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ABSTRACT 

Efficient deconstruction and conversion of inedible plant biomass, i.e., lignocellulose, is critical to 

decarbonizing the energy system in order to meet climate stabilization objectives. However, lignocellulose 

biomass is recalcitrant to deconstruction, and is often augmented by energy and capital-intensive 

thermochemical pretreatment. Alternatively, Clostridium thermocellum is a thermophilic anaerobe capable 

of both deconstruction and conversion of lignocellulose without pretreatment. This thesis seeks to inform 

the deployment of cellulosic ethanol production by furthering our understanding of C. thermocellum 

mediated deconstruction, especially at industrially relevant conditions, i.e., solid loadings exceeding 100 

g/L. In batch fermentations, it was observed that fractional deconstruction declines as solid loadings 

increase, which prompted diagnostic experiments and the inclusion of a second bacterium, 

Thermoanaerobacterium thermosaccharolyticum, to improve deconstruction.  Ultimately, the bioreactors 

used to characterize this were unsuitable for work above 100 g/L, which necessitated a novel bioreactor 

system capable of high solids, semi-continuous fermentations. To our knowledge, this first-of-its-kind 

bioreactor will enable lab-scale characterization of lignocellulose deconstruction at high solid loadings not 

yet reported in literature. Lastly, a technoeconomic analysis adds another component to the thesis describing 

project economics and relative greenhouse gas (GHG) emissions for a 60-million gallon per year 

biorefinery. The impact of adopting emerging technologies such as carbon capture and storage (CCS) and 

biogas upgrading were evaluated in this context. Results indicate there are significant, i.e., up to 8-fold 

improvement, in net GHG benefits by adopting this approach, while simultaneously improving project 

economics. 
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1. Introduction 

Climate change remains a defining challenge of our time and advancing bioenergy deployment is desirable 

in light of climate stabilization objectives to limit global warming to 2˚C by the end of the century (1,2).  

Biomass energy systems are a logical starting point for decarbonizing the transport sector as they cycle 

carbon between fuel combustion reactions and plant photosynthesis, effectively giving rise to the carbon-

neutrality of biofuels (3). Another important contribution of biomass energy systems is the synergistic 

opportunity for carbon dioxide removal (CDR). Biomass energy with carbon capture and storage (BECCS) 

could enable large, negative emissions by drawing out carbon from the atmosphere via photosynthesis, 

processing biomass into useful fuels, chemicals, or electricity, and routing stationary carbon dioxide 

emissions towards permanent geologic sequestration (4–7). In time, it is within reason that the value of 

biomass energy systems for photosynthetic carbon removal may exceed that for displaced fossil fuels (8,9). 

Yet, 2nd generation biofuels, those made from inedible feedstocks, have fallen short of production 

expectations (10), and could risk forfeiting potential climate change mitigation if not realized. This thesis 

seeks to advance 2nd generation biofuel production technology by investigating feedstock deconstruction 

and conversion via Clostridium thermocellum-mediated consolidated bioprocessing (CBP) towards 

industrially relevant substrate loadings. In addition to wet-lab experiments, process design, simulation, and 

technoeconomics were also used to determine the cost and greenhouse gas (GHG) mitigation potential of a 

prospective cellulosic ethanol biorefinery including CDR at industrial scale. 

The production of liquid biofuels from renewable biomass feedstocks has been an active area of research 

over the past several decades. In the United States, the first-generation (1G) approach towards biofuels 

primarily sought to convert corn kernels, a starch-based feedstock, into ethanol for gasoline fuel blending. 

Among biologically derived fuel molecules, ethanol distinctively combines useful features including high 

yield and titer, ease of separation, and can be used as a fuel by itself, blended, or serve as an intermediate 

for synthesis of other hydrocarbon fuels (11–13).  Although starch is readily digestible, and conversion 

efficiencies are high, 1G liquid biofuels have struggled to provide satisfactory GHG emission reductions 
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(relative to petroleum gasoline) with often cited reasons being land intensification and displaced food 

production related to indirect land use change (14). Use of inedible cellulosic biomass, i.e., second-

generation biofuels, is generally recognized as a priority in light of large potential supply (15,16), decreased 

competition for food resources, and lower GHG emissions compared to other edible biomass feedstocks 

(14,17–19). 

Despite these advantages, cellulosic (or advanced) second-generation (2G) ethanol production continues to 

not meet production quotas set by the United State Renewable Fuel Standard by wide margins (> 95%) (10) 

largely due to cost inefficiency (20,21). Indeed, the technological challenges facing 2G biofuel production 

are steep considering that lignocellulose is a heterologous matrix consisting of insoluble cellulose, 

hemicellulose, and lignin, and deconstructing these components into usable substrates is naturally difficult 

as they natively evolved to avoid biological degradation (22–24). The most common practice to overcome 

this “recalcitrance barrier” is combining thermochemical pretreatment and free enzymes (e.g., fungal 

cellulases) to hydrolyze the carbohydrates before fermentation can occur (20,25–28). This processing 

paradigm has been extensively reported throughout the literature in a variety of configurations but remains 

cost-prohibitive largely in part to the energy and chemicals associated with pretreatment and enzyme 

production (20,21,29,30).  

Alternatives to this processing paradigm continue to be research and developed, for instance, consolidated 

bioprocessing with cotreatment (C-CBP) wherein both biomass deconstruction and fermentation occur 

simultaneously, and without the need for thermochemical pretreatments (21,31,32). Anaerobic, 

thermophilic bacterium Clostridium thermocellum is one candidate microbe capable of solubilizing and 

utilizing carbohydrates from unpretreated lignocellulose (33). However, unpretreated feedstock presents 

challenges for handling and conversion at industrially relevant solid loadings and fractional carbohydrate 

solubilization remains less understood (34,35). Ultimately, high solids are required for economic recovery 

of ethanol to reduce fermenter capital investment and lower the energy demand for distillation depends 

largely on ethanol titer. In order to generate ethanol titers sufficiently high (4-6% w/w), the substrate needs 
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to be loaded in adequate quantity, which after accounting for carbohydrate content, is on the order of 15-

20% total solids (20,36–40).  

In this thesis, work was undertaken to document fractional carbohydrate solubilization at increasing solid 

loadings up to the limit of a conventional batch bioreactor (chapter 4), at which point a custom bioreactor 

was designed to further enable laboratory exploration of high solids (chapter 5). In the final chapter (6), 

technoeconomic analysis was used to investigate C-CBP economics pursuant to improving energy 

efficiency and enabling CDR. A general overview of background and literature relevant to this work is 

presented in the following chapter.   
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2. Background and Literature 

2.1 Biomass Energy Systems 

Plant biomass is the most abundant carbon store in the terrestrial biosphere and has long been utilized by 

humans as a convenient energy carrier (16). Biomass energy systems are broadly divided into two camps: 

traditional and non-traditional. Traditional biomass energy systems refer to the energy released via 

combustion of biomass in forms of wood, animal waste, charcoal, etc. while non-traditional biomass energy 

systems require some transformation of the biomass into useful fuels and chemicals like bioethanol, 

biomethane, or woody pellets before combustion occurs (41). Generally, non-traditional biomass energy 

systems play a key role in the decarbonization of transport and energy sectors in light of climate stabilization 

objectives (1,42,43). This thesis focuses exclusively on non-traditional biomass energy systems, with a 

primary focus on 2nd generation cellulosic ethanol. 

2.2 Lignocellulose  

Utilizing inedible lignocellulosic feedstocks is the major distinction between first- and second-generation 

biofuels, so the chemical composition and structure of lignocellulose plays a central role in realizing biofuel 

production. Lignocellulose is composed of several energy-rich biopolymers that are arranged into a 

hierarchical structure (24) that is insoluble in water and predominantly comprised of three major 

components: cellulose, hemicellulose, and lignin (28,30,44). The largest proportion (approximately 30-

50%) is cellulose- a straight-chain homopolysaccharide made up of β-D-glucopyranosyl units linked by β-

(1-4) glycosidic bonds with cellobiose as the repeating unit (28). This type of linkage contrasts with the 

more-easily cleaved α-(1-4) glycosidic linkages present in starch (i.e., 1G corn ethanol) and requires 

specific enzymatic (i.e., cellulolytic) activity to cleave into soluble oligomers (24,45). Cellulose 

biopolymers directionally organize into larger, longer microfibrils (18-24 chains) that can be highly 

compact, crystalline, and insoluble conferring plant biomass resistance to chemical and biological 

hydrolysis not witnessed in 1G biofuels (23,45,46). Hemicelluloses are the second largest proportion (20-
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40%) of plant biomass and are classified according to the main sugar in the backbone of the polymer, e.g. 

xylan (β-1,4-linked xylose) or mannan (β-1,4-linked mannose) (36,47). Compared to cellulose, 

hemicellulose has shorter polysaccharide chains, a higher tendency for sidechains and branching, and 

greater carbohydrate diversity (28,47–49). Besides xylose or mannose, hemicelluloses may contain other 

pentoses, hexoses, and sugar acids, and those from different sources, such as grasses, cereals, softwood, 

hardwood, will differ in composition and linkages (47,48). Lastly, lignin is a class of organic compounds 

derived from phenolic precursors and is not considered carbohydrate. Lignin usually makes up 10-20% of 

plant biomass and together with hemicellulose covalently binds the cellulose microfibrils in place to lend 

stability to the plant cell wall (28). Lignin is resistant to biological degradation under anaerobic conditions, 

so the carbohydrates within cellulose and hemicellulose are the target substrates for ethanol fermentation. 

However, lignin can act as a physical barrier to prevent enzyme access and nonproductive enzymatic 

binding to lignin has been reported (50). Taken together, the physiochemical nature of cellulose, 

hemicellulose, and lignin confers a recalcitrance to lignocellulose not seen in 1G biofuel feedstocks and has 

remained a technological challenge for cost-effective second-generation biofuels (20,21,23,30,51).  

 

Figure 1. Compositional schematic of lignocellulose. Figure reproduced from Alonso et al. (2012) (44). 
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Figure 2. Illustration of lignocellulose. Figure reproduced from Petridis and Smith (2018) (46) 

Water is a key factor in the processing of lignocellulose slurries as it functions as a reactant for the 

hydrolytic cleavage of glycosidic bonds as well as the reaction medium. Cellulose, despite having many 

hydroxyl groups, remains completely insoluble in water below 300˚C due to molecular-level interactions 

and thermodynamics related to hydrogen bonding, hydrophobicity, and entropy (46,52). In contrast, short-

chain carbohydrate oligomers and monomers resulting from cellulose hydrolysis are typically soluble in 

water. This phenomenon gives rise to the term “carbohydrate solubilization,” effectively referring to a solid-

liquid phase transition for carbohydrates that occurs during lignocellulose deconstruction. For biological 

conversion systems, carbohydrates must be soluble in order for intracellular transport (uptake) and 

conversion (utilization) to occur. Because carbohydrate solubilization precedes uptake and utilization, it is 

a well-known bottleneck in the conversion to fuels and chemicals. The extent of carbohydrate 

solubilization, in addition to ethanol production, is a key performance metric for 2G biofuel production and 

a primary focus of this thesis. Fractional carbohydrate solubilization (FCS) ranges between 0 and 1 and can 

be expressed where mc is the mass of insoluble carbohydrate present at either the beginning (𝑡0) or end 

(𝑡𝑓𝑖𝑛𝑎𝑙) of a fermentation: 

𝐹𝐶𝑆 =  1 −  
𝑚𝑐(𝑡𝑓𝑖𝑛𝑎𝑙)

𝑚𝑐(𝑡0)
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Solid loading is a key parameter in 2G biofuel production, as biomass slurries contain both a solid-feedstock 

fraction and a liquid/aqueous/water fraction that change as biomass deconstruction proceeds. The term solid 

loading often refers to the initial mass of solid substrate added to the process divided by the total mass or 

volume and is often expressed in  g/L, % DM (dry matter), or % TS (total solids).   

2.3 Alternative Lignocellulose Conversion Pathways 

Biofuels can be generated as liquids, gases, and/or solids depending on the conversion process. 

Lignocellulose conversion can be achieved through a variety of thermochemical or biological pathways, 

either alone or in combination. Thermochemical processes use high temperature and pressure and/or 

chemical catalysts to convert lignocellulose to fuels and chemicals (44,53) whereas biological pathways 

use cells or cellular components requiring lower temperatures and pressures but longer reaction times 

(13,54,55). Comparative studies between various thermochemical pathways have been previously reported 

(56–60)  as well as comparisons between thermochemical and biological pathways (61–66). Depending on 

modeling assumptions, the cost of biological pathways is lower (62,64,65) or similar (61,63,66) to 

thermochemical processing. Biological processing has the potential to benefit from emergent advances in 

the life sciences but is less technologically mature, and there is potential advantage in hybrid processes 

(12,13,67). The following discussion will elaborate primarily on biological pathways since they are the 

most relevant to this work. 
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Figure 3. Simplified diagram of biomass to biofuel pathways. Note this figure was drafted to give a general 

overview of alternative pathways relevant to this thesis and is not considered exhaustive of all available 

pathways.    

2.4 Biological Lignocellulose Conversion Pathways 

Today, the most commonly studied process for biologically converting lignocellulose into liquid biofuel 

usually proceeds via 1) pretreatment, 2) hydrolysis, and 3) fermentation. Both pretreatment and hydrolysis 

seek to overcome biomass recalcitrance and have remained some of the most expensive unit operations in 

advanced (2G) biofuel production (20,29,61). 

Lignocellulose has evolved to avoid deconstruction and is naturally recalcitrant towards enzymatic 

hydrolysis (23); hence, the need for pretreatment originally emerged (26,68). Physio-, Bio-, and 

thermochemical pretreatment techniques are performed to shed and/or alter lignin and hemicellulose 

fractions thereby making the biomass more amenable to downstream enzymatic hydrolysis  (26,28,36,46). 

Many pretreatment techniques have been studied, including, but not limited to, acid or alkaline treatments, 

ammonia fiber expansion, steam explosion, mechanical grinding, and solvent extraction, among others (69–

73), and comparative studies on enhancing hydrolysis have been previously reported (74–79). 

Thermochemical pretreatments can be costly with respect to capital investment, energy input, operational 
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costs, and environmental impacts (27,80–83), yet are often required for near-complete hydrolysis of 

lignocellulose biomass using free enzyme systems (51). However, the interactions between biomass and 

pretreatment are complex, and hydrolysis and fermentation inhibitors have also been reported for several 

biomass pretreatment techniques (28,46,77,84–87). 

Hydrolysis, or solubilization, refers to the enzymatically-mediated chemical reaction responsible for 

cleaving long-chain carbohydrates into short-chain, soluble oligomers, and is catalyzed by a suite of 

carbohydrate active enzymes (CAZymes): a diverse category of enzymes that build and breakdown 

carbohydrates for many different biological roles (88). Commercially, high-level extracellular cellulase 

production by the ascomycete fungi Trichoderma reesei is the current gold standard for biofuel production, 

and enzymes are often delivered as blends composed of several functional classes (89–93). For example, 

T. reesei secretes Endo-β-(1,4)-glucanases, Exo-β-(1,4)-d-glucanases, and β-d-glucosidases in addition to 

hemicellulose-specific CAZymes, such as xylanases (45,94). 

Fermenting hydrolysate is commonly accomplished using Saccharomyces cerevisiae, or brewer’s yeast. 

Alternatively, ethanologenic bacteria of industrial interest include Zymomonas mobilis (95,96), 

Thermoanaerobacterium saccharolyticum (97,98), and Escherichia coli (96,99), among others. Native S. 

cerevisiae is a well-characterized facultative anaerobe, has high ethanol productivity and tolerance, and a 

large suite of genetic engineering tools (100–103). One potential drawback associated with T. reesei 

cellulase is that hydrolysis performs optimally between 45-50˚C (20,104), different from the optimal growth 

temperature of ethanologenic yeast (30-35 ̊ C), and consequently, alternative  process design configurations 

and biocatalysts have been studied to optimize parameters related to pretreatment, hydrolysis, and 

fermentation, e.g., separate hydrolysis and fermentation (SHF), simultaneous saccharification and 

fermentation (SSF), and Simultaneous Saccharification and co-fermentation (SSCF).   

SHF allows process conditions (e.g., temperature and pH) to be optimized individually but leads to 

hydrolysis inhibition due to the accumulation of hydrolysate products. SSF utilizes hydrolysis products 

before they can accumulate but also requires a suitable process condition for both steps and may lead to 
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ethanol feedback inhibition (105). In comparative studies, SSF is found to be more energy efficient (106) 

and will outperform SHF in higher ethanol yields (39) and titers (107). Utilizing hemicellulose-derived 

carbohydrates is featured in many processes as it comprises about one-third of the total carbohydrate sugars 

in lignocellulose biomass (108) and thus improves ethanol yield per unit biomass.  Hemicellulose utilization 

can either be a dedicated unit operation or combined with cellulose fermentation, in which case it is denoted 

as co-fermentation within SSCF. Utilizing both cellulose and hemicellulose is likely an economic 

prerequisite for large-scale production of ethanol from lignocellulose (106,109–111). Avoiding the 

accumulation of pentose sugars and oligomers is another important element of SSCF, as they have been 

known to cause deleterious effects on hydrolysis and fermentation (112–119). 

Collectively, thermochemical pretreatment and added fungal cellulase featured prominently in pioneer 

cellulosic ethanol facilities, despite the eventual closing of many such ventures (21,30,120,121). A failure 

to sustain cost-effective cellulosic ethanol production (10) has motivated studying alternative bioprocesses 

without thermochemical pretreatment and added fungal cellulase-mediated hydrolysis, as these remain two 

of the largest cost factors in cellulosic ethanol production (20,21,29,30,61). With the exception of procuring 

feedstock, pretreatment is the single largest cost contributor to cellulosic ethanol production 

(20,61,122,123) followed by cellulase production costs (20,29,61,124,125), although cellulase costs are 

much higher in some reports (126). Operationally, fungal cellulases need to be produced onsite or purchased 

from a third-party for biomass hydrolysis in SHF and SSF (20,104), whereas consolidated bioprocessing 

(CBP) combines cellulase production, hydrolysis, and fermentation into a single vessel, eliminating a wide 

range of capital and operating costs (21). In nature, many organisms can synthesize and excrete cellulases 

to hydrolyze cellulose to support their growth and metabolism which CBP seeks to leverage using either 

pure or mixed culture conditions (32,33,90,104,127).  

Although  proof of concept for CBP has been firmly established, commercialization has been limited due 

to the low conversion efficiency of the technology (90). However, several cultures of thermophilic 

anaerobic bacteria, and in particular Clostridium thermocellum (128), are more effective at deconstructing 
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unpretreated cellulosic biomass than industry standard fungal cellulase under a broad range of conditions 

(21). As with SHF or SSF, thermochemically pretreating biomass prior to CBP enhances conversion 

efficiency (129–131) but requires additional energy and chemicals thereby increasing costs and life-cycle 

emissions.  Milling during fermentation, i.e., consolidated bioprocessing with cotreatment (C-CBP), has 

been suggested as a substitute for thermochemical pretreatment (131–133). By eliminating both 

thermochemical pretreatment and enzymatic hydrolysis, C-CBP has the potential to significantly reduce 

the cost of overcoming plant recalcitrance (21).  

