &thalhol,
lower than the concentrations achieved in our study. This discrepancy is likely attributable to the
pulping-based preprocessing used in our process, which enhanced cellulose accessibility and
improved the efficiency of enzymatic hydrolysis and fermentation. Saha and Cotta (2007) carried
out enzymatic hydrolysis at 45°C and pH 5.0 and fermentation at 35°GHaéd pn wheat

straw at 8.6% (w/v). In 72 hours, the maximum ethanol concentration achieved was around 20
g/L. For the separate hydrolysis and fermentation method, the total sugars reached about 45 g/L
following hydrolysis, prior to fermentation. Howevéne authors did not measure the total

sugars produced from the simultaneous enzymatic hydrolysis and fermeftatnce again,

our sugar and ethanol concentrations are relatively higher, but it is important to consider the
differences in solids loadingreprocessing, and other variables.

After reviewing the published works, it is clear that extensive research exists on the
enzymatic hydrolysis and fermentation of various biomass feedstocks for producing sugars and
ethanol. The results greatly rely on the solids and enzyme loadings @s wedl process
parameters, such as pH and temperature. To create a method that can potentially decrease

process costs, we strived to keep the temperature and pH the same throughout the enzymatic
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hydrolysis and fermentation steps. Despite there being fattiers in play, our sugar and
ethanol concentrations were comparable to previous research using these consistent process

conditions of 30°C and pH 6.0.

2.4.3.2 Crystallinity Index of Unbleached Pulp Treated under Optimal Conditions

In line with the goabf the process optimization experiments, our objective was to
achieve high CI values for our materials and attain percentages that closely matched the
benchmark, MCC. To evaluate the effectiveness of our treatment methods, we compared raw
unbleached pulpttwo processed samples: one treated with enzyme hydrolysis alone and the
other subjected to fermentations, as presented in Figure 2.7.
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Figure 2.7 Crystallinity index (Cl) of enzyme hydrolyzed and fermented unbleached poplar pulp
at 10% (w/w), 30°C, andH 6.0 at 72 h reaction time.
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In this set of experiments, raw unbleached pulp had the lowest CI (58%), whereas the
fermented sample had the highest (63%), which is about a 9% increase. None of the three
samples achieved as high a Cl as the MCC, buétimeehted unbleached pulp was within
15%.This result is advantageous as the solid cellulose material after fermentation is of higher
crystallinity as compared to the raw pulp and therefore, more valuable.

When a previous paper (Boonsombuti et al., 2013sme=d the CI after enzymatic
hydrolysis (50°C, pH 4.8) of corncob, the raw biomass had a CI of 33%, while the treated
materials showed an increase in Cl ranging from 40% to 50%, corresponding to a 22% and 53%
increase, respectivefy*® The increases inuv study (5% for enzyme hydrolyzed and 9% for
fermented) were less significant than the aforementioned study due to the alkali pretreatment
applied prior to the enzymatic hydrolysis step; our starting Cl value is higher than their starting
Cl values. Thel&ali pretreatment enhanced both the effect of the enzymes and the subsequent
Cl values.

In another study by Meunig€boddik et al. (1999), the Cl increased slightly over the
course of simultaneous enzymatic hydrolysis and fermentation on untreated pojlasts The
increase is likely due to the decrease in amorphous components, as the hemicellulose and
amorphous cellulose tend to be more susceptible to enzymatic hydrolysis. In contrast, for the
dilute acid pretreated poplar feedstocks in that study, kmentained constant for the first 24
hours, followed by a sharp decrease. This decline indicates that, over time, the crystalline
cellulose was hydrolyzed into sugars, alongside the breakdown of the more readily accessible
amorphous regiors*’ In our stuly, we also used chemically treated unbleached poplar pulp, so
it is noteworthy that we observed an increase in Cl. This is particularly interesting because the

increase suggests that the chemical treatment may have had a positive effect on the @eunlike
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negative impact observed in the mild acid pretreated poplar material from the M8oddik et

al. (1999) study.

2.4.4 Fermentation of CRISPREdited Poplar
2.4.4.1 Sugar and Ethanol Production from CRISPREdited Poplar Treated under Optimal
Conditions

Due to the inherent recalcitrance of lignocellulosic bioni48se incorporated CRISRR
edited poplar (TreeCo, Raleigh, NC, USA), engineered to contain lower lignin content, which
enhances enzymatic hydrolysis efficiency compared to-tyjpe poplar“° CRISPR technology
provides a more efficient and precise method for modifying wood properties than traditional
breeding approaches, which are timensive and compleX® By integrating this genetically
optimized feedstock into our process, we farttmproved sugar yields and ethanol production
while maintaining a high degree of cellulose crystallinity, demonstrating a viable pathway for
enhancing lignocellulosic biorefining.

Once the CRISPfdited and wiletype poplar trees reached their respeatiaturities of
six months, harvesting and testing occurred under the same optimal conditions as the unbleached
pulp. We expected the wilthpe and CRISPRdited materials to release less sugar and produce
less ethanol than the pulp due to the absence dfanéal and chemical pretreatmehthigher
solids content was required to generate sufficient sugars and subsequently ethanol for the wild
type and CRISPR poplars, leading to experiments conducted at 20% (w/w) solids. Figures 2.8a

and 2.8b illustrate theifferences in sugar and ethanol concentrations among the various biomass

types.
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Figure 2.8(a) Total sugar concentrations of enzyme hydrolyzed and (b) ethanol concentrations
of enzyme hydrolyzed and fermented CRIS&#ed poplar, wildype poplar, ad unbleached
poplar pulp at 20% (w/w), 30°C, and pH 6.0 over 72 h.

The CRISPR material yielded a sugar concentration 18% higher than the wild type,
demonstrating a significant improvement. However, blothGRISPRedited and wiletype
poplar feedstocks produced lower quantities of sugars compared to the unbleached pulp. After 72
hours of enzymatic hydrolysis, the total sugar concentrations reached 33 g/L for the CRISPR
poplar, 28 g/L for the wild type, and 74 g/L for the unbleached.pthese differences are likely
influenced not only by processing methods, but also by tree maturity, as the CRISPR and wild
type materials were harvested at an early growth stage of six months. The younger age of the
trees may have resulted in lower cklke content and reduced digestibility, contributing to the
lower sugar yields observed.

Ethanol concentrations at 72 hours followed a similar pattern, with CRISPR at 13 g/L,
wild type at 11 g/L, and unbleached at 54 g/L. Notably, the CRISPR materiaitedtab
substantial 25% increase in ethanol titer over the wild type, most likely due to its higher initial

cellulose content and lower lignin levels, highlighting its significant advantage in ethanol
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production.These findings align with prior research genetically modified biomass, which has

also demonstrated improvements in sugar yields through enzymatic procAgsiagious study

by Li et al. (2011) investigated ethanol production from genetically modified wheat and barley
straws using simultaneouszymatic hydrolysis and fermentation. Researchers compared sugar
yields from wheat straws subjected to acid pretreatment alone versus acid pretreatment followed
by enzymatic hydrolysis. The modified straws achieved a 16% glucose yield with acid
pretreatmenalone, compared to 7% for the wild type, demonstrating the advantage of genetic
modification. A similar trend emerged in enzymatic hydrolysis, where glucose yields were 40%
for the modified straws and 32% for the wild type. However, ethanol conversesnbetween

the two biomass types showed no significant differences, possibly due to an insufficient reaction
time for enzymatic hydrolysis and fermentation to maximize conversion efficiehtinlike the

Li et al. (2011) study, our research revealedrctisparities between the modified and viiyge
poplars in both sugar and ethanol concentrations. This finding is particularly significant given the
scarcity of literature assessing genetically engineered biomass without pretreatment,

underscoring the mel for further investigation in this area.

2.4.4.2 Crystallinity Index of CRISPREdited Poplar Treated under Optimal Conditions
Crystallinity index (Cl) was measured for the CRISPR, wige, and unbleached pulp
samples following enzymatic hydrolysis afedmentation using 20% (w/w) solids. As shown in
Figure 2.9, the CI values for both CRISPR and siioe samples were lower than those of the
unbleached pulp. However, all materials exhibited a slight increase in Cl after enzymatic

hydrolysis and fermenti@n. Typical enzymatic hydrolysis and fermentation processes result in a
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solid residue of lower ClI than the feedstd¢kso the fact that we were able to increase Cl is

noteworthy.
80
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Figure 2.9Crystallinity index (CI) of enzyme hydrolyzed and fermen@RISPRedited poplar,
wild-type poplar, and unbleached poplar pulp at 20% (w/w), 30°C, and pH 6.0 at 72 h reaction
time.

A comparison of the raw and fermented CRISPR poplar samples revealed a 3% increase
in crystallinity index (CI), while the wildype materials exhibited a 6% increase following
fermentation. The treatments had a more pronounced effect on the unbleached pulp, likely due to
prior pulping processes that had already disrupted the lignocellulosic structure. Additionally, the
relatively youry age of the skmonthold CRISPR and wildype poplar trees may have
influenced structural characteristics such as cellulose organization and lignin distribution,

potentially affecting both initial Cl values and their response to enzymatic treatmehée Best
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of our knowledge, no studies have analyzed the CI of CRi&Ried biomass following
enzymatic treatment, either in its raw or processed form. As a result, no established benchmarks

exist for a direct comparison of our Cl values.

2.4.5 Effect ofEnzymatic Hydrolysis and Fermentation on Fiber Structure

SEM was performed to obtain images of the raw, enzyyaeolyzed, and fermented
unbleached pulp at 10% (w/w) solids. These images, shown in Figurg@gtidle insight as to
what the fibers lookedKe before and after being treated by enzymes and/or microorganisms on
similar magnitudesBoth the raw and hydrolyzed pulp exhibited sharper fiber ends compared to
the fermented fibers. However, the raw pulp displayed a greater presence of disordersq regi
whereas the hydrolyzed pulp exhibited a smoother surface with small cracks and pores. These
surface characteristics suggest the potential for selective biodegradation of amorphous
components during enzymatic hydroly$f&: 2>3Furthermore, there we visible yeast cells on
the fermented samples, which appeared as small spheres attached to the fibers. Figure A2.1 in the

appendix presents additional SEM images of the three unbleached pulp solid materials.
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Figure 2.10Scanning electron microscopy (BlEimages of the (a) raw, (b) hydrolyzed, and (c)
fermented unbleached poplar pulp solid materials.

| n a separ aGraezyksahduBdlgerek, Z20) thak performed enzymatic

hydrolysis and fermentation on rye starch, the authors obtained SEM iofabesstarch
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throughout the reaction. The SEM images revealed that yeast cells infiltrated the-enzyme
induced pores in the starch granules, suggesting an active pursuit of available simple sugars for
metabolic consumption. Enzymes hydrolyze either thiasearof the granule, parts of it, or

hollow out channels from specific points on the surface towards the center of the granule.
Enzymes digest some areas of the material more easily than other parts. The less organized
amorphous regions are more suscegtiblenzyme attack, while crystalline portions show

greater resistance to the actions of enzyhi€k1 more magnified images of the fermented pulp,

as shown in Figure 2.11, we observed the same yeast activity, where the cells found and
burrowed into therevasses hollowed out by the enzymes to maximize their sugar intake. This
interaction between enzymatic hydrolysis and yeast activity highlights the selective degradation
of amorphous regions and the adaptive behavior of yeast in locating and utiliziladplev

sugars, further emphasizing the intricate dynamics of biomass conversion during fermentation.
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Figure 2.11Magnified scanning electron microscopy (SEM) images of the fermented
unbleached poplar pulp solid material.

Yeast cells may play an interesting and potentially valuable role in the final cellulose
product after fermentation. During the fermentation process, yeast consumes the sugars released

from enzymatic hydrolysis, leaving behind solid residues primarily csexg of cellulose. As
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depicted in Figure 2.11, multiplying yeast cells can adhere to or become embedded within the
fibrous cellulose matrix>* making their separation during downstream processing more
challenging. This residual biomass may alter the ighl/properties of the cellulose, such as
texture, porosity, or binding behavior. In certain applications, the presence of yeast cells could
enhance material functionaldyfor example, by providing nutrients or acting as a natural binder
in composite matéls 2> Conversely, in higipurity applications such as nanocellulose
production or biomedical uses, additional washing or purification steps may be required to
remove residual yea$b®as reflected in the TEA process model. Understanding the interacti
between residual yeast and cellulose can help inform downstream processing strategies and

expand the potential applications of the resulting cellulose product.

2.4.6 TechneEconomic Analysis
2.4.6.1 Process Design

In the designed process, the poplatarials undergo a series of unit operations, starting
with a pretreatment section, followed by an enzymatic hydrolysis and fermentation section, and
finally completed with distillation and separation sections to purify the products. For the
unbleached pulpnd CRISPR poplar materials, we set the biomass feed rate to 2,000 MT on a
dry basis per da$®’ Figure 2.12 displays the process flow diagram of the TEAs, indicating the

various mass flows.
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Figure 2.12Process flow diagram of the enzyme hydrolysis fanehentation process with mass
flows.

2.4.6.2 Economic Assessment

Building on our experimental findings, we conducted a teefwamomic analysis (TEA)
to assess the financial and technical feasibility of producing crystalline cellulose and biofuels on
an industrial scale. The TEA used data from both unbleached pogleaimIICRISPRedited
poplar to evaluate cosfffectiveness and scalability. In the model, crystalline cellulose was
considered the primary product, while ethanol and carbon dioxidg) (@De treated as
marketable byproducts. Given the high demand for elhesa transportation fuel, the €0
generated during fermentation represents an additional revenue stream, as it-jsuaityig/as
suitable for capture and utilizatidi® This CQ could be repurposed in various industrial
applications, including miocalgae cultivation for biofuel production and biochemical synthesis
of high-value compounds such as succinic &€ftiThese secondary applications offer an
opportunity to enhance the economic and environmental sustainability of the bioprocess by

reducingemissions and generating additional value from the fermentation byproducts. To further
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evaluate the feasibility of these applications, Table 2.2 breaks down the various capital,
operating, and levelized costs for the base case of each material. The xappablés A2.1
through A2.4) outlines itemized capital costs and detailed summaries of the TEASs.

Table 2.2Summary of base case TEAs for unbleached pulp and CReé8RE& poplar material.

Unbleached Pulp CRISPR-Edited Poplar
: . 314,000 MT crystalline 341,000 MT crystalline
Annual production capacity
cellulosel/year cellulose/year
Biomass feed rate 2,000 MT/day (dry basis) 2,000 MT/day (dry basis)
Total capital cost $354M $490M
Levelized capital cost $157/MT crystalline cellulose $200/MT crystallinecellulose
% of total levelized cost 3.55% 13.61%
Total operating cost $1.41B/year $461M/year
Net operating cost $1.34Bl/year $434M/year
. . $4,280/MT crystalline $1,273/MT crystalline
Levelized operating cost
cellulose cellulose
% of total levelized cost 96.45% 86.39%
Total levelized cost $4,438/MT crystalline $1,474/MT crystalline
cellulose cellulose

When we used the unbleached pulp empirical data, the annual capacity was around 314k
MT crystalline cellulose per year. Operating costs accounted fondaity (~96%) of the
levelized cost, while capital costs contributed only about 4% of the cellulose cost. The high cost
of the unbleached pulp ($1,500/MT) compared to the CRi&#HtRd material ($80/MT) was the
primary driver of the operating costs. Tleedstock cost for the unbleached pulp case amounted
to over $1 billion, representing approximately 73% of the total variable operating costs. In
comparison, the total capital costs were about $354 million, a relatively small amount compared
to the operatig costs, which explains the dominance of the operating costs and the minimal
contribution of the capital costs. Ultimately, the total levelized cost for the crystalline cellulose
material with unbleached pulp as the substrate was approximately $4,4@060Fding to a
cellulose pricing report, the cellulose price from December 2023 was $4,185/Mfijch

47



aligns closely with our resulting selling price, even though we were producing cellulose material
of relatively high crystallinity. The higher qualiof crystalline cellulose typically makes it more
expensive, as reflected in our slightly higher cost.

Rajendran et al. (2023) developed a TEA to determine the production cost of cellulose
nanocrystals (CNCs) from wood pulp via acid hydrolysis. The autborsl that the estimated
minimum selling price of CNC ranged from $4.69/kg to $4.89/kg, which was slightly higher than
our crystalline cellulose price. However, the total capital investment in that paper was $286M
with an operating cost was $144M/yearthbof which were lower than the values calculated in
our study. The cost difference should take into account the variation in capacities, as our study
produced 860 MT/day of crystalline cellulose, while the Rajendran et al. (2023) study produced
100 MT/dayof CNC217If the capacity in that study increased, the minimum selling price would
likely decrease. Another important consideration is that nanocellulose is a high quality product
with impressive mechanical propertfe®,so its quality should be super to that of crystalline
cellulose, like ours, which is not on the nanoscale. Additionally, the overall crystalline cellulose
cost in the Rajendran et al. (2023) study demonstrated better economic performance using acids
instead of enzymes. However, abigdrolysis has several drawbacks, such as toxicity, corrosion
issues, and the need for expensive reactor matéffals.

A second study (Ramasamy and Amanullah, 2020) that analyzed the economics of
producing CNCs from wood had a capacity of 50 tons of @BIG/ear using enzymatic
hydrolysis. The minimum CNC selling price was $7,200/MT, which was significantly higher
than the prices for both our pulp and CRISPR matetfilSimilar to the Rajendran et al. (2023)
study, nanocellulose should exhibit higheatity with enhanced physical, mechanical, and

chemical properties, which justifies its significantly higher cost.
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In our TEA, the capacity for the CRISRRlited poplar was slightly higher (341,000 MT
crystalline cellulose per year) than that of the mlup to the lower hydrolysis conversion
percentages, which left more cellulose remaining. Capital costs contributed more (~14%) to the
levelized cost of the cellulose compared to the unbleached pulp. The selling price of the resulting
crystalline cellulosevas around $1,500/MT, which is 201% lower than the crystalline cellulose
generated from the pulp through the enzymatic hydrolysis and fermentation process. It was clear
that the cost of crystalline cellulose from the CRISPR feedstock was lower thanttiet of
unbleached pulp. However, it is important to note that the quality of the CRISPR product was
inferior to that of the pulp due to its lower crystallinity. Therefore, when comparing the two

substrates and their costs, the quality of the cellulose wagial factor to consider.

2.4.6.3 Sensitivity Analysis

To further refine our approach, we conducted a sensitivity analysis to identify key
parameters influencing process efficiency, economic viability, and scalability. This analysis
reveals potential hitbenecks and optimization opportunities, providing valuable insights to
enhance bioprocess performance. The tornado plots in Figures 2.13 and 2.14 illustrate these
parameters, with values on thewis representing difference scenarios: the first value
corresponds to the lower or optimistic case, the second value to the base or empirical case, and

the third value, when applicable, to the upper or pessimistic case.
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Unbleached Poplar Pulp

Percent conversion amorphous cellulose + hemicellulose, % (100, 225) 94 $3.53k
Water/WFI cost, $/kg (0/0, 0.001/0.40) ]

Substrate cost (unbleached pulp), $/MT (1450, 1550, 1650) ]
Ethanol selling price, $/MT (1000, 590, 300) ]

Electricity cost, $/kWh (0.08, 0.10, 0.12) —-

Interest rate, % (5, 10, 15)

Lysis enzyme cocktail cost, $/MT (2700, 3050, 3300) ]

Fixed operating cost, % of total CAPEX (1, 4.5, 10) i

Indirect cost, % of direct CAPEX (21.2, 42.2) ]

CO2 selling price, $/MT (100, 50, 0)

Project life, year (30, 20, 10)

Contingency, % of direct + indirect CAPEX (5, 10) ]

Cellic CTec3 cost, $/MT (3400, 3705, 4000) ] $4.44k|$4.44k

$3.:54k $3.;34k $4_|14k $4,l14k $4_|'1'4k
Levelized Cost of Crystalline Cellulose ($/MT)

B Lower Case [l Upper Case

Figure 2.13Tornado plot displaying the sensitivity analysis of unbleached poplar pulp.