 

Figure 4. Lignocellulose biofuel production – alternative biological pathways. 
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2.5 Consolidated Bioprocessing with Clostridium thermocellum 

A CBP approach requires biocatalysts capable of lignocellulose deconstruction and product formation, and 

both roles present technical challenges. An industrially relevant system would need to solubilize the 

majority (>85%) of carbohydrates at high solid loadings (>150 g/L) (20,37) in addition to converting 

solubilized sugars to ethanol at >90% of theoretical yield, a titer of at least 40 g/L, and a rate of production 

>1 g/L/h (134). These are reasonable targets but not hard requirements and thus can be traded off in some 

circumstances. However,  currently, no natural microorganisms are fully capable of all attributes leading to 

considerable research in the last decade (90,127,134). The strategy to develop CBP biocatalysts usually 

proceeds according to one of two approaches: #1) The native cellulase strategy seeks to engineer cellulase 

produces to improve ethanol production, #2) the recombinant cellulase strategy seeks to engineer 

ethanologens to conger or improve cellulase production. As an alternative variant to the native strategy, 

consortia or defined cocultures have also been studied to divide the cellulolytic and ethanologenic 

responsibilities between two (or more) microorganisms (135,136).  

To date, anaerobes have received the most attention as hosts pursuant to the native cellulase strategy and 

yeasts have most often been considered as hosts for the recombinant cellulase strategy (128). The type of 

cellulase envisioned for CBP is a distinguishing factor between various CBP systems, with cellulases 

generally categorized as free and monofunctional enzymes, free and multifunctional enzymes, or complex 

multiple-enzyme systems known as cellulosomes (45). Cellulosomes are larger, multi-protein complexes 

comprised of carbohydrate binding domains, catalytic domains, and noncatalytic scaffolding (32). 

Differences in enzymatic synergy, localization, and rates of hydrolysis have been reported between 

monofunctional, multifunctional, and cellulosomes (45,128). It has been reported that fungal cellulases and 

cellulosomes exhibit synergistic behavior attributed to varying modes of deconstruction enhancing 

substrate surface area availability (137,138). To date, a variety of microbial and fungal biocatalysts have 

been investigated for CBP, including Bacillus subtilis (139,140), E. coli (141), Clostridium cellulolyticum 
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(142–144), Caldicellulosiruptor bescii (145,146), S. cerevisiae (147), and Z. mobilis (148), among others 

(90,93,127). 

Clostridium thermocellum (a.k.a. Ruminiclostridium   thermocellum,     Hungateiclostridium     

thermocellum,     Acetivibrio   thermocellus) is one of the leading candidates for CBP due to its remarkable 

solubilization efficiency compared to fungal cellulases (128,132) and native ability to produce ethanol, 

albeit at lower titers (134). As a thermophilic anaerobe, it also combines several desirable biocatalyst 

qualities including thermostable enzymes, lower contamination risk, lower cell yield, eliminated oxygen 

transfer costs, and facilitated ethanol recovery (32,33,134). C. thermocellum continues to be researched for 

improvement (149–153) regarding its ethanol tolerance, yield, titer, and productivity (154,155). C. 

thermocellum’s cellulosome contains a diverse enzymatic suite and wide range of co-localized cellulase 

modalities (156,157), and is one of the most efficient cellulose degraders to date (128,132). Although the 

biomass deconstruction apparatus of native C. thermocellum equally solubilizes pentose-rich hemicellulose 

as well as cellulose, wild-type strains do not ferment pentose sugars (33,158,159). Recently, there has been 

some effort to genetically engineer a recombinant strain of C. thermocellum capable of hemicellulose 

utilization (159,160), while another approach seeks to co-culture this microbe alongside with pentose-

fermenting microorganisms (161,162). On both microcrystalline cellulose and lignocellulose, enhanced 

substrate utilization and ethanol yield have long been reported for C. thermocellum cocultures with 

hemicellulose utilizing microbes (163,164). The Thermoanaerobacter spp. in particular has been studied 

for its innate abilities to produce comparatively high ethanol yields from hemicellulose fractions 

(161,165,166), and comparative studies with Thermoanaerobacter spp. have demonstrated enhanced 

product formation relative to C. thermocellum monocultures (165,167–170). There are also reports of 

possible effects related to hemicellulose for cultures of C. thermocellum and its cellulosome preparations 

(49,171), and hemicellulose utilizing cocultures have been linked to enhanced carbohydrate solubilization 

(48,49,172,173). 
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2.6 High Solid Loadings 

The use of high solid loadings benefits the economics of lignocellulose conversion by decreasing both the 

capital and operating costs. Solid loadings on the order of 15% DM will be required in order to reach 

economical titers of ethanol, (4-6% w/v) prior to distillation (20,37–40) in addition decreasing fermenter 

investment. However, lignocellulose presents several handling challenges at high solid loadings due to its 

fibrous nature, high viscosity, and non-Newtonian flow characteristics related to particles that tend to be 

cohesive, entangled, and non-uniform in shape and size (174). Free water is a critical parameter in defining 

bioprocessing regimes, however, there is no firm boundary between submerged (excess free water) and 

solid-state (limited free water) as mixing is highly dependent on several feedstock characteristics including 

substrate, particle size, and pretreatment conditions (175–179). Generally, around 15% DM is considered 

a transitionary zone, and there are advantages and disadvantages related to operating in either processing 

regime (180,181). In a submerged system, the presence of excess free water increases mass and heat transfer 

and a homogenized broth, i.e., well-mixed, offers superior pH and temperature control. On the other hand, 

solid state fermentations are also of industrial interest, as diluting and mixing submerged systems require 

water and energy, though process control and product separation remain challenges for solid-state to 

overcome (182,183). 

High solid loadings are understood to impede mass transfer and to increase viscosity, mixing energy, and 

potential inhibitors related to deconstruction (179). For  lignocellulose conversion via  fungal  cellulase, a 

decrease in carbohydrate solubilization has been observed with increasing solid loadings (37,38,184–186). 

Kristensen et al., (2009) describe a roughly linear correlation from 5-30% solid loadings for fungal enzyme 

hydrolysis and review yield determining factors (38). No single factor describing this decrease was found, 

though there was a strong correlation between the decreasing adsorption and conversion between cellulose 

and cellulase. In these systems,  several  causative  factors  have  also  been  reported  including, but not 

limited to, the presence and/or accumulation of  ethanol  (85,105),  glucose  (105,187),  cellobiose 

(105,187), xylan (112–116), xylose (117), xylo-oligomers (114,118,119), lignin  (85,188),  and  inhibitors  
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related  to  thermochemical pretreatment (85,86). Only at very high solid loadings (>15-20%DM) do mass 

transfer limitations due to lack of free water begin to affect yield (38,184,185). 

Among literature examples, a different trend is observed for undefined cultivations.  Liang et al., 2018 

documented fermentation of 30 g/L switchgrass using a thermophilic methanogenic mixed microbiome 

(i.e., non-sterile) and measured a decline in fractional carbohydrate from 0.711 to 0.538 as a result of 

shortened residence times (189).  However, at constant residence times, Chirania et al., (2022) observed no 

decline in fractional carbohydrate solubilization by thermophilic and methanogenic microbiomes between 

7.5 and 15% total solids on switchgrass (190). Several studies have investigated the impact of total solids 

on anaerobic digestion systems and have found no significant differences in the specific methane yield or 

volatile solid reduction between 1 and 15% total solids with a decrease at 20–30% total solids. At this 

condition, mass transfer limitations due to lack of free and/or organic overfeeding was also cited as possible 

explanations (191–196). 

To date, most publications regarding C. thermocellum physiology use substrate concentrations <10 g/L 

(197,198). There are some exceptions at high substrate loadings, though these usually involve the model 

substrate, e.g., Avicel® PH105, a microcrystalline cellulose substrate containing negligible amounts of both 

lignin and hemicellulose. Argyros et al. (2011) fermented 92.2 g/L Avicel into 38.1 g/L ethanol by 

coculturing engineered strains of C. thermocellum with Thermoanaerobacterium saccharolyticum (199). 

Of note, T. saccharolyticum is a thermophilic, ethanologenic, hemicellulose-fermenting bacterium, but is 

not cellulolytic. So, while it will convert carbohydrates into ethanol, C. thermocellum remains responsible 

for all the cellulolytic enzymes and hydrolysis. Thompson and Trinh (2017) report approximately 80% 

utilization for 100 g/L cellulose loadings in batch fermentations (198).  Holwerda et al., (2014) reported 

utilization of 93 g/L Avicel at 100 g/L loading in defined medium and monoculture C. thermocellum (197). 

These results held constant after genetic engineering attempts to enhance ethanol production with four 

different modified C. thermocellum strains retaining the ability to utilize >100 g/L cellulose at 120 g/L 

loadings reported in Holwerda et al., (2020) (153).  
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Only a handful of studies have characterized C. thermocellum mediated deconstruction at high substrate 

loadings of lignocellulose rather than model cellulose (34,35).  In contrast to cellulose fermentations, a 

diminishing fraction of lignocellulose is solubilized as solid loadings increase. On switchgrass, Verbeke et 

al. (2017) observed a 1.72-fold decline in solubilization extent between 50 and 10 g/L and Shao et al., 

(2020) report a 1.31-fold decline between 92 and 9.2 g/L in mid-season switchgrass glucan solubilization 

(34,35).  

Research pertaining to high solid loadings is inevitably limited by mixability concerns in standard, benchtop 

bioreactors, especially when operated in batch configuration. When there is limited free water, 

lignocellulose slurries behave more like a paste than a liquid, and sterilization, temperature, and pH become 

difficult to control. In addition to process control, mixing is essential for robust bioconversion of solids as 

it reduces sedimentation and increases interactions between biocatalysts and substrate (200,201). It follows 

that custom vessels intended to study high solids lignocellulose conversion are often designed to enhance 

mixability using various mechanical agitation strategies. For example, Jorgensen et al., (2007) employed 

free-falling mixing in a horizontal drum with paddlers for batch enzymatic hydrolysis or simultaneous 

saccharification and fermentation (SSF) for wheat straw up to 40% (w/w) (37). X. Zhang et al., (2009) used 

a peg-mixer to carry out high solids (up to 30% w/w) enzymatic hydrolysis batches and fermentations on 

pretreated pulp and poplar lignocellulose feedstocks (202). J. Zhang et al., (2009) explored custom-helical 

impeller designs for SSF of pretreated corn stover up to 30% (w/w) (203). Dasari et al., (2009) designed a 

scraped-surface horizontal bioreactor for batch enzymatic hydrolysis of pretreated corn stover up to 25% 

(w/w) (204). These studies report remarkably high solid loadings (20 to 40% w/w), hydrolysis yield 

(resulting in 158 g/L glucose in one scenario), ethanol titers (4.8 to 6.3% w/w) (38,202), and offer insight 

towards viscosity and agitation dynamics (203,204). 
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2.7 Semi-Continuous Processing  

Semi-continuous is another configuration of interest to researchers seeking to take advantage of decreasing 

solids concentration and slurry viscosity as lignocellulose conversion proceeds (205). Continuous 

processing is characterized by constant adding and removing material from the process, whereas semi-

continuous feeding does so at discrete time intervals and is easier to implement and without performance 

tradeoffs (206). Compared to batch configuration, semi-continuous feeding has several foreseeable 

advantages including:  

A) Reduced viscosity:  it has been previously reported that conversion processes such as pretreatment (176–

178,207,208) and enzymatic hydrolysis (175) cause dramatic reductions in apparent viscosity in a process 

referred to as liquefaction, and a similar result was observed by Ghosh et al., (2018) for C. thermocellum 

mediated deconstruction and fermentation (209). Operationally, representative delivery of high solid slurry 

is far more challenging than removing fermentation broth, owing to this liquefaction.  

 

B) Discharge of accumulating inhibitors: discharging potential inhibitors related to hydrolysis (114,119), 

or fermentation (105,210) could enable additional conversion.  

 

C) Biocatalyst to substrate ratio: maintaining a stable level of biocatalyst at steady state may improve 

productivity, and the steady state concentration of solids observed by the biocatalysts will be less than in 

the influent feed (205).  

Semi-continuous cultivations require transferring solid feedstock in and out of the reactor system which, 

operationally, is challenging to perform aseptically, especially when moving high-solid slurries.  Semi-

continuous mixed culture cultivation, e.g., anaerobic digestion, of lignocellulose has been investigated at 

both thermophilic (189,190) and mesophilic conditions (211–215), yet these studies are largely enabled by 

non-sterile processing.  As is often the case in laboratory research, aseptic conditions are usually necessary 

to properly determine how a defined culture will perform under specific circumstances. However, papers 
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addressing high solids, semi-continuous, and sterile processing, are rare. South et al., (1993, 1994) used a 

fixed-volume piston sampler to intermittently feed a SSF reactor from a mixed-carboy using approximately 

10% (w/w) of pretreated poplar and hardwood feedstocks (216,217). Fan et al., (2003) performed semi-

continuous fermentations feeding 12% (w/w) paper sludge by slowly advancing a horizontal plug-flow 

towards a chopper such that it shears and falls into the fermentation vessel below (205). Notably, in both 

Fan et al., (2003) and South et al., (1993, 1994), the authors describe sterilizing the high solids feedstock 

by autoclaving their feed for >12 hours, in addition to the material being already pretreated (205,216,217). 

Different rheological properties exist between unpretreated and pretreated lignocellulose (178,207), and 

most novel high solid bioreactor designs can take advantage of upstream pretreatment to enhance sterility 

and alter the rheology of biomass (179,218,219). Still, considering the substantial cost factor associated 

with thermochemical pretreatment and added fungal cellulase (20,21,29,30,61,121) there is motivation to 

look beyond the industry standard for lignocellulose biofuel production. Meanwhile, CBP remains 

technologically immature, and additional research is necessary to inform development, especially at high 

solids loadings of lignocellulose substrates.  

In 2021, a fixed-volume piston delivery system was developed in Galen Moynihan’s Master Thesis (Lynd 

lab) to representative transferring of switchgrass (up to 15% TS) provided it was milled sufficiently (220). 

However, Galen’s work did not extend to cultivating microorganisms. In this thesis, Chapter 5 describes 

the development and operation of a high solids reactor capable of defined biological characterization using 

high solid slurries in a semi-continuous configuration. 

2.8 Technoeconomics of Cellulosic Ethanol 

Technoeconomic analysis (TEA) is a method to evaluate the economic performance of a proposed 

manufacturing process or technology by leveraging elements of process design, equipment sizing, capital 

and operating cost estimation, and project financing. TEA features prominently within the chemical 

engineering discipline as it assesses profitability for novel processes or changes to existing processes. TEAs 
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often combine chemical process design simulations software (e.g., ASPEN PLUS, HYSYS, BioSTEAM) 

and economic spreadsheets to inform project economics.  

For project economics, a minimum fuel selling price (MFSP) is a useful quantitative metric that reflects the 

levelized (per unit) cost of production. This is most often approached using a discounted cash flow return 

on investment analysis (DCFROI) which requires defining the project year, project lifespan, debt/equity 

financing ratio, depreciation schedule, taxes, and an internal rate of return. Economic estimates range in 

their level of detail and uncertainty, and it is not uncommon for an anticipated cost estimate to vary up to 

an order of magnitude in starting estimations and shrinking to +/- 10% by the time a detailed analysis is 

prepared (221,222). Speaking generally, most technoeconomic analyses in the academic literature are of 

proposed, novel, or burgeoning technologies, and thus entertain a high degree of uncertainty. Studies in 

literature are usually intended to explore feasibility and thus usually fall within +/- 30-50% of fully 

formalized estimate (221,222).  

Early TEA studies studying biofuel production were primarily concerned with converting pretreated woody 

biomass via fungal cellulase and yeast fermentation (110,223–225). Since then, many iterations have been 

proposed to investigate various aspects of feedstocks, conversion pathways, coproducts, and scalability 

(27,80,226,227). Corn stover is a cellulosic feedstock that has holds particular value and attention in the 

United States due to preexisting availability. Corn stover is a residue of corn grain production consisting of 

stalks, cobs, and husks, one of the most abundant cellulosic biomass resources in the United States, and is 

projected to play a central role in emergent cellulosic biofuel deployment (15,20,227). Industrial-scale 

conversion of corn stover to ethanol via fermentation has been studied in a variety of configurations 

summarized in appendix table A.9. Many studies involve thermochemical dilute-acid pretreatment with 

added fungal cellulase, with widely cited studies by the National Renewable Energy Laboratory (NREL) 

providing detailed design and cost estimation (20,25,80,223,224). Humbird et al., 2011 is NREL’s most 

recent technical report modeling cellulosic ethanol, which was adapted to pilot-scale tests in Tao et al., 
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(2014), and an updated combination of these two studies is reflected in the 2022 GREET® pathway for 

estimating life cycle emissions from corn stover ethanol (228,229). 

Regarding NREL technical reports, having culminated 15 years of research towards cellulosic ethanol,  

NREL is now focused on advancing technology for lignocellulose biomass to hydrocarbon fuels. First 

reported in 2013, Davis et al., simulated corn stover conversion using alkaline deacetylation before dilute 

acid pretreatment (DAP) followed by solid-liquid separation for aerobic conversion of hydrolysate into free 

fatty acids (230). In 2015, Chen et al., modeled deacetylation and mechanical disk refining (DMR) in lieu 

of DAP, and Davis et al., (2018) simulated DMR corn stover to hydrocarbons introducing catalytic 

upgrading of ethanol and lignin coproduct bioconversion while importing natural gas to compensate for 

lacking solids combustion (67,231,232).  

Products other than biofuel, otherwise known as coproducts, are often produced in biofuel plants (233,234). 

For example, distillers’ grains and solubles (DGS) originating from corn ethanol production is commonly 

sold as animal feed (235). For lignocellulose conversion, researchers have sought to leverage coproduct 

revenue to bolster the economics behind cellulosic ethanol production, e.g., renewable natural gas (236), 

succinic acid (237), hydrogen (238), pentanediols (239,240), adipic acid (241), furfural (65,242,243), 

xylitol (244), high-purity lignin (242), among others (245,246). Perhaps the most notable example being 

the coproduction of electricity, i.e., cogeneration or combined heat and power (CHP) (20,234,247). In the 

corn-stover-to-ethanol process design modeled by Humbird et al. (2011), all solid process residues and 

biogas are combusted onsite to generate steam for processing heat and electricity. Roughly two-thirds of 

the electricity generated onsite is consumed with the remaining one-third sold to the grid (20). In the 

intervening decade, it remains possible that the common assumption of solid process residues or biogas 

being combusted onsite for heat and electricity is based on outdated market conditions (236,248–250). 

Lastly, CO2 originating from fermentation, biogas, or flue gas has recently emerged as a feasible 

coproduction strategy for permanent geologic sequestration, with assistance from government supports for 

carbon tax credits (251,252).  
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2.8.1 Carbon Capture and Storage 

Among the thousands of climate stabilization scenarios aggregated by the IPCC, the level of carbon dioxide 

removal (CDR) changes depending on the extent of mitigation, but there remains extensive use of CDR in 

all scenarios meeting climate stabilization objectives to remain below 2˚C by the end of the century (1). 

According to the IPCC, CDR is “dominated by BECCS and sequestration on land, with relatively few 

scenarios using direct air capture with carbon storage (DACCS) and even less with enhanced weathering 

and other technologies” (1) (IPCC_AR6_WGIII, e-page 458). For climate stabilization pathways, the 

necessary scale of CDR needing to be realized is immense: a median cumulative reduction (between 2020-

2100) on the order of 569 Gt CO2eq. is required to likely remain below 2˚C by 2100 (1) 

(IPCC_AR6_WGIII, table 3.4, e-page 492). 

In the United States, the potential for realizing value from carbon dioxide continues to gain momentum in 

light of continued government support and increased incentives (Internal Revenue Service Title 26 U.S. 

Code § section 45Q) (252–254). For liquid biofuel production, this is particularly relevant because CDR 

incentives can be stacked with renewable fuel incentives e.g., Renewable Fuel Standard (RFS) (10,255–

257) and/or California’s Low Carbon Fuel Standard (LCFS) (258–260). Thus, there is strong motivation 

for informing the deployment of CDR systems within the context of cellulosic ethanol production.  

Historically, literature assessments of the GHG mitigation potential of cellulosic biofuels have primarily 

focused on displaced fossil fuel emissions rather than capturable CO2 emissions, although in time the value 

of biomass energy systems for photosynthetic carbon removal may exceed that for fossil fuel displacement 

(8,9). Only more recently, studies have begun to leverage carbon capture and storage (CCS) to enable net 

negative emissions for GHG mitigation at the point of cellulose ethanol production (table 1) (66,236,261–

263).  
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Study Ref. Year 

Cellulosic Ethanol GHG 

Mitigation 

 (g CO2eq / MJ ethanol) 

levelized cost of 

capture for high 

purity 

fermentation 

streams ($/Mg 

CO2) 

No CCS With CCS 

Yang et al. (236) 2020 24 -111 22 

Gefland et al. (262) 2020 20.3 -98.0 52 

Kim et al. (261) 2020 67.2 -45.5 25-30  

Geissler and Maravelias  (263) 2021 (23-26.4) -22.6 34 

Geissler and Maravelias  (74) 2022   24-33 

Table 1. Estimated GHG mitigation of cellulosic ethanol facilities with carbon capture and storage. 

It has been previously reported that CO2 separation costs scale inversely to the CO2 concentration in the 

target stream (264,265) and generally accounts for roughly 60-80% of the total levelized cost. 

Comprehensive reviews of the levelized cost of capture across various industries have been compiled 

(264,266–268), and highlight ethanol fermentation as a high-purity low-cost CO2 source (267,269). The 

economic feasibility of CCS is often determined weighing the incentive available, e.g., $85/ton per 45Q,  

against the total levelized cost of capture and geologic storage (253). This requires accounting for the entire 

carbon storage supply chain which generally consists of 1) purification, 2) compression, 3) transport, 4) 

injection, and 5) monitoring. Annualized capital and operating costs are determined for each step and 

compiled into a single levelized estimate often in units $ per ton (or Mg) CO2. Collectively, the total 

levelized cost of sequestration for high-purity and dilute flue gas sources are generally around $30-50 and 

$70−$120/ton CO2, respectively (66,236,263,264,266,267,269).   

2.8.2 Anaerobic Digestion and Renewable Natural Gas 

Anaerobic digestion converts organic materials into biogas, a 50/50 (v/v) gaseous mixture of CH4 and CO2,  

and has received considerable attention as a biomass energy system in several applications including 

landfill, municipal solid waste (MSW), wastewater treatment (WWT), and agriculture (270–272). 

Anaerobic digestion is featured in many TEAs studying cellulosic biofuel production in order to realize 

value from remaining organic material in distillation stillage (20). 
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Biogas can be used as a fuel, usually after desulphurization (273), for heat and/or power generation either 

to be used onsite or exported to the grid. Turbines are the most common biogas conversion technology and 

operate similarly to their natural gas turbine counterparts except for the presence of CO2 in the fuel stream 

(274). Comparing gas and biogas turbines, it has been previously reported that biogas turbines demonstrate 

higher heat recovery and turbine efficiency, but overall lower net efficiency due to power requirements in 

fuel compression. However, the net power output is nearly constant regardless of fuel composition after 

accounting for fuel compression and overall performance is not expected to differ significantly (275,276). 

Alternatively, biomethane can be purified, commonly referred to as biogas upgrading, into renewable 

natural gas (RNG). This is often done to increase energy content, improve fuel characteristics, and to 

become compatible with existing natural gas equipment (277). Furthermore, purified carbon dioxide, 

resulting from biogas upgrading, would enable additional CCS deployment. For CO2 separation technology, 

biogas represents an intermediate target (~50%) between fermentation off gas (>99%) and dilute post-

combustion flue gas sources (<15%) (278). Direct methanation of biogas-CO2 into CH4 also being studied 

but is generally outside the scope of this thesis (279–282). RNG applications are generally categorized as 

either a substitute for conventional heating and cooking natural gas applications, gas-to-power, or vehicle 

fuel (236,270,271,283–285). 

In gas-to-power applications, RNG has been suggested as a possible energy storage tool to offset 

fluctuations in weather-based (i.e., wind and solar) renewable electricity generation (286,287).  In vehicle 

fuel applications, both light-duty and heavy-duty natural gas vehicles (NGVs) are a topic of continued 

research (283–285,288–291), most often with applications in the public transport sector (292) and with 

generally limited deployment worldwide (<1% of vehicles) (285). In the United States, RNG used for 

transportation fuel is incentivized by the RFS cellulosic biofuel credits (D3 RIN) 

(https://www.epa.gov/renewable-fuel-standard-program/approved-pathways-renewable-fuel) and possibly 

California’s LCFS (270,271). Although the market-pull for RNG transportation fuel is limited in California 
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where RNG gross potential is greater than 5 times that currently being used notwithstanding potential 

contributions from other states’ markets (271).  

Today, biogas upgrading is a popular, well-developed, and commercially available technology (293). 

Several alternative processes are available to separate biogas, including water scrubbing, organic solvents, 

absorption (MEA), adsorption (PSA), membrane separation, and cryogenic distillation (293–296). The 

advantages and disadvantages of each system are considered in light of operational parameters such as the 

quality of incoming gas, separation efficiency, technological maturity, investment and operating costs, 

energy demand, consumables, RNG and CO2 purity, recovery and losses, and environmental sustainability 

(297). Membrane based separation (298,299) is an attractive technology due to its high CH4 recovery and 

low or no heat and chemical requirements, although drawbacks include comparatively higher capital costs 

and power demand (293–296). Today, membrane separation is becoming increasingly utilized compared to 

its alternatives (297,300,301), and is prominently featured in process design simulations evaluated in 

chapter 6.  

3. Motivation and Objectives 

In order to advance cellulosic ethanol deployment, technological innovations will be necessary to enable 

cost-effective production. Lignocellulose is widely available and cost competitive with petroleum on a $/GJ 

basis (21,31), although, its recalcitrant nature has led to thermochemical pretreatment and added fungal 

cellulase as the dominant processing paradigm. Despite many successes in researching and developing this 

approach, experience with commercial-scale cellulosic ethanol over the past decade suggests this paradigm 

is operationally problematic and cost prohibitive (10,21,120). In the US, there is a need for technological 

innovation if cellulosic ethanol is to ever become commercially deployable. 

As an alternative, the Lynd Lab has proposed a C-CBP approach, mediated by C. thermocellum, which has 

several intrinsic advantages but remains technologically immature and today an object of study in the lab. 

Both high solids and continuous processing are characteristics found in industrial settings, but rarely in 
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laboratory settings investigating CBP. This thesis seeks to bridge this divide by documenting, 

characterizing, and enabling industrially relevant conditions for defined and controlled fermentations of C. 

thermocellum and cocultivation with a hemicellulose utilizing bacterium. Particular focus was given to the 

fraction of carbohydrates solubilized as a key performance metric. This was first carried out using 

conventional benchtop bioreactors in Chapter 4 and extended using a custom bioreactor described in 

Chapter 5.  

This thesis coincided with two notable items which had an outsized influence on research objectives. First, 

measures related to the Coronavirus-19 pandemic encouraged modeling and simulation-based research in 

lieu of wet lab research. Second, continued awareness regarding carbon emissions has increased the social 

cost of carbon and incentivized its capture. For example, the US 45Q tax credit for sequestering CO2 has 

increased 3-fold ($28 to $85/ton) since my graduate studies began in 2018 (252), in addition to continued 

renewable fuel supports, e.g., the RFS and LCFS. Taken together, there was motivation to undertake 

technoeconomic and GHG mitigation studies regarding liquid biofuel production via C-CBP especially as 

it pertains to carbon dioxide removal. Enhancing heat integration, alongside biogas upgrading and gas 

turbine simulation were also design targets for a revised C-CBP technoeconomic analysis in Chapter 6. 

The specific objectives of this thesis are: 

1) To Inform and Enable High Solid Loading fermentations 

• Using batch cultures in conventional equipment, characterize solubilization performance and its 

potential effectors at increasing solid loadings.  

o Published in Biotechnology for Biofuels and Bioproducts February 2022. 

https://doi.org/10.1186/s13068-022-02110-4. 

• Demonstrate operability of a bioreactor capable of semi-continuous, high solids, with defined 

cultures and validate performance.  

o See manuscript template in chapter 5.  

2) Inform cellulosic ethanol deployment via technoeconomic analysis of a revised, projected C-CBP 60-

million-gallons-per-year facility.  
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• Update the C-CBP process simulation originally published in Lynd et al., (2017) (21), and improve 

overall energy efficiency via heat integration. 

• Investigate the impact of adopting emerging technologies such carbon capture and storage, biogas 

upgrading, and electricity generation via gas turbines. 

• Evaluate Minimum Ethanol Selling Prices and GHG mitigation potential of the revised scenarios. 

o Manuscript recently accepted for publication in Sustainable Energy and Fuels 
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4. Declining Carbohydrate Solubilization with Increasing Solids Loading During 

Fermentation of Cellulosic Feedstocks by Clostridium thermocellum: Documentation and 

Diagnostic Tests. 

 

The main text is presented below in section 4.2, with supplementary materials and data appearing 

in the appendix.   

 

This work has been published in the journal Biotechnology for Biofuels and Bioproducts 

(previously Biotechnology for Biofuels) and can be cited as: 

 

Kubis, M.R., Holwerda, E.K. & Lynd, L.R. Declining carbohydrate solubilization with increasing 

solids loading during fermentation of cellulosic feedstocks by Clostridium thermocellum: 

documentation and diagnostic tests. Biotechnol Biofuels 15, 12 (2022). 

https://doi.org/10.1186/s13068-022-02110-4 

 

4.1 Contributions 

MRK, EKH, and LRL conceived the initial study and designed experiments. MRK performed 

experiments and prepared data. EKH evaluated data and with MRK designed follow-up 

experiments. MRK, EKH, and LRL wrote the manuscript, and MRK and EKH prepared the 

submission. 

 

  

https://doi.org/10.1186/s13068-022-02110-4
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4.2 Declining Carbohydrate Solubilization with Increasing Solids Loading During 

Fermentation of Cellulosic Feedstocks by Clostridium thermocellum: Documentation and 

Diagnostic Tests 

Abstract 

Background 

For economically viable 2nd generation biofuels, processing of high solid lignocellulosic substrate 

concentrations is a necessity. The cellulolytic thermophilic anaerobe Clostridium thermocellum is one of 

the most effective biocatalysts for solubilization of carbohydrate harbored in lignocellulose. This study 

aims to document the solubilization performance of Clostridium thermocellum at increasing solids 

concentrations for two lignocellulosic feedstocks, corn stover and switchgrass, and explore potential 

effectors of solubilization performance. 

Results 

Monocultures of Clostridium thermocellum show high levels of carbohydrate solubilization for both 

unpretreated corn stover and switchgrass. However, fractional carbohydrate solubilization decreases with 

increasing solid loadings. Fermentation of model insoluble substrate (cellulose) in the presence of high 

solids lignocellulosic spent broth is temporarily affected but not model soluble substrate (cellobiose) 

fermentations. Mid-fermentation addition of cells (C. thermocellum) or model substrates did not 

significantly enhance overall corn stover solubilization loaded at 80 g/L, however cultures utilized the 

model substrates in the presence of high concentrations of corn stover. An increase in corn stover 

solubilization was observed when water was added, effectively diluting the solids concentration mid-

fermentation. Introduction of a hemicellulose utilizing coculture partner, Thermoanaerobacterium 

thermosaccharolyticum, increased the fractional carbohydrate solubilization at both high and low solid 

loadings.  Residual solubilized carbohydrates diminished significantly in the presence of T. 
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thermosaccharolyticum compared to monocultures of C. thermocellum, yet a small fraction of solubilized 

oligosaccharides of both C5 and C6 sugars remained unutilized.  

Conclusion 

Diminishing fractional carbohydrate solubilization with increasing substrate loading was observed for C. 

thermocellum mediated-solubilization and fermentation of unpretreated lignocellulose feedstocks.  Results 

of experiments involving spent broth addition do not support a major role for inhibitors present in the liquid 

phase.  Mid-fermentation addition experiments confirm that C. thermocellum and its enzymes remain 

capable of converting model substrates during the middle of high solids lignocellulose fermentation. An 

increase in fractional carbohydrate solubilization was made possible by 1) mid-fermentation solid loading 

dilutions and 2) coculturing C. thermocellum with T. thermosaccharolyticum, which ferments solubilized 

hemicellulose. Incomplete utilization of solubilized carbohydrates suggests that a small fraction of the 

carbohydrates is unaffected by the extracellular carbohydrate active enzymes present in the culture.  

Keywords (3-10): corn stover, switchgrass, high solid loading, biomass deconstruction, lignocellulose, 

cellulose, hemicellulose, biofuels, Clostridium thermocellum, Thermoanaerobacterium 

thermosaccharolyticum, coculture 
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Background 

Conversion of lignocellulose feedstocks has attracted global interest as a sustainable source of 

transportation fuels.  Biologically mediated events in lignocellulose conversion include production of 

carbohydrate-active enzymes (CAZymes), enzymatically mediated carbohydrate solubilization, and 

fermentation of soluble sugars (23). Plants have evolved to be resistant to biological attack, and overcoming 

this recalcitrance is responsible for the high cost of current conversion technology (21). The most widely 

studied strategy for solubilizing the carbohydrate fraction of cellulosic biomass involves thermochemical 

pretreatment and added enzymes produced by aerobic fungi (20,26,28). Alternatively, some thermophilic 

anaerobes are natively capable of producing cellulases and other CAZymes and then fermenting the 

solubilized carbohydrates to a desired product in a one-step approach called consolidated bioprocessing 

(CBP) (32). Mechanical disruption during fermentation (cotreatment) has also been proposed as an 

alternative to thermochemical pretreatment to augment biologically mediated deconstruction (C-CBP) 

(131–133). 

Clostridium thermocellum (Ruminiclostridium thermocellum, Hungateiclostridium thermocellum, 

Acetivibrio thermocellus), a cellulolytic and thermophilic anaerobic bacterium, is the most efficient 

microorganism at lignocellulose solubilization known (132,156), and is thus a promising candidate for 

CBP.  Although the biomass deconstruction apparatus of C. thermocellum equally solubilizes pentose-rich 

hemicellulose as well as cellulose (141), wild-type strains do not ferment pentose sugars (33,158,159).  As 

a result, xylo-oligomers accumulate when lignocellulose is fermented by C. thermocellum monocultures. 

Pentose sugars and oligomers originating from hemicellulose have a deleterious effect on lignocellulose 

deconstruction by fungal cellulase preparations (112,117–119). There have been reports of possible effects 

of soluble hemicellulose for cultures of C. thermocellum and cell free cellulase preparations on switchgrass 

(34,171) and corn fiber (49).  

In addition to potentially affecting cellulolytic activity, failure to utilize C5 sugars decreases the product 

yield per unit biomass. To avoid these undesired effects, defined cocultures of C. thermocellum with a 
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compatible hemicellulose-fermenting strain have been studied, and identifying synergistic coculture 

partners is important in the context of biofuel production by CBP (161). On both microcrystalline cellulose 

and lignocellulose, Ng et al. (1981) reported that cocultures with the hemicellulose utilizing Clostridium 

thermohydrosulfuricum (renamed as Thermoanaerobacter thermohydrosulfuricus) enhanced substrate 

consumption and ethanol yield (163). Saddler and Chan (1984) had similar observations for C. 

thermocellum NRCC 2688 cocultured with Clostridium thermosaccharolyticum on pretreated wheat straw 

(164). Coculture studies with Thermoanaerobacterium spp. on microcrystalline cellulose demonstrated 

increased product formation on crystalline cellulose in comparison to C. thermocellum monocultures 

(165,167,170). Recently, Froese et al. (2018) reported 2 g/L wheat straw cocultures with either 

Ruminiclostridium stercorarium or Thermoanaerobacter thermohydrosulfuricus improved carbohydrate 

solubilization by 30% relative to the monoculture as determined by measuring end products and soluble 

oligosaccharides (173). Beri et al. (2021) showed cocultures with hemicellulose utilizing Herbinix spp. and 

Thermoanaerobacterium thermosaccharolyticum on 40 g/L corn fiber resulted in a 1.39-fold increase (67% 

to 93%) in overall solubilization relative to the monoculture. In another study, Beri et al. described an 

inhibitory effect relating to a hemicellulose component of corn fiber, glucuronoarabinoxylan (GAX) (49). 

Supplementation of enzymes capable of disrupting the GAX-linkages alleviated inhibition and improved 

carbohydrate solubilization from 33 to 63% for 40 g/L corn fiber solids loading (48). 

High loadings of lignocellulosic feedstocks are required for industrial feasibility in order to avoid high costs 

for product recovery (e.g. steam for distillation) as well as high capital costs for bioreactors (20,21). For 

lignocellulose solubilization mediated by fungal cellulase preparations, a decrease in solubilization has been 

observed with increasing solid loadings (37,38,184–186). In these systems, mass transfer and free water 

limitations arise as solid loadings approach 15-20% dry matter (184,185), yet several other causative factors 

have also been reported including, but not limited to, the presence and/or accumulation of ethanol (85,105), 

glucose (105,187), cellobiose (105,187), xylan (122–126), xylose (117), xylooligomers (114,118,119), 

lignin (85,188), and inhibitors related to thermochemical pretreatment (85,86). For mixed anaerobic 
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consortia cultivated during anaerobic digestion (AD), It has been observed that no significant differences 

in the specific methane yield occur between 1-15% total solids with a decrease eventually observed at 20-

30% total solids (191–196). In these studies, mass transfer limitations due to lack of free water and/or 

organic overfeeding are cited as possible explanations. 

For defined cultures of thermophilic anaerobes aimed at lignocellulose solubilization, most studies have 

targeted documenting and understanding capability at solids loadings ≤ 20 g/L.  At carbohydrate loadings 

up to 120 g/L, C. thermocellum cultures solubilize 80-93% of the cellulose present in Avicel® PH105, a 

model microcrystalline cellulose substrate containing negligible amounts of both lignin and hemicellulose 

(153,197,199).  However, declining solubilization with increasing loading has been observed for such 

cultures when fermenting unpretreated lignocellulose.  Verbeke et al. (2017b) observed a 1.72-fold decline 

in solubilization extent between 50 and 10 g/L on mid-season switchgrass that could not be solely explained 

by either recalcitrance or inhibition by fermentation products (35), and Shao et al. (2020) also reports 

diminishing solubilization at increasing loadings of mid-season switchgrass (34). Both authors describe a 

deleterious effect to lignocellulose deconstruction in the presence of C5 sugars, either in monomeric or 

oligomeric forms. Similarly for corn fiber, Beri et al. (2021) observed declining solubilization (90% to 

67%) between 20 and 40 g/L which was largely overcome by coculturing C. thermocellum with a 

hemicellulose utilizing thermophile (57).  

Here we extend the work of Verbeke, Shao, Beri et al. by documenting solubilization as a function of solids 

concentration by C. thermocellum for corn stover and senescent switchgrass with and without T. 

thermosaccharolyticum, and present experiments aimed at evaluating potential causal mechanisms.    

Results 

Fermentation of C. thermocellum with increasing solids loading. 