As shown in the tornado plot for the unbleached poplar pulp (Figure 2.13), the percent
conversion of amorphous cellulose and hemicellulose was the most sensitive parameter,
decreasing the selling price by about $910/MT or 20.4% of crystalline cellulosbaSbe&ase,
or empirical case, showed over 100% conversion as it is possible that a portion of the crystalline
cellulose was also hydrolyzed along with the amorphous cellulose and hemicellulose. The
substrate cost, or unbleached pulp cost, was also sensitisounting for about 73% of the
variable operating costs. In a previously mentioned TEA study (Rajendran et al., 2023), the cost
of wood pulp was the most sensitive parameter testagthanol, when sold for various costs
per metric tonne, can impaitte crystalline cellulose selling price. When £&&as not sold as
byproduct revenue, the crystalline cellulose selling price increased from $4,420 to $4,460
compared to the base case. Therefore, if we can capture and selbthe@@ed from the
fermentaion reaction, the levelized cost of cellulose could decrease, even if the reduction is

marginal.
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CRISPR-Edited Poplar

Water/WFI cost, $/kg (0/0, 0.001/0.40) 4 $1.22k

Electricity cost, $/kWh (0.08, 0.10, 0.12)

Interest rate, % (5, 10, 15)

Fixed operating cost, % of total CAPEX (1, 4.5, 10)
Ethanol selling price, $/MT (1000, 590, 300) -

Percent conversion amorphous cellulose + hemicellulose, % (61, 100)
Lysis enzyme cocktail cost, $/MT (2700, 3050, 3300)
Indirect cost, % of direct CAPEX (21.2, 42.2)
Substrate cost (CRISPR poplar), $/MT (60, 80, 100)
Project life, year (30, 20, 10)

Contingency, % of direct + indirect CAPEX (5, 10)
CO2 selling price, $/MT (100, 50, 0)

Cellic CTec3 cost, $/MT (3400, 3705, 4000) $1.47k || $1.48k

— 1 - T T - T T T T 1 T T T T
$1.17k $1.27k $1.37k $1.47k $1.57k
Levelized Cost of Crystalline Cellulose ($/MT)

[ Lower Case [l Upper Case

Figure 2.14Tornado plot displaying the sensitivity analysis of CRIS#IRed poplar.

The tornado plot for the CRISP&lited poplar (Figure 2.14) showed similarities and
differences compared to the unbleached pulp sensitivity analysis. For the CEI&&R
material, the cost of water and water for injection (WFI) was the most sensitaragiar among
those tested. Water and WFI accounted for about 19.5% of the total variable operating costs.
When we ran sensitivity analysis assuming we could obtain these materials at no cost, the selling
price of crystalline cellulose decreased by $250M17.1%. Similar to the unbleached pulp,
the ethanol selling price was relatively sensitive, while the €&liing price was less sensitive.
However, the change in ethanol selling price still led to a marginal difference in the levelized
cost of crystaline cellulose.

Unlike the unbleached pulp, the CRISB&ited poplar was less sensitive to changes in
the percent conversion of amorphous cellulose and hemicellulose, as well as to substrate costs. In
both cases, higher conversion percentages led to indrealiglose prices. Although higher

conversion required fewer processing units and smaller equipment volumes, it also reduced
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annual production capacity, ultimately lowering overall profit from selling the crystalline
cellulose material. For the CRISPR basmse at 61% conversion, a significant portion of the
product remained nearystalline. In contrast, achieving 100% conversion would result in a
higherquality product with greater crystallinity. Since highly crystalline cellulose commands a

higher markeprice, maximizing conversion could enhance the profitability of the process.

2.5 Conclusion

This study investigated the enzymatic hydrolysis and fermentation of unbleached pulp,
wild-type poplar, and CRISRBdited poplar to develop an integrated biopssder ce
producing crystalline cellulose and ethanol from woody feedstocks. Sugar and ethanol
concentrations were measured over time, along with the crystallinity index (CI) of raw and
treated samples, to evaluate process efficiéBcgeening of enzymatihydrolysis conditions
(pH and temperature) on unbleached pulp identified optimal parameters for maximizing both
ethanol production and cellulose crystallinity. A temperature of 30°C and pH of 6.0 provided
sufficient sugars for fermentation while mainiama high Cl (69%), comparable to
microcrystalline cellulose (MCC) within a 4% margin. These conditions were then applied to
CRISPRedited and wiletype poplar materials, incorporating fermentation to assess their
performance. The CRISP&lited poplar exbited an 18% increase in sugar concentration and a
25% increase in ethanol concentration compared totyild poplar. Additionally, fermentation
resulted in a marginal increase in crystallinity across all three maténdistriatscale techno
economicanalysis (TEA) revealed that CRISFited poplar offers a more economically viable
feedstock for fermentation, demonstrating a lower levelized cost of crystalline cellulose

($1,500/MT). However, its lower crystallinity compared to unbleached pulp hinghlibe
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importance of feedstock quality in determining economic feasibility. These findings establish a
scalable approach for gmoducing biofuels and crystalline cellulose, offering a promising
pathway for integrating bioenergy production with vahuielel bioproducts. This study provides

a foundation for advancing bioprocessing strategies that enhance the selective conversion of
amorphous cellulose and hemicellulose into chemicals and fuels while preserving crystalline
cellulose in solid form. By demonating the feasibility of cgproducing ethanol and crystalline
cellulose, these findings help establish a new paradigm for optimizing biomass utilization,
enabling more efficient and sustainable pathways for biofuel production anudiigh

cellulosebasedmaterials.
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CHAPTER 3
Techno-Economic Analysis of IndustriatScale Fermentation for Formate Dehydrogenase
(FDH) Production
3.1 Abstract
The conversion of carbon dioxid€Qz) into formate offers a promising route to enable a

circular, carborsmart bioeconomy. Formate is increasingly recognized as a versatile and energy
dense platform molecule that can serve as a feedstock for microbial fermentation, energy storage,
and sustaiable chemical and fuel production. A key bottleneck in this value chain is the
availability of costeffective and scalablermate dehydrogenase (FDERzymes, which
catalyze the initial reduction &0, to formate. However, little is knowatbout the economic
feasibility of producing and purifying FDH at industrial scale. In this study, we developed data
driven techneeconomic models to assess the production cost of FDH enzyriwefkiorquens
using labscale data and projected outcome®seifour scenarios: 1 L empirical, 5 L empirical,
base, and optimistic. Our results show that the minimum selling price when using FDH as a
crude protein preparation ranged from $2,300/kg (1 L empirical) to $75/kg (optimistic), while
the use of purified FB resulted in costs ranging from $99,000/kg to $970/kg, respectively.
Sensitivity analyses revealed that protein purity has the greatest influence on final production
cost, with substrate and electricity costs also contributing significantly in the twideahp
scenarios. These findings provide insight into cost bottlenecks and help identify engineering
targets for scaling FDH enzyme production, supporting the developmé&keab-formate

technologies and the broader formbhtesed bioeconomy.
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3.2 Introduction

To achieve the Unzerbendssidhs gy P0BGs ibis egserdidiltoo f n et
implement processes and technologies that will decrease the emissions of greenhouse gases
(GHGSs) in the atmosphere, particularly carbon dioxideJCOne promisingtrategy for
reducing CQemissions involves converting G{dto valueadded chemicals and liquid fuels, a
transformation that can be facilitated by redox enzymes, which catalyze conversions of gaseous
molecules such as G@ito useful compoundé!- 32

Addressing the economic and energy constraints associated withtiltZation requires
techneeconomic analyses (TEAS), which are instrumental in identifying-bagh and high
energy process steps. Data from sreallle experiments can inform industisahle TEAS,
enabling a more accurate assessment of-sgafeasibility. However, a significant research gap
remains in quantifying the costs of industisahle enzyme producti®?d particularly for redox
enzymes that are critical to GEnversion pathway Redox enzymes, classified as
oxidoreductases, catalyze electron transfer reactions wherein one substrate undergoes oxidation
(electron loss) while another undergoes reduction (electron gain). These enzymes play a key role
in many essential biological gresses, such as cellular respiration and photosynthesis,
underscoring the essential role of electh@nsfer reactions in sustaining life and their potential
utility in engineered carbon conversion systérhs.

Formate dehydrogenase (FDH) is a redox erztimt catalyzes the interconversion
between formate and carbon dioxide and serves as the primary enzymatic product considered in
the TEA presented in this study. FDH can be utilized either in its free form or immobilized on a
support matrix, depending @mocess design and stability requirements. FDHs are widely

distributed in nature, occurring in a variety of bacteria, yeasts, and plants, where they primarily
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catalyze the oxidation of formate to ea reaction that generates reducing equivalents and
supples energy for cellular metabolistThis oxidative pathway plays a key role in microbial
respiration, particularly in anaerobic environments. Conversely, the reverse reaction, CO
reduction to formate, is thermodynamically less favorable and less commatural systems.
Nonetheless, under specific engineered or anaerobic conditions, this reverse catalytic ability
becomes highly relevant for carbon capture and utilization applications. In such contexts, FDH
enables the enzymatic conversion of gaseddsitito formate (HCOQ or formic acid

(HCOOH), a soluble and energgnse compound with potential applications as a carbon carrier
or chemical feedstock.

Specifically, FDHs naturally catalyze the oxidation or dehydrogenation of H&OTGD,
(HCOO z (@ H"+ 2€). The enzymatic reaction utilizes various natural cofactors as
electron acceptors, particularly nicotinamide adenine dinucleotide (NAD+) and nicotinamide
adenine dinucleotide phosphate (NATPAFDHs also catalyze the reverse Q€duction to
HCOO (CO;+H"+2eZ H C Qky using NADH or NADPH as an electron donor. A critical
consideration for biotechnological applications, particularly at an industrial scale, is the oxygen
sensitivity of FDHSs, as it can significantly affect enzyme stability activity during both
production and operational u$®.3’Moreover, addressing the challenges associated with
enzyme applicatial most notably the difficulty of scaling up enzyme produadios essential
for improving their functional efficiency and féitating their integration into C&conversion
pathways.

Recent advances in genetic engineering have enabled the heterologous expression of
formate dehydrogenase (FDH) in microbial hosts to enhance biologicaldD@ersion.

Notably, the expression of FDH the fastgrowing microalga&icochlorum renovallowed for
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formate assimilation, supporting growth and energy metabdifdmparallel, structural
characterization of recombinant FDH from the bactefdethylorubrum extorquen$ormerly
Methylobactemim extorquens) revealed critical features of its active site and electron transfer
pathways, offering mechanistic insights that can guide the rational design and optimization of
FDH variants for improved CQeduction performancg’ Together, these studieinderscore the
feasibility and growing potential of engineered microbial systems for enzymatiatieation.
However, despite this laboratesgale progress, there remains a critical gap in understanding the
industrial operations required to produd@Hrat commercial scale. Industrial enzyme
manufacturing is a wekstablished sector, but the integration of FDH into existing production
frameworks has yet to be explored. Assessing the scalability, cost structures, and infrastructure
needs for industridfDH production is essential to advancing its deployment in@idization
technologies.

The choice of enzyme production and purification methods is largely dictated by the
intended application and required production scale. Enzymes used in pharmaaadtical
healthcare applications typically demand high purity and are produced in relatively small
volumes. In contrast, industrial enzymes for sectors such as food, feed, textiles, and biofuels are
generally produced in large volumes as less refined prepasat® However, the increasing use
of immobilized enzymes in larggcale industrial processes has led to a growing demand for
higherpurity enzymes, as impurities can interfere with immobilization efficiency, reduce
catalytic stability, and compromise @nall process performance (Cao, 2005).

There are four main stages involved in the enzyme production process, including enzyme
synthesis, enzyme recovery, enzyme purification, and enzyme product formulation. During the

synthesis stage, microbial cells are cultivateégpically through fermentatiounder controlled
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condition® and serve as the biological factories for enzyme production. Depending on the
organism and production system, the target enzymes are synthesized either intracellularly or
secreted extracellularft? Intracellular enzymes cdre made extracellular by genetic
engineering and protein engineering technigié®uring the enzyme recovery stage, the target
enzyme is separated from the microbial cell system through techniques that depend on whether
the enzyme is intracellular okteacellular. For extracellular enzymes, recovery typically
involves clarification of the fermentation broth using methods such as centrifugation @miead
filtration to remove cells and debris. For intracellular enzymes, cell disruption methods (e.g.,
sonication, highpressure homogenization, or chemical lysis) are first applied to release the
enzyme, followed by similar soliiquid separation technigues. These recovery steps are critical
for maximizing yield and minimizing impurities prior to downstrepurification®12

Following enzyme recovery, purification is undertaken to remove unwanted
contaminantd primarily nontarget proteins, nucleic acids, and residual cell dékhst could
interfere with the enzyme's functionality, stability, or downstregplications>** This step is
particularly critical when higipurity formulations are required, such as for pharmaceutical use
or enzyme immobilization, where impurities can reduce binding efficiency and catalytic
performance. Purification also enhandes $pecific activity of the enzyme by eliminating larger
amounts of contaminating proteins. The purification process typically involves a sequence of
unit operations, with each step contributing incrementally to overall piifitfowever, each
operationalso introduces product loss, resulting in a trafféetween purity and final yieléé
Selecting an optimal purification strategy thus requires balancing these competing priorities
based on the intended application and economic feasibility. Commondseathpurification

include different types of chromatography such as liquid, size exclusion, ion exchange,
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hydrophobic interaction, and affinity chromatograpiyEach technique exploits distinct
physicochemical properties of the enzyimsuch as size, enge, hydrophobicity, or specific
ligand affinityd to selectively isolate the target protein from complex mixtures.

Following purification, the enzyme undergoes different operations to give the enzyme
product its final form, such as polishing, stabilizatiand standardization. Formulation is a
crucial step, especially in the case of industrial enzymes, since this production step gives the
producer a competitive edge by differentiating their products characteristics and making them
convenient for use in spiéic applications. For specialty enzymes, formulation is useful when it
is necessary to comply with stringent regulations. The last step in enzyme production is
standardization, which allows the producer to ensure it is creating a uniform quality gooduct
its customers. Since biological systems produce enzymes, variations will inevitably arise among
production batche’!?

While there remains a significant gap in the teeenonomic analysis (TEA) of
industriatscale redox enzyme production, a few reéstadies have begun to explore this area
and offer valuable insights into potential cost structures and process considerations. One study in
particular by Walwyn et al. (2015) performed a TEA on the production of horseradish
peroxidase, a commercially alable redox enzyme. Horseradish peroxidase, an enzyme found
in horseradish roots, catalyzes oxidation reactions using hydrogen peroxie (Fhe authors
reported a base case production cost of approximately $1,280/g ($1,280,000/kg) for horseradish
perxidase, based on an annual production capacity of only 5 kg. Walwyn et al. (2015) also
reported an average market price of $1,250/g ($1,250,500/kg) for the peroxidase enzyme which
corroborated their findings!’ The elevated enzyme costs reported in thteidy are likely due to

the small production scale considered, as enzyme manufacturing costs tend to decrease
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substantially with increased production capagi§This highlights the need for techno
economic analyses at larger production scales to hettlarstand cost reduction opportunities
and assess commercial feasibility.

Researchers have more extensively examined the tedammmics of conventional
industrial enzymes, such as hydrolases, because they are widely used due to their low production
cods, broad availability, and high operational stabdlitiactors that have made them more
commercially relevant than redox enzymes like oxidoreductases. For instance, Ferreira et al.
(2018) conducted a 7JgHodsidase, athydrelytipeymedhatbreakson of b
down compl ex sugar s by -glycdidae bonds,itypicallytasthe finaly dr ol vy
step in cellulose degradation. The authors estimated a production cost of $316/kg at an annual
capacity of 88 tonnes (88,000 K This estiméed cost is orders of magnitude lower than
reported values for redox enzymes, highlighting the cost disparity and industrial accessibility gap
between hydrolytic and redox enzyme systems.

In the case of FDH, most commercially available products are spdthtively high
prices despite offering low specific activity. For example, Sigxtkich (Merck KGaA,
Darmstadt, Germany) offers FDH fra@andida boidiniiwith specific activities ranging from-5
15 units per mg protein at a cost of $1,670 for 500 dAftSigmaAldrich also sells other types
of redox enzymes, such as laccase fRims verniciferawhich is $199 for 10,000 units at a
specific activity of ~ 50 units per mg protéeift In this study, we produced FDH from
Methylorubrum extorqueres laboratory scale using 1 L and 5 L fermentation reactors, achieving
specific activities ranging from 4.8 to 38.7 units per mg protein.

Despite the growing interest in enzymatic

knowledge gap regarding theeusf empirical data to inform techheamonomic analyses (TEAS)
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of industriatscale redox enzyme productiparticularly for formate dehydrogenase (FDH). To
address this, our study represents one of the first efforts to integrate labscatiery

experimenthdata into a detailed TEA framework for FDH manufacturing. By grounding cost
projections in experimental results, this work offers a more realistic and actionable assessment of
the economic viability of scaling FDH production. The analysis also identifgeeprocess

parameters that most strongly influence production costs, providing critical insight into where
optimization efforts should be focused. Moreover, the study highlights key process bottlenecks
and systemic barriers that currently limit scalayilihereby laying the groundwork for future
research aimed at improving the ceffectiveness and commercial readiness of FDH production

technologies.

3.3 Methodology
3.3.1 Modeling and Simulation Software

We used SuperPro Designer v13 (Intelligen, UAnodel and simulate the process,
which contained four main sections: media preparation, fermentation, downstream, and
purification, as shown in Figure 3.1. Additionally, we established-didan stoichiometric
reactions for the fermentation and partshe downstream processes to determine the amounts of
both reactants and products utilized and produced, respectively. We used Migxasbtb
assess the economic feasibility of the process, taking into account the various capital and

operating costs.
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3.3.2 Process and Parameters

For the laboratory experiments, the alpha and beta subunits of the formate dehydrogenase
enzyme MeFdh1 froriMethylorubrum extorquenSM1 were cloned into an expression vector to
enable recombinant protein production. A 6xitiae tag was fused to thet€rminus of the
alpha subunit to facilitate protein purification. The plasmid backbone, pCM157 (Plasmid
#45863), was obtained from Addgene. The IPM@ucible promoter PL/O4, a strong promoter
used forM. extorquenswas incoporated to control gene expression. Gibson assembly was used
to seamlessly combine the promoter, MeFdh1 subunit genes, and plasmid backbone into the final
recombinant plasmid. The plasmid was introduced Mhtextorquen®\M1 via electroporation
to constret a recombinant strain. Electoompetent cells were prepared by growing M.
extorquens AM1 to exponential phase (OD60G 0.8), chilling the culture, and washing the
cells with icecold sterile distilled water and 10% glycerol. The cells were then sdsgem
10% glycerol and mixed with 2 pl of plasmid DNA in a chilled cuvette. Electroporation was
performed using a Gene Pulser(Bcad) with settings of 2mnb0 kV,
gap cuvette. Postlectroporation, Nutrient Broth was added, #mlcells were incubated at
30°C for 12 hours with 200 rpm shaking. Transformants were selected on succinate agar plates
containing appropriate antibiotic (kanamycin), with colonies appearing after approximately 3
days®??

We prepared inocula from a siegtolony in media containing succinate or methanol,
allowing them to grow overnight until the optical density (OD) exceeded 0.7. We then induced
protein expr es s-D-thingalacopyrargpside §RY @)r Atgr nductidn, we
carried out the fermeation at 30°C, pH 7.0, and 180 rpm in a New Brunswick Bioflo fermenter

(New Brunswick Scientific, Edison, NJ, USA) with a total volume of 2.3 L and a working
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volume of 1 L. We recorded various parameters, such as biomass cell density and total target
protein, to incorporate into our TEA.

In our datadriven models, the annual enzyme production rate was 80 tonnes of
enzyme/year on a dry basis for the purified enzyme casesnétii@ preparation section
included nitrogen (ammonium), carbon (methanol), andiumedsalts) sources, each linked to a
10 L shake flask, three seed fermentors with capacities of 100 L, 1,000 L, and 10,000 L, and a
200,000 L productiorscale feebatch fermentor. Sinddethylorubrum extorqueris a strictly
aerobic bacterium, we injecteompressed air into each fermentor to maintain an aerobic
environment:?3 Following the production fermentor stage was the product recovery or
downstream section that included a homogenizer, centrifuge, anededitter3'° The soluble
protein undawent two purification steps, while we considered the insoluble protein a solid
byproduct that could be sold for revenue. After purification via diafiltration and immobilized
metal affinity chromatography (IMAC), we produced a pure stream of FDH. Figupgesénts
the process flow diagram with mass flows for the base case. We also simulated the production of
crude protein to evaluate the associated protein costs, where the process for these scenarios

excluded both diafiltration and IMAC unit operations.
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Comee | @000 |
- kg/day Shake Flask and Seed Cell debris
(ammonium) — X
Fermentations (x3)
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Medium 12,000 Fermentation —*| Homogenization " Centrifugation
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Protein | 4,900 kg/day

Targ(eFt Sl}rgtein Immobilized Metal Prote Protei
. rotei rotem
Affinity Diafiltration Dead-End Filtration
250 ke/day Chromatography 2,250 kg/day 2,500 ke/day
(IMAC)
1,500 kg/day
l 2,000 ke/day J 670 kg/day J 2,400 ke/day
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Figure 3.1Process flow diagram of the base case FDH production and purification process with
mass flows.