We aimed to document the impact of solids loading on fractional carbohydrate solubilization (FCS) of corn 

stover and senescent switchgrass in batch, pH-controlled monocultures of Clostridium thermocellum 
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DSM1313 incubated for 7 days at 55oC. For both of these substrates with no pretreatment other than 

autoclaving, FCS decreases roughly linearly as the initial substrate loading is increased from 20 g/L to 80 

g/L (figure 5A). Total gas production increased with increasing substrate loading and indicated that 

fermentative activity stopped at about 100-120 hours (figure 5B). 

Figure 5. Fermentation of corn stover and senescent switchgrass by monocultures of Clostridium 

thermocellum at various solid loadings (n=2). (A) Fractional carbohydrate solubilization with error bars 

representing 1 standard deviation shown (n=2). (B) Representative total gas production (cumulative CO2 

and H2) for one of the duplicate reactors.  

As may be observed from figure 5, FCS decreased by similar absolute amounts for corn stover (0.139 = 

0.695 – 0. 556) and for senescent switchgrass (0.156 = 0.399 – 0.243), corresponding to a 20% decrease 

for corn stover and a 39% decrease for switchgrass. FCS at each solids loading was higher for corn stover 

than for switchgrass by a factor of approximately two. The total fraction of carbohydrate per solids was 



34 
 

 

different for corn stover (0.676) and switchgrass (0.725), therefore the carbohydrate loading at equal solid 

loadings varied slightly for the two feedstocks. 

 

Figure 6. Fermentation products and residual solubilized carbohydrates at various solid loadings for 

monocultures of Clostridium thermocellum. Panels (A) corn stover and (C) senescent switchgrass 

fermentation products ethanol, acetate*, formate, and lactate. Panels (B) corn stover and (D) senescent 

switchgrass residual xylose, arabinose, and glucose in the fermentation broth quantified in monomeric 

form via mild acid hydrolysis of the supernatant. Error bars represent 1 standard deviation for all data 

points in all panels (n=2). *Note that acetate originates from both the deconstruction of lignocellulosic 

bonds and microbial metabolism. 
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With increasing solid loadings, final concentrations of fermentation products (ethanol, acetate, formate, and 

lactate shown in figure 6, panels A and C) increased. Note that acetate can originate as a product of 

fermentation or a product of the solubilization process as it is present in the feedstock as acetyl bonds. 

Molar ratios of the various fermentative products did not significantly change as solid loadings increased, 

with the exception of decreasing ethanol production in switchgrass fermentations (appendix table A.2).  

Solubilized and unutilized carbohydrates exist as a mixture of complex oligomers in fermentation broth 

(48) but were measured in monomeric form after a mild acid hydrolysis step (see Methods), and residual 

solubilized carbohydrates increased with solid loadings (figure 6, panels B and D). While C. thermocellum 

strictly utilizes C6 carbon sugars in the form of dimers and homo-oligomers of glucose linked by –

glycosidic bonds (302), a small fraction of the residual unutilized soluble carbohydrates appears to contain 

glucose. The other sugars present in the unutilized solubilized carbohydrates were xylose and arabinose, 

which is consistent with the inability of wild-type C. thermocellum to utilize C5 sugars.  

Testing spent broth for inhibitory effects 

Spent fermentation broth from the aforementioned 80 (high) and 20 (low) g/L fermentations was collected 

and examined for inhibitory effects in subsequent bottle fermentations with fresh media and fresh substrate. 

The spent broth was centrifuged and filtered at 0.2 µm to remove cells and any remaining solids. Additional 

filtered spent broth was generated by fermenting 12.1 g/L cellobiose and cellulose, corresponding to the 

amount of glucan solubilized in an 80 g/L corn stover fermentation. The spent media then was aseptically 

added in 75% volumetric amounts to a 20 mL working volume serum bottle containing fresh media and 

either 5 g/L microcrystalline cellulose (Avicel® PH-105) or 5 g/L cellobiose (final concentration) as carbon 

and energy source (figure 7). Bottles with 75% v/v water instead of spent broth served as internal controls. 

To see if the spent broth had any transient or permanent effects on the solubilization and utilization 

processes, the net product formation was measured every 24 hours for a total of 5 days (product 

concentration measured minus product concentration present at start of incubation). As shown in figure 7, 

net product formation at the end of bottle incubation was comparable for those with and without spent broth, 
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suggesting the spent broth has limited effects towards the final utilization of model substrates for C. 

thermocellum. However, there was a temporary lag in product formation of up to 50-75 hours in the bottles 

containing cellulose and spent broth from high solid loadings (80 g/L). This delay was not observed for 

fermentation with cellobiose or at low solid loadings (20 g/L). 
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Figure 7. Spent media inhibition tests. The effect of added spent media on net cumulative product formation 

(acetate+ethanol+formate+lactate in [mM]) during fermentation of 5 g/L cellobiose (panels A, B, C) or 

cellulose (panels D, E, F) for monocultures of Clostridium thermocellum. Panels B and E show the effect 

of spent media from corn stover fermentations by C. thermocellum at two different initial solid loadings, 

and panels C and F show the effect of spent media at two different senescent switchgrass loadings. Panels 

A and D show results for addition of spent media from a cellobiose (A) and cellulose (D) fermentations 

with carbohydrate utilization equal to that of 80 g/L corn stover utilization (12.1 g/L cellobiose (CB) or 

cellulose (Av)). Individual controls (n=1, dashed lines) with water in lieu of spent broth were included for 

each condition, whereas all other datapoints represent the average of triplicate bottle fermentations (n=3). 

Error bars represent 1 standard deviation.   
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Addition of cells and substrates during fermentation of 80 g/L corn stover 

In order to gain diagnostic insights into declining solubilization with increasing substrate loading, model 

substrates and cells were added 48 hours after inoculating duplicate 300 ml batch cultures of C. 

thermocellum in pH-controlled bioreactors with an initial corn stover loading of 80 g/L. Corn stover was 

chosen as it gave higher solubilization results compared to switchgrass in the previous experiment. Several 

additions were made including 60 ml solutions of microcrystalline cellulose (Avicel® PH-105), cellobiose, 

cellobiose-grown cells concentrated by centrifugation, and water which served as an internal control. 

Additions of cellobiose and cellulose increased the total carbohydrate loading by 32% (from 54.1 g/L to 

71.5 g/L) and were intended to be approximately equal to the observed amount of glucan solubilized in a 

previous 80 g/L corn stover fermentation. The amount of cellobiose-grown cells added could theoretically 

represent an increase in cell concentration by 4 g/L, but the overall cell concentration or increase thereof 

was not measured. 

As can be seen in figure 8, panel A, mid-fermentation addition of cellulose or cellobiose did not enhance 

solubilization relative to the water control. For the addition of cellulose, fractional carbohydrate 

solubilization was calculated based on the initial quantity of carbohydrate in the corn stover and the 

recovered carbohydrate after fermentation, with added cellulose not included in the initial amount of 

carbohydrate.  An immediate increase in gas production accompanied both substrate additions (figure 8, 

panel B), from which we infer that the culture was active and substrate-limited in the absence of added 

substrate. This is mirrored by an increase in product formation in amounts expected if all added cellobiose 

and cellulose were utilized (see appendix figure A.2).  Essentially complete fermentation of added substrate 

is also indicated by low amounts of residual sugars in cultures with and without added substrate (see 

appendix figure A.1). Extensive utilization of added substrates also suggests that limitation of media 

components and fermentation product inhibition are not in effect. 

Although the highest FCS value was obtained with the mid-fermentation addition of 60 mL concentrated 

cell suspension, this was not determined to have a significant (p > 0.05) effect on carbohydrate 
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solubilization compared to the water addition control (figure 8, panel A), and gas production was very 

similar to added water (figure 8, panel B). The added cell culture proved to be viable as witnessed by normal 

growth on cellobiose or cellulose in serum bottle incubations inoculated at the same time with the same cell 

suspension as the addition experiment. We infer from these results that the presence of biocatalyst did not 

limit solubilization of the carbohydrate present in corn stover at a substrate loading of 80 g/L.  

Whereas the fraction of corn stover carbohydrate solubilized was 0.556 ± 0.011 without added cells or 

substrate, this increased to 0.619 ± 0.005 for the water control. The difference between these values was 

statistically significant (p = 0.020). The addition of water brought the solids loading from 80 g/L to 67 g/L 

based on initial solids loaded, while the FCS value can be found between 40-60 g/L initial solids loading 

as shown in figure 5. 
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Figure 8. Fermentation addition tests. Panel (A) Fractional carbohydrate solubilization for 80 g/L corn 

stover with addition of cells (cellobiose-grown & centrifuged cell pellet), cellobiose solution, and 

suspended Avicel slurry at 48 hours after inoculation versus a control (water only) or no addition (n=2). 

Panel (B) Representative total gas production (cumulative CO2 and H2) for one of the duplicate reactors. 

Solubilization bars are averages of duplicate bioreactor runs, error bars represent 1 standard deviation. A 

single asterisk denotes a significance level of 0.1, and double asterisks denote a significance level of 0.05 

between different runs as indicated in the figure. The statistical analyses were performed using t-tests for 

two-samples assuming unequal variance, and the results are available as supplemental files.    

Coculture experiments with low and high loadings of corn stover and switchgrass 

We next examined the effect of culturing C. thermocellum with a hemicellulose utilizing coculture partner, 

Thermoanaerobacterium saccharolyticum HG-8 ATCC 31960 for both high (80 g/L) and low (20 g/L) 

loadings of corn stover and switchgrass. For corn stover fermentations by monocultures and cocultures, 

FCS data is presented in figure 9 panel A and gas production data in panel B.  Panels C and D present the 

same data for switchgrass. The coculture demonstrated higher solubilization (9A and 9C) and gas 

production (9B and 9D) for both feedstocks at low and high solid loadings. While the coculture showed 
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higher solubilization than the monoculture, it still exhibited diminishing solubilization as with increasing 

solid loadings. 

Two-way ANOVA results indicate that the solids loading effect is significant at p < 0.001 for both 

substrates, while the coculture effect is significant at < 0.001 for corn stover and 0.063 for switchgrass. The 

net increase in FCS due to the coculture was roughly twice as large for corn stover than for switchgrass, 

though the relative increases are consistent with the lower fractional solubilization observed for switchgrass 

monocultures throughout this study. Higher standard deviations were observed for switchgrass than for 

corn stover, consistent with the lower significance level per ANOVA testing.  
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Figure 9. Monocultures and cocultures solubilization and gas production. Panels (A) and (C) Fractional 

carbohydrate solubilization of 20 g/L and 80 g/L corn stover (A) and senescent switchgrass (C) by 

monocultures of Clostridium thermocellum and cocultures of Thermoanaerobacterium saccharolyticum at 

pH 6.5. Panels (B) and (D) Representative total gas (cumulative CO2 and H2) production for one of the 

duplicate reactors of 20 and 80 g/L corn stover (B) and senescent switchgrass (D) fermentations at pH 6.5. 

Solubilization bars are averages of duplicate bioreactors runs, and error bars represent 1 standard 

deviation. 
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The operating pH during cultivation for coculture experiments was lowered from 7.0 to 6.5 for this set of 

experiments to better accommodate growth of T. thermosaccharolyticum (appendix figure A.3.). For 80 

g/L substrate loadings, this was determined to have a non-significant effect on the FCS by the monoculture 

(figure 10). 

  

Figure 10. Monoculture solubilization at two pH levels. Fractional Carbohydrate Solubilization for 7-day 

Clostridium thermocellum monoculture fermentations of 80 g/L senescent switchgrass and corn stover at 

pH 6.5 and pH 7.0. The statistical analyses were performed using t-tests for two-samples assuming unequal 

variance. 

Figures 11 and 12 illustrate the effect of adding T. thermosaccharolyticum as a hemicellulose utilizing 

coculture partner to cultures of C. thermocellum. Under the chosen conditions, the coculture partner 

fermented most but not all of the soluble pentose-rich oligosaccharides made available by C. thermocellum-

mediated lignocellulose deconstruction. Fractional carbohydrate solubilization and utilization data are 

presented in table 2 for the experiments depicted in figures 9-12. 
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Figure 11. Monocultures and cocultures fermentation products and residual soluble carbohydrate for corn 

stover. 7-day fermentations of corn stover by monocultures at loadings of 20 g/L (A) and 80 g/L (B) and 

cocultures at loadings of 20 g/L (C) and 80 g/L (D). Residual soluble carbohydrate was quantified in 

monomeric form after mild acid hydrolysis of the supernatant. Note that acetate originates from both the 

deconstruction of lignocellulosic bonds and microbial metabolism. 
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Figure 12. Monocultures and cocultures fermentation products and residual soluble carbohydrate for 

switchgrass. 7-day fermentations of senescent switchgrass by monocultures at loadings of 20 g/L (A) and 

80 g/L (B) and cocultures at loadings of 20 g/L (C) and 80 g/L (D). Residual soluble carbohydrate was 

quantified in monomeric form after mild acid hydrolysis of the supernatant. Note that acetate originates 

from both the deconstruction of lignocellulosic bonds and microbial metabolism. 
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Solid Loading 

Fractional 

Carbohydrate 

Solubilization 

Fractional 

Utilization of 

Solubilized 

Glucose 

Fractional 

Utilization of 

Solubilized 

Xylose 

Corn Stover     

Monoculture 
20 g/L 0.656 ±0.017 0.938 ± 0.002 - 

80 g/L 0.557 ± 0.010 0.946 ± 0.001 - 

Coculture 
20 g/L 0.749 ± 0.014 0.957 ± 0.001 0.779 ± 0.027 

80 g/L 0.632 ± 0.002 0.958 ± 0.001 0.798 ± 0.002 

Switchgrass     

Monoculture 
20 g/L 0.406 ± 0.028 0.904 ± 0.015 - 

80 g/L 0.259 ± 0.026 0.910 ± 0.003 - 

Coculture 
20 g/L 0.457 ± 0.042 0.952 ± 0.002 0.817 ± 0.002 

80 g/L 0.308 ± 0.021 0.954 ± 0.000 0.821 ± 0.002 

 

Table 2: Comparison of carbohydrate solubilization and utilization for mono- and cocultures. Fractional 

sugar utilization calculated as one minus the mass of sugars found in the fermentation broth over the 

theoretical mass of sugars that have been solubilized based on fermented and unfermented solids. Sugar 

concentrations in the fermentation broth quantified in monomeric form via mild acid hydrolysis of the 

supernatant. No fractional utilization of xylose was detected in the monocultures.  

It may be observed that fractional carbohydrate solubilization is sensitive to solid loading whereas the 

fractional utilization of solubilized carbohydrates is not. For cocultures on either feedstock, roughly 5% 

and 20% of the solubilized glucose- and xylose-oligomers, respectively, are not utilized.  

A linear relationship is observed for fractional solubilization of xylan and glucan for monocultures and 

cocultures fermenting both corn stover and switchgrass at various substrate loadings (figure 13). This 

relationship is largely maintained across solid loadings and culture type. This would suggest that solid 

loading and culture type does not bias the solubilization activity either towards or away from glucose (or 

xylose).  



47 
 

 

  

Figure 13. Linear solubilization ratio between xylan and glucan for different cultivation conditions. 

Datapoints are averages of the duplicate fermentations depicted in figure 5 and figure 9 and error bars 

represent one standard deviation. Trendlines are calculated using combined datasets for each feedstock 

which represent two culture types (mono- and cocultures) and multiple solid loadings (20, 40, 60, 80 g/L). 

Discussion 

Here we document declining solubilization with increasing solids loading over a range of 20 to 80 g/L for 

batch monocultures of C. thermocellum fermenting either corn stover or senescent switchgrass.  Our 

observation of this trend is consistent with results of both Verbeke et al. (2017b) and Shao et al. (2020) on 

mid-season switchgrass at various solids loadings (34,35). Comparing monocultures with 80 g/L and 20 

g/L substrate loadings with no pretreatment other than autoclaving, final total carbohydrate solubilization 

declined from 0.695 to 0.565 for corn stover and from 0.399 to 0.243 for switchgrass. Data at intermediate 

solids loading indicate a roughly linear declining solubilization trend for both substrates. Remediation of 

this effect is likely necessary for commercial application acknowledging that substrate loadings about 2-

fold higher than the maximum studied herein are generally envisioned for economically viable production 
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of ethanol from lignocellulose (20,21). Such remediation would be greatly informed, and likely require, 

understanding the factor(s) responsible for the declining fractional solubilization trend observed here.   

As reported previously, we routinely observe near-complete utilization of Avicel-cellulose up to 120 g/L 

by C. thermocellum cultures (153,197,199), which is accompanied by concentrations of fermentation 

products over twice those observed herein with corn stover or switchgrass at 80 g/L. In light of these results, 

both inhibition by fermentation products and limitation by inadequate amounts of growth medium 

components seem unlikely to explain the declining fractional solubilization trend. Several alternative 

hypotheses for the basis of this phenomenon were tested but did not confirm specific factors. Accumulation 

of liquid phase inhibitors is a common explanation for cellulase inhibition, yet in this study, C. 

thermocellum was able to overcome a transient delay in cellulose utilization in the presence of spent broth 

from high lignocellulose loadings. Addition of spent-broth from fermentation of 20 and 80 g/L corn stover 

and switchgrass (figure 7) resulted in little to no impact on cellobiose fermentation, indicating that 

fermentation of glucan solubilization products was not inhibited, and little if any long-term impact on the 

generation of fermentation products from cellulose, suggesting that cellulase activity is not irreversibly 

inhibited. In this respect, our results differ from those of Beri et al. (2021), who observed inhibition from 

corn fiber spent broth on cellobiose incubations by C. thermocellum monocultures (57). It should be noted 

that there are several compounding factors that obscure comparisons between spent broth experiments, 

including cultivation conditions and spent broth preparation, and similar results for corn stover and corn 

fiber would not necessarily be expected considering the markedly different feedstock composition and 

experimental design (56,57).  For cellulose incubations in the presence of switchgrass spent broth, Verbeke 

et al. (2017b) observed reductions in solubilization for 17.5 g/L cellulose but showed little difference in 

net-end product concentrations, as we also observed (41). Shao et al. (2020) observed decreased cellulose 

conversion due to added spent broth measured at 24 hours, however measurements were not taken at longer 

times to determine if conversion with added broth eventually equaled the controls as was observed in figure 

7 (42). 
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Mid-fermentation addition of cellobiose or cellulose to 80 g/L corn stover C. thermocellum monocultures 

resulted in a dramatic increase in gas formation compared to controls without substrate added, but no 

significant increase in FCS. This suggests that the culture and its cellulases were active and not limited in 

utilizing additional (model) substrate, but rather had stopped solubilizing additional substrate from 

lignocellulose. Note that the additional utilization of cellobiose and cellulose could have resulted in an 

increase in cellular biomass or posed an opportunity for new cellular biomass to be generated. Furthermore, 

no significant increase in solubilization was observed for additions of biocatalyst (concentrated cells) 

suggesting limitations in solubilization could be more closely related to the lignocellulosic substrate rather 

than C. thermocellum’s enzymatic machinery. An increase in FCS was observed for an addition of 60 ml 

water to a 300 ml culture which effectively diluted the initial substrate loading at 80 to 66.7 g/L.  Linear 

interpolation of carbohydrate solubilization at 60 and 80 g/L from figure 5 gives an expected solubilization 

of 0.606 at a substrate loading of 66.7 g/L, which is very close to the observed value of 0.619.  Thus, results 

with different initial substrate loadings are very nearly recapitulated by a water dilution during active 

fermentation.  

To be consistent with the observations reported herein, a proposed mechanism for declining fractional 

carbohydrate solubilization with increasing solids would need to be lignocellulose-specific, involve factors 

other than nutrient limitation and inhibition by liquid-phase products of fermentation or deconstruction, not 

be due to inactive microbial cells or CAZymes, be reversed by liquid-phase dilution, and partially reversed 

by addition of a hemicellulose-fermenting coculture partner.  In general, a mechanism involving decreasing 

lignocellulose accessibility with increasing substrate loading seems mostly likely to us.  It has been 

previously reported that xylan and pentose-rich oligosaccharides adsorb onto cellulose surfaces (113,303–

306), and cellulase performance is generally enhanced in the presence of hemicellulolytic enzymes (123–

126). Noting that dilution of the liquid phase would be expected to cause adsorbed oligosaccharides to enter 

solution by Le Chatelier’s principle, impediment of deconstruction by adsorbed oligosaccharides would 

appear to be a plausible mechanism for C. thermocellum.  This remains to be definitively proven, however. 
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Co-culturing C. thermocellum with the hemicellulose-fermenting Thermoanaerobacterium 

thermosaccharolyticum increased solubilization compared to monocultures at both 20 g/L and 80 g/L 

substrate loadings for corn stover (p < 0.001) and switchgrass (p = 0.063).  Inclusion of T. 

thermosaccharolyticum as a coculture partner did not, however, ameliorate declining solubilization as was 

observed at 40 g/L corn fiber by Beri et al. (2021) (from 67% to 93%) although the absolute amount of 

carbohydrates solubilized and utilized is much higher for corn stover (57). For each feedstock we observed 

a consistent fraction of hemicellulose sugars are being solubilized but not utilized regardless of solid 

loadings (table 2). Our results are consistent with certain linkages present in soluble products of Clostridium 

thermocellum-mediated hemicellulose deconstruction being inaccessible to the array of carbohydrate active 

enzymes of T. thermosaccharolyticum, as had been previously observed by Beri et al. for corn fiber (56).  

Conclusions 

Decreasing fractional carbohydrate solubilization with increasing substrate loading was observed for 

monocultures of C. thermocellum and coculture fermentations of C. thermocellum and T. 

thermosaccharolyticum fermenting corn stover and senescent switchgrass with no pretreatment other than 

autoclaving.  Results of experiments involving spent media addition do not support a major role for 

inhibitors present in the liquid phase.  Substrate addition experiments confirm that C. thermocellum and its 

CAZymes remain capable of converting model substrates during the middle of lignocellulose fermentation 

at the maximum substrate loading tested (80 g/L).  Substrate dilution reverses the observed decrease in 

fractional carbohydrate solubilization at increasing substrate loading, and coculture of C. thermocellum 

with T. thermosaccharolyticum, which ferments hemicellulose, increases fractional carbohydrate 

solubilization compared to C. thermocellum monocultures at both lower (20 g/L) and higher (80 g/L) 

loadings of both corn stover and switchgrass.  For both monocultures and cocultures, regardless of solid 

loading, there remains a consistent fraction of carbohydrates that undergo solubilization, but not utilization. 

This suggests that some carbohydrates are unaffected by the existing suite of CAZymes present in the 

culture. Impediment of deconstruction by adsorbed oligosaccharides would appear to be a plausible 
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mechanism for the observed trend of declining solubilization with increasing substrate loading, although 

this remains to be conclusively shown. 

Methods 

Substrates 

Carbohydrate solubilization of two lignocellulosic feedstocks were characterized across various solid 

loadings. Corn stover was a gift from POET Research Inc (Sioux Falls, SD) premilled at 1/8” size material, 

and senescent switchgrass was a gift from Ernst Seeds at 1/4” size (Meadville PA, USA). Due to material 

limitations, a separate batch of corn stover (also from POET Research Inc) was used for experiments 

comparing monocultures and cocultures. Prior to characterization and use in experiments, both feedstocks 

were milled to pass through a 0.5 mm sieve on a Retsch ZM 200 centrifugal mill (Verder Scientific, Newton 

PA) (132). Carbohydrate content was determined by quantitative saccharification (QS) with 72% (w/w) 

H2SO4 (Fisher, Waltham MA), as described in Sluiter et al (307).  Acid-hydrolyzed monomeric sugars 

(arabinose, glucose, xylose) were quantified by refractive index detection and separated via HPLC (Waters, 

Milford MA) with an Aminex® HPX-87H column (Bio-Rad, Hercules CA) operating at 60˚ C, 2.5 mM 

H2SO4 eluent, at a flowrate of 0.6 mL/min (132).  

Microbial strains and growth media 

Clostridium thermocellum DSM1313 (LL1004) was obtained from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH (DSMZ, Liebnitz, Ger.). Thermoanaerobacterium 

thermosaccharolyticum HG-8 ATCC 31960 (LL1244) was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA).  Inocula were prepared by culturing C. thermocellum  on MTC (308) 

and 50 g/L microcrystalline cellulose (Avicel® PH105, FMC biopolymers, Philadelphia PA) in a pH-

controlled 1.2 L Sartorius bioreactor. During mid-log growth, 30 mL cell culture aliquots were transferred 

to 50 mL serum bottles. Cell culture aliquots were stored at -80˚C and were slowly thawed several hours 

before bioreactor inoculation. T. thermosaccharolyticum inoculum was cultured on modified CTFüD 
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medium substituted with D-xylose for cellobiose (309). Inoculum was re-seeded several hours prior to 

bioreactor inoculation in order to ensure culture viability, which was added to bioreactors at 4%(v/v). 

Defined Medium for Thermophilic Clostridia (MTC) was prepared as described prior(308); solution B had 

final concentrations of 2.12 g/L potassium citrate monohydrate (C6H7O8K3), 1.25 g/L C6H8O7 · H2O, 1.0 

g/L Na2SO4, 1 g/L KH2PO4, 2.5 g/L NaHCO3, and was added at 4%(v/v). Solution C had final 

concentrations of 2.0 g/L CH4N2O and was added at 2%(v/v). Solution D had working concentrations of 

1.0 g/L MgCl2 · 6H2O, 0.2 g/L CaCl2, 0.1 g/L FeCl2 · 4H2O, 1.0 g/L L-cysteine HCL monohydrate 

(C3H7NO2S · HCl · H2O), and was added at 2%(v/v). Solution E had final concentrations of 0.02 g/L 

pyridoxamine dihydrochloride, 0.004 g/L 4-aminobenzoic acid, 0.002 g/L D-biotin, 0.002 g/L vitamin B12, 

and was added at 2%(v/v). Solution TE had final concentrations of 0.00625 g/L MnCl2 · 4H2O, 0.0025 g/L 

ZnCl2, 0.000625 g/L CoCl2 · 6H2O, 0.000625 g/L NiCl2 · 6H2O, 0.000625 g/L CuSO4 · 5H2O, 0.000625 

g/L H3BO3, 0.000625 g/L Na2MoO4 · 2H2O, and was added at 0.5%(v/v). Each MTC solution was purged 

by 20 cycles of alternating N2 gas and Vacuum for 45 seconds each. After purging, solution D was 

autoclaved for 30 minutes on liquid cycle. 

Monoculture Fermentations at Various Solid Loadings 

All lignocellulose fermentations were performed at 300 mL working volume in 0.5 L Sartorius Qplus 

bioreactors (Sartorius, Bohemia NY). Each solids loading was run at least in duplicate (n=2). 

Lignocellulosic feedstocks were suspended in Milli-Q water (MilliporeSigma, Burlington MA) and 

autoclaved for 90 minutes on a liquid/slow exhaust cycle. Overnight, the bioreactor’s headspace was 

sparged with ‘ultra pure’ N2 gas (Airgas, White River Junction VT) while being stirred at 300 RPM at 55˚C. 

After sparging the bioreactors, media solutions were added to the lignocellulose slurry via a 0.2 μm 

polyethersulfone (PES) sterile syringe filter (Corning, Corning NY). 

Prior to inoculation, the pH was controlled at 7.0 or 6.5 using a gel-filled pH probe (Mettler-Toledo, 

Billerica MA) and automatic addition of 4 N KOH (Fisher, Waltham MA) via a peristaltic pump in the 

Sartorius control tower. Online gas production was monitored with a milligas flow meter (Ritter, Hawthrone 
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NY) filled with 0.5 N HCl. Total volumetric gas production data was recorded by the accompanying 

Rigamo software. C. thermocellum inoculum was added at 2% (v/v), and the fermentations proceeded for 

168 hours. 

Harvesting residual solids and determination of carbohydrate solubilization and fermentation 

products 

After fermentation, the bioreactor contents were harvested as a whole and centrifuged for 15 minutes at 

16,000 x g at 4 ºC on an Avanti J-26S XP centrifuge using rotor JA-10. Both the residual solids and 

supernatant were collected to determine their respective carbohydrate concentrations. Fractional 

carbohydrate solubilization is calculated as the difference between carbohydrate mass in the unfermented 

feedstock versus the residual solids. Carbohydrate content in the residual solids were determined via QS as 

described in the feedstock material section. Similarly, the carbohydrate content of the supernatant was 

determined using a mild-acid hydrolysis step named liquid quantitative saccharification (LQS) adjusted 

from Sluiter et al. (307). Analysis of fermentation products (acetate, ethanol, formate, lactate) was 

performed by mixing 35 µL 10% (v/v) H2SO4 and 700 µL fermentation supernatant and allowing the 

solution to sit for >5 minutes to denature proteins.  The acidified solution was spun down in the 

microcentrifuge at 21,130 x g and the supernatant was filtered via Spin-X centrifuge tubes (0.22 μm nylon) 

(Corning, Corning NY). The filtrate was quantified for products via HPLC and quantified by comparison 

to standard solutions.  

Bottle fermentations with lignocellulose fermentation spent media 

Serum bottles (30 mL) were prepared by adding either D+ cellobiose (MilliporeSigma, Burlington MA), or 

microcrystalline cellulose (Avicel® PH105, FMC biopolymers, Philadelphia PA) to MilliQ water, purged 

with nitrogen gas, and autoclaved for 30 minutes on liquid cycle. Carbon substrates were concentrated such 

that the final concentration was either 5.0 g/L cellulose or cellobiose. The final volume (20 mL) consisted 

of 75% spent media (or sterile and anaerobic water for controls) and 25% fresh substrate and MTC media. 



54 
 

 

To buffer pH, solution A was also included at a final concentration of 5.0 g/L morpholinopropane sulfonic 

acid (MOPS) and was added at 2% (v/v). MTC was added to each bottle as described above. However, for 

bottle fermentations solutions A, B, and C were autoclaved for 30 minutes on liquid cycle, and not filter-

sterilized. 

Supernatant was collected from the high solids monoculture batch fermentations described above. 

Harvesting the residual solids, collecting and preparing the supernatant, and inoculating bottle 

fermentations were all performed on the same day. The liquid phase from 80 g/L corn stover, 20 g/L corn 

stover, 80 g/L switchgrass and 20 g/L switchgrass fermentations were used for bottle experiments. The 

supernatant was subject to a second centrifugation for 10 minutes at 50,000 x g on an Avanti J-26S XP 

centrifuge using a JA-25.50 rotor.  The supernatant was then vacuum filtered with a glass fiber membrane 

prefilter (MilliporeSigma, Burlington MA) and then vacuum filtered with a 0.45 um nylon membrane filter 

(MilliporeSigma, Burlington MA). Lastly, the supernatant was added through a 0.2 um PES syringe sterile 

filter into an empty and autoclaved serum bottle and was aseptically purged for 20 cycles as previously 

described. 

In addition to collecting lignocellulosic supernatant, supernatant from batch fermentations on model 

substrates, cellobiose and cellulose, were collected for bottle experiments. Monoculture batch fermentations 

of cellobiose and cellulose were performed as described above for 0.5 L final volume in 1.2 L Sartorius 

bioreactors. Both substrates were loaded at a final concentration of 12.1 g/L, which is approximately equal 

to the amount of glucan utilized in an 80 g/L corn stover fermentation as determined results in prior 

experiments. The model substrate cultures were harvested at 48 hours which corresponded to approximately 

24 hours after base addition had stopped. Supernatant was collected and filtered in the same procedure 

described above for lignocellulosic supernatant.   

A one-way release valve was used aseptically to equilibrate pressure before inoculation.  Bottles, ran in 

triplicate (n=3), were inoculated 2% (v/v) with a -80˚C bottle of C. thermocellum as described above.  

Bottles were cultivated at 55˚C in a shaking incubator and sampled for product formation every 24 hours 
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for five days, with net product formation equal to the product concentration at the timepoint of inquiry, 

minus the product concentration at time zero. To serve as a control (n=1), a bottle with 75% (v/v) water 

instead of supernatant was included for each experimental condition totaling three individual controls for 

cellulose with water and three for cellobiose with water.  

Monoculture fermentations with substrate and biocatalyst additions 

Bioreactor fermentations at 80 g/L corn stover were prepared in the same manner described above. During 

growth phase, determined to be approximately t=48 h by monitoring gas production, respective solutions 

were added to the fermentations. Based on prior experiments, 60 ml cellulose (n=2) and cellobiose (n=2) 

solutions were added at a concentration that effectively doubled the observed amount of glucan solubilized 

(5.524 g) in an uninterrupted 80 g/L corn stover fermentation. Biocatalyst was obtained by culturing C. 

thermocellum on MTC containing 25 g/L cellobiose in a 1.2 L Sartorius bioreactor with a 1.0 L working 

volume. The fermentation broth was anaerobically and aseptically transferred out of the bioreactor during 

mid-growth phase (t=24 h) by a peristaltic pump, and further processed in an anaerobic glovebag, (Coy 

Laboratory Products, Grass Lakes, MI). The broth was aseptically transferred into centrifuge bottles and 

the cell mass pelleted at 16,000 x g for 5 minutes. The cell pellet was anaerobically resuspended in 200 mL 

(water), and 60 mL was immediately added to each bioreactor via syringe (n=2). As a control, 60 ml of 

anaerobic and autoclaved MilliQ water was added at the same timepoint (t=48 h) to an otherwise unaltered 

80 g/L corn stover fermentations (n=2). Bioreactors proceeded until t = 168 h, where they are harvested as 

described above.  

Co-culture batch fermentations with low and high solids loadings 

Two additional media solutions were added to support co-culture batch fermentations of C. thermocellum 

and T. thermosaccharolyticum. First, a 2% (v/v) NH4Cl solution was added with a final concentration of 2 

g/L. Second, a 4% (v/v) vitamin solution was added with final concentrations of 0.004 g/L thiamine and 

0.004 g/L thioctic acid. For experiments comparing monocultures and cocultures, these two additional 
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solutions were also given to monocultures to ensure an identical media background. Additionally, a third 

solution of xylose-less CTFüD was added in place of T. thermosaccharolyticm inoculum (4% v/v) for 

monocultures. The xylose-less CTFüD is identical to the aforementioned CTFüD medium, except does not 

include the primary carbon substrate, D-xylose. This was done to control for the presence of yeast extract 

persisting in the T. thermosaccharolyticum inoculum in the coculture runs. Fractional utilization of 

solubilized carbohydrates was determined based on concentrations in the unfermented feedstock, fermented 

solids, and spent broth as determined by quantitative saccharification protocols. Sugar utilization was 

calculated as one minus the mass of sugars found in the liquid phase over the theoretical mass of sugars 

that have been solubilized based on fermented and unfermented solids.   
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5. Enabling High-Solids, Aseptic, Semi-Continuous Lab-Scale Fermentation of Unpretreated 

Lignocellulose by Consolidated Bioprocessing 

The following work has been formatted as a thesis chapter with the intent of publishing it at a later date. 

The tentative manuscript is presented in section 5.4 with supplementary materials appearing in the 

appendix.   

5.1 Contributions 

This project began as a master student’s thesis which successfully demonstrated representative delivery of 

high solids in an abiotic setting. I inherited the task of realizing biological cultivations around January 2021, 

which took approximately two years. In this thesis, both hardware and procedures were developed to enable 

biological characterization, with a series of experiments aimed at validating 1) semi-continuous, 2) aseptic, 

and 3) high solid loading operation. Significant time and effort was spent on improving hardware, 

controlling fermentation conditions, formalizing data acquistion, and developing strerilization procedures. 

The last 6 months have been spent validating the system with a set of preliminary experiments, very much 

enabled with the help of a postdoctoral researcher, Annamalai Neelamegam, with follow up experiments in 

the near future.  

5.2 Significance 

In providing equipment to enable 1) semi-continuous feeding, 2) aseptic operation and 3) high solids 

delivery, this high solids reactor overcomes several limitations in defined cultivation at high solid loadings 

in conventional benchtop reactors. First, in high solids batch operation, sterilization and process control are 

difficult due to poor mixing. Second, in semi-continuous operation, slurry transfers using the approach 

reported in Liang et al., (2018) were performed by manually opening the reactor and adding slurry which 

is not feasible for defined cultures (189). Thus, this high solid reactor would be, to our knowledge, a first-

of-its-kind lab-scale demonstration for semi-continuous bioprocessing of high solids loading of 
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unpretreated lignocellulose for the production of ethanol using C. thermocellum or defined cocultures, and 

a valuable tool for future strain adaptation experiments.  

5.3 Highlights 

• Physical operation is working well (code, electronics, pneumatics, level control, etc.). 

• Controlled fermentation conditions have been enabled (pH, temperature, stirring, media). 

• Data acquisition pipeline is working regularly (online data recording and offline sampling). 

• Data analysis pipeline is formalized (arriving at defensible calculations/determinations). 

• Ran four 15+ day semi-continuous cultivations at 30 and 120 g/L and prepared tentative manuscript 

for peer-review publication. 

• Developed custom steam-in-place sterilization equipment and onboarded a used 30-L Sartorius 

steam-jacketed bioreactor. 

• Weathered a laboratory move/stay hybrid workspace.   

• Postdoctoral researcher is remaining on project and has finely milled corn stover available for 

future experiments.  
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Abstract 

Efficient deconstruction and conversion of lignocellulose is critical to decarbonizing the current energy 

system. However, lignocellulosic biomass is recalcitrant to deconstruction, which is often augmented by 

energy and capital-intensive thermochemical pretreatment. Consolidated bioprocessing (CBP) using a 

native cellulolytic biocatalyst like Clostridium thermocellum enables both deconstruction and conversion 

of lignocellulose without pretreatment, yet is less technologically mature. One of the hurdles for CBP is 

bioprocessing at solid substrate concentrations of 150 g/L. This study aims to enable future research by 

developing and demonstrating operability of a custom bioreactor for conducting lab-scale CBP 

fermentations under industrially relevant substrate loadings. To our knowledge, this high solids reactor 

(HSR) would be a first-of-its-kind lab-scale demonstration for semi-continuous, aseptic bioprocessing of 

high solids loading of unpretreated lignocellulose. To validate the HSR performance, experiments were 

aimed at confirming representative solids delivery and performing semi-continuous fermentations at  

different solid loadings. Results demonstrated that representative delivery of solids was possible at 150 g/L 

switchgrass, the highest loading tested, and the system was able to cultivate defined cocultures of 

Clostridium thermocellum and Thermoanaerobacterium thermosaccharolyticum in a semi-continuous 

configuration for several weeks at low (30 g/L) and high (120 g/L) solid loadings. Using a 72-hour residence 

time, the steady-state fractional carbohydrate solubilization of corn stover was measured at 0.63 +/- 0.01 
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and 0.0.55 +/- 0.084 for 30 and 120 g/L, respectively. Lower reproducibility at higher solid loadings was 

generally attributed to inconsistent C5 utilization among biological replicates. 