In this study, the SuperPro models that reflected the laboratatg data from the 1 L
and 5 L fermentation vessels were considaethe empirical cases. From the 1 L laboratory
scale experiments, the biomass cell density was 4.2 g/L coming out of the production
fermentation. An assumption made was that the biomass consisted of 30% protein based on
literature®2*this was deemed aeptable for the purpose of techeconomic analysis. The
soluble protein percentage was determined empirically to be 3.6% of the cell, or 12% of total
protein. Target protein, or FDH, made up 0.1% of the biomass cell or 0.3% of the total protein.
The 5 Lexperiments yielded a biomass cell density of 6.5 g/L, with soluble protein comprising
12.6% of the cell mass (42% of total protein), and the target protein accounting for 0.6% of the
cell mass (2% of total proteinfhe base and optimistic cases were aistuded as forward
looking scenarios. In the base case, the target protein percentage was projected to be three times

higher than in the 5 L empirical case (i.e., 1.5% of the cell or 5% of the total protein). These
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projections were not achieved experirtadlly but are envisioned as feasible outcomes with
further process optimization and scale Table 3.1 displays the values used for the empirical,
base, and optimistic cases.

Table 3.1Process parameters for empirical, base, and optimistic cases forrziides

Model Biomass Cell Density Protein Soluble Target Protein (%)
Case (g/L) % of cell)  Protein (%) g
Empirical 3.6% of cell 0.1% of cell
( f 0 4.2 30 (12% of total ~ (0.3% of total
protein) protein)
12.6% of cell
Empirical 0 0.6% of cell
(B1L) 0.5 30 (42% Of. total (2% of total protein)
protein)
15% of cell
0,
Base 20 30 (50% of total 1.5% of cell -
: (5% of total protein)
protein)
15% of cell
o 5% of cell
0,
Optimistic 50 30 (50% of total (17% of total protein)
protein)

3.3.3 Economic Assumptions

Whendeveloping the industrigdcale TEA from laboratorgcale data, we made several
assumptions. Table 3.2 outlines the economic assumptions and their respective values used in the
model for the base case. We chose an annual enzyme capacity of 80 tonngmefyaar to
align closely with the 88 tonnes of enzyme/year, as reported by Ferreira et al.3Zel®)wing
for an accurate representation of our TEA on an industrial scale. To ensure our models were
comparable, we specified a consistent capacityevatuoss the pure enzyme cases. We also used

that study to guide our downstream and purification sections.
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Table 3.2Economic assumptions used in the base case model.

Parameter Value Reference
Plant utilization 90% (330 days) PettRidge et al. (2023Y°
Cost year 2024
Capital cost contingency 10% of direct + indirect
CAPEX
Indirect capital cost 42.2% of total direct CAPEX PettRidge et al. (2023y°
Fixed operating cost 4.5% of total CAPEX PettRidge et al. (2023%°
Return on equity 15%
Interest rate 10% PettRidge et al. (2023%°
Project life 20 years PettRidge et al. (2023%°
Capital recovery factor 12.6%
Annual enzyme capacity 80 tonnes enzyme/year  Ferreira et al. (2018}°

CAPEX = capital costs OPEX = operating costs

3.4 Results and Discussion
3.4.1 Economic Assessment

We estimated the levelized costs of both crude and pure protein for the empirical, base,
and optimistic cases, using the process parameters and assumptions outlined in Tables 3.1 and
3.2. Based on thellempirical results, the specific activities were 25.0 U/mg for the crude
protein and 38.7 U/mg for the purified protein. In comparison, the 5 L experiments yielded
specific activities of 4.8 U/mg for the crude protein and 10.5 U/mg for the purifiedmprotes
enzyme unit, U, represents the enzyme activity that converts 1 micromole of substrate into
products per minutd?® We assumed the same activity levels as those observed in the 5 L
experiments for both the base and optimistic scenarios. As exhibitatle 3.3, there was a
wide range of capacities and protein costs across the cases. Tables A3.1 through A3.8 in the

appendix provide detailed capital costs and summaries for each of the four scenarios.
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Table 3.3Summary of TEAs for empirical, basad optimistic cases.

Model Case Empirical (1 L) Empirical (5 L) Base Optimistic
Biomass cell density 5 42 65 65 20 20 50 50
(9/L)

Target protein ) 01 i 06 i 15 i 5

(% of cell)

Crud(_e orpure Crude Pure Crude Pure Crude Pure Crude Pure
protein

Specific activity 25.0 387 4.8 105 4.8 10.5 4.8 10.5
(U/mg)
Capacity

. 2.9M 80k 1.7M 80k 800k 80k 240k 80k
(kg protein/year)

Total Levelized Cos!

. 2,300 99,000 500 16,000 120 3,600 75 970
($/kg protein)

g;ba)' Levelized Cos! g jors 25563 1.0584 15563 2.40E5 3.40E4 1.56E5 9.21E5

U is the enzyme activity that transforms 1 micromole of substrate (i.e),il@® products (i.e., formate) pe
minute under specified conditioi§

All process scenarios in this analysis were desigoekliver 80,000 kg of pure protein
per year, either directly or through sufficient production of crude protein to meet this purified
yield after downstream processing. Despite this consistent output target, substantial variation was
observed in both lelized protein costs and specific process performance metrics due to
differences in upstream and downstream assumptions. A clear inverse relationship was observed
between levelized protein cost and two upstream parameters: biomass cell density and target
protein content. In the base and optimistic scenarios, which assumed higher biomass
concentrations (d®0 g/L) and increased protein expression leveld BE&of cell mass), both

crude and pure protein costs dropped substantially. This trend can beeadttdbtite fact that
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higher biomass densities reduce the required fermentation volume and associated fixed costs,
while higher protein expression increases the proportion of biomass contributing to the final
product. These improvements lessen the sevdritpwnstream processing requirements, as cell
lysis and protein purification are more efficient when product titers are high. For example, in the
optimistic case, a cell density of 50 g/L and target protein content of 5% yielded a pure protein
cost of $97(kg, compared to $99,000/kg in the empirical 1 L éaaenore than 16€old

reduction.

An unusual observation was made in the empirical 1 L crude case, where the model
projected a very high annual crude protein production capacity (2.9 million kg), yevétieed
cost remained high at $2,300/kg. This counterintuitive result can be explained by the extremely
low biomass cell density in this case (4.2 g/L), which required processing exceptionally large
fermentation volumes to reach the target output. Thueedbroth led to high capital costs for
oversized fermenters and increased operating costs associated with media, utilities, and
downstream processing. In this context, the lmgpde handling of lovdensity biomass imposes
a significant economic burdeand the potential benefits of economies of sc&lwere
insufficient to offset these inefficiencies. Although the modeled capacity was high in mass terms,
the process was fundamentally constrained by the cost structure imposed by dilute feedstocks,
resuting in elevated unit costs.

Crude protein consistently exhibited lower costs across all scenarios compared to pure
protein, primarily due to increased production capacities and the exclusion of purification
equipment and associated consumables. Proteification remains a significant technical and
economic challenge. Among the various purification techniques, affinity chromatography is the

most widely employed due to its reliability in achieving high yield and purity at the bench scale.
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However, the Igh cost of chromatographic resins and the operational complexity ofdeatg
equipment limit the feasibility of chromatography for industrial applications. As a result, many
companies opt to use proteins in their crude form, bypassing extensive parifgtaps to

reduce cost and complexity in both research and manufacturing cotftexts.

The cost per unit of enzyme activity ($/U) provides further insight into the tradeoffs
between crude and pure protein production. Pure proteins consistently exdlighég higher
specific activity across all scenaréb$or example, 38.7 U/mg in the empirical 1 L case.

However, this also resulted in higher $/U values, in line with their elevated $/kg production

costs. Despite the increased cost, this enhanced cafaytormance can offer greater reaction
efficiencies and is often required in applications that demand high specificity or biochemical
precision. When accuracy and performance outweigh cost and processing speed, the use of pure
protein becomes more advageous. Conversely, when large quantities are required at minimal
cost, crude preparations may be more appropriate.

These findings are consistent with previous literature. For example, Ferreira et al. (2018)
reported an enzyme production cost of $316tkgf i n t r -glucesiddseiat aan annual
capacity of 88,000 kg, using a strain expressing the target protein at 5% of celffnass.

Although the production capacity in their study was comparable to our pure protein scenarios,

their cost was significalytlower than the values observed in our empirical céaggsnarily due

to a much higher target protein expression level. In our optimistic scenario, we also assumed a

5% target protein content, which yielded a more comparable cost of $970/kg. However, this
remains notabl y hi gh e fgludodidase, asdhferen@&sS8id furifikaton f o u n d
strategies likely drive the cost gap. Our use of IMAC significantly contributes to the overall

enzyme production costs. Ferreira et al. (2018) measured &spetvity of 2.3 U/mg, which
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was lower than those observed in our empirical scenarios (Table 3.3). Consequently, the
calculated cost per unit activity in Ferreira et al. (2018) was approximately $2/37E°which
closely matches our activity costrfihe empirical 5 L crude case ($1.08RJ). This comparison
further underscores the critical role that upstream expression levels play in determining both
protein cost and performance efficiency.

Finally, the comparison between the base and optimistesaaseals diminishing returns
with respect to further improvements in biomass density and protein expression. While the
optimistic case achieves the lowest costs overall ($75/kg crude, $970/kg pure), the cost reduction
relative to the base case is modeshpared to the substantial improvements observed when
transitioning from empirical to base scenarios. This suggests that beyond a certain point,
additional upstream optimization yields progressively smaller economic benefits, likely due to
downstream comisaints such as purification yield, material recovery efficiency, and consumable
costs, which begin to dominate the overall cost structure.

In summary, protein production costs were strongly influenced by upstream parameters
such as biomass density andtpmo expression, which reduce downstream burden and enable
lower levelized costs. However, scale and process integration play equally important roles, as
even largescale protein output is not economically viable if achieved through inefficient, dilute
processes. Moreover, the choice between crude and pure protein should be guided by
applicationspecific requirements, balancing cost, complexity, and performance. These results
emphasize the importance of aligning process design with both technical constnaindise

demands when evaluating the economic feasibility of enzyme manufacturing systems.
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Table 3.4 further analyzes the cost comparisons between the two products, outlining the
various capital and operating cost contributions to the base casedevadists of the crude and
pure protein. In both cases, the methanol feed rate is the same at 120,000 kg per day.

Table 3.4Summary of base case TEAs for the production of crude and pure proteins.

Crude Protein Pure Protein
Annual protein capacity 800,000 kg protein/year 80,000 kg protein/year
Methanol feed rate 120,000 kg/day 120,000 kg/day
Total capital cost $118M $268M
Levelized capital cost $21/kg protein $467/kg protein
% of total levelized cost 17.78% 13.07%
Total operating cost $77Mlyear $250M/year
Net operating cost $76M/year $248M/year
Levelized operating cost $95/kg protein $3,103/kg protein
% of total levelized cost 82.22% 86.93%
Total levelized cost $120/kg protein $3,600/kg protein

The base case TEA highlighggnificant cost differences between crude and pure protein
production, driven largely by differences in downstream processing requirements, capital
intensity, and achievable scale. First, the annual protein capacity differs by an order of
magnitude: 800@0 kg/year for crude protein versus only 80,000 kg/year for pure protein. This
disparity is not due to differences in upstream fermentation or feedstoc& ihptit scenarios
assume the same methanol feed rate of 120,000 Kyfolatyinstead reflects the adidnal
burden of purification, which limits the amount of product that can be feasibly recovered and
processed.

The lower throughput of the pure protein scenario amplifies both capital and operating
costs on a peunit basis. The total capital cost for pyprotein production is more than double
that of the crude case ($268 million vs. $118 million), despite the lower product output. As a

result, the levelized capital cost per kilogram of protein is over 20 times higher for pure protein
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($467/kg vs. $21/kgHowever, capital costs account for a smaller fraction of the total levelized
cost in both cases (17.78% for crude, 13.07% for pure), indicating that operating costs are the
dominant economic factor.

Operating costs provide further evidence of this tr&vkiile both systems operate with
similar feed input rates, the total and net operating costs for pure protein production are over
three times greater than for crude protein ($250 million/year vs. $77 million/year total operating;
$248 million/year vs. $7fillion/year net operating). This is primarily due to the intensive
requirements of protein purification, including multiple chromatography steps, consumables, and
additional buffer volumes. As a result, the levelized operating cost per kilogram is 8,103/
pure protein compared to only $95/kg for crude protein. Consequently, the total levelized cost of
pure protein production is dramatically highe$3,570/kg compared to $115/kg for crude
proteird underscoring the cost challenges associated with anlgiénghpurity protein at scale.

Analysis of the data reinforces purification as the principal economic bottleneck in
enzyme manufacturing. While capital cost differences are notable, the purification burden
primarily manifests in ongoing operating expesnsTherefore, for applications where crude
protein is functionally sufficient, the cost savings are substantial and could justify theffrade
product quality or purity. This is exemplified in biofuel production, where enzymes
particularly cellulase$ are typically used in crude form and secreted extracelluldfliyaking
them more feasible and cesffective than intracellular enzymes, such as FDH, which require
additional extraction and purification steps. However, the use of crude enzymes ithoat wi
drawbacks. For instance, in the case of crude FDH, there is potential for the presence of
inhibitors or interfering compounds that may reduce enzyme acti¥itloreover, due to the

limited empirical data available in the literature, it remainssiady to determine the extent to
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which these impurities affect performance. Conversely, in applications that demand high
specificity, selectivity, or adherence to regulatory standards, the addition expense of producing
purified protein may be warrant&drovided that the downstream value and performance
benefits justify the higher production costs.

To assess the influence of various factors, Table 3.5 presents a comparison of enzyme
production parameters from multiple studies, emphasizing the range qfecgstsssion
systems, and production efficiencies across different enzymes. This comparison offers critical
insights into the diverse factors affecting enzyme production processes and elucidates the key
determinants of cost and operational efficiency ffedent industrial contexts.

Table 3.5Comparison of reported parameters from previous studies with those in the current
study.

Protei Enz
Specif Enzy Target n Purificat .
ic Enqzy me gglrl] Protein  Produ rlw__tg:irgﬁ ion CtZFI O‘i)r?grat Eenégg,: ﬁgnset Refer
Enzy Expre . Percen  ction Method( ence
me Class ssion S tage  Capaci Scale s) Cost  Cost ($/ka) ($)/U
ty
FDH 1.5 Diafiltrat $268  $248 $3.4 .
(base Rido race a0 g asof 20000 200000 Tign il millions $3{(6°0’ OE- STtL“dS
case) cell 9y IMAC on year 9 4/U Y
lon Walw
Horser exchange n et
adish Redo i i ) 5 ) chromato i ) $1,280, i yal
Peroxi X kalyear graphy, 000/kg ;
. (2015
dase Ultrafiltr )17
ation
Ferrei
b- 5% - $70. $.2.7'9 $1.3 raet
Hydr Intrace 100 88,000 100,000 Diafiltrat 8 million/
glucos  ose llular g/L of kglyear L ion milli year $316/kg  7E al
idase cell 4/U (2018
on )31
$8.8 Rao
Protea Hydr Extrac i ) 30,600 11,500 i $308 $24,300 $2.12/k -7 etal.
se olase ellular kglyear L ,000 lyear g 71U (2017
)3.29
Kum
Packed
. Hydr  Extrac 605 bed  $264 9266 4400 $OB aret
Lipase  jjase ellular i " kglyear a0L absorptio ,000 million/ kg & al.
' year 3/U (2023
n )3:30
Khoo
mata
Lipase Hydr Extrac i ) 4,290 ) ) $302 $123,00 $65/kg i et al
olase ellular kglyear ,000 Olyear
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Table 3.5(continued).

Hong
Cellul  Hydr 57 Used, but $18 $3.80 etal.
- million - not milli - $8.80/k
ase olase e (2013
kglyear specified on g 332
$22.
525,00 938 000 - $8.23 Zhua
0- $15.67 ng et
Cellul  Hydr - $28. $30.6
- - - 758,00 - L $40.36/ - al.
ase olase 2,740,0 6 million/
0 - kg (2007
ooL milli year 3.33
kglyear )3
on
Cellul
ase, Sosa
Endo $21 Marti
b-1,4 Hydr Extrac i ) i ) i i ) $42/kg i nez et
glucan olase ellular $250/kg al.
ase, $14/kg (2024
Lacca )3:34
se
5,000 Sosa
Enzy kg/batc Marti
me Hydr Extrac h (35 Diafiltrat $45 $33 $1.92 nez et
- - 8,030 L . milli  million/  $3.72/k -
Cockt olase ellular 704 ion on ear al.
ail batches y 9 (2024
lyear) )3-34

U is the enzyme activity that transforms 1 micromole of substrate (i.e),i@® products (i.e., formate) per minute under
specified condition&?®

As shown in Table 3.9/EAs of enzyme production demonstrate significant variability in
cost estimates depending on scale, purification methods, and enzyme type. For example, Kumar
et al. (2023) estimated lipase production at $4,400/kg using ascas (40 L) reactor and
paclked bed absorptioh*®while our model, using a 200,000 L fermentor and-step
purification, yielded a lower cost of $3,600/kg due to economies of scale and higher throughput
(80,000 kg/year versus 605 kg/year). Other studies, such as those by Fealeif20215* and
Hong et al. (2013}>2reported cellulase costs ranging from $3.8/kg to $40/kg at much higher
scales (up to 5.7 million kg/year), though often with less intensive purification or without
specifying purification methods, which likelpwtributed to their lower reported costs.

Lipase and protease production costs estimated by Khootama et al>€2ah8)Rao et
al. (2017§-*°were significantly lower than in our study, largely due to smaller scale operations

without purification stepsSosaMartinez et al. (2024) also showed lower enzyme costs ($2
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$250/kg) due to minimal purification and extracellular enzyme secrétidtowever,

differences in purification methodssuch as the use of IMAC in our stddgrove up costs
substantially, wit IMAC alone contributing over 30% of total direct capital costs. In contrast,

the TEA by Walwyn et al. (2015) reported horseradish peroxidase costs at $1.28 million/kg due
to extremely small scale (5 kg/year) and costly downstream procésséitigstrating how

economies of scale and purification strategy are critical to cost efficiency in enzyme
manufacturing. Table 3.5 highlights that Walwyn et al. (2015) was the only study focusing on
redox enzyme3’’ revealing a gap in TEAs for these enzymes, siscRDH, suggesting that

these bioprocesses need further cost optimization.

3.4.2 Sensitivity Analysis

Sensitivity analyses evaluate the impact of variations in key variables or input parameters
on the overall economic performance of the process. Givéthibastudy focused on an early
stage experimental FDH production process, there was inherent uncertainty across various
stages. By testing and modifying specific parameter values, researchers can identify optimal
ranges that minimize enzyme costs. Inghasitivity analyses, shown in Figures 3.2 through 3.5,
the effect of changes in different parameters are visually evident in the form of a tornado plot.
The xaxis represents the enzyme selling price in USD per kg protein, whileatkis gpecifies
the parameters tested. For each parameter, the first value listed is the lower case, the second

value is the base case for each particular model, and the third value is the upper case.
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Empirical Case (1 L) - Pure Protein

Without or with purification (crude protein, pure protein)
IPTG cost, $/kg (200, 358, 500)—-
Water/WFI cost, $/kg (0.001/0.40, 0/0)—-
Substrate cost (methanol), $/kg (0.15, 0.24, 0.35) -
IMAC resin replacement frequency, cycle (200, 100, 50)—-
Electricity cost, $/kWh (0.08, 0.10, 0.12)—-
IMAC resin cost, $/L (1000, 1500, 2000)—‘
Interest rate, % (5, 10, 15) -
Fixed operating cost, % of total CAPEX (1, 4.5, 10)—‘
Indirect cost, % of direct CAPEX (21.2, 42.2)—‘

Biomass cake selling price, $/kg (1.50, 0.50, 0)—‘
Project life, year (30, 20, 10) -

Contingency, % of direct + indirect CAPEX (5, 10) -

s2.3«

$87.2k $109.2k
$106.6k
$105.7k

$98.0k | $98.9k

$98.2k $100.4k

$98.3k

——r——
$2.6k

"'seeok 926k 3986k S$104.6k $110.6k
Levelized Cost of Enzyme ($/kg protein)
B Lower Case [l Upper Case

Figure 3.2Tornado plot displaying the sensitivity analysis of pure pnatel empirical case.