Introduction 

Climate change remains a defining challenge of our time and advancing bioenergy deployment is 

considered desirable to limit global warming to 2˚C by the end of the century (1,2).  Biomass energy systems 

are effective tools for decarbonizing the fuel and transport sectors as they cycle carbon between fuel 

combustion reactions and plant photosynthesis (10), and enable removal of biogenic carbon dioxide (8). 

The use of inedible, lignocellulosic biomass is generally recognized as a target because of large 

potential supply and lower GHG emissions compared to edible biomass feedstocks (18). Fuels 

derived from lignocellulose can be generated as liquids, gases, and/or solids depending on the 

process. Biological conversion to liquid fuels often features ethanol fermentation in combination 

with thermochemical pretreatment (70–72). In order for ethanol distillation to be economically feasible, 

it likely requires ethanol titers in the range of 4-6% (w/w). With lignocellulose being around 2/3rd 

carbohydrate, required solid loadings would have to be near 150 g/L (i.e., 15% w/w solids or 15% DM) 

(20,38–40). However, lignocellulose presents several handling challenges at high solid loadings due to its 

fibrous nature, high viscosity, and non-Newtonian flow characteristics related to particles that tend to be 

cohesive, entangled, and non-uniform in shape and size (174). Free water is an important parameter in 

defining lignocellulose slurries, although there is no firm boundary between submerged (excess free water) 

and solid-state (limited free water), as mixing is highly dependent on several feedstock characteristics. 

Generally, biomass slurries will exhibit unique rheological properties depending on substrate choice, solid 

loading, particle size, and pretreatments (or lack thereof) (176–179,208).  

There is motivation to look beyond the industry standard for lignocellulose biofuel production involving 

thermochemical pretreatment, added fungal cellulase, and yeast fermentation (27,37,114). Consolidated 

bioprocessing (CBP) with Clostridium thermocellum is a potentially cost-disruptive alternative technology 

that eliminates cellulase production costs (28,38). In comparative studies, C. thermocellum has been shown 
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to be more effective at solubilizing unpretreated lignocellulose than the industry standard fungal cellulase 

(128,132), and enhanced solubilization and product formation have also been reported for defined 

cocultures containing C. thermocellum and hemicellulose utilizing Thermoanaerobacterium spp. 

(49,172,173). CBP has several intrinsic advantages but remains technologically immature. Both high solids 

and continuous processing are characteristics found in industrial settings, but rarely in laboratory 

investigation of CBP.  

Research pertaining to high solid loadings is inevitably limited by mixability concerns in laboratory scale 

bioreactors, especially in batch configuration. When there is limited free water, lignocellulose slurries 

behave more like a paste than a liquid, and sterilization, temperature, and pH become difficult to control. 

In addition to process control, mixing is essential for robust bioconversion of solids as it reduces 

sedimentation and increases interactions between biocatalysts and substrate (200,201). To enable research 

at high solid loadings,  custom vessels are often designed to enhance mixability using various mechanical 

agitation strategies. For example, Jorgensen et al., (2007) employed free-fall mixing in a rotating horizontal 

drum with paddles for batch enzymatic hydrolysis or simultaneous saccharification and fermentation (SSF) 

of pretreated wheat straw up to 40% (w/w) (37). X. Zhang et al., (2009) used a peg-mixer to carry out high 

solids (up to 30% w/w) enzymatic hydrolysis batches and fermentations on pretreated pulp and poplar 

lignocellulose feedstocks (202). J. Zhang et al., (2009) explored custom-helical impeller designs for SSF 

of pretreated corn stover up to 30% (w/w) (203). Dasari et al., (2009) designed a scraped-surface horizontal 

bioreactor for batch enzymatic hydrolysis of pretreated corn stover up to 25% (w/w) (204). These studies 

report remarkably high solid loadings (20 to 40% w/w), hydrolysis yield (resulting in 158 g/L glucose in 

one scenario), ethanol titers (4.8 to 6.3% w/w) (37,202), and offer insight towards viscosity and agitation 

dynamics (203,204). 

Alternative to batch, semi-continuous is another mode of operation that is of interest to researchers seeking 

to take advantage of decreasing solids concentration and viscosity as lignocellulose conversion proceeds 

(205).  There are several advantages to semi-continuous operation including, but not limited to,  A) reduced 
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viscosity: it has been previously reported that conversion processes such as pretreatment (176–178,207,208) 

and enzymatic hydrolysis (175) cause dramatic reductions in apparent viscosity in a process referred to as 

liquefaction, and a similar result was observed in Ghosh et al., (2018) for C. thermocellum mediated 

deconstruction and fermentation (209). B) Discharge of accumulating inhibitors: discharging potential 

inhibitors related to pretreatment (93,94), hydrolysis (124,129), or fermentation (105,210), could enable 

additional conversion. C) Biocatalyst to substrate ratio: maintaining a stable biocatalyst population at steady 

state may improve productivity as the steady state concentration of solids observed by the biocatalyst(s) 

will be less than in the influent feed (205).    

Semi-continuous cultivations require transferring mass in and out of the reactor system which, 

operationally, is challenging to perform aseptically, especially for high solid loadings. In general, 

representative delivery of high solids slurry is far more challenging than removing fermentation broth, 

because of conversion-mediated liquefaction in the latter. Semi-continuous mixed culture cultivation (e.g., 

anaerobic digestion) of lignocellulose has been investigated at both thermophilic (189,190) and mesophilic 

conditions (211–215), although these studies are largely enabled by non-sterile processing.  For laboratory 

scale research, aseptic conditions are usually necessary to properly determine how a defined culture will 

perform under specific circumstances. However, papers addressing high solids, semi-continuous, and sterile 

processing, are rare. South et al., (1993, 1994) used a fixed-volume piston sampler to intermittently feed a 

SSF reactor from a mixed-carboy using approximately 10% (w/w) of pretreated poplar and hardwood 

feedstocks (216,217). Fan et al., (2003) performed semi-continuous fermentations feeding 12% (w/w) paper 

sludge by slowly advancing a horizontal plug-flow towards a chopper such that the paper feed would shear 

and fall into the fermentation vessel placed below (205). Notably, in both Fan et al., (2003) and South et 

al., (1993, 1994), the authors describe sterilizing the high solids feedstock by autoclaving their feed for >12 

hours, in addition to the material being already pretreated (205,216,217). Different rheological properties 

exist between unpretreated and pretreated lignocellulose (178,207), and most novel high solid bioreactor 
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designs can take advantage of upstream pretreatment to enhance sterility and alter the rheology of biomass 

(179,218,219).  

In this study, we report a novel bioreactor system designed to enable CBP using  C. thermocellum at high 

solid loadings (120 g/L), semi-continuously. In a previous study, we characterized CBP solubilization 

performance in batch operation from 20 to 80 g/L, beyond which mixing and sterilization became 

impractical in a conventional batch fermenter (43). Development of the system reported herein was 

primarily motivated by a desire to study defined cultures at higher solid loadings then can be operated in 

batch mode. Two limitations in conventional benchtop reactors needed to be overcame. First, in high solids 

batch operation, sterilization and process control are difficult due to mixing concerns. Second, in a semi-

continuous operation, slurry transfers using the approach reported in Liang et al., (2018) were performed 

by manually opening the reactor and adding slurry which is not feasible using defined cultures (189). This 

custom bioreactor seeks to overcome those limitations using steam-in-place sterilization and a fixed-volume 

piston sampler and combines 1) semi-continuous feeding, 2) aseptic operation and 3) high solids delivery. 

This high solid reactor would be, to our knowledge, a first-of-its-kind lab-scale demonstration for semi-

continuous bioprocessing of high solids loading of unpretreated lignocellulose for the production of ethanol 

using defined cocultures of C. thermocellum and T. thermosaccharolyticum and a valuable tool for future 

strain adaptation experiments.  

Methods 

Substrate 

Abiotic representative delivery of solids was validated using switchgrass and corn stover was used for 

biological testing in semi-continuous cultivation experiments. Senescent season switchgrass was supplied 

by Ernst Biomass (Meadville, PA) at approximately 2” particle size. The switchgrass was milled via an 

ACM (air-classifier mill) hammer mill to 80 mesh (0.177 mm) by Particle Control Inc. (Albertville 

Minnesota). The corn stover was a gift from POET Research Center, LLC (Sioux Falls, SD) originally 
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shredded to 1” and then refined to 1/8” using a hammer mill. To aid in transferring high solids slurry, the 

corn stover was further milled via an ACM hammer mill to 80 mesh (0.177 mm) by Particle Control Inc. 

(Albertville, MN).  

Microbial Strains and Growth Media 

Clostridium thermocellum DSM1313 (LL1004) was obtained from the Deutsche Sammlung von 

Mikroorganismen und Zellkulturen GmbH (DSMZ, Liebniz, Ger.). Thermoanaerobacterium 

thermosaccharolyticum HG-8 ATCC 31960 (LL1244) was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Inocula were prepared by culturing C. thermocellum on MTC medium 

(Holwerda et al., 2012) and 50 g/L microcrystalline cellulose (Avicel® PH105, FMC biopolymers, 

Philadelphia PA) in a pH-controlled 1.2-Liter Sartorius bioreactor. During mid-growth phase, 30-mL cell 

culture aliquots were transferred to 50-mL serum bottles. Cell culture aliquots were stored at -80˚C and 

were slowly thawed several hours prior to use as bioreactor inoculation at 2% (v/v). T. 

thermosaccharolyticum inoculum was cultured overnight  on modified CTFüD medium substituted with D-

xylose for cellobiose (309),  re-seeded several hours prior to bioreactor inoculation in order to ensure culture 

viability and added to the bioreactor at 2% (v/v). 

Defined Medium for Thermophilic Clostridia (MTC) was prepared as described previously (308); solution 

B had bioreactor concentrations of 2.12 g/L potassium citrate monohydrate (C6H7O8K3), 1.25 g/L citric acid 

monohydrate (C6H8O7 · H2O), 1.0 g/L Na2SO4, 1 g/L KH2PO4, 2.5 g/L NaHCO3, and was added at 4% 

(v/v). Solution C had a bioreactor concentration of 2.0 g/L urea (CH4N2O) and was added at 2% (v/v). An 

additional Solution C was added to support coculture growth and had a bioreactor concentration of 2.0 g/L 

ammonium chloride (NH4Cl) added at 2%(v/v). Solution D had bioreactor concentrations of 1.0 g/L MgCl2 

· 6H2O, 0.2 g/L CaCl2, 0.1 g/L FeCl2 · 4H2O, 1.0 g/L L-cysteine HCL monohydrate (C3H7NO2S · HCl · 

H2O), and was added at 2% (v/v). Solution E had bioreactor concentrations of 0.02 g/L pyridoxamine 

dihydrochloride, 0.004 g/L 4-aminobenzoic acid, 0.002 g/L D-biotin, 0.002 g/L vitamin B12, and was added 

at 2% (v/v). Solution E had two additional vitamins to support coculture growth with bioreactor 
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concentrations of 0.004 g/L thiamine and 0.004 g/L thioctic acid. Solution TE had bioreactor concentrations 

of 0.00625 g/L MnCl2 · 4H2O, 0.0025 g/L ZnCl2, 0.000625 g/L CoCl2 · 6H2O, 0.000625 g/L NiCl2 · 6H2O, 

0.000625 g/L CuSO4 · 5H2O, 0.000625 g/L H3BO3, 0.000625 g/L Na2MoO4 · 2H2O, and was added at 0.5% 

(v/v). Each MTC solution was purged by 20 cycles of alternating N2 gas and vacuum for 45 seconds each. 

After purging, solution D was sterilized for 30 min on a liquid autoclave cycle. All media solutions totaled 

2.4 L, which were added using a peristatic pump and sterilizing via liquid filter (Millex®-GP, 0.22 um) 

(MilliporeSigma, Burlington, MA). The final volume in the holding tank is estimated at 14.0 L initial + 1.4 

L steam + 2.4 L media = 17.8 L and solids are loaded corresponding to 30 and 120 g/L corn stover. 
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Sterilization Procedure The high solids reactor described herein has four sections which are sterilized 

individually. The top section, a steam-jacketed Sartorius Stedim C20-2 bioreactor was used to sterilize the 

corn stover slurry. The assembled bottom section consisting of the holding tank, Isolok® sampler, and 

bioreactor and were sterilized via autoclaving. The middle section (transfer pipe #1) connects the other two 

sections and was steam-in-place sterilized. Lastly, another transfer pipe (#2) connecting the bioreactor to a 

Figure 14. High solids reactor for consolidated bioprocessing with C. thermocellum. Schematic is not 

necessarily drawn to scale or exhaustive of all details.  
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sterilized carboy for effluent collection was also steam-in-place sterilized. A schematic of the system is 

presented in figure 14. 

As previously mentioned, sterilizing corn stover slurries (without media components) was accomplished 

using a steam-jacketed Sartorius Stedim Biotech C20-2 bioreactor. After gradually increasing the internal 

temperature beyond 100˚C (to avoid rapid frothing), the slurry is held for 120 minutes at 121˚C and 0.121 

MPaG for complete sterilization. For  the first 30 minutes only, steam is directly injected into the slurry 

causing a temporary increase in temperature and pressure. For the remaining 90 minutes, the slurry is held 

at 121˚C.. As an additional measure, 6’ of constant wattage BriskHeat® (Columbus, OH) rubber heat tape 

was wrapped around the bottom ball valve to improve sterilization. The slurry was cooled to 55 ˚C using 

the jacket and an overpressure of ~0.8 MPa was manually maintained by intermittently feeding N2 to 

compensate for the cooling-induced vacuum. Corn stover sterilization was initiated at 14 L and increased 

to 15.4 L due to direct steam injection. Continuous mixing was performed during and after sterilization of 

30 and 120 g/L corn stover slurries at 100 and 150 RPM, respectively.   

The bottom section, comprised of the holding tank, Isolok® sampler, and bioreactor, is autoclaved for 150 

minutes at 121˚C and 0.121 MpaG. Roughly 750 mL of water is added to the bioreactor prior to autoclaving 

to avoid autoclaving the pH probe in a dry environment. After removing the vessel from the autoclave, 

sterile liquid media filters (Millex®-GP, 0.22 um) (MilliporeSigma, Burlington, MA) are attached to the 

holding tank for later addition of media components. Both the bioreactor and holding tank were sparged 

with N2 overnight, and connected to the Sartorius vessel the next day for transfer pipe #1 sterilization. The 

bottom assembly was vertically aligned and lifted using a Southworth Lift-Tool™ aluminum scissor lift 

table with 300 lbs. capacity (Portland, ME). 

Sterilizing transfer pipe #1 was accomplished by passing steam through the transfer pipe cordoned off by 

two ball valves. Steam, at 136˚C and 0.22 MpaG, is fed into the interior of the transfer pipe and exits 

through a  Swagelok™ stainless steel 1-Piece check valve rated at 25 psi (Cambridge, MA) into a 

condensate drain for 180 minutes. Simultaneously, both of the ball valves are wrapped in constant wattage 
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rubber heat tape to further enable sterilization. Subsequently, the slurry was transferred from the top vessel 

into the holding tank below by manually opening the ball valves.  

Transfer pipe #2 functions as a steam-in-place connection between the bioreactor and the effluent carboy 

(both autoclaved individually) to maintain culture sterility. Initial designs envisioned making this 

connection sterile by flame, but was replaced by steam-in-place as transfer pipe #1 was being developed- 

primarily to ensure culture integrity for multiple weeks or month-long experiments. Sterilization proceeded 

similarly to transfer pipe #1, but with smaller pipe diameters. Ball valves were manually opened and closed 

to perform steam-in-place sterilization.  

High Solids Delivery Equipment and Tests 

A Sentry Isolok®  SAA automatic fixed-volume sampler was chosen to transfer high solid slurries because 

of its applications in chemical process slurry sampling, rugged stainless-steel body, wear-resistant seals for 

abrasive materials, and prior laboratory experience published in South et al. (1993, 1994) (216,217). 

The holding tank was agitated using a Baldor Reliance Washdown Duty CWDM3542 motor (3/4 HP) and 

Toledo Gearmotor Company inline reducer M164-B  (Sylvania, OH) controlled by a M-Max Series 

adjustable frequency drive (MMX11AA3D7) (EATON, Beachwood, OH). The controller frequency was 

set to 15.00 Hz (approximately 80 RPM), as any higher would cause overheating.  

Abiotic feeding tests were performed starting with 20 L of slurry at 15% w/w (approx. 150 g/L) switchgrass 

(220). The Isolok® sampler was programmed to perform fixed-volume transfers (i.e., pumps) in quick 

succession for 180 samples, at which point 3 samples are manually collected to analyze mass and solids 

concentration. This process was repeated until the failure, i.e., when volume in the holding tank drops below 

the sampling port.  
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Semi-Continuous Feeding Cycle 

Well-mixed samples of slurry were intermittently transferred from the holding tank to the bioreactor using 

a Sentry Isolok® SAA automatic fixed-volume sampler (Oconomowoc, WI). Individually,  the slurry 

samples are approximately 25 mL and are successively added to the bioreactor until the required level is 

reached via electronic level control sensors. A simplified schematic of the feeding cycle loop can be found 

in figure 15 and a description of the feeding control cycle is as follows: 

Effluent Removal: Efflux ball valve (automated) (Assured Automation EVS1V) (Roselle, NJ) opens and 

N2 gas is fed to the bioreactor at 12 psi, pushing fermentation broth through the overflow tube out of the 

bioreactor. Volume ejected depends on the distance between the level probes and overflow tube, as well as 

the bioreactor stir intensity related to the surface level profile. The bioreactor ejects 125 mL per feeding 

loop, on average.  

Level Check: After ejecting spent fermentation broth, level probes measurements confirm if the bioreactor 

is harvested.  

Feed Cycle: Actuates the piston sampler once, extending into the holding tank and retracting, delivering 

approximately 25 mL to the bioreactor. A short blast (0.5 seconds) of high pressure (55 psi) N2 is intended 

to dislodge any solids that might not free-fall into the bioreactor below. CYTIVA WHATMAN Filter 

Figure 15. Bioreactor semi-continuous slurry feeding cycle loop. 
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Capsules (polypropylene, 36 mm Dia, 0.2 um pore size) (Marlborough, MA) were used filter sterilize high 

pressure N2. After 1 piston cycle, a three-tier level check takes place to infer ‘empty’ or ‘full.’ All three 

signals need to infer ‘full’ in order to break out of the feeding loop. Generally, five pumps, or 125 mL, are 

required to achieve a ‘full’ signal.  

Wait: With the current hardware configuration constraints, the bioreactor was considered ‘full’ and ‘empty’ 

at 935 and 810 mL, respectively. One feed cycle consists of 125 mL, and 935 mL  / 125 mL = 7.48 feed 

cycles per reactor volume. For a 72-hour residence time, feed cycles were separated by 72 / 7.48 = 9.62 

hours. As the holding tank is emptied over the course of an experiment, the volume transfer potentially 

draws a vacuum inside, which is problematic for maintaining sterility. To compensate, the headspace was 

trickle sparged with ‘ultra pure’ N2 gas (Airgas, White River Junction VT) during whole duration of the 

experiment.  

An Arduino Mega 2560 microcontroller board with an endless loop code structure (appendix figure A.4) 

was used to control the feeding regiment’s electric (appendix figure A.5) and pneumatic controls (appendix 

A.6). Within this loop are several Boolean logic gates that automate operation using feedback from level 

control probes. Conductive level detection was implemented using Sartorius BIOSTAT® level/foam 80x6 

mm sensor probes (BB-8844463/ BB-8844461) using digitalWrite() and analogRead() Arduino functions 

to transmit 5V signal between the two probes. To improve signal reliability, grounded 12 kΩ resistors were 

added to the level control circuit (appendix figure A.5.3). 