The sensitivity analysis represented in Figure 3.2 for the 1 L empirical case showed that

the extent of protein purification was highly sensitive to affecting the enzyme selling price. The

crude protein cost was about $2,300/kg @irgtwhile pure protein cost was almost $99,000/kg

protein, reflecting a 4,204% increase. In addition to the significant difference in annual protein
capacity, the diafiltration membrane and IMAC resin materials contributed to 8.6% and 7.6% to
the total vaiable operating costs, respectively, in the pure protein case. The IMAC equipment

and materials made up about 12.6% of the total direct capital cost as well. Therefore, when we

excluded the two purification steps for the crude protein production, thallox@sts decreased

dramatically.

Anot her rel ati vel

y

sensitiwviz parameter

was

thiogalactopyranoside, or IPTG, which increased or decreased the enzyme cost by $10,000. The

IPTG cost contributed to 28.2% of the total variable opsgatost. In future studies, lactose

could serve as a cesffective alternative to IPTG for induction, given its significantly lower
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cost of approximately $2/kg compared to $356/kg for IFPGhus contributing to reduced

enzyme production costs. Otharpmeters, such as water and substrate cost, IMAC resin
replacement frequency, and electricity, similarly sensitively changed the resulting cost. The rest
of the parameters tested were not significantly sensitive, demonstrating that changes in these

paraméers should not have a large impact on the enzyme price.

Empirical Case (5 L) - Pure Protein

Without or with purification (crude protein, pure protein) 4 sso0o [ N
IMAC resin replacement frequency, cycle (200, 100, 50)—- $14.3k $20.4k
IPTG cost, $/kg (200, 356, 500)—-

IMAC resin cost, $/L (1000, 1500, 2000)—-

Substrate cost (methanol), $/kg (0.15, 0.24, 0.35)-
Water/WFI cost, $/kg (0.001/0.40, 0/0)—-

Interest rate, % (5, 10, 15) -

Fixed operating cost, % of total CAPEX (1, 4.5, 10)—-
Electricity cost, $/kWh (0.08, 0.10, 0.12) -

Indirect cost, % of direct CAPEX (21.2, 42.2) —-

Project life, year (30, 20, 10)—- $16.2k ||l 516.8k
Biomass cake selling price, $/kg (1.50, 0.50, 0) $16.2k [ $16.3k
Contingency, % of direct + indirect CAPEX (5, 10) $16.2k

T T 7/ T T T T
$300 $2.3k  $14.3k $16.3k $18.3k  $20.3k

Levelized Cost of Enzyme ($/kg protein)
I Lower Case [l Upper Case

Figure 3.3Tornado plot displaying the sensitivity analysis of pure protein 5 L empirical case.

Consistent with the 1 L empirical case, protein purification remained the most sensitive
parameter in the 5 L empirical model (Figure 3.3). The cost of crude protein was about $500/kg,
whereas purified protein reached $16,000/kg, representing a 3,10@asecAmong the cost
drivers, the IMAC resin replacement frequency, along with the costs of IPTG, methanol, water,
and the IMAC resin itself, exhibited notable sensitivity. In this scenario, IPTG and IMAC resin
contributed 21.8% and 27.9%, respectivelythi total variable operating costs. Methanol

accounted for 19.8%, while water contributed 6.6%. Parameters with cost contributions lower
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than that of water displayed comparable sensitivity profiles, leading to protein cost variations of

less than $480/kg.

Base Case - Pure Protein

Without or with purification (crude protein, pure protein) 4 $120
IMAC resin replacement frequency, cycle (200, 100, 50) -
IMAC resin cost, $/L (1000, 1500, 2000) -
Interest rate, % (5, 10, 15) +
IPTG cost, $/kg (200, 356, 500) -
Water/WFI cost, $/kg (0.001/0.40, 0/0) -
Fixed operating cost, % of total CAPEX (1, 4.5, 10) +
Indirect cost, % of direct CAPEX (21.2, 42.2) -
Substrate cost (methanol), $/kg (0.15, 0.24, 0.35)
Biomass cake selling price, $/kg (1.50, 0.50, 0)
Project life, year (30, 20, 10) 4
Electricity cost, $/kWh (0.08, 0.10, 0.12) -
Contingency, % of direct + indirect CAPEX (5, 10)
$0.18k 107k  $232k  $357k  $4.82k  $6.07K

Levelized Cost of Enzyme ($/kg protein)

I Lower Case [l Upper Case

Figure 3.4Tornado plot displaying the sensitivity analysis of pure protein base case.

The sensitivity analysis for the base case revealed that the presence or absence of
purification steps was the most sensitive parameter, similar to the empinttagnAs shown
in Table 3.3 and Figure 3.4, producing crude protein resulted in a substantial reduction in the
enzyme selling price, decreasing from the base case value of $3,600/kg for pure protein to
$120/kg for crude protein. In line with the empiricakes, variations in annual capacity and the
absence of purification steps significantly reduced the cost of crude protein compared to purified
protein. Other sensitive parameters included the IMAC resin replacement frequency and cost.
Reducing the resilifespan from 100 cycles to 50 cycles led to a $2,000/kg increase in enzyme
cost (54.2% increase), while extending it to 200 cycles lowered the cost by about $970/kg
(27.1% decrease). The base case exhibited particularly high sensitivity because IMA@eaccou

for 55.4% of the direct capital costs and 65.2% of the variable operating costs. Future research
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would benefit from exploring methods to express active FDH as an extracellular enzyme that can
be recovered through filtration technologies, thereby abltimg the need for the IMAC

purification step. In comparison, the 1 L empirical case showed significantly lower sensitivity,
with IMAC accounting for only 12.6% of direct capital costs and resin representing 7.6% of
operating costs. The 5 L case had matiesensitivity, with IMAC contributing 32.9% and resin
constituting 27.9%. As displayed in Figure 3.5, the optimistic scenario exhibited even greater
sensitivity than the base case, with IMAC accounting for 69.5% of capital and 76.4% of variable
operatingcosts. These findings underscore that resin replacement frequency becomes more cost
sensitive as the IMAC step carries greater economic weight in the process design. Additionally,
changes in the IMAC resin cost by $500/L led to a $645/kg variation iaiprodst. The

remaining parameters demonstrated comparatively lower sensitivity, each resulting in cost

changes of less than $170/kg protein.

Optimistic Case - Pure Protein

Without or with purification (crude protein, pure protein) 4 $75

IMAC resin replacement frequency, cycle (200, 100, 50}—-

IMAC resin cost, $/L (1000, 1500, 2000) -

Interest rate, % (5, 10, 15)—-

Fixed operating cost, % of total CAPEX (1, 4.5, 10)-

Indirect cost, % of direct CAPEX (21.2, 42.2):

IPTG cost, $/kg (200, 356, 500)—-

Water/WFI cost, $/kg (0.001/0.40, 0.’0)—-

Project life, year (30, 20, 10) -

Substrate cost (methanol), $/kg (0.15, 0.24, 0.35) -

Biomass cake selling price, $/kg (1.50, 0.50, 0) -

Contingency, % of direct + indirect CAPEX (5, 10)-
Electricity cost, $/kWh (0.08, 0.10, 0.12) - $960 | $970

" §70  $370 $670  $970 $127k 1567k

Levelized Cost of Enzyme ($/kg protein)
I Lower Case [l Upper Case

Figure 3.5Tornado plot displaying the sensitivity analysis of pure protein optimistic case.

$1.55k
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As previously notd, the comparison between crude and purified protein production
emerged as the most sensitive parameter among those evaluated in Figure 3.5. Under the
optimistic scenario, altering the IMAC resin replacement frequency had a substantial impact on
cost. Haling the resin lifespan resulted in a cost increase of over $580 (60.1% increase), while
doubling the replacement frequency lowered the cost by approximately $290 (30.0% decrease).
Among all scenarios, the optimistic case remained the most sensitive geshamesin
replacement frequency, primarily due to the considerable share of IMAC in both capital and
operating expenditures. Additionally, fluctuations in the unit cost of the IMAC resin itself led to
a cost change of $194. As previously noted, IMAGrascounted for nearly 76.4% of the
variable operating costs, highlighting the sensitivity of the system to this parameter. In contrast,
the remaining parameters exhibited cost variations under $60 and thus had a negligible influence
on the final proteirselling price.

The Ferreira et al. (2018) study,- which <ca
glucosidase, found that consumables, including membranes, represented 23% of the unit
production cost of the enzyme. Of the raw material costs, glucose aGdBde up 47% and
41%, respectively, while kanamycin was negligible. In our base case TEA, the membranes
contributed to about 3.6% of the variable operating costs, while methanol was 3.9% and IPTG
was 9.8%. The largest contributor to the operating costshealMAC resin, accounting for
65.2%. In contrast, the Ferreira et al. (2018) publication did not include an IMAC unit in their
process, which explains why methanol and IPTG costs contributed less to the operating cost in
our study. Similar to our studthe authors conducted sensitivity analyses on various parameters,

where increasing the biomass density significantly reduced the resulting enzyrm¥ adsénd
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also observed in our cases with different biomass cell densities. Therefore, by maxingzing
biomass density in our experiments, we could lower the enzyme costs.

Walwyn et al. (2015) conducted a TEA on the production of a redox enzyme, horseradish
peroxidase, including a sensitivity analysis that highlighted protein yield (activity units/g
biomass) as a key target for future research and development in this area. Additionally,
increasing the production capacity by 50% significantly improved project viability, reducing the
enzyme cost by $183,000/kg of peroxidd$8When comparing the capaeisi between the crude
and pure proteins, we also observed large discrepancies in the resulting costs. These results
emphasize the importance of optimizing both yield and scale to drive down costs and enhance
the overall viability of enzyme production proses.

Another important consideration is that certain enzyme production processes produce
multiple enzymes while others deliver a single enzyme. Additionally, raw materials contribute a
significant amount to the overall process costs, so reducing thosecanghinimize the enzyme
selling price. Other factors, such as the operational scale and price sources, can also influence the
costs, as both may vary depending on the specific case. Several studies have demonstrated
significant cost reductions througkhethtilization of coproducts. For instance, in certain process
simulations, companies can market the residual solid material as an animal feed supplement,
while residual biomass can be combusted for energy production in the form of steam.

However, our ensitivity analysis indicated that the revenue generated from the solid byproducts

did not lead to substantial changes in the overall protein cost.
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3.5 Conclusion

This study used SuperPro Designer to simulate industtadé production of formate
dehydr@enase (FDH), a redox enzyme, integrating laboragoaye experimental data into a
scalable process model to estimate levelized costs for both crude and purified FDH across
multiple scenarios. Empirical cases based on experimental data demonstrateddigtign
costs, particularly for purified protein. However, modeled projections for base and optimistic
scenariod envisioned through increased biomass density and target protein exgression
revealed significantly improved outcomes. In the optimistic cassts ranged from $75/kg
($1.56E5/U) to $970/kg ($9.2145/U), while the base case, which assumed moderate
improvements, ranged from $120/kg ($2.48B)) to $3,600/kg ($3.40&/U). Key cost drivers
included biomass cell density, protein purity, and IMASimeeplacement frequency, whereas
factors like electricity cost, methanol price, interest rate, and project life had relatively minor
impacts. This techreconomic framework identifies critical cost levers and guides research and
development toward mordfieient upstream expression, downstream purification, and-sgale

of redox enzymes for nexfeneration biomanufacturing applications.
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CHAPTER 4
Techno-Economic Assessment of Atmospheric Carbon Removal via Anaerobic Digestion of
Biomass Waste

4.1 Abstract

Anaerobic digestion (AD) is a mature technology for converting organic waste into
renewable methane, with growing interest in capturing thgreduced biogenic CJor
atmospheric carbon removal. This study addresses key knowledge gaps byrgydiadechneo
economic feasibility of integrating G@apture into industriadcale AD systems across four
feedstock categories: wastewater, food waste, industrial ethanol waste, and agricultural/animal
waste. We conducted extensive characterizationadf easte typé including total solids (TS),
volatile solids (VS), and biochemical methane potential (BMP) and used these data to inform life
cycle assessments (LCAs) and teclegonomic analyses (TEAs). Among the feedstocks, food
waste yielded the lowestrt®n capture cost at $755/tonne &@moved, followed by
agricultural/animal waste ($785), industrial ethanol waste ($808), and wastewater ($3,791).
Agricultural/animal waste had the highest BMP (544-@its/g-VS), while wastewater yielded
the least (341 mMiCH4/g-VS), but had the highest methane content in biogas (79%). Carbon
removal costd accounting for net lifeycle emissiond were lowest for agricultural/animal
waste at $789/tonne GQOcompared to $1,325 for food waste and $2,182 for industrial ethanol
waste. Sensitivity analyses revealed that feedstock capacity, interest rase|l@ig price, CQ
content in biogas, and biomass transport distance were major cost drivers. This work provides
one of the first empirical, feedstosecific assessments ©0, removal from AD and

highlights both the promise and current limitations of this pathway. While removal costs remain
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higher than some alternatives, scaling and technology optimization could enhance the role of AD

in integrated waste valorization andlwan management systems.

4.2 Introduction

The global need for scalable carbon dioxide removal (CDR) technologies is increasingly
urgent, as explained by the Intergovernmental Panel on Climate Change (IPCC), which identifies
CDR as essential for achievingtrzero emissions and limiting global warming to 1.39G\t
the same time, escalating volumes of organic Wastem food systems, agriculture, and
municipal infrastructur@ continue to pose environmental and logistical challenges. Anaerobic
digestion (AD)is widely deployed to manage wet organic waste and generate renewable energy
in the form of bioga&2 In the process, AD produces a substantial quantity of biogenic carbon
dioxide (CQ), typically accounting for 330% of the raw biogas stredWhile this CQ is
usually vented to the atmosphere, it represents a promising target for carbon capture and storage
(CCYS), particularly when integrated with existing or new AD infrastructure. Capturing and
storing this higkpurity, low-pressure C@stream coulenable AD to transition from a waste
mitigation technology to a viable carbon removal pathfvay.

Despite the technical feasibility of coupling CCS with AD, there remains a significant
lack of published literature evaluating the tecleoonomics of such stems, especially from the
perspective of carbon removeiMost studies to date have focused on energy production or
waste treatment outcomes, with few quantifying the cost of@@turé and even fewer
incorporating life cycle assessment (LCA) datauargify the cost of C&removal. As a result,
key questions remain unanswered: What are the costsofdpfure and removal when

upstream and downstream GHG emissions are considered? How do costs vary across feedstocks,
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scales, and biogas upgrading tedbgs? And which process parameters most influence cost
effectiveness?

Some efforts have been made to estimate removal costs frebagdal systems, but
many rely on broad assumptions and generalized modelfddus to Removagport is one of
the few plic sources to provide carbon removal cost estimates for AD systems, treating them
as part of a broader biomass carbon removal and storage (BiCRS) category. In this report, the
projected costs for C{demoval from anaerobic digestion ranged from $2722t6@ per tonne
CO: removed, depending on waste type, system size, and assumed capture technology. These
values reflect hypothetical greenfield facilities built from the ground up, not retrofits of existing
AD plants. Importantly, the cost estimates wegewkd using a simplified regression model that
applied incumbent aminlegased CCS costs from other sectors (e.g., ethanol or natural pettgas
processing) to AD systems. The analysis did not evaluate more advanced or modular separation
technologies such asembrane upgrading or solvesmhanced C&capture adapted to bioghs.

Given the lack of granular, empirical, and feedstspkcific studies in the peeeviewed
literature, a critical research gap remains in understanding the cost and carbon remotal pote
of CCSintegrated AD systems. This study addresses that gap by developityidatetechne
economic models for C{rapture from anaerobic digestion across four major waste categories:
wastewater sludge, food waste, industrial ethanol waste, aledlagal/animal waste. Using
laboratoryscale measurements including total solids (TS), volatile solids (VS), and biochemical
methane potential (BMP), we simulated anaerobic digestion and menilasee biogas
upgrading and then estimated process costs atdustrial scale. We integrated LCA to calculate
net GHG removal and carbon removal efficiency and conducted sensitivity analyses to identify

dominant economic drivers. By providing the first empirical, feedstesklved assessments of
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carbon removalia anaerobic digestion, this study offers insights to support policy, investment,
and infrastructure development at the intersection of organic waste management and atmospheric

COzremoval.

4.3 Methodology
4.3.1 Inoculum and Substrates

The inoculum fomll the BMP experiments was a mesophilic anaerobic sludge provided
by the South Durham Water Reclamation Facility (SDWRF) in Durham, North Carolina.
Burnham RNG, a company focused on turning biomass waste into biomethane or renewable
natural gas (RNG), spfied us with fortyeight various biomass waste materials to test. Of the
forty-eight waste sources, we considered nine samples as industrial ethanol waste materials,

eleven as food waste, thirteen as wastewater materials, and fifteen as agricultulaiastma

4.3.2 Characterization

All the samples were tested for total solids (TS), total suspended solids (TSS), volatile
solids (VS), ash, chemical oxygen demand (COD), carbon, hydrogen, nitrogen, and sulfur
(CHNS) content, total Kjeldahl nitrogen (TKNptal phosphorus (TP), and metals via
inductively coupled plasma (ICP). We chose select materials for lipid content measurement,
viscosity, and pH. In addition, we assessed the biochemical methane potential (BMP) samples
for hydrogen sulfide (E8) contenby quantifying the amount of sulfur via ICP in the base
containers that absorbed the £LDable 4.1 exhibits the methods used for organic waste
characterization. In addition, we measured TS, VS, ash, COD, and CHNS both before and after

each BMP experiment
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Table 4.1Summary of analytical methods for characterization of waste materials.

Characterization Analysis Method and Equipment Reference

Total, fixed, and volatile solid:
TS, VS, and ash in water, solids, and biosolid: EPA*S
(EPA Method 1684)
Residue, noiiilterable,
TSS gravimetric method (EPA EPA*Y
Method 160.2)
Hach high range plus COD
digestion kits
CHNS Elementar Unicube Elementat®
Determination of total
Kjeldalh nitrogen by semi

COD HacH"8

4.10
TKN automated colorimetry (EPA EPA
Method 351.2)
Manual digestion and flow
injection analysis for total
TP shosphorus (Standard Standard Methods?
Methods APHA 4500P H)
Inductively coupled plasma .
Metals (ICPE-9820) Shimadz412
Lipids Lipid extraction method Lin et al. (2004313
, : Protocol for measuring NDJ-5S Viscometer
Viscosity . .
apparent viscosity Manuaf-14
ElectrodepH meter,
pH electrometric (EPA Method EPA*
150.1)

4.3.3 Biochemical Methane Potential

To measure the biochemical methane potential (BMP) of the different waste materials,
we tested twentyive samples in an AMPTS IIl (BPC Instruments, Lund, Sweden) anaerobic
digestion system with a water bath set to 37°C. We based the amount of sutddedtemaach
1 L reactor on the VS loading, which was 208/L in most cases. Samples with low solids (TS
< 1%) were tested at 8\gS/L since too much substrate was required at-2&4- that would

exceed the 800 mL working volume. We used an inoctibusubstrate ratio (ISR) of 2:1 based
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Prior to starting the BMP program data collection, weedieach reactor and purged

them with nitrogen (99.99%) to remove oxygen from the headspace. During the experiments, we

set the system to mix reactors at 110 rpm for 10 minutes every 12 hours. As shown in Figure 4.1,

the biogas moved through tubes conngttebase containers that hold 3 M sodium hydroxide

(NaOH) and pH indicator (thymolphthalein), where thex@@s absorbed. The base solution

turned clear if the pH drops below 9, indicating that the capacity of the NaOH to remgve CO

was reduced and thelstion needed to be changétP. Another purpose of the base solution with

pH indicator was to prevent G@om entering the subsequent flow cells that measGigd

production aloneCHs from the base containers entered the tubes connected to the flevw\ell

measured the volume &fHs by observing the tipping of the green plastic part within the flow

cells, which indicated that a specific gas volume caused the flow cell to open and release the

trapped ga&® A laptop, connected to the flow cell setugcorded the cumulativéHs volume

over ti me
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mL . We

three consecutive days was less than 1% of the accumulated vol@He. of
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4.3.4 Biogas Composition

In order to determine the biogas composition, we used a gas chromatography (Shimadzu
GC-2014, Kyoto, Japan) every seven days of the BMP experiment to observe composition
changes over time and obtain ages. We took gas samples from the headspace of the reactors
and injected into the GC machine from which we were able to analyzar€@HCQ peaks. For
both gasses, we performed and measured calibration curves using 2 mL gas samples with various
concentrabns of each. Additionally, we assumed that onlys@hd CQ were present in the
biogas, so we normalized the data to ensure we were adjusting the values in a consistent manner.
It is important to note that this approach could lead to overestimations because it overlooks other

trace gasses in the biogas.

4.3.5 Kinetic Modeling

We selected firsbrder kinetic modeling, a simple model that assumes accumulated CH
production increases exponentially to the maxindfip fit the cumulative Clproduction
data. Equation 1 shows the fu@tder model equation we used.

0o 0 zp AP (1)

where P(t) is the accumulated gas production (RU%), P is the maximum gas
production potential from the substrate (MM§), k is the firstorder gas production rate
constant (1/day), and t is the digestion time (dakyotigh this model, we could obtain and
compare firstorder kinetic constants (k) among the sampfésVe also fit other models,

including Modified Gompertz, Cone, Modified Logistic, and Transference, to thelatd

(Table A4.2), to assess various partareassociated with those kinetic models. To perform
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these five models and determine statistical values, we utilized Origin 2023 (OriginLab
Corporation, Northampton, MA, USA).

Previous studies have shown that the Modified Gompertz model fits well foniaste
and groundnut shelfst® Furthermore, both the Modified Gompertz and Logistic function models
have demonstrated strong consistency when applied tothgestion of wheat straw and cattle
manure1° The firstorder and Transference models halse @erformed effectively with cow
manure as the substrdt€.Another study employed the Cone model to analyze the kinetics of
co-digestion of switchgrass with microalgae, as well as mango leaves with pig rfrdhisted
here is only a small sample thie many feedstocks that researchers have tested for kinetic
modeling. It is clear that researchers commonly use these five models to represent various

organic feedstocks in anaerobic digestion.

4.3.6 TechneEconomic Analysis and Life Cycle Assessment
We modeled the anaerobic digestion system and membrane separation unit for various
feedstocks using SuperPro Designer v13 (Intelligen, USA) to perform detailed process
simulations. We used Microsoft Excel to conduct economic analyses, outline procesaaosts a
revenues, and calculate the levelized cost of carbon capture and removal ($fMT CO
categorizing the costs into capital, operating, argroaluct revenue components. In our
analysis, we treated G@s the primary product and @Hs a ceproduct that gnerated
additional revenue. We defined several technical parameters and assumptions for the process
models (Table 4.2), while Table 4.3 summarizes the economic parameters and assumptions.
As shown in Table 4.2, total solids (TS), anaerobic digestionesftig, and hydraulic

retention time (HRT) varied across different feedstocks. Anaerobic digestion efficiency was
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evaluated using COD reduction, which indicates the extent of organic matter degradation within
the digester. Higher COD reduction typicallyrsfges more extensive anaerobic biodegradation

of organic substrates, resulting in increased biogas generation effi¢#@wy based the

efficiency values on empirical results when available; however, if the experimental efficiency
fell below 60%, we u=d literature values instead. In particular, food waste and
agricultural/animal waste showed lower empirical efficiencies, but these efficiencies would
likely have increased to literatureported values if we had run the BMP experiments for a

longer durabn.

Hydraulic retention time (HRT), also based on empirical data, refers to the average time
that liquid or soluble compounds remain in the anaerobic digester, directly influencing the extent
of microbial breakdowr?3For this study, HRT was defined th® time required to achieve 80%
of the total biogas yield, allowing for a standardized comparison across feedstocks. Additionally,
the CQ capture rate represented the proportion of @&Moved or separated from raw biogas
during the upgrading processlative to the total C@initially present in the biogas stredrf:

Table 4.2Technical parameters and assumptions made in the base case model.

Parameter Value Reference
. Jinghui et al.
Feedstock feed rate (dry basis 300 MT/day (201925

0.43% (wastewater)
17.50% (food waste)

Total solids(total weight %) 18.99% (industrial ethanol waste) Empirical
20.00% (agricultural/animal waste)
Inoculum to substrate mass ra 21
(based on VS) '
VS loading 20 gVS/L
65% (wastewater)
60% (food waste) Empirical and

Anaerobic digestion efficienc _ ) _
? Y 80% (industrial ethanol waste) Literaturd-26. 427

75% (agricultural/animal waste)
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Table 4.2(continued).

Indirect emissions from
electricity consumption
CHa loss in biogas upgrading

CO, capture rate

Carbon in digestate product
emitted as C@upon
degradation

Hydraulic retention time (HRT)

Emissions from transportatior
of substrate

Indirect emissions from site
construction
Indirect emissions from
equipment procurement

400 kg CO/MWh
0%
95%

100%
14.0 days (wastewater)

12.1 days (food waste)
8.8 days (industrial ethanalaste)

10.9 days (agricultural/animal waste

88 g CQ/t-mi

0.21 kg CQe/USD spenin
construction

0.32 kg CQe/USD spent in
construction

NREL Cambium
Documentatiofi?®

Roads to Remova
Reporf->

Empirical

Getting to Neutral:
Options for
Negative Carbon
Emissions in
Californiét2°
UK Carbon
Footprint-*°
UK Carbon
Footprint-*°

Table 4.3Economic parameters and assumptions made in the base case model.

Parameter

Value

Reference

Plant utilization

Oneway biomass transport
distance
Cost year
Capital cost contingency

Indirect capital cost

Fixed operating cost
Return on equity

Interest rate

90% (330 days)

0 miles (celocation)

2024
10% of direct + indirect CAPEX

42.4% of total direct CAPEX

4.5% of total CAPEX
15%
10%

Roads to Removal
Reporf->

Roads tdRemoval
Reporf->

Roads to Removal
Reporf->

Roads to Removal
Report-®
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Table 4.3 (continued).

Project life 20 years Roads to Removal

Reporf->
Capital recoveryactor 12.6%
$25/MT (wastewater)
Tipping fee (wet basis) $70/MT (food waste) Consultation with
$25/MT (industrial ethanol waste) Industry

$50/MT (agricultural/animal waste)
CAPEX = capital costs OPEX = operating costs

The costs for the C{rapture operations (drying and compression) and power
requirements (drying and compression electricity consumption) are shown in Equations 2 and

3,*?%respectively.

6 0 0 O@Qa AQE G B @ 3 8 (2)
T8 X -6—7 (3)

In addition to the general TEA, we conducted a sensitivity analysis to determine which
parameters are sensitive to changing the resultingc@@ure cost. We also used a tornado plot
to visually show the most and least sensitive parameters.

To determine the carbon removal costs, we assessed the carbon emissions and
drawdowns throughout the systemb6s I|ife cycle
considered both direct and indirect emissions. According to the Greenhouse Gas Prototol, dire
emissions are those originating from sources owned or controlled by the anaerobic digestion
facility, while indirect emissions result fro
or controlled by other entiti€s’> Il n t hi s s treot@missions indllide, ssitedprocess
emissions, whereas indirect emissions encompass those from equipment, construction, and grid

electricity. Biogenic emissions stem from living organisms and result from natural biological
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processes. In our process, @@, and CH generated from the anaerobic digestion of organic
waste materials can either be released or combusted and are thus considered emissions in our
LCA. Equation 4 illustrates the G@emoval efficiency, which is the ratio of the net or actual

COz removal value to the atmospheric carbon fixation value from the biomass or theoretical CO

removal.

~
v

6 01 Q& ¢ RONQGVLE & Zp T (4)

The CQ removal capacity took into account the £nissions produced by the
anaerobic digestion system throughout its life cycle. Due to the reduced capacity, the resulting
COz removal cost was typically higher than the £Z&@pture cost. We used the same economi
and life cycle parameters, assumptions, and equations, as detailed in Table 4.2 and Equations 2
and 3, for the carbon removal TEAs as we did for the carbon capture TEAs. Furthermore, we
performed a sensitivity analysis on various factors, including ibdtansportation distance

and CH leakage percentage.

4.4 Results and Discussion
4.4.1 Characterization of Substrates
Various characterization methods, including TS and VS analysis, determined the amount
of substrate needed for the BMP experimet®ss all the organic feedstocks. Figure 4.2
exhibits the TS and VS averages and standard deviations of the categorized samples. TS and VS
are essential parameters for evaluating the biodegradability and biogaan€BQ) potential
of organic feedstockin anaerobic digestion. TS quantifies the total dry matter content in a
sample, while VS represents the organic fraction of that dry matter that is available for microbial

degradation. Higher VS values generally correlate with greater biogas geneotiotgh
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making VS a critical factor in normalizing BMP results and modeling biogas yields. Accurate
measurement of TS and VS also ensures consistency in substrate loading during biochemical
assays and supports the development of feedsfoegific proces models for industriadcale

digestion systems.

TS [ ]vs
100 95.2 89.0 i
a + T 90.1
= 1 J
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<
o 20 - 171.5 19.0
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Wastewater Food Waste Industrial Agricultural/Animal
(n=13) (n=11) Ethanol Waste Waste (n=15)
(n=9)

Figure 4.2 Total solids (TS) and volatile solids (VS) percentages of the categorized feedstocks.

As anticipated, the wastewater samples showed the lowest TS values, all under 0.9%.
This outcome was corsgent with the typically low solid content found in wastewater, which
mainly consists of water and dissolved organic material. The TS values of food waste and
industrial ethanol waste were comparable, while agricultural/animal waste materials had the
highest average TS, likely due to their higher content of fibrous and solid organic matter.

Regarding VS as a percentage of TS, wastewater also showed the lowest values, indicating that a
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smaller portion of its total solids is volatile and therefore biodegtadebod waste had the

highest VS percentage, which is typical given its high content of easily biodegradable organic
material. Ethanol waste, along with agricultural/animal waste, exhibited similar average VS
percentages, suggesting that their organi¢esanwhile diverse in origin, shared a comparable
degree of biodegradability. These finding emphasize the importance of feedstock composition in
predicting the anaerobic digestion efficiency.

In a study by Wedwitschka et al. (2016) examining differerddtxks for anaerobic
digestion, the authors employed similar methods to measure TS and VS as in our study. The
feedstocks included corn silage, dairy manure, mechanically separated municipal organics
(MSMO), wood chips, corn stover, and wheat straw, whatkegorize into the food waste and
agricultural/animal waste groups. The MSMO had a TS of 35%, which was higher than the
average TS for our food waste, and a VS of 92%, which was slightly lower than the average VS
of our materials. The MSMO may contairnet substances aside from food waste, which could
explain this variation. For the agricultural/animal waste samples, the TS range from 46% to 91%,
while the VS varied between 50% and 993%0ur average TS and VS for this category were
50% and 90%, resptaeely. The wide range of values in both studies reflect the variety of
materials within the group.

Substrate TS and VS contents can play a crucial role in biogas production as they are
indicators of the organic content in waste materials that can bertamht@ biogas. According to
previous studies, TS can have a positive or negative affect on the amountfo@tited. High
TS contents can be responsible for lows@kbduction due to mass transfer limitations. Other
studies have reported an improveddais production at higher TS conteht8VS can help

increase the understanding of the overall substrate progress in the digestion. When comparing the
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VS at the beginning of the digestion, the VS change overtime can demonstrate the decomposition
of thefeedstock:3* The performance of anaerobic digestion in terms of @dduction is also
influenced by the substrates themselves, as they vary in their biochemical compositions,
including carbohydrate, protein, and lipid contéttDue to these inevitabldisparities, this

study aimed to gather a broad range of characterization values for the unique feedstocks to
facilitate the comparison and analysis of the results.

Table A4.1 in the appendix provides a comprehensive overview of the characterization
resuts for the individual feedstocks, including COD, elemental analysis, and metal content.
Among the materials analyzed, wastewater exhibited the lowest average COD value at
approximately 4,770 mg/L. In contrast, agricultural/animal waste had the highesj@@OD
value of around 449,000 mg/L. Food waste and industrial ethanol waste followed closely with
average COD values of 262,000 mg/L and 428,000 mg/L, respectively. The elemental analysis
revealed that wastewater had the lowest carbon content at 2&@#aéis), while
agricultural/animal waste had the highest at 47.3%. Ethanol waste and food waste demonstrated
similarly high carbon levels, measuring 42.4% and 44.2%, respectively. COD and elemental
results indicate that certain waste categories, suagraailtural/animal waste, had higher
organic and carbon contents than wastewater, emphasizing compositional differences and the
greater biogas production potential of wastes with elevated organic matter.

In addition, the total metal content (ash) vaseaghificantly among the waste types.
Wastewater had the highest average concentration of metals at 35,300 mg/kg on a dry basis,
while food waste contained approximately 7,230 mg/kg. Ethanol waste showed a slightly higher
value at 7,430 mg/kg, and agriculiianimal waste had the lowest total metal content at 3,590

mg/kg. This pattern indicates that wastewater typically contains a higher ash content on a dry
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weight basis compared to more organah feedstocks, such as food waste or agricultural
residuesBiosolids derived from wastewater generally consist 67@% organic matter and 30

60% inorganic matter. The inorganic fraction originates from sources including soil particles,
sediments, and treatment residuals, and often contains a notable proddrgéamyometal
contaminant$:** Moreover, elevated metal concentrations, particularly in agricultural and
industrial waste, may influence microbial activity during anaerobic digestion, either enhancing or
inhibiting biogas production depending on the mgfaé and concentration. Lo et al. (2012)

found that metals, such as calcium (Ca), potassium (K), chromium (Cr), nickel (Ni), zinc (Zn),
and cobalt (Co), reduced biogas production by 50% when their concentrations exceeded specific
thresholds during anaergldigestion of municipal solid waste (MSW). However, at lower
concentrations, these same metals enhanced biogas prodidé@in.et al. (2025) also reported

that industrial organic wastes with high ash or metal content tended to yield lower biomethane
production, whereas waste with lower ash and metal concentrations produced higher methane
yields#3" Overall, the characterization results demonstrate the heterogeneity among waste
streams in terms of organic content, elemental composition, and metahttations,

highlighting the need for wastpecific assessments when evaluating their suitability and

performance in anaerobic digestion.

4.4.2 Biogas Production and Composition
The BMP system used in this study measured @biduction over time. Fronmése
values, net cumulative GHbroduction values could be calculated by taking into account the CH

produced from the inoculum alone and the VS of the substrate. We calculated net cumulative
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volumes so that all samples are comparable on a VS basis. ws shbigure 4.3, the

categorized waste samples generated different amountssof CH
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Net Cumulative Methane Production
mL-CH,/g-VS)

Wastewater Food Waste Industrial Agricultural/Animal
(n=1) (n=7) Ethanol Waste Waste (n=12)
(n=5)

Figure 4.3Net cumulative methane production of the categorized feedstocks.

According to the average net cumulative £Zekults, wastewater generated the lowest
amountat 341 ml-CH4/g-VS, followed by food waste (465 mL/g), industrial ethanol waste (521
mL/g), and lastly, agricultural/animal waste with 544-@HJ/g-VS. Agricultural/animal waste
showed a large standard deviation of 642 mL/g, indicating significant vésiautoss samples,
with methane production ranging from 68 to 2,490-@is/g-VS. The agricultural/animal waste
category included a diverse mix of mater@asuch as animal manure, soybean agricultural
waste, and various types of dissolved air flotation Fpwastes from different systems. This

broad range of feedstocks led to substantial variability in methane production across samples.
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The differences in CiHproduction on a VS basis among the feedstocks suggest that industrial
ethanol waste contained slighmore digestible VS than food waste, while both feedstocks were
more digestible than the VS in wastewater. The higher digestibility of VS in ethanol and food
waste likely reflects their more readily biodegradable organic content. As previously neted, th
average COD value for ethanol waste was significantly higher at 428,000 mg/L, compared to
262,000 mg/L for food waste. This substantial difference suggests that the ethanol feedstock
contained a higher concentration of solid organic compounds, whigleyamntributors to
COD levels. In contrast, wastewater exhibited the lowest COD value at 4,770 mg/L, correlating
with the lowest observed methane production. This indicates that wastewater contained a limited
availability of biodegradable organic matteonsistent with its low carbon content (29.9%) and
high ash/metal content (35,300 mg/kg), both reported on a dry basis. Conversely, industrial
ethanol waste and food waste displayed relatively similar carbon can#42% and 44.2%,
respectively supportimg their potential as more energgh substrates for biogas production.
Overall, the data highlight a strong relationship between organic content, as indicated by COD
and carbon percentage, and the potential for methane generation across differentesasse st

In comparison, multiple studies have explored the mesophilic anaerobic digestion of
different waste materials. A study by Mouftahi et al. (2021) found that the net cumulative CH
production from a combination of organic fraction of municipal wateeken manure, and
olive mill wastewater was 384 mL-AgS.*38 This value was lower, but still comparable to the
average Chkiproductions observed in this study, with the exception of wastewater, which
produced 341 mLAYS. Another study (Noor et al., 202heasured the total Ghbroduction
from a mixture of organic wastes, animal manure, fruit and vegetable waste, corn stalks, and

wheat straw. The CHproduced ranged from 105 mEX{S to 148 mL/gVS, which were also
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less than those found in our study, likdlye to the relatively high lignocellulosic content in the
substrate$3° Zhang et al. (2018) performed mesophilic anaerobic digestion on synthetic food
waste using food materials from a supermarket and produced @oliirhe of 471 mL/eVS.

Our food wastaverage Chlproduction was about 465 mLMS, which is comparable to the
volume reported in the Zhang et al. (2018) p&er.

A previously mentioned anaerobic digestion study by Qiu et al. (2025) examined

methane production from five different organic waste streams, sourced from both municipal and

industrial contexts. The study included three municipal solid waste (MSW) saifiplasnixed

waste stream comprising household, grocery, and commercial organic waste, (2) a blend of yard

waste and agifiood sludge, and (3) green bin waste collected from a +unitiresidential

complex. The two industrial waste materials were vinassidue from ethanol production and a
variety of cornderived byproducts from ethanol production waste streams. The MSW samples
produced methane in the range of 422 to 526 sM3gwhile the industrial ethanol materials
showed methane production rangingnfir802 to 429 mL/gy/ S . I n compari son,
average methane production from food waste was 465-mM&/gvhich aligns closely with the
MSW values reported by Qiu et al. (2025). Notably, the industrial ethanol waste in our study

produced 521 mLAYS, avalue that surpassed the highest methane production observed in Qiu

o

u

et al.ods (2025) i nd &*Howeves Whemdorisidenng the staadari e s a mp

deviations in our study, the methane production from the ethanol waste streams in both studies
are comparable. This suggests that, despite some variation in the specific types ofreldizalol
waste materials, the anaerobic digestion potential of ethanol byproducts remains largely

consistent across different studies. While there are differenoastirane production between
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the MSW and industrial ethanol waste streams, the overall trends indicate the both types of
organic waste offer significant potential for biogas production.
To determine the composition of the biogas produced, GC providedi@HC O,
percentages over time. Displayed in Figure 4.4 are the averagenGKCQ contents for the
substrates in their respective waste categories. The appendix (Table A4.3) presents a summary of

the individual sample results for the €production, biogasomposition, and & contents.
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Figure 4.4Biogas composition of the categorized feedstocks via gas chromatography (GC).

Wastewater exhibited the highest £tdntent of 79% with correspondingly low €O
levels at 21%. The other three categories, which included various organic sources from food
waste, agricultural/animal residues, and industrial ethanol byproducts, showed relatively similar

biogas compositions, ranging from 71% to 75%@HKd 25% to 29% O>. These values align
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with typical biogas compositions, which generally consist e76% CH, and 3640% CQ.*3

As shown in Figure 4.4, the methane content in this study is slightly higher, while the CO

content is a few percentage points lower comparégpical biogas averages. This difference
suggests that the organic waste types used in this study likely underwent relatively efficient
anaerobic digestion, yielding methane at the higher end of the typical range. The higher methane
content may indicatbetter optimization of the anaerobic process, providing potential for

improved energy recovery. Overall, the results highlight that anaerobic digestion of these organic
waste types can achieve methane levels at the upper end of typical biogas proohes@ning

opportunities for enhanced biogas efficiency.