Bioreactor Control 

The bioreactor was designed to control fermentation conditions including pH, temperature, and agitation. 

The pH was controlled at 6.5 using a 150 mm gel-filled pH probe (Mettler-Toledo, Columbus OH) and 

automatic addition of 4 N KOH (Fisher, Waltham MA) via a peristaltic pump in a Sartorius Stedim Biotech 

BIOSTAT® A plus tower, while an A & D Company (Tokyo, Japan) EJ-6100 scale was used to record the 

weight of the base bottle during the experiment (see appendix A.8.2 for one example). Temperature was 
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monitored using the same Sartorius A plus tower, although the temperature probe only contacted the outside 

of the vessel. Temperature control was implemented using a BriskHeat®  silicone rubber heating jacket 

with an SDC digital on/off k-type thermocouple automatic controller. Since both temperature probes are on 

the outside of the vessel, the setpoint was calibrated heuristically using an OMEGA™ OM-CP-

HITEMP140 wireless autoclave temperature data logger (Norwalk, CT) for the interior to remain at (or 

near) 55°C (appendix A.7). To stir the bioreactor, it was assumed that bottom-entry stirring was 

implemented because the headplate was primarily occupied by the Isolok® sampler. Accordingly, coaxial-

type magnetic couplings MTC-10-021 (Magnetic Technologies Ltd, Putnam, CT) separated by a 

customized stainless steel aseptic barrier were used to mix the bioreactor. An electric DC Motor (1/4 HP) 

(M1135045.00) with a right-angle shaft (Leeson Direct, Santa Fe, CA) rotated the outer magnetic coupling, 

and was controlled using a Minarik Corp. Motor Master XL C4XL3200A speed controller at 40% capacity 

(Minarik Drives, South Beloit, IL) which correlated to approximately 90 RPM. To avoid unintended 

evaporation or product loss, the bioreactor off gas was chilled using custom stainless-steel shell and tube 

condenser cooled with 4⁰C circulating water from a VWR/PolyScience 1140A (Radnor, PA) circulating 

chiller.  

Initializing Semi-Continuous Feeding 

After the bioreactor was inoculated, it was initially run as a 24-hour batch to allow the culture to develop 

before semi-continuous feeding started. As described in the sterilization procedure section, the bioreactor 

was initially autoclaved containing  water. Prior to inoculating the bioreactor, a quick succession of feeding 

cycles was used to flush out the water and replace it with corn stover slurry. The initial water volume 

slightly diluted the solid loading of corn stover during the beginning residence times (RTs) but eventually 

washes out. This was performed before the reactor was inoculated, at which point it is run as a 24-hour 

batch to allow the culture to develop before semi-continuous feeding starts. Measurements taken at 0.00 

RT correspond to the end of the startup batch and start of the regular semi-continuous feeding intervals. At 

120 g/L, however, additional considerations became necessary to initialize semi-continuous feeding. At this 
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solid loading, flushing the initial reactor water volume away with slurry is not feasible due to unreacted 

lignocellulose's propensity to clog, particularly at transfer pipe #2, and a more staggered approach was 

necessary for high solid loadings. First, the bioreactor was fed fixed-volume transfers until the level probes 

were reached, which generally yielded a bioreactor environment between 35 and 45 g/L solids.  At this 

point, the bioreactor was inoculated and ran in controlled batch-mode for 24-hours. After, a quick 

succession of feeding cycles was used to raise the solid loading to 70-80 g/L, however, feeding cycles are 

well-mixed, so the system does not separate unreacted solids, reacted solids, and biocatalyst quantities when 

removing broth from the bioreactor. Still, this approach benefits from hydrolysis-mediated liquification 

taking place during the 24-hour batch. This method presents some irregularities for earlier solid loading 

assumptions and data acquisition but comes to steady-state along with carbohydrate solubilization. Results 

from a dilution spreadsheet are available in appendix tables A.8.5 and A.8.6 to estimate solids loadings 

during this window, and was used to calculate FCS for samples taken in the first RT during 120 g/L semi-

continuous cultivations.  

Sample Collection and Analysis 

Samples were taken every 48 hours by attaching an autoclaved & empty 1-Liter carboy to transfer pipe #2, 

sterilizing for 90 minutes, waiting for bioreactor effluent removal, and removing the carboy containing 

approximately 125 mL of spent fermentation broth. It is replaced by another autoclaved & empty carboy is 

attached, and transfer pipe #2 is re-sterilized for another 90 minutes.  

Three well-mixed 25 mL aliquots were transferred from the carboy to Corning Falcon® 50 mL 

polypropylene conical tubes (Corning, NY) to recover solids for quantitative saccharification (QS). 

Aliquots were spun down for 10 minutes at max speed (7,197 x g) using a benchtop eppendorf centrifuge 

5430 rotor F-35-6-30 (Enfield, CT). The supernatant was decanted and saved for liquid quantitative 

saccharification (LQS) and fermentation product analysis. Pelleted solids were resuspended in 25 mL fresh 

water and spun down a second time. The supernatant was discarded, and the solids transferred to a pre-

weighed aluminum dish for drying in a 55-60°C for at least 7 days.  



75 
 

 

Carbohydrate content in the residual solids was determined via QS with 72% (w/w) H2SO4 (Fisher, 

Waltham MA), as described in Sluiter et al. (307). Post-QS-sample supernatant was filtered via Spin-X 

microcentrifuge tubes (0.22 µm nylon) (Corning, Corning NY) before HPLC analysis. The acid-hydrolyzed 

monomeric sugars arabinose, glucose, and xylose were quantified by refractive index detection and 

separated via HPLC (Waters, Milford MA) with an Aminex® HPX-87H column (Bio-Rad, Hercules CA) 

operating at 60°C , 2.5 mM H2SO4 eluent, at a flowrate of 0.6 mL/min. Similarly, the carbohydrate content 

of the supernatant was determined using a mild-acid hydrolysis (i.e., liquid quantitative saccharification or  

LQS) adjusted from Sluiter et al. (307). Analysis of fermentation products (acetate, ethanol, formate, 

lactate) was performed by mixing 35 µL 10% (v/v) H2SO4 and 700 µL fermentation supernatant and 

allowing the solution to sit for > 5 min to denature proteins. The acidified solution was pelleted in a 

microcentrifuge (Eppendorf, Enfield, CT) at 21,130 × g  for three minutes and the supernatant was filtered 

via Spin-X microcentrifuge tubes (0.22 μm nylon) (Corning, Corning NY). The filtrate was quantified for 

products via HPLC and quantified by comparison to standard solutions. 

Carbohydrate solubilization was calculated relative to the carbohydrate content measured in the holding 

tank at the end of the experiment (appendix tables A.8.1-A.8.4). Although, for the first RT at 120 g/L, a 

solid loading estimation was used to determine fractional carbohydrate solubilization (see methods section 

on ‘Initializing Semi-Continuous Feeding’ for more details). 

Results and Discussion 

Representative Solids Delivery 

A Sentry Isolok® SAA automatic fixed-volume sampler was chosen to transfer high solid slurries due to 

its applications in chemical process slurry sampling, rugged stainless-steel body, wear-resistant seals for 

abrasive slurries, and prior in-laboratory experience reported in South et al. (1993, 1994) (216,217). To 

confirm representative delivery of high solid slurries, abiotic feeding tests using 0.177 mm milled 

switchgrass were conducted. Smaller particle sizes were observed to have advantageous effect on 
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representative delivery (1.6, 0.5, and 0.177 mm tested, and 0.177 mm particle size was used for both 

representative delivery tests and biological testing (220). Considerable attention was given to impeller 

design to maintain well-mixed solids suspension in the holding tank. Notably, a custom designed wiper 

impeller was a necessary inclusion for representative delivery in light of solids accumulating on the holding 

tank walls.  The results of the abiotic feeding tests are shown in figure 16.  

 

Figure 16. Representative delivery feeding tests. Delivery of high solid slurries (15% w/w) did not deviate 

more than 1% from the feed concentration. Datapoints represent the average of two separate feeding tests 

(n=2), while individual samples were taken in triplicate. Vertical error bars (red) represent one standard 

deviation between the measured solids concentration collected in each feeding test (n=2) and horizontal 

error bars (red) are included here to accommodate for differences in sample timing between the two feeding 

tests and represent one standard deviation with respect to the average sampling time. Figure reproduced 

from Moynihan MS thesis (2021)  (220). 

Tests demonstrated that delivery of high solid slurries did not deviate more than 1% from the feed 

concentration and this endured for over ten residence times, assuming a 1 L reactor volume. These initial 
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tests were promising in light of the apparent phase transition of 0.177 switchgrass between 50 and 200 g/kg 

solid loadings, displayed in several pictures available in appendix figure A.9. While measured solids were 

closer to 14 than 15% w/w solid loading, this deviation was both small and consistent. 

Biological Testing and Validation 

The high solids reactor (HSR) system was validated by performing a series of experiments at 30 g/L (low) 

and 120 g/L (high) corn stover loadings. We aimed to document the fractional carbohydrate solubilization 

(FCS) in semi-continuous controlled fermentations using a coculture of Clostridium thermocellum 

DSM1313 and Thermoanaerobacterium thermosaccharolyticum HG-8 ATCC 31960. Corn stover was 

milled to 0.177 mm particle size and underwent no pretreatment other than sterilization.  

Maintaining aseptic conditions for semi-continuous fermentation initially proved a difficult task, and 

significant time and effort was dedicated to identifying and troubleshooting sterilization failures.  As a 

general procedure, the HSR was divided into sub-sections to isolate sterilization failures. Confirming sterile 

conditions was validated using several approaches including OMEGA™ wireless temperature data logging, 

SPORDEX® SCBI Ampoules containing Geobacillus stearothermophilus spores (STERIS Corporation, 

Mentor, OH), transferring rich medium throughout the various subsystems without inoculation, and 

examining the uninoculated feed under a microscope.  

Sterilizing corn stover slurry in a steam-jacketed Sartorius Stedim Biotech C20-2 bioreactor proved more 

difficult than anticipated. This was largely related to the presence of lignocellulosic solids, as operation was 

relatively straightforward using soluble substrates or model solid substrates like crystalline cellulose 

(Avicel® PH105). The steam-jacketed bioreactor was modified with a bottom outlet (2.21” inner diameter) 

terminating in a large ball valve for transferring the slurry downwards into another vessel. Mixing is 

advantageous, if not required, for sterilizing slurries at higher solid loadings, however, due to the 

modifications made to for the bottom outlet, there was functionally a 5” pipe that behaved as an 

isolatedregion where solids could settle. As a result, a PTFE-fitted custom impeller was designed to stir the 
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pocketed region above the ball valve (see figure 14). This region was also modified to allow for direct steam 

injection (147.5˚C and 0.35 MPa) into the slurry. This, however, was not the full extent of the problem, as 

the sterilization procedure for lignocellulose solids, regardless of solid loading, proved susceptible to rapid 

frothing or foaming when the measured internal temperature approached 100˚C. This required close 

monitoring and manually increasing the temperature setpoint by small (~0.3˚C) increments to avoid froth 

from rapidly evolving and thereby clogging the headplate with solids. Once past the boiling point (~100˚C), 

the overhead pressure increases, and the slurry was no longer susceptible to rapid frothing and could be 

sterilized. Additional details for the sterilization processes are available in the methods section.  

As may be observed in figure 17, steady-state behavior with respect to FCS at 30 g/L develops quickly in 

the experiment, i.e., within one RT. A different result is observed at 120 g/L wherein steady-state develops 

closer to the third residence time. Results were more variable at 120 g/L which is possibly attributable to 

variable coculture behavior. Of note, fractional carbohydrate solubilization was determined relative to 

measured solid loading in the holding tank at the end of the experiment, except for the first residence time 

at 120 g/L (see methods section for additional details) when there is more uncertainty in solid loadings. 

Using datapoints >3 RTs (i.e., steady-state), 30 g/L corn stover yielded an average FCS of 0.632 +/- 0.009 

and 120 g/L yielded 0.55 +/- 0.084. 
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Figure 17. Fractional carbohydrate solubilization during semi-continuous fermentations. Panels depict 30 

g/L (gray) (A and B) and 120 g/L (black) (C and D) corn stover cultivations at a 72-hour residence time 

using defined bacterial cocultures. Samples were collected every 48 hours by attaching an empty carboy to 

the bioreactor efflux (via transfer pipe #2). Error bars represent one standard deviation from technical 

triplicates.  Fractional carbohydrate solubilization was determined using quantitative saccharification. 

It is known that C. thermocellum strictly utilizes C6 sugars and does not utilize C5 sugars while T. 

thermosaccharolyticum utilizes both C6 and C5’s. However, C. thermocellum provides the majority of 

cellulolytic capabilities and T. thermocsaccharolyticum provides primarily hemicellulose fermentation.  

Thus, a defined coculture provides a commensal association where C. thermocellum is mostly responsible 

for solubilizing C5’s and C6’s, both bacteria utilize C6’s, and T. thermosaccharolyticum exclusively utilizes 

C5’s. As a result, the soluble sugar utilization profiles, i.e., the degree to which solubilized sugars are taken 

up and converted, is heavily dependent on both coculture members growing which was not consistent across 
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biological duplicates in these experiments (see figure 18 below). In figure 18 panel A, we observed more 

glucose than expected, whereas figure 18 panel B looks very similar to previously reported cocultures (prior 

observations were generally arabinose ≈ glucose < xylose g/L, as measured by mild acid hydrolysis, see 

chapter 4). In figure 18 panel C, the xylose concentrations found in the fermentation broth are emblematic 

of a C. thermocellum monoculture, and suggests that T. thermosaccharolyticum hemicellulose utilization 

did not persist. The opposite is occurring in figure 18 panel D, which looks like a successful coculture with 

high and consistent xylose utilization. However, much like figure 18 panel A, figure 18 panel D also has 

more glucose than expected.  
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Figure 18. Residual solubilized sugars during semi-continuous fermentations. Residual arabinose, glucose, 

and xylose are measured in monomeric form via mild acid hydrolysis of the supernatant. Error bars 

represent one standard deviation from technical triplicates.  

Essentially, the soluble sugar utilization problem is twofold. The first and most obvious dilemma is that 

seemingly no C5 sugar utilization took place in figure 18, panel C. The second issue is that in spite of 

thriving cocultures, the final titers in residual solubilized glucose and xylose remain inconsistent between 

runs. It is probable that these two concerns are related, and as we continue to develop our methods for 

performing semi-continuous high solids fermentations, optimizing the conditions for hemicellulose 

utilization remains a top priority. The presence of a hemicellulose utilizing coculture partner has been 

previously reported to improve carbohydrate solubilization, however it is difficult to disentangle the effect 

of a coculture partner when it’s survivability is not completely guaranteed.  Possible explanations include, 

but are not limited to, non-optimum temperature and pH, growth medium, physical disruptions related to 

feeding (sheer forces, pressure swings, etc.), or inoculum. Although, we had implemented measures to 
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ensure optimal conditions were applied during these experiments. Nevertheless, we have repeatedly 

observed that C. thermocellum cultivation is not problematic, which has been a significant step towards 

validating HSR performance. 

Fermentation product profiles are presented in figure 19. While there are many variables that influence the 

relative amounts of fermentation products, perhaps the two most impactful (at least from a material balance 

point of view) will be carbohydrate solubilization and soluble carbohydrate utilization. Thus, the 

fermentation product profiles reported here are heavily influenced by the data presented in figures 17 and 

18. Fermentation product profiles remain fairly constant across timepoints, with the exception of figure 19 

panel D. It is not immediately clear why the ethanol titers in this panel linearly tapered off past the third 

RT, or where that carbon could have gone. Unfortunately, the duplicate run functionally behaved as a C. 

thermocellum monoculture (figure 18, panel C), so meaningful comparisons cannot yet be made. This 

monoculture-like behavior observation was consistent with previous reports for monocultures of wild-type 

C. thermocellum having higher titers of acetate than ethanol (chapter 4). Also observed during only this 

particular experiment (120 g/L, panel C) were temporally increasing citrate and phosphate signals on the 

HPLC (data not shown). Low concentrations of fermentation products were measured in the holding tank 

at the end of each experiment. Yet, there was not overwhelming evidence that contamination took hold (see 

appendix figures A.10.1 and A.10.2 for additional discussion).  
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Figure 19. Fermentation product profiles during semi-continuous fermentations. Panels depict 30 g/L (A 

and B) and 120 g/L (C and D) corn stover at a 72-hour residence time using defined bacterial cocultures. 

samples were collected every 48 hours by attaching an empty carboy to the bioreactor efflux (via transfer 

pipe #2). Error bars represent one standard deviation from technical duplicates. Note acetate can originate 

as a product of fermentation or a product of the solubilization process as it is present in the feedstock as 

acetyl bonds.  
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Figure 20. Cumulative effluent carboy weight during semi-continuous fermentations. Measured during 

biological testing at (A) 30 g/L and (B) 120 g/L.  

The weight of fermentation broth harvested was monitored throughout the biological tests to validate semi-

continuous behavior. The cumulative effluent weight measured in the outgoing carboy during biological 

testing are presented in figure 20 at both (panel A) 30 g/L  and (panel B) 120 g/L. Results underscore semi-

continuous feeding regularity and is a reasonable proxy for volumetric throughput assuming slurry density 

is similar to water at 1 kg/L. It is possible that variable slurry density could be contributing to the small 

differences in slope (i.e., feed rate in kg/hr) between 30 and 120 g/L experiments. These measurements, 

however, are subject to some fluctuations as a result of the sampling protocol which required exchanging 

effluent carboys every 48 hours.  

Conclusions 

A custom high solids reactor (HSR) system was developed to enable conducting lab-scale CBP 

fermentations at higher solid loadings than can be accommodated in a conventional bioreactor.  The 

assembly combines steam-in-place sterilization, a fixed-volume sampler for slurry transfers, and automated 

feeding controls to enable long-term semi-continuous cultivations at high solid loadings of lignocellulose.  

A series of tests were used to validate the HSR performance, including experiments aimed at confirming 

representative solids delivery and semi-continuous cultivation. Representative delivery using the pneumatic 
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sampler demonstrated up to 150 g/L switchgrass with less than 10 g/L deviation. Biological testing was 

successfully conducted using a defined coculture (C. thermocellum and T. thermosaccharolyticum) at both 

30 and 120 g/L corn stover and a 72-hour residence time.  Under these conditions, steady state behavior 

with respect to carbohydrate solubilization was consistent between biological duplicate runs, although 

soluble sugar utilization and fermentation products were variable due to poor coculture reproducibility, 

especially at 120 g/L.  Nevertheless, cultivating C. thermocellum was possible which remains a significant 

milestone towards the HSR enabling future research and development at industrially relevant conditions. 

In this study, the steady-state fractional carbohydrate solubilization of corn stover was measured at 0.63 +/- 

0.01 and 0.55 +/- 0.084 for 30 and 120 g/L, respectively.  
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6. Carbon Capture from Corn Stover Ethanol Production via Mature Consolidated 

Bioprocessing Enables Large Negative Biorefinery GHG emissions and Fossil Fuel-

Competitive Economics 

This study was recently (April 24th) accepted (with minor  revisions) for publication at Sustainable Energy 

& Fuels. The main text is presented below in section 6.2, with supplementary materials and data appearing 

in the appendix.  A table of contents entry, submitted with manuscript, appears below. 