4.4.3 FirstOrder Kinetic Modeling and Rate Constants

For the purpose of this study, the fitler rate constants (Figure 4.5) were the principal
values used to compare the production rates cdaheples tested. Firstder kinetic modeling
of anaerobic digestion provides valuable insights into the rate and efficiency of biogas
production from various organic waste types. The comprehensive kinetic modeling data for all

five models are in Tables Atthrough A4.8 in the appendix.
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Figure 4.5Rate constants of categorized feedstocks fromdnser kinetic modeling.

Among the four categories, wastewater had the lowesiiidgr rate constant at
0.010/day, indicating that the biodegradation pssder wastewater occurred at a much slower
rate compared to the other materials. In contrast, agricultural/animal waste exhibited the highest
average at 0.282/day, suggesting that these materials decomposed at a faster rate. The average
rate constant folood waste was 0.137/day, and for industrial ethanol waste, it was 0.224/day,
reflecting moderate decomposition rates in comparison to agricultural/animal waste feedstocks.
It is important to highlight the large standard deviations for food waste andlagatanimal
waste, which result from the wide variety of samples within each group. This variability could
stem from differences in the composition, age, and treatment of the feedstocks, which may

influence the microbial activity and the overall degtamaprocess. Consequently, these
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significant standard deviations suggested that more consistent sampling or further refinement of
the feedstock categories might improve the precision of comparing their biodegradation rates.
Qiu et al. (2025) conducted audy evaluating the anaerobic digestion kinetics of
municipal and industrial organic waste materials and additionally appliedfitst modeling to
calculate the corresponding rate constants. The first MSW sample exhibiteebedigstate
constant 00.07/day, which was lower than the average rate constant for food waste reported in
the present study (0.137/day). The remaining two MSW samples, composed of organic materials
including food waste, yard trimmings, and sludge from wastewater, both yiel#gecbnstants
of 0.09/day. These values, while still below the food waste rate constant, exceeded the value
obtained for wastewater (0.010/day). In contrast, the two industrial waste samples, sourced from
ethanol production processes, demonstrated higheconstants of 0.12/day and 0.13/834.
Although these values were comparable to the food waste rate constant from the current study,
they remained lower than the rate constant obtained for our etthameodd industrial waste
(0.224/day). Since thididy calculated average rate constants from multiple samples within each
waste category, the resulting standard deviations were substantial. Such large standard deviations
were acceptable due to the extensive variability among specific feedstock comppsitien
within the same broad feedstock category (e.g., agricultural/animal waste). Accounting for the
deviations placed the rate constants observed in this study within a range comparable to those
reported by Qiu et al. (2025). This suggests that, desgierent sample variability, the
biodegradation kinetics of similar waste types across studies remain relatively consistent.
A study by Mahmoud et al. (2023) investigated the use of primary sludge, thickened
waste activated sludge, and food waste astiatbs for anaerobic digestion. Fister kinetic

models for each of these feedstocks indicated rate constants of 0.189/day, 0.166/day, and
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0.168/day, respectivefi* In our study, the food waste category exhibited an averagefist
constant of A.37/day, with a significant standard deviation of 0.140/day. As noted earlier, this
variability in rate constants aligns with the broad range of samples included in the food waste
category such as ice cream, French fries, and grocery store dvagieeh natually led to
variation in the degradation behavior. We considered the high standard deviation acceptable
given this diversity, as such compositional differences inherently introduce variability in
degradation rates, making a wider range of rate constatitekpected and justifiable.

Another anaerobic digestion study (Li et al., 2019) tested five vegetable crop residues,
including snap bean, capsicum, cucumber, eggplant, and tomato, ustogd@skinetic
modeling. The rate constants were 0.167/dagifap bean, 0.157/day for capsicum, 0.146/day
for cucumber, 0.161/day for eggplant, and 0.094/day for tofrfaill of the constants were
higher than our average for food waste (0.137/day), but lower than our average for
agricultural/animal waste (0.282f). However, the rate constants in the Li et al. (2019) study

aligned reasonably with our results when considering the error bars.

4.4.4 Assessment and Preliminary Ranking of Biogas Upgrading Technologies

Building on the understanding of the degradapioocess and its associated kinetics, first
order modeling provides quantitative metrics for evaluating anaerobic digestion efficiency by
characterizing the degradation rate and biodegradability of various waste streams, which
ultimately supports processtopization and maximum biogas production. While maximizing
biogas production is essential, upgrading technologies play a crucial role in improving biogas
quality by removing impurities, such as$ and enhancing GQurity, making the biomethane

suitablefor use as a renewable energy source. For instancenG€ meet high purity standards

106



(>99%) to be considered pipeline quality and suitable for sequestration. The cost of purifying
CQOis directly proportional to its initial concentration, meaning biagagrading technologies

that generate higher purity G@re more cosgffective than those producing lower

concentrations, which require additional purification steps. Moreover, the ideal upgrading unit
will both separate methane and generate apigity CO, waste stream. To assess the
effectiveness of these technologies, four biogas upgrading methods were examined in previous
studies, focusing on the purity of @@roduced and the respective advantages and disadvantages
of each. Based on these criteaifid in literature, we established a preliminary ranking for each
method, as displayed in Table 4.4.

Table 4.4Preliminary ranking for various biogas upgrading technologies based on literature.

CO2 Preliminary
Technology Purity Advantages Disadvantages Ranking References
(%) (1=best)
1 Energy Sun et
efficient al.(2015}4
T Liquid Angelidaki et
solution can : . al. (2018)*44
High .
Membrane 96- be T mfms;)::es 1 Esposito et
separation 99.9+% regenerated 1 Fragile al. (2019)*4°
9 Released C® g Ardolino et
is pure al. (2021}46
1 Ability to be Leonhardt et
modular al. (2023}4
Sun et
43
9 High CHs losses :r:(i(l)iizi ot
1 Low cost 1 Produces Cowith al %20 18)44
Water 500000 1 Most | ;elatl\{ely low purity , Ardolino et
scrubbing ° commonly T Requires pre al. (2021346
and widely removal of HS to Ghaib
used preven.t system (2017)47
corrosion
Kapoor et al.
(2017}-48
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Table 4.4(continued).

9 High cost- initial
cost of amine

solvents Sun et
1 Capital intensivé al.(2015}43
requires large scales Angelidaki et
Chemical 90- T H2S can be ofcl)perationg al.%2018)4-44
absorption 99.9% ;E?ﬂg;ly 1 Solvents toxic to 3 Ardolino et
humans and al. (2021346
environment Li et al.,
{ Significant energy (2017)49

needed to regenerat
chemical solutions

1 Requires low Sunet
q 9 H2S has to be al.(2015%43
energy _ o
. removed prior to Angelidaki et
Pressure 1 Low capital . L 24
. . biogas injection al. (2018)*
swing 7599% investment . 4 :
adsorotion cost (adsorption of HS Ardolino et
P Simple t normally al. (2021}4¢
T Simple to irreversible) Wong et al.
operate (2022) 50

Membrane separation ranked highest due to its capacity to produce high puitisCO
energy efficiency, and its flexibility to operate effectively acroemnge of scales, including
modular configurations. For biogas upgrading,.@@d BS pass through the membrane
(Aper meat esds, rwhiali @medH (Aretentateod). -Earlier
based technologies that are commercially viable fogds upgrading. Previous studies have
identified polyimide and cellulose acetddtased membranes as the most suitable commercial
membranes for biogas separation and enrichment. For advanced membrane technologies, the
electrical energy consumption for bisgapgrading is approximately 0.3 kWH/ff3Due to the

highly pure stream of C£{produced, the technological advantages of the method, and the limited
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number of TEAs focused on this separation method fordapture, we selected membrane
separation as th@imary biogas upgrading technology to model in our TEA.

The next best biogas upgrading from the preliminary ranking is water scrubbing, where
water is a solvent. The solubility of G@ water is much higher than that of €Hheoretically,
we could remwee HS and CQtogether since the solubility ofzB in water is higher than that of
COz. However, due to the toxicity of gaseousSHand the potential for corrosion caused by
dissolved HS, preseparation of bb is typically necessary. The energy consuampin water
scrubbing primarily goes toward compressing raw gas and circulating water through pumps. In
air stripping processes, the air fan used for water regeneration also consumes a small amount of
electricity43

Chemical absorption uses amines akenucal solvent to absorb G@ the biogas, as
they selectively react with GOminimizing loss of Chl For instance, an equipment supplier has
reported CH4 losses of only 6012% in a plant with a raw gas capacity of 300°*H#mOn the
other handsimulations indicate significantly different results, showing that over 4% afc@n
be lost due to its dissolution in water. These;@idses can further affect the purity of theZCO
stream. Another disadvantage of this upgrading method is that a faogmtof high
temperature heat is required to regenerate the chemical solvents, increasing the overall energy
consumption. Chemical absorption typically requires laggde infrastructure, making it capital
intensive and less suitable for anaerobic digasgtystems, which often operate at smaller or
modular scale$*3

Among the four biogas upgrading technologies analyzed in this study, pressure swing
adsorption (PSA) ranked last due to its relatively lowe @@ity range and the various drawback

it entals. PSA processes rely on the principle that gas molecules can be selectively absorbed
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onto solid surfaces based on their molecular size. Since thenGldcule is larger than other gas
molecules, such aszNOp, and CQ, this method can separate it effeely. The adsorption
material used in biogas upgrading irreversibly absod® hhaking it toxic to the PSA process.
Therefore, initial removal of ¥ is necessary prior to PSA. Additionally, higher purity
requirements generally led to greaterId$seswhich again can influence the @@urity. Due

to the high concentration of GHproper treatment of the vent gas is required before releasing the

strean*43

4.4.5 TechneEconomic Analysis of Anaerobic Digestion and Biogas Upgrading Process
4.4.5.1 Procss Design

Based on the preliminary ranking of the biogas upgrading methods, as previously
mentioned, we chose membrane separation to include in the TEA along with the anaerobic
digestion unit operation. As shown in Figure 4.6, the organic feedstock feedtcathe storage
unit was 300 MT per day on a dry ba&f8The system transferred the feedstock to the anaerobic
digestion unit, where the resulting biogas, initially impure, was routed through two absorption
unitsi one for water vapor removal ancetbther for HS removal. Following the purification
process, the system compressed and separated tren@QCH using a membrane separation
system, effectively isolating the two components. A small portion (5%) of the digestate, or solid
byproduct, reciralated back to the storage and digester units. The remainder continued to a

centrifuge to separate the sludge cake (93% solids by weight) from the water.
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Figure 4.6 Process flow diagram of the anaerobic digestion and membrane separation process
with mass flows.

4.4.5.2 Economic Assessment of Carbon Capture

Once we applied the laboratory results to a lacpe TEA for each waste category, we
could compare thieedstock types and their resulting costs. Table 4.5 provides a summary of the
carbon capture costs from the base case of each waste type: wastewater, food waste, industrial
ethanol waste, and agricultural/animal waste. For all cases, we set a conseststatck feed
rate of 300 MT per day on a dry basis to ensure a uniform basis for comg&riar.
experimental results showed that agricultural/animal waste had an average TS content of 50.1%.
However, we used 20% TS in the model and TEA, as highidisdelels are classified as high
solids digestion, which cannot be handled with conventional pumping systems. Elevated solids
content can limit water availability for microbial activity and create challenges in transporting
material within the digester drbetween process units. In addition, the appendix (Tables A4.9

through A4.16) outlines the capital costs and TEA summaries in more detail.
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Table 4.5Summary of base case carbon capture TEAs for wastewater, food waste, industrial
ethanol waste, and aguitural/animal waste.

Industrial Agricultural/An
Wastewater Food Waste Ethanol Waste imal Waste
Tipping fee (wet o0 vy $70/MT $25/MT $50/MT
basis)
Total solids 0.43% 17.50% 18.99% 20.00%
(average)

Feedstock feed

rate (dry basis) 300 MT/day 300 MT/day 300 MT/day 300 MT/day

Anaerobic

digestion 65% 65% 80% 75%
efficiency

Annual CQ 24,700 MT 28,500 MT 36,500 MT 35,700 MT
capture capacity COolyear COolyear COolyear COolyear
Annual CH, 36,000 MT 32,300 MT 37,500 MT 33,900 MT
capacity CHuylyear CHulyear CHulyear CHulyear
Total capital cosi $447.3M $169.6M $186.8M $178.6M
(L:s‘s'te"zed Captal o sogMT CQ  $832MTCGQ $713IMTCGQ  $698/MT CQ
% of capital +

operating 49.27% 42.34% 40.80% 40.33%

levelized cost
Total operating
cost

Net operating
cost

Levelized
operating cost
% of capital +
operating 50.73% 57.66% 59.20% 59.67%
levelized cost
Co-product and

$64.3M/year $32.2M/year $37.8Mlyear $36.9M/year
$31.2M/year -$2.2Mlyear $3.5M/year $3.1M/year

$2,603/MT CQ $1,133/MT CQ $1,035/MT CQ $1,032/MT CQ

$33.1M/year $34.4M/year $34.4Mlyear $33.8M/year

tipping fee -$1,339/MT CQ  -$1,210/MT CQ  -$941/MT CQ  -$945/MT CQ
revenue
I(‘::" evelized g3 70UMTCQ  $755/MTCO  $808IMTCO  $785/MT CO
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The calculated levelized costs reveateat food waste had the lowest £€pture cost at
$755/MT CQ, followed by agricultural/animal waste at $785/MT £ad industrial ethanol
waste at $808/MT C© Conversely, wastewater exhibited the highest cost at $3,791/MT CO
significantly exceeding thcarbon capture costs of the other three feedstocks. In terms of tipping
fees, food waste had the highest fee, while wastewater and industrial ethanol waste had the
lowest. These disparities in tipping fees likely contributed to the overall cost diésranmss
the feedstocks. As a result, when combining tipping fees and methane revenue, the levelized CO
capture cost from eproduct revenue wa$1,339/MT for wastewater$1,210/MT for food
waste -$945/MT for agricultural/animal waste, arfP41/MT fa industrial ethanol waste.
These costs highlight a distinct economic advantage of using wastewater and food waste as
feedstocks, where incentives from waste management and methane production can significantly
offset operational costs. In cntrast, feedssowithout such revenue streams tend to yield higher
net operating costs. Despite its slightly lower@Ca pt ur e capacity, food wa
revenue streams compensate for other costs, highlighting how feedstock choice and revenue
sources are key the economic viability of Cecapture.

Cabello et al. (2022) conducted a TEA study estimating the levelized cost cbfre
from biogas generated by livestock farming and agdoistrial waste at a greenfield anaerobic
digestion facility. The cost fa€O, capture ranged from $78/tonne to $111/todepending on
the case. For the base case, the plant required about 102,400 tonnes of substrate per year, while
the system in our study required about 99,000 tonnes of feedstock per year, which is comparable.
The total capital cost was about $6.5M to $11.7M and the operating costs was close to
$1.6M/year to $2.2M/yedr>! Both the capital and operating costs in the Cabello et al. (2022)

study were lower than those in our agricultural/animal waste TEA, whithilzated to the
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differences in C@costs. Our higher costs stem from incorporating biogas cleaning and
upgrading technologies, specifically absorption and membrane separation, which significantly
impacted both capital and operating expenses. Absorptitsused to remove water vapor and
H>S accounted for up to 85% of the total direct capital costs, while membrane systems for gas
separation made up about 70% of total variable operating costs. These findings indicate that
while advanced biogas treatmenfpiraves gas quality, it also substantially raises both initial
investment and ongoing operational costs. The additional costs highlight theffradeveen
technological performance and economic feasibility in C&pture systems.

Another study by Leonhdt et al. (2023) examined biogas systems that used anaerobic
digestion of food waste and diary manure to produce either compressed natural gas (CNG) for
natural gas vehicles or electricity for electric vehicles (EVs). The study also evaluated carbon
captue and sequestration (CCS), using an integrated-TEA model. The authors based their
design on a greenfield facility capable of processing 40,000 dry tonnes of feedstock {#r year
about half the capacity considered in our study. Capital costs in tinbdueh et al. (2024) study
ranged from $70 million to $100 million, depending on the feedstock composition and product
type, with annual operating expenses between $10 million and $13 million. For thetoi&)as
scenario, the model employed a thstegemembrane separation and g@uefaction unit,
resulting in a C@capture cost of $200/tondewnell above the federal 45Q incentive of
$85/tonne. In the EV scenario, the system generated electricity by directly combusting biogas,
eliminating the need to upade the gas by removing €@nd other impurities for pipelire
quality fuel®* As a result, the facility did not incur the capital and operating costs associated

with biogas upgrading, resulting in a capture cost that was lower than our cost. While this
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simplified the overall process, it meant that @d to be captured from dilute flue gas-t5%
CQO,), which is technically more challenging and more costly per tonne af CO

In contrast, the bioga®-CNG model in the same study produced RNG by upgraatiag
purifying methane before compressing it into compressed natural gas (CNG). This pathway
involved separating a higburity CO stream, which could then achieve a{&@pture cost of
$34/tonne* This aligned well with the 45Q incentive and reflectes enefit of requiring only
a single additional unit operation to prepare the @Dsequestration. Since upgrading involved
separating the CQthis model resulted in a lower capture cost than both the EV scenario and our
own study. Leonhardt et al. (20Ralso found that C&£sequestration could be profitable for the
biogasto-CNG pathway, provided the system meets the 45Q threshold of 12,500 tonnes of CO
sequestered annually. Furthermore, the authors identified Hiogas designs as more capital
intersive than equivalent biogas-CNG systems, as large reciprocating engines cost more than
carbon capture, CHompression, and trucking equipment combined at these 4¢afes.
comparison, our current G@apture costs exceeded the $85/tonne 45Q inceimiieating the
need for improvements to reduce plant costs, which we could identify through sensitivity
analysis.

Compared to anaerobic digestion systems, researchers have more extensively analyzed
CCS costs for other bioprocessing industries. For instavidllersten et al. (2003) conducted a
TEA of retrofitting CQ capture systems into existing pulp and ethanol production facilities. The
authors estimated the cost of £€pture at $34/MT for a black liquor recovery boiler utilizing
postcombustion capture from flue gases. For sugarbased ethanol production, the capture
cost was higher, at $53/MT GQwhereas the lowast$23/MT CQ0 was reported for a black

liquor integated gasification combined cycle (BLGCC) system in a Kraft pulp mill. The annual
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carbon capture capacities for the black liquor recovery boiler and the BLGCC system were over
1.07 million MT and nearly 442,000 MT, respectivep both vastly exceedingou sy st e mé s
range of 24,700 to 36,500 MT/year. This dispa
economies of scale, which are inherent in pulp and ethanol operatigkdditionally, the
elevated capture cost in the ethanol plant resulted fromdhechpital expenditures of the
capture system and a shorter annual operating period (180 days), compared tedidne 330
operational assumption for the pulp mills. Our projected capture costs were also substantially
higher due to the inclusion of G@leanng and upgrading systems required prior to capture.
These additional operations significantly increased both capital and operating expenditures,
particularly when higkpurity biomethane is required for fuel applications or grid injection.
Specifically, cpital costs for C@capture in our anaerobic digestibased biogas system ranged
between $178450 milliond notably greater than those reported by Moéllersten et al. (2003),
which ranged from $27 million (BLGCC) and $110 million (recovery boflé¥Moreover, the
systems analyzed in that study were retrofitted into existing industrial infrastructure, while our
costs estimates assume a greenfield development scenario. This distinction is critical, as
greenfield projects incur additional capital requirenfentonstructing the entire bioconversion
platform, biogas upgrading systems, and CCS infrastructure from the ground up.

Additionally, Laude et al. (2011) performed a comparative TEA of retrofitting a CCS
system to an existing smatale bioethanol prodtion facility, focusing on the two principal
CO: emission sources: the fermentation unit and the natural gas fired cogeneration system. The
study assumed a 100% eCapture efficiency for the fermentation process and evaluated four
scenariod two involvinga single ethanol plant and two involving dipgnt configurations. In

the singleplant scenarios, the annual €€ pture potential was 45,000 MT for fermentation
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only capture and 100,000 MT for combined fermentation and cogeneration capture. The 45,000
MT COylyear case slightly exceeded the capacity of our anaerobic digestion systems, which were
designed for 36,500 MT C@year from industrial ethanol waste and 35,700 MTg€ar from
agricultural/animal waste. For the dydant configurations, capture capties increased to

90,000 MT/year and 200,000 MT/year. The reported capture costs in theargleases were
$98/MT for fermentation only and $163/MT for fermentation plus cogeneration, while the two
plant configurations yielded lower capture codt$@#/MT and $149, respectively? These

results underscore the significant role of economics of scale in reducingipeapture costs>3

All of these retrofitbased estimates were considerably lower than our projected capture costs,
which reflectedull system deployment in a greenfield context, where no infrastructure existed
and all capital expenditures must be borne upfront. Additionally, our design included upgrading
to pipelinequality RNG, which introduced further technical complexity and calative to post
fermentation C@capture alone. In contrast, ethanol fermentation produces gtigi stream

of COp, substantially reducing capture costs by eliminating the need for extensive purification or
upgrading.

A study by Beiron et al. (2022)vestigated the costs of G@apture from 110 existing
combined heat and power (CHP) plants in Sweden that utilized biomass residues from the forest
industry. The analysis focused on postnbustion capture and included local transport costs,
assuming a@% carbon capture rate. The authors estimated the resulting carbon capture costs at
$51/MT to $142/MT, considerably lower than our costs. Moreover, capital cost contributions
ranged from $18 to over $114/MT @Qvith higher costs associated with smallevilfaes and
those operating at lower fdlbad hours. In comparison, our study estimated levelized capital

costs between $689/MT and $2,538/MSignificantly higher than Beiron et al. (2082and
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operating costs ranging fros§77/MT to $1,263/MT, versus $3¥32/MT in their study:>®
Fundamental differences in system design and scale likely drove this discrepancy. Our analysis
considered greenfield installations, whereas Beiron et al. (2022) examined retrofits to existing
infrastructure. Additionally, the ate of operation differed considerably, with Beiron et al.

(2022) capturing up to 13.9 million MT G@ear, while our system capacities ranged between
24,700 and 36,500 MT Cfyear?>° As largerscale operations benefit from economies of
scale*3this helps explain the lower costs observed in the Swedish study. Overall, the
comparison highlights how plant scale, operational mode, and project approach (retrofit versus
greenfield) can substantially influence the tecleononomics of C@capture from biogeui

sources.

4.4.5.3 Sensitivity Analysis of Carbon Capture

We conducted a sensitivity analysis for each feedstock to identify the parameters that
significantly influenced the C&rapture cost. The tornado plots in Figures 4.7 through 4.10
display various grameters on the-gxis, with the corresponding levelized cost of2@@pture in
$/MT on the xaxis. The first value represents the lower or optimistic scenario, the second value
is the base or empirical case, and the third value reflects the upperiongtésscenario. The
parameters, including the lower €€bntent in the biogas and hydraulic retention time (HRT),
varied across the feedstocks, reflecting real world conditions based on empirical data. For
anaerobic digestion efficiency, which represehésdegree of organic matter degradation to
biogas, wastewater had an experimental value of 65%, while industrial ethanol waste achieved
80%. Both food waste and agricultural/animal waste had efficiencies below 60%, so we made

assumptions for their basase efficiencies, using literature values of 85%nd 75%2’
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respectively. As previously mentioned, the efficiencies would likely increase to these levels if

the BMP experiments had been conducted over a longer duration. The other parameters were
congstent among all four feedstock sensitivity analyses. Additionally, as illustrated in Figure
4.11, we assessed the sensitivity to the feedstock tipping fee ($/MT on a wet basis) using the
ranges provided by industry, given the broad range of fees asdogitlialifferent waste types

within each category. Landfills or waste management facilities charge tipping fees, usually based

on weight or volume, for waste disposal.

Wastewater - Carbon Capture

Feedstock capacity, MT/day (1000, 300, 50) { $2.67k

I o0
W57 50k

One-way biomass transport distance, mile (0, 25) o
CO2 in biogas, % (50, 21, 17) 4 $2.67k

Interest rate, % (5, 10, 15) 4 $2.88k

Indirect cost, % of direct CAPEX (21.2, 42.2)
Hydraulic retention time (HRT), day (10.0, 14.0, 18.0)
Anaerobic digestion efficiency, % (75, 65, 55) 4
Methane selling price, $/MT (1000, 850, 700)

Project life, year (30, 20, 10) 4 $4.68k

Contingency, % of direct + indirect CAPEX (5, 10) -
Membrane replacement frequency, year (10, 7.5, 5) 4

Electricity cost, $/kWh (0.08, 0.10, 0.12) 4

Membrane cost, $/item (4680, 5680, 6680)

Membrane pressure, bar (10, 20, 30) $3.78k || $3.80k

$2.20k $3.04k §3.79K $4.54k  $7.54k $8.20k
Levelized Cost of CO, Capture (3/MT)
Il Lower Case [l Upper Case

Figure 4.7 Tornado plot displaying the sensitivity analysis of carbon capture from wastewater.
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Food Waste - Carbon Capture

Feedstock capacity, MT/day (1000, 300, 50)

Interest rate, % (5, 10, 15)

Methane selling price, $/MT (1000, 850, 700)
Indirect cost, % of direct CAPEX (21.2, 42.2) 1

I s

Membrane replacement frequency, year (10, 7.5, 5)
Membrane cost, $/item (4680, 5680, 6680)

Project life, year (30, 20, 10)

CO2 in biogas, % (21, 25, 50)

One-way biomass transport distance, mile (0, 25) -
Hydraulic retention time (HRT), day (4.6, 12.1, 19.7) 4
Anaerobic digestion efficiency, % (75, 65, 55) 4
Contingency, % of direct + indirect CAPEX (5, 10) 4
Electricity cost, $/kWh (0.08, 0.10, 0.12)

Membrane pressure, bar (10, 20, 30)

e S e S . E— ——
$260 $510 $760 $1.01k $3.16k
Levelized Cost of CO, Capture ($/MT)

[ Lower Case [l Upper Case

Figure 4.8 Tornado plot displaying the sensitivity analysis of carbon capture from food waste.

Industrial Ethanol Waste - Carbon Capture

Feedstock capacity, MT/day (1000, 300, 50
Interest rate, % (5, 10, 15
Methane selling price, $/MT (1000, 850, 700

$460

)
)
)
Membrane replacement frequency, year (10, 7.5, 5) -
Indirect cost, % of direct CAPEX (21.2, 42.2) -
Membrane cost, $/item (4680, 5680, 6680)

CO2 in biogas, % (22, 27, 50)

Project life, year (30, 20, 10) 1

Anaerobic digestion efficiency, % (90, 80, 70)
One-way biomass transport distance, mile (0, 25)
Contingency, % of direct + indirect CAPEX (5, 10) 4
Electricity cost, $/kWh (0.08, 0.10, 0.12) 4
Membrane pressure, bar (10, 20, 30)

)

Hydraulic retention time (HRT), day (7.2, 8.8, 10.4

$5I50 $3I1U $1 .IUGK $2AI61 k
Levelized Cost of CO, Capture ($/MT)
I Lower Case [l Upper Case

Figure 4.9 Tornado plot displaying the sensitivity analysis of carlbapture from industrial
ethanol waste.
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Agricultural & Animal Waste - Carbon Capture

Feedstock capacity, MT/day (1000, 300, 50) -
Interest rate, % (5, 10, 15) -

Methane selling price, $/MT (1000, 850, 700) ]
Membrane replacement frequency, year (10, 7.5, 5)—_
Indirect cost, % of direct CAPEX (21.2, 42.2)

CO2 in biogas, % (21, 29, 50) 4

Membrane cost, $/item (4680, 5680, 6680) ]
One-way biomass transport distance, mile (0, 25) ]
Hydraulic retention time (HRT), day (0.6, 10.9, 21.2) ]
Project life, year (30, 20, 10)

Anaerobic digestion efficiency, % (85, 75, 65) -
Contingency, % of direct + indirect CAPEX (5, 10)-
Electricity cost, $/kWh (0.08, 0.10, 0.12)—-
Membrane pressure, bar (10, 20, 30)—-

$770 g 5790

——
$540

Figure 4.10Tornado plot displaying the sensitivity analysis of carbon capture from

agricultural/animal waste.
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Figure 4.11Plot displaying the sensitivity analysis of feedstock tipping fees for four waste

categories in carbon capture scenarios.
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Across all cases, feedstock capatitihe annual feed rate of biomésproved to be the
most influential parameter, followed by intsteate and selling price of GHbr food waste,
industrial ethanol waste, and agricultural/animal waste. Capture costs were especially sensitive to
reductions in capacity, with increases ranging from at least 111% for wastewater to as high as
230% for agicultural/animal waste. Conversely, scaling up feedstock capacity from 300 MT/day
to 1,000 MT/day (dry basis) led to significant cost reductions between 29.6% and 57.9%. These
results demonstrate the power of economies of scale, where unit costs inorelaseanly as
output decreases, and vice versiThis analysis highlights the pivotal role of system scaling in
improving the economic feasibility of carbon capture from organic waste streams and signals the
important of prioritizing capacity expansianboth project development and supportive policy
frameworks.

For food waste, industrial ethanol waste, and agricultural/animal waste, capture costs
were also notably sensitive to interest rate due to the strong influence of capital costs on the
levelizedcosts. Capital expenditures accounted for over 42.3% of the combined capital and
operating levelized cost and approximately 40.8% for industrial ethanol waste and 40.3% for
agricultural/animal waste. A major contributor to these capital cost was thdabsgpit® used
for removing water vapor and85 which made up about 52% of the total direct capital costs
across these three feedstocks. On the other hand, operating costs were the primary driver of
overall capture costs, comprising at least 57% of thebawed capital and operating levelized
cost for food waste, industrial ethanol waste, and agricultural/animal waste, as operating costs
excluded revenue from tipping fees and methane sales. Given this dynamic, fluctuations in both
capital and operatinelaed parameters can substantially alter project economics. For interest

rate, in particular, this influence is due in part to the capital recovery factor (CRF), which
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directly incorporates the interest rate and determines the annualized capital repayroenieS
levelized capital cost derives from the CRF, even modest increases in interest rates can
disproportionately inflate total capture costs. These findings emphasize the needdosiow
financing and stable financial conditions to ensure the ecanf@asibility of biogasased

carbon capture systems. Reducing capital intensity and optimizing system design could help
mitigate these risks and support broader deployment.

In terms of CH selling price, we selected prices of $700, $850, and $1,000/MskdCH
represent different scenaridde $850/MT price served as the base case, reflecting the current
going rate under the Low Carbon Fuel Standard (LCFS), which provides financial credits for
low-carbon fuels and thereby increases the market price pt@hpared to fossitlerived
alternative$:*® The $700/MT and $1,000/MT prices represented the low and high ends of RNG
costs in the LCFS market, respectivély The sensitivity analysis clearly demonstrated that
increased Chrevenue significantly lowerechrbon capture costs, as indicated by the reduced
values in these TEAs. In particular, at the $1,000/MT price point, the revenue from methane
sales was sufficient to offset a considerable portion of both capital and operating costs,
improving the overaleconomic viability of the systems. These outcomes underscore the critical
role of policy mechanisms and market pricing in driving financial feasibility for renewable
natural gas and carbon capture projects.

Membrane replacement frequency and project ldasgmerged as relatively sensitive
parameters, particularly for feedstocks such as food waste, industrial ethanol waste, and
agricultural/animal waste. When the membrane replacement frequency decreased from 7.5 years
to 5 years, the associated capturesostreased by 34.6%6.8% for the various feedstocks.

Similarly, reducing the project lifespan from 20 years to 10 years led to cost increases of 30.4%
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38.2% for these three feedstocks. For wastewater, a shorted project life resulted in a 23.5%
increasen capture costs. Conversely, extending both membrane replacement frequency and
project life decreased the cost sensitivity of these parameters. Under these conditions, membrane
replacement frequency showed a modest reduction in sensitivity, with cosisecranging
from 17.3% to 18.4% for the three waste categories, while the reduction in project life sensitivity
ranged from 7.4% to 9.2%, and for wastewater, this sensitivity was lower at 5.5%. These two
parameters exhibited ndimear sensitivity becaugwoject life is tied to CRF, while the area of
the membrane separation unit drives membrane costs, coupling membrane replacement
frequency with both capital and operating expenses. This analysis indicates that membrane
replacement frequency and projeée lare critical factors in the economic feasibility of
anaerobic digestion systems, with shorter project lifespans and higher replacement rates
considerably raising costs. Thus, optimizing both paranteteysncreasing membrane
longevity and extending pregt lifed can mitigate these cost impacts, particularly for high
sensitivity feedstocks, like food waste, ethanol waste, and agricultural/animal waste. However,
long-term projects can struggle to secure financing due to uncertainty in future policy, market
volatility, and the extended time horizon needed to recoup investments, which increases
perceived risk for lenders and investors. As a result, aligning technical planning with financial
strategy related to equipment maintenance and project duration aweikgyoving the
economic variability of such systems.

For wastewater, the parameters most sensitive to changes, following the feedstock
capacity, were biomass transport distance; @tent in the biogas, and interest rate. When the
transport distancencreased from 0 miles to 25 miles, the carbon capture cost rose sharply from

$3,790/MT to $7,500/MT, representing a 97.9% increase. Transportation costs largely drove this
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significant rise, accounting for 67.5% of the total variable operating costs @nfeetistock was

no longer cdocated with the anaerobic digestion facility. Moreover, the low solids content of
wastewater (0.43%) required approximately 1,046,550 truck shipments annually to meet
feedstock requiremerd@istwo orders of magnitude higher thine 22,500 to 25,700 shipments

needed for the other three feedstocks. The high water content in wastewater greatly amplifies the
volume and weight transported, making logistics a major cost driver. The sensitivity analysis
(Figure 4.7) clearly demonstratiss effect, where transport distance exerts a dominant

influence on cost variability. Therefore, transporting wastewater via truck is not feasible.

In addition to biomass transport distance, the Géhtent in the biogas was highly
sensitive to the captel cost for wastewater. When the £s0ntent decreased from 21% to 17%,
the cost rose to $4,390/MT, a $600/MT increase (15.8%). Conversely, increasingthe CO
content to 50% significantly reduced the cost from $3,790/MT to $2,670/MT (29.6% decrease), a
trend similar to that observed with feedstock capacity. This cost reduction likely stemmed from
multiple factors, including lower electricity demand and incréd3€, production capacity. As
electricity requirements dropped, the contribution of energy demand to the variable operating
costs fell from 27.5% to 21.6%. Additionally, downsizing of equipment, such as the two
absorbers and the gas compressor, furtheedsed energy consumption. The annual Q@put
also increased substantially, from 24,700 MT to 43,50@ M176.1% rise in capacity. Since the
levelized cost of carbon capture was inversely related to annughr@@uction, higher output
enabled a lower & per MT captured. Moreover, in the wastewater case, reduced CH
production led to lower eproduct revenue. However, the overall cost savings from improved
carbon capture compensated for this revenue loss. These findings highlight the importance of

optimizing biogas composition, as even marginal increases wic@Gaentration can lead to
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significant economic benefits. Consequently, enhancingdotent in the biogas stream is a
key strategy for improving the cestfectiveness of carbon capture techn@sgFuture work
should aim to identify the optimal biogas composition that minimizes carbon capture costs. In
our study particularly in the wastewater scendriove observed a counterintuitive trend:
increasing C@concentration and decreasing £tdncentréion led to greater C&yield and
lower CH; production, ultimately resulting in a more cestective outcome for this feedstock.
This is likely because a higher share of-@©the biogas increases the volume of @t the
system can capture per unitfeédstock, even if energy recovery from 2ié¢creases. In
general, if agricultural producers, site owners, or clean energy stakeholders are considering
building anaerobic digestion systems with biogas upgrading, they should take into account the
sensitiveparameters identified in this study and previous research for each feedstock type.

As shown in Figure 4.11, the tipping fee for each feedstock exhibited a negative linear
correlation with CQlevelized cost. For wastewater and industrial ethanol wast¢iphing fee
ranges from $10 to $40/MT of feedstock, resulting ino €&sts ranging from $3,731 to
$3,851/MT and $767 to $849/MT, respectively. The tipping fee for food waste spans from $40 to
$100/MT, leading to a C£xost of $650 to $859/MT, with a défence of $209/MT. As
previously noted, the agricultural/animal waste category included a wide variety of materials,
with tipping fees ranging from $10 to $100/MT, resulting in levelized costs offf©® $647 to
$896/MT, reflecting the largest range oAS2MT.

The previously mentioned study by Cabello et al. (2022), which conducted a TEA on
anaerobic digestion of livestock farming and aigrdustrial waste, also included a sensitivity
analysis. Three main variables influenced the levelized cost gfSéing price of thermal

energy, plant utilization, and treatment cost of fresh substrate. In the study, the price of thermal
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energy depends on the final application and the location of production, while the plant utilization
refers to the number of hoursrpear that the facility operates at full capacity. Our process
purifies RNG for sale, while Cabello et al. (2022) combusts the impure biogas to generate
thermal energy a key factor likely contributing to their lower reported capture costs ($78
$111/MT) canpared to ours ($75%3,791/MT). Combusting raw biogas produces more &@
avoids the need for additional equipment and materials, such as absorbers and membranes,
required for RNG purification. Similar to their findings, we also observed that metharg/en
selling price was highly sensitivity, specifically for food waste, industrial ethanol waste, and
agricultural/animal waste. Other parameters tested by Cabello et al. (2022), such as the price of
electricity, had an insignificant effect on the econoregults?°! The sensitivity analysis in the
current study showed that the electricity cost was not sensitive as well.

Another TEA study (Aui et al., 2019) assessed the economic feasibility of acatm
anaerobic digestion plant-tocated with a cattl feedlot, excluding carbon capture integration.
The sensitivity analysis identified operating capacity (maximum electrical output) and power
efficiency as the most influential factors on overall costs, whereas biomass price had the least
impact#°8In contrast, our study found that tipping fees played a notable role in shaping overall
economic performance. These findings suggest that while technical optimization (e.g., increasing
operating capacity and system efficiency) remains important, rexarhanang mechanisms
like tipping fees is essential to improving the economic viability of anaerobic digestion projects.

A recent study by Das et al. (2024) examined the TEA of anaerobic digestion of sewage
sludge without incorporating carbon capture. While cartapture was not included, the authors
emphasized that its implementation is necessary to enhance the environmental sustainability of

the process. The study focused on the sensitivity of key economic factors, including capital costs
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(CAPEX), operating cds (OPEX), revenue, and feedstock capacity. The study found that OPEX
and plant capacity had the greatest influence on overall costs, with revenue exerting a smaller
impact. While CAPEX also impacted costs, its influence was less than that of OPEX and
feedstock capacity:>® In contrast, our study identified capital costs parameters, such as interest
rates and indirect costs, as highly influential, similar to operaigtaded parameters like

methane selling price and membrane replacement frequency. Deisaisse capital costs

primarily driven by absorber expenditudeand revenue from tipping fees and methane,
accounted for the majority of the levelized capture costs. Additionally, our study observed
significant economic fluctuations when adjustingfeeddto capaci ty. Our study
highlights that while OPEX and feedstock capacity are key drivers, capital costs become more
critical in systems where these costs dominate the overall financial structure. Optimizing capital
expenditure, particularly thugh better financial terms and efficient plant design, could
substantially improve the cesffectiveness. Moreover, feedstock capacity remains a crucial
factor, underlining the importance of scaling and capacity management to enhance economic

feasibility.

4.4.5.4 Life Cycle Assessment and Economic Analysis of Carbon Removal

The life cycle emissions for the anaerobic digestion and biogas upgrading process
determined the net G@emoval. Figure 4.12 shows four waterfall plots, where the blue bars
represehthe CQ drawdown and the red bars represent&g@missions throughout various steps
of the process. The net G&moval value is the farthest right blue bar, which equals the sum of
all the positive and negative emissions. Base case emissions frons®itvaresport were not

included because the waste sources wedeaaed with the AD facilities. We also set the LH
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leakage to 0% for the base case. We conducted a sensitivity analysis on several parameters, such
as transportation distance and Jébkage The results are illustrated in the tornado plots

(Figures 4.13 through 4.15), which show the carbon removal impact for each feedstock type.
Table A4.17 in the appendix provides a detailed breakdown of emissions and drawdowns by step

and waste category.
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Figure 4.12Waterfall plots for base cases displaying@dissions (red bars) and removals
(blue bars) from anaerobic digestion of (a) wastewater, (b) food waste, (c) industrial ethanol
waste, and (d) agricultural/animal waste.

In the industrial ethanataste and agricultural/animal feedstock categoriesChig
derived and bigCO, emissions were the primary contributors to the highest emissionr€Haio
derived emissions result from methane combustion, whikCRlpemissions arise from the total

CO; content in the biogas. For food waste, the main contributors wer€Hiaerived and
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digestate decomposition emissions. Due to the relatively low anaerobic digestion efficiency
(65%), a larger portion of the products ended up as digestate. On a dry dtthsigastewater

and food waste produced about 106.9 MT/day of digestate, while ethanol and agricultural/animal
waste produced 60.6 MT/day and 76.0 MT/day, respectively. Although wastewater and food
waste generated similar amounts of digestate, the carimbent@f the food waste digestate

(34.1%) was higher than that of wastewater (30.9%), resulting in greate@am@€sions from

food waste. The major emission contributors for wasteviradigiect emissions were significantly
higher. These findings highlighbw feedstock characteristics and system energy demands
directly influence the emission profile of anaerobic digestion processes, emphasizing the need to
tailor mitigation strategies based on feedstock type to minimize environmental impacts.

Food waste, idustrial ethanol waste, and agricultural/animal waste achieved net negative
emissions, whereas emissions associated with wastewater remained net positive. The variability
in emissions led to differences in carbon removal capacities. For instance, the ystered
almost 28,500 MT of C&from food waste, but removed only about 16,200 MT o @@ to
the varying emissions and reductions throughout the process. A similar reduction in carbon
removal capacity occurred for industrial ethanol waste and afgrialdanimal waste. However,
wastewater generated more emissions than it could draw down, resulting in net positive
emissions. With a carbon content of only 29®%wer than the 42:47.3% seen in other
feedstockd8 wastewater had less initial atmospherithoa fixation, further reducing the total
drawdown. Additionally, the higher electricitglated emissions contributed to an overall
increase in emissions. To reduce electricity consumption, utilizing wastewater with a higher
solids content can minimize tea and mixing requirements, thereby lowering indirect process

emissions. Since wastewater was a net emitter of greenhouse gasses in the current model, the
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process did not result in any carbon available for removal, making the calculation of a carbon
remo\al cost infeasible.

In addition to evaluating the carbon capture costs for each feedstock type, we determined
the carbon removal costs for the other three categories: food waste, industrial ethanol waste, and
agricultural/animal waste. The assumptions muadlel inputs were consistent with those used in
the carbon capture TEAs, but the annuabCé&pacity for removal was lower due to the
accounting of life cycle emissions. Similar to the capture costs, the base case removal costs
varied based on the specifiaste material, as shown in Table 4.6. More detailed capital costs
and TEA summaries are included in the appendix (Tables A4.18 through A4.23).

Table 4.6Summary of base case carbon removal TEAs for wastewater, food waste, industrial
ethanol waste, and agultural/animal waste.

Industrial Agricultural/An
Wastewater Food Waste Ethanol Waste imal Waste

Carbonremoval o0 /0o 10.10% 8.78% 20.70%
efficiency

Tipping fee (wet o017 $70/MT $25/MT $50/MT
basis)

Total solids 0.43% 17.50% 18.99% 20.00%
(average)

Feedstock feed

ate (dry basis) 0O MT/day  300MTiday 300 MT/day 300 MT/day

Anaerobic

digestion 65% 65% 80% 75%
efficiency

Annual CQ 16,200 MT 13,500 MT 35,500 MT
removal capacity ) COlyear COlyear COolyear
Annual CH, 32,300 MT 37,500 MT 33,900 MT
capacity ) CHalyear CHalyear CHalyear
Total capital cost - $169.6M $186.8M $178.6M

Levelized capital

cost - $1,460/MT CQ $1,927/MT CQ  $702/MT CQ
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Table 4.6(continued).

% of capital +
operating
levelized cost

42.34% 40.80% 40.33%

Total operating
cost

Net operating
cost

Levelized

$32.2Mlyear $37.8Mlyear $36.9M/year
-$2.2Mlyear $3.5M/year $3.1M/year

$1,988/MT CQ $2,796/MT CQ $1,038/MT CQ

operating cost
% of capital +
operating - 57.66% 59.20% 59.67%
levelized cost

Co-productand

$33.4Mlyear $34.4M/year $33.8M/year

tipping fee - -$2,123/MT CQ -$2,541/MT CQ -$950/MT CQ
revenue
Ig;?' levelized i $1,325/MT CQ  $2,182/MT CQ  $789/MT CQ

Across all feedstocks, G@emoval costs were higher than capture costs due to the lower
COz removal capacities. Unlike the carbon capture TEA results, agricultural/animal waste
exhibited the lowest C&emoval cost at $789/MT of C{primarily due to its lower CH
content, whiched to reduced methane combustion and a higher proportiondv@a@able for
removal. The emissions and drawdown profiles of industrial ethanol waste and
agricultural/animal waste were comparable across each stage. However, agricultural/animal
waste bendted from a higher tipping fee, resulting in a substantially lower removal cost than
ethanol waste, which reached $2,182/MT. The removal cost for food waste was $1,825/MT
roughly double that of agricultural/animal waste, but still significantly lower thamcost
associated with ethanol waste. These results demonstrate the importance of feedstock selection in

optimizing the coseffectiveness of C&xemoval strategies.
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Moreover, the cost outcomes for each feedstock illustrated an inverse relationship with
carbon removal efficiency. Agricultural/animal waste, for example, had the highest efficiency at
20.70% and the lowest removal cost ($789/MT). In contrast, industrial ethanol waste exhibited
the lowest efficiency (8.78%) and the highest removal cost (3. This trend aligns with
findings from the Roads to Removal report, which noted that pathways with low removal costs
such as sawmill conversion technologies at $9@Mypically demonstrated higher removal
efficiencies, in this case, 71%. Feedstockihwioderate removal costs, like polyethylene (PE)
from fermentation ($158230/MT), showed a corresponding moderate-tean efficiency of
52%. Conversely, anaerobic digestion of food waste (16%), swine manure (8%), and dairy/beef
manure (1%) resulted low removal efficiencies, which were associated with significantly
higher removal costs: $290/MT for food waste, $440/MT for swine manure, and up to
$2,500/MT for dairy/beef manufe.These results reinforce the inverse relationship between
carbon removagfficiency and cost.

As with capture costs, the feedstocks generated revenue from both tipping fees and co
product sales. Food waste produced $6.93 million in feedstock revenue and $27.5 million in
methane sales, compared to $2.48 million and $31.9 miiinindustrial ethanol waste and
$4.95 million and $28.8 million for agricultural/animal waste. This revenue difference
contributed to a net operating cost$2.2 million for food waste, in contrast to a positive $3.5
million for ethanol waste and $3niillion for agricultural/animal waste. Furthermore, the cost
breakdown revealed that operating costs had a greater impact than capital expenditures on the
total levelized cost of carbon removal, indicating that financial performance is more sensitive to
fluctuations in operating costs. This trend mirrors the cost distribution observed cafiGre

analysis.These findings emphasize carbon removal efficiency as the key driver of economic
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viability, with feedstock type, revenue streams, and operatingismsplaying important rolés
making food waste and agricultural/animal waste moreeffsttive than industrial ethanol
waste.

Given the importance of carbon removal efficiency on removal costs, we explored
strategies to improve that efficiency. As prasel in Table 4.5, carbon removal efficiencies
across feedstocks ranged from 8.78% to 20.70%, with wastewater exhibiting a negative
efficiency of-76.40% due to its net positive @@missions, as indicated in Figure 4.12a. One
strategy to improve removalfieiency is to increase the carbon content of the feedstock. For
example, raising the carbon content of agricultural/animal waste from 47.28% to 50% would
increase its removal efficiency from 20.70% to 25.01&620.82% gain from less than a 3%
increase ircarbon content. This demonstrates that small enhancements in feedstock composition
can yield disproportionately large improvements in performance. Additionally, stabilizing and
sequestering the digestate, along with reducing indirect emissions by usngiés electricity,
would enhance removal efficiency. For agricultural/animal waste, sequestering the digestate
rather than allowing it to decompose would increase the removal efficiency from 20.70% to
38.21%, representing an 84.6% improvement. One exawhiés approach is the Vaulted Deep
project, which employs a patented slurry injection technology to sequester-caiborganic
waste deep underground for permanent storage. By injecting the waste underground, the process
actively prevents carbon inaterials, such as biosolids, agricultural and livestock waste, and
paper mill sludge, from escaping into the atmosphere through decomposition or conftfiistion.
Moreover, replacing grid electricity with renewable electricity would further improve the

remonal efficiency from 20.70% to 24.94%, a 20.5% increase.
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Wastewater, however, presents a more challenging case. To achieve net negative carbon
removal using its current TS of 0.43%, its carbon content would need to rise from 29.86% to at
least 52.68%, reprenting a 76.42% increadean impractical adjustment under normal
conditions. Alternatively, increasing the TS of wastewater could reduce the volume of water and
energy required for processing, leading to lower energy use, reduced indirect emissions, and
smdler digester volumes, ultimately decreasing both capital and operating costs. Moreover,
sequestering the digestate and reducing indirect emissions would improve the removal
efficiency, increasing it from76.40% to-39.72% and35.44%, respectively, refting a 48.0%
and 53.6% improvement. These findings suggest the importance of enhancing feedstock carbon
content, solids concentration, digestate sequestration, and reducing indirect emissions to improve
carbon removal efficiency and reduce system coatsicplarly for feedstocks with limited
removal potential like wastewater.

Another method to enhance carbon removal efficiency is reducing the amount of CH
combusted. For instance, decreasing: Gtitput from 103 MT/day to 99 MT/day in the
agricultural/aninal waste scenario increased efficiency from 20.70% to 27.36%, reflecting a
32.17% improvement. This reduction in £eébmbustion also lowered the ¢@moval cost
from $789/MT to $597/MT by increasing the €@moval capacity from 35,500 MT/year to
47,000MTl/year. In the case of wastewater, achieving a positive carbon removal efficiency
would require a dramatic reduction in £ebmbustiod from 109 MT/day to no more than 17
MT/dayd an operationally challenging target. However, this significant decreasesin CH
combustion would likely result in high removal costs, as minimal revenue from-h@doct
sales would make the process economically infeasibile.potential approach to reduce H

generation involves increasing the £f@ntent in the biogas by cardfukelecting appropriate
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feedstocks. However, this method introduces a tradeoff: loweringp@iduction can reduce

revenue from Chlisales, potentially offsetting economic gains from improved efficiency.
Additionally, minimizing CQ leakage can further impve efficiency, even if marginally. For

example, reducing CQeakage from 5% (5.7 MT/day) to 2.5% (2.85 MT/day) raised the

efficiency for agricultural/animal wasfeom 20.70% to 21.79%. These results suggest that

process adjustments, such as reducing €ihbustion, controlling C8leakage, and modifying
feedstock composition, could enhance carbon removal performance and reduce associated costs,
though economic tradeffs should be carefully evaluated.

Currently, there is limited research on the carlmnaval costs associated with anaerobic
digestion. As previously mentioned, the Roads to Removal report bRidgt et al. (2023)
analyzed the carbon removal costs for various feedstocks across different conversion
technologies. To determine the removasts, anaerobic digestion feedstocks were treated as
point sources, rather than being transported. As a result, the study established a minimum
feedstock capacity per point source of 10,000 tonnes biogas pérgetire feedstock
equivalent to producethsmount of bi ogas. Using the report
contained 665 vol% methané? along with our own empirical assumptions of 20% TS and 65
95% VS (based on TS), the corresponding feedstock capacity would range from approximately
40 to 50 dy tonnes per day.

For materials subjected to anaerobic digestion, the costs exhibited significant variation. In
the food waste to RNG scenario, the reported removal cost was approximately $290/tanne CO
while swine manure to RNG was about $440/tonne,@ad dairy/beef manure approached
$2,500/tonne C&*° In contrast, our calculated removal costs were $1,325/tonaéoC@od

waste and $789/tonne Gr agricultural/animal waste substantially higher than the reported
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value for food waste, yet considbty lower than that for dairy/beef manure. The Roads to
Removal report calculated a removal cost of around $800/tonpéo€C®wastewater treatment
plant feedstock;> whereas our study was unable to calculate a cost due to the insufficient
amount of cason available for removal. Differences in the methodologies used for calculating
CO removal costs may explain the discrepancies in the resulting removal costs. TRelfett
et al. (2023) report employed a simplified regression model to quantifyc&ire, dewatering,
and compression costs incorporating both capital and operating-éestide our models
accounted for each individual operation and material used in the downstream operations.
Additionally, variations in feedstock capacity played a rai¢h our plant having a feedstock
capacity of 300 dry tonnes/day compared to the ~40 to 50 dry tonnes/day feed rate used in the
report. In general, largecale operations are expected to benefit from cost advantages over
smallscale systems due to econembf scale, wherein penit costs decrease as production
volume increase’>3 This capacity pattern was observed for agricultural/animal waste, but not
for food waste, as compared to the report. The differences in methodology and plant capacity
highlight the need for further research and standardization in calculating carbon removal costs
for anaerobic digestion processes to enable comparisons that are more accurate across studies.
Additionally, the report 665 volRmsmetamard 35 i ogas
40 vol% CQ*°resulted in a higher CQontent compared to our empirical measurements,
which ranged from 21 to 29 vol%. This discrepancy in biogas composition suggests how input
assumptions can significantly influence modeled removal costsyatein performance. A
higher assumed G@ontent could overestimate the potential for carbon capture, while
underestimating methane concentration may skew projected bioenergy athl of which

impact overall economic feasibility. As interest in anaerdmestion grows within carbon
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management strategies, more granular, feedstpekific modeling and empirical validation will
be crucial to accurately assess economic and environmental outcomes.

To provide a broader perspective on current removal costbenwchmarked anaerobic
digestion against other biomass conversion technologiesRRgg et al. (2023) assessed
carbon removal costs across various technological pathways beyond anaerobic digestion,
including fermentation, pyrolysis, gasification, coraton, hydrothermal liquefaction, and
sawmill operations. Among all options, pyrolysis asphalt exhibited the lowest removal cost at
approximately $30/MT, while sawmill operations (e.g., lumber production) also showed low
costs around $90/MT. Hydrogen pration via pyrolysis and gasification both reported removal
costs near $100/MT. Liquid fuels from both pyrolysis and gasification fell within the-$150
$160/MT range. Renewable natural gas (RNG) from gasification and landfill biogas capture each
had removactosts of about $220/MT. In contrast, RNG from anaerobic digestion was more
expensive, aligning with swine mantrased systems at approximately $440/MT. Sustainable
aviation fuel (SAF) via gasification had a removal cost of around $140/MT, whereas SAF via
fermentation ranged significantly higher, between $380/MT and $430/MT. Other fermentation
based products, such as diesel and ethanol, ranged fror$3$26MT, while polyethylene (PE)
had slightly lower costs at $15230/MT. Electricity production througtombustion showed a
mid-range removal cost of about $150/MT, and hydrothermal liquefaction of manure exhibited
one of the highest costs at roughly $540/##Rll reported costs were lower than those in the
current study, where anaerobic digestion remowats ranged from $789/MT to $2,182/MT. As
noted earlier, these discrepancies may stem from differences in calculation methods, as Pett
Ridge et al. (2023) used a simplified regression model to estimate removd’cstse results

highlight the wide wailability in carbon removal costs depending on both feedstock and
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conversion technology, with thermochemical and wbaded systems generally offering the
lowestcost options compared to anaerobic digestion.

Moreover, Clauser et al. (2025) modeled misgtigrmentatiorbased bioproduct
pathways using lignocellulosic feedstocks, including renewable diesel, ethanol, SAF, and PE.
The study reported a wide range of @@moval costs, from $60 to $675/MT, with gaseous CO
capture costs varying by prodécapproaimately $85/MT for PE and around $400/MT for jet
fuel. Notably, similar to findings in our study, carbon removal costs consistently exceeded those
for carbon capture across all modeled biofuel pathways. Among the technologies evaluated,
bioplastic produddbn emerged as the most cestective route for C@removal, with removal
costs 5890% lower than those of biofubhsed systems. Higher carbon retention in the final
product and lower process emissions created this cost advantage. Clauser et alls2025) a
identified a typical C@removal cost range of $18500/MT for bioenergy with carbon capture
and sequestration (BECCS) pathwé§5In comparison, all C&removal costs reported in our
study exceeded both the values found in Clauser et al. (202%)eatypical BECCS cost range.
This contrast underscores the influence of feedstock typeprexadict selection, and process
integration on overall system economics, highlighting the relative cost competitiveness of

bioplastics over biofuels for carbon rewal in lignocellulosic systems.

4.4.5.5 Sensitivity Analysis of Carbon Removal

We performed sensitivity analysis on the carbon removal costs as well to determine the
most and least sensitive parameters. The parameters that were specifically uniquentovhaé
cases included grid electricity emissions (0 and 40C&gMWh) and CH leakage percentage

(0% and 19%%%. The CQ content and HRT varied according to empirical results, whereas the
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other parameters remained consistent across the four feeds$tagkes 4.13 through 4.15 show
the tornado plots for each feedstock type, while Figure 4.16 presents the sensitivity of the
feedstock tipping fees.

Food Waste - Carbon Removal

Feedstock capacity, MT/day (1000, 300, 50) 4 $540

CO2 in biogas, % (50, 25, 21) -

Interest rate, % (5, 10, 15) 4

Grid electricity emissions, kg-CO2/MWh (0, 400) 4
Indirect cost, % (21.2, 42.4)

Methane selling price, $/MT (1000, 850, 700) -
One-way biomass transport distance, mile (0, 25) 4
Membrane replacement frequency, year (10, 7.5, 5) 4
Anaerobic digestion efficiency, % (55, 65, 75) 4
Project life, year (30, 20, 10) 4

Membrane cost, $/item (4680, 5680, 6680) 4
Hydraulic retention time (HRT), day (4.6, 12.1, 19.7) 4
Membrane pressure, bar (10, 20, 30) 4

Contingency, % (5, 10) 4

Electricity cost, $/kWh (0.08, 0.10, 0.12) 4 $1.30k [ $1.35k
Methane leaked, % (0, 1) - $1.33k

— 1 1 T T 7 ML

$330 $830 $1.33k $1.83k $2.33k $2.83k $6.83k

Levelized Cost of CO, Removal ($/MT)
I Lower Case [l Upper Case

Figure 4.13Tornado plot displaying the sensitivity analysis of carbon removal from food waste.

Industrial Ethanol Waste - Carbon Removal

CO2 in biogas, % (50, 27, 22) -

Feedstock capacity, MT/day (1000, 300, 50) -

Grid electricity emissions, kg-CO2/MWh (0, 400) -
One-way biomass transport distance, mile (0, 25) 4
Interest rate, % (5, 10, 15) 4

Methane selling price, $/MT (1000, 850, 700)
Indirect cost, % of direct CAPEX (21.2, 42.2)
Membrane replacement frequency, year (10, 7.5, 5) 4

I - 12+

Anaerobic digestion efficiency, % (70, 80, 90) 4
Project life, year (30, 20, 10)

Membrane cost, $/item (4680, 5680, 6680) |
Membrane pressure, bar (10, 20, 30) 4
Contingency, % of direct + indirect CAPEX (5, 10)
Hydraulic retention time (HRT), day (7.2, 8.8, 10.4)
Electricity cost, $/kWh (0.08, 0.10, 0.12)

Methane leaked, % (0, 1)

$3.53k

$680 $1.43k $2.18k $2.93k $8.93k
Levelized Cost of CO, Removal ($/MT)
I Lower Case [l Upper Case

Figure 4.14Tornado plot displaying the sensitivity analysis of carbon removal from industrial
ethanol waste. *Indicates cases where parameter changes led to negative carbon removal
efficiency, preventing cost calculation.
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Figure 4.15Tornado plot dislaying the sensitivity analysis of carbon removal from
agricultural/animal waste.

Figure 4.16Plot displaying the sensitivity analysis of feedstock tipping fees for three waste
categories in carbon removal scenarios.
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