 

Figure 21. Biorefinery carbon and energy schematic. Illustration depicts a revised C-CBP biorefinery 

exporting >50% of feedstock lower heating value (LHV) while permanently sequestering nearly 70% of 

feedstock carbon thus reinforcing the role liquid biofuel production can play in climate mitigation 

stratagies. Above image submitted as table of contents entry with manuscript. 
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6.2 Carbon Capture from Corn Stover Ethanol Production via Mature Consolidated 

Bioprocessing Enables Large Negative Biorefinery GHG emissions and Fossil Fuel-

Competitive Economics 

Matthew R. Kubisa,b, Lee R. Lynda,b* 

a .Thayer School of Engineering, Dartmouth College, 14 Engineering Drive, Hanover, NH 03755 USA.  
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Abstract 

Process simulation and technoeconomic analysis was used to evaluate corn stover conversion to ethanol via 

mature consolidated bioprocessing and cotreatment (C-CBP) technology with carbon capture and storage 

(CCS). Process design was explored pursuant to increasing energy efficiency and greenhouse gas (GHG) 

emission reductions for a 60 million gallon per year facility featuring coproduction of fuel pellets, 

electricity, CO2, and renewable natural gas (RNG) in  various combinations. After performing heat 

integration for C-CBP, process heat was able to be met entirely from onsite biogas production and without 

any solid process residue combustion. When compared to its reference case, incorporating high-purity CCS 

and biogas upgrading led to a 4.3-fold improvement in net negative biorefinery GHG emissions (-85 

gCO2eq/MJ ethanol) while also lowering the minimum ethanol selling price (MESP). Recovering CO2 from 

high-purity streams had a levelized cost of capture estimated between 14 to 15 $/ton CO2, well below 

current estimates for lowest-cost capture systems projected at fossil energy plants. Cellulosic ethanol 

production via C-CBP with high-purity CCS was generally cost-competitive with wholesale gasoline prices 

on an energy equivalent basis. Total carbon capture, including all potential emissions from onsite flue gas 

and fuel pellet coproduct combustion in addition to high-purity streams, led to net negative biorefinery 

GHG emissions of -157 gCO2eq/MJ ethanol. Because C-CBP remains configurationally distinct from other 

biological conversion pathways with thermochemical pretreatment and added fungal cellulase, it enables a 
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dramatically lower cost of production while simultaneously achieving negative carbon emissions. To our 

knowledge, this is the first analysis of CCS for cellulosic ethanol produced by routes not involving 

thermochemical pretreatment and added enzymes, and the GHG mitigation potential values reported here 

are the highest to date for cellulosic ethanol with CCS. 
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Introduction 

Primary energy annually supplied by non-traditional biomass energy systems is projected to expand 

5-fold (from 25 to 128 EJ) by 2060 to meet climate stabilization objectives (2). Use of inedible 

cellulosic biomass is generally recognized as a priority in light of large potential supply, decreased 

competition for food resources, and lower GHG emissions compared to edible biomass feedstocks 

(25).  Corn stover is a residue of corn grain production consisting of stalks, cobs, and husks, one of 

the most abundant cellulosic biomass resources in the United States, and is projected to play a 

central role in emergent cellulosic biofuel deployment (15,20,227). Among biologically derived 

fuels or fuel intermediates, ethanol distinctively combines desired features including high yield and 

titer, ease of separation, anaerobic production, and can be used as a fuel or as an intermediate for 

synthesis of higher molecular weight hydrocarbon fuels (18–20).  

Determining the climate change mitigation potential of bioethanol is most often approached using 

a well-to-wheels life-cycle analysis in terms of CO2 equivalent emissions per MJ ethanol 

(3,261,311). Net life-cycle emissions result from the sum of positive and negative emission 

contributions in the supply chain, biorefinery, and coproduct utilization. Positive contributions are 

typically feedstock production and transport, product distribution, and biorefinery emissions 

associated with process energy and chemical inputs. Biorefinery emissions are the largest 

contributor to emissions in most studies, with chemical inputs being on the order of a third of total 

biorefinery emissions (3,311). Land use change for corn stover production has been estimated at -

0.7 gCO2eq/MJ ethanol, corresponding to <1% of a gasoline base case (312). Net emissions are 

decreased as a result of avoided fossil fuel emissions (AFFE) via coproducts such as electricity 

generated from lignin-rich solid process residues. The chemical combustion of bioethanol is usually 

considered to be carbon neutral (10). 

Industrial-scale conversion of corn stover to ethanol via fermentation has been studied in a variety 

of configurations summarized in appendix table A.9. Many studies involve thermochemical dilute-
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acid pretreatment with added fungal cellulase, with widely cited studies by the National Renewable 

Energy Laboratory (NREL) providing detailed design and cost estimation (20,25,80,223,224). 

Alternative, less- developed processing innovations with potential for lower costs and emissions 

continue to be investigated (31,313,314). One alternative is consolidated bioprocessing (CBP) with 

mechanical disruption during fermentation (cotreatment) in lieu of thermochemical pretreatment 

(21), thereby avoiding emissions and costs related to chemical inputs and enzyme production. In 

this direction, Lynd et al. (2017) analyzed production via C-CBP with projected bioconversion 

efficiencies enabled by future research and development. This scenario eliminated thermochemical 

pretreatment as well as added cellulase, substituted a gas boiler for a solids boiler, and converted 

solid process residues into a fuel pellet coproduct rather than being burned on-site to generate 

electricity. As a result of lowering capital investment and increasing coproduct revenue, the authors 

report significantly reduced payback periods and improved GHG emission reductions per ton 

feedstock compared to a base-case featuring thermochemical pretreatment and added fungal 

cellulase. 

Published assessments of GHG mitigation with biofuels have focused primarily on displaced fossil 

fuel emissions rather than CO2 capture (315,316). It has been suggested that in time the value of 

biomass energy systems for photosynthetic carbon removal may exceed that for energy supply 

(15,16). Studies have recently begun to leverage carbon capture and storage (CCS) technologies to 

enable net negative life-cycle emissions for biofuel production (236,261–263). Yang et al. (2020) 

demonstrated net negative life-cycle emissions for cellulosic sorghum ethanol at -21.3 and -109 

gCO2eq/MJ ethanol for recovery of high purity CO2 and all CO2 emitted, respectively.  In Kim et 

al (2020), CCS from all production emissions improved the average life cycle GHG mitigation from 

67.2 to -43.8 gCO2eq/MJ. Gelfand et al., (2020) focused primarily on impact of biomass supply 

chain on soil carbon stocks and report that corn stover ethanol emission intensity improved from 

19.8 to -98.7 gCO2eq/MJ with CCS inclusion. Geissler and Maravelias (2021) have also shown 
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CCS to enable negative GHG emissions, e.g., from 24.7 to -22.6 gCO2eq/MJ and that only capture 

from fermentation was required to achieve net negative emissions.  All analyses known to us of 

CCS applied towards cellulosic ethanol were based on processes featuring thermochemical 

pretreatment and added enzymes.   

Commercial bioethanol production is a logical starting point technologies because of high-purity 

CO2 streams (produced via fermentation or anaerobic digestion) compared to more-dilute onsite 

flue gas. It has been reported that the levelized cost of CO2 capture scales inversely with 

concentration (264). The cost of separating CO2 from dilute flue gas (< 20% CO2) is projected to 

be between $30-$70/ton before compression can be performed (5,263,264,266,267,317,318), 

whereas during ethanol fermentation, nearly pure CO2 is generated as a saturated gas at low to 

atmospheric pressure (319). Largely related to separation costs, capturing CO2 from combustion 

diluted flue gas requires around 10-fold more energy than from fermentation sources (263). Onsite 

biogas, an intermediate stream generated during anaerobic digestion (AD) of thin stillage, consists 

of roughly 50/50 (v/v) CH4 and CO2. Biogas upgrading via membrane separation is a promising 

technology that can deliver high-purity streams of both methane (i.e., renewable natural gas or 

RNG) and CO2  (236,320,321). Collectively, the total levelized cost of sequestration for high-purity 

and dilute flue gas sources are generally around $30-50/t CO2 and $70−$120/t CO2, respectively 

(236,259,267,269,318).  

To date, there have been numerous studies investigating the CCS potential at fossil energy plants 

(317,318,322), industrial sectors (264,266,267), and corn ethanol production 

(251,267,269,319,323–325). Prior studies of CCS applied to cellulosic biofuel production have 

been limited to processes involving thermochemical pretreatment and added fungal cellulase 

(236,261–263). A knowledge gap thus exists with respect to evaluating the CCS potential of other 

process concepts, which we address here for C-CBP. Specifically, we present an updated 

technoeconomic evaluation of corn stover ethanol via C-CBP aimed at increasing energy efficiency 



92 
 

 

and leveraging alternative coproduction strategies including CCS for revenue and climate 

stabilization benefits. Minimum ethanol selling price (MESP) and net biorefinery GHG emission 

reductions are evaluated and presented.  

Methodology 

Scenario Definitions and Methods 

This study builds on the previous report of Lynd et al. (2017) that described the performance and cost of a 

simulated cellulosic ethanol biorefinery featuring C-CBP intended to represent long-term potential (21). 

Material and energy flows were modeled using ASPEN PLUStm (V10) process simulations and economic 

analyses were adapted from the NREL study of corn stover-to-ethanol by Humbird et al. (2011). In the 

updated technoeconomic analysis presented here, changes were made to the process simulation without 

changing major conversion parameters related to ethanol bioconversion efficiency, e.g., solid loading (19.5 

wt.%), carbohydrate solubilization (88%), fermentation yield (0.46 g/g solubilized carbohydrate or 85.6 

gallons per dry metric ton feedstock), and ethanol throughput (60 million gallon per year). A summary table 

of fermentation conditions and conversion parameters is available in appendix table A.9.  

New scenarios were analyzed stepwise incorporating the following design features: 1) enhanced heat 

integration, 2) biogas surplus to electricity generation using a gas turbine, 3) fermentation-CO2 capture for 

carbon capture and storage, 4) biogas membrane upgrading with biogas-CO2 capture and surplus RNG sales 

and lastly, 5) an RNG turbine to generate electricity instead of selling surplus RNG. These scenarios were 

evaluated with respect to greenhouse gas emissions, minimum ethanol selling prices (MESPs), and CO2 

levelized costs of capture. A summary description of scenario inputs, outputs, and GHG benefits are 

presented in appendix table A.13. Technical details regarding the scenario modifications are described in 

the sections immediately below. 

Scenario I – Enhanced Heat Recovery 

Increasing the operating pressure of the distillation train (both the beer and rectification columns) from 1 

to 3.2 atm was implemented to recover the latent heat in overhead vapor condensation via heat exchange 
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and generated saturated steam to inject during feedstock pasteurization. In the advanced case described in 

Lynd et al. (2017) (21), referred to herein as the reference case, process steam supplied the heat duty both 

to distillation (38.5 MMkcal/hr) and feedstock pasteurization (23.4 MMkcal/hr) while a distillation-related 

heat duty of similar magnitude (-20.3 MMkcal/hr) was lost to the ambient environment by an air-cooled 

rectification column condenser. Redirecting the air-cooled condenser duty for pasteurization was the 

primary source of heat recovery in this study. A summary diagram for enhancing recovery is depicted below 

in figure 22. 

 

Figure 22. Heat recovery diagram. Modifications made to the existing equipment are depicted in blue and 

newly installed equipment in red. Exchanging the air-cooled condenser with a shell-and-tube heat 

exchanger (in green) enabled low-grade steam generation which was compressed and injected for 

pasteurization. Distillation operating pressure was increased from 1 to 3.2 atm to enable waste heat 

recovery.  
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In the revised beer column, the overhead vapor condenser was omitted with wet ethanol vapor leaving the 

top stage instead of a vapor side draw, resulting in a conventional stripping column. A pump discharging 

the beer stream at 2 atm was added to the upstream scrubber recycling loop to promote CO2 separation prior 

to distillation. The beer stream was then preheated to 114˚C using a beer stillage economizer, and an 

adiabatic vapor-liquid separation at 2 atm and 114˚C was performed to recycle CO2 back to the water 

scrubber. The CO2 removal by the upstream scrubber/recycle loop was > 99.9%, with less CO2 remaining 

in the distillation feed than in the Humbird et al. design (20).  Ethanol leaving in the bottoms was fixed at 

0.05% mass fraction by varying reboiler duty. The operating pressure was set at 3.2 atm, and the stage 

number was increased from 16 to 25. In the revised rectifying column: operating pressure was also increased 

to 3.1 atm, and the stage number was reduced from 35 to 24. A pressure drop of 0.006 atm per stage was 

assumed. Across both columns, the total number of stages was kept constant relative to the reference case, 

though stages were moved from the rectification column to the beer column.  In the revised rectification 

column, the feed stages for the wet ethanol vapor and molecular sieve recycle loop were set to stages 16 

and 10, respectively. Ethanol leaving in the bottoms was fixed at 0.05% mass fraction by varying the 

distillate rate. The ethanol-rich vapor was fixed at 92.5% mass fraction by varying the reflux ratio. In both 

columns, stage number and feed stages were decided heuristically based on separation performance and 

heat demand. The low-pressure saturated steam was compressed (75% isentropic efficiency) to 1.2 atm and 

124˚C to inject into pasteurization. Saturated process steam (generated via the gas boiler) was changed from 

2.1 to 4.44 atm to fire the distillation columns at elevated pressure (3.2 atm). 

The pasteurization procedure was revised to reflect anticipated operating conditions of a cellulosic ethanol 

facility. Holding of the unfermented corn stover slurry was changed from 100℃ & 1 atm for an hour in the 

reference case to 105℃ & 1.2 atm for thirty minutes in the revised scenarios (I-V). An additional pump 

discharging the slurry at 1.2 atm was used to feed the pasteurization tank. Injection of the steam generated 

by condensing distillation vapor as described above was the primary supply of heat; however, it became 

necessary to feed the recycled water at 50℃ instead of 33℃ to reach pasteurization temperature. A spiral 
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plate heat exchanger was included to recycle heat from the hot stream leaving pasteurization (105˚C), and 

roughly a quarter of available heat remaining in the pasteurized, hot corn stover slurry was used in feed 

water preheating (33˚ to 50˚C) with the remaining heat duty chilled by the cooling tower. 

The purchase cost for the distillation train at elevated pressure was adapted from Humbird et al. (2011), as 

the original cost estimate was designed for an operating pressure of 2 atm and the pressure cost factor is not 

expected to change significantly from 2 atm to 3.2 atm (221). Some equipment changes were made to reflect 

the new design. The purchase cost for a beer column condenser was deducted, and the purchase cost for the 

air-cooled condenser was replaced with a water-cooled shell-and-tube condenser. A compressor was added 

for mechanical steam compression. For pasteurization, an additional pump and spiral plate heat exchanger 

was included and the capital cost for the tank was calculated using the revised hold time. A summary of all 

revised capital equipment purchase costs can be found in appendix B (online supplementary materials). 

Scenario II – Biogas Electricity Generation 

Partial on-site electricity production was investigated to realize value from the excess biogas made available 

by the enhanced heat integration strategy described above. Biogas turbine systems operate similarly to their 

natural gas turbine counterparts except for the presence of CO2 in the fuel stream (274–276). Comparing 

gas and biogas turbines, it has been previously reported that biogas turbines demonstrate higher heat 

recovery and turbine efficiency, but overall lower net efficiency due to power requirements in fuel 

compression. However, the net power output is nearly constant regardless of fuel composition after 

accounting for fuel compression and overall performance is not expected to differ significantly (275,276). 

Gas turbine performance parameters were adapted from the literature as specified in appendix table A.11 

(276,321,326,327). Heat recovery from turbine exhaust is common in combined cycle gas turbine 

platforms, and heat-to-process-steam was implemented here rather than generating additional electricity via 

steam turbines. Hot turbine exhaust (675-698°C) was used to partially vaporize process condensate (148°C) 

from distillation in a spiral plate heat exchanger using a hot/cold outlet temperature approach of 10 ˚C, and 

the cooled exhaust (158°C) was vented to the environment. Capital cost estimation for the turbine and heat 
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exchanger are available in appendix B (online supplementary materials). An iron-oxide sponge for biogas 

desulphurization was adapted from Abatzoflou and Boivin (2008) but not expressly simulated (273). 

Capital costs for desulphurization equipment were also applied to the reference case.  

Scenario III- Biogas Electricity & Fermentation CCS 

Design parameters and capital costs for on-site CO2 compression were adapted from the NETL technical 

report Cost of Capturing CO2 from Industrial Sources (2014) DOE/NETL-2013/1602. A reciprocating 

compressor delivers fermentation CO2 at 15.3 MPa and 49˚C, conditions suitable for pipeline transportation 

(264,267). Pipeline instead of truck transport was assumed to be more cost effective considering the annual 

estimated CO2 production would be well above >0.1 million tons of CO2 per year, i.e., an approximate cut-

off for truck transport (264).  

Interstage cooling and dehydration was simulated to reduce water content in the CO2 stream (264,328). In 

the reference case, fermentation off-gas underwent water-scrubbing to capture any volatilized ethanol 

which results in a CO2 stream with 2.4% water content by mass, above the specified conditions for transport: 

50-840 ppmv (12). A five-stage compressor with interstage cooling was simulated where low pressure CO2 

(0.101 MPa) was first compressed to moderate pressure (3.8 MPa) using three stages, cooled to 28˚C for 

vapor-liquid separation and compressed to high pressure (15.3 MPa) using the remaining two stages (328). 

Vapor-liquid separation flash drums were intended to simulate various interstage coolers and knockout 

vessels used to decrease temperature and remove moisture. High pressure CO2 was cooled to 49˚C for 

vapor-liquid separation removing a cumulative of 98.8% of H2O and leaves the CO2 stream with 74 ppmv 

water content at 15.3 MPa. The electricity demand for CO2 compression was determined in ASPEN using 

compressor isentropic and mechanical efficiencies of 88% and 99%, respectively.  

Scenario IV – RNG & High-Purity CCS 

Biogas upgrading via membrane separation into renewable natural gas (RNG) which was assumed 

necessary to sell surplus biogas/methane generated as described in Scenario I. Biogas upgrading 

performance parameters were adapted from Deng and Hägg (2010) (320) to purify CO2 and upgrade CH4 
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in a 2-stage configuration with symmetric cascade recycling using polyvinylamine/polyvinylalcohol 

(PVAm/PVA) blend membranes and are recapitulated in appendix table A.12. Capital costs were also 

adapted, and electricity demand was determined using ASPEN simulations. The module lifetime was 

increased from 20 to 30 years by including two additional hollow fiber membranes each with a 5-year 

lifetime. Equipment cost estimates were scaled in proportion to the biogas feed rate (appendix table A.12, 

shown in brackets). Compressors were sized using a six-tenths exponent (20)and membrane modules were 

scaled linearly. Capital costs are presented in appendix B (online supplementary materials). 

Scenario V – RNG Electricity and High-Purity CCS 

The biogas turbine from scenario II was placed downstream from the biogas upgrading described in 

scenario IV. As with surplus biogas, only a fraction of the total RNG (i.e., the surplus) was routed to the 

turbine (approximately 38%) whereas the remainder was combusted specifically for process heat. Because 

RNG is delivered from the biogas membrane upgrading module at 20 bar, no additional fuel compression 

is required for gas turbine operation, which improved the modular thermal efficiency relative to firing-

biogas (appendix table A.11).  

Solids Combustion, Electricity Generation, and Flue Gas Capture 

The following adjustments were made to Scenario V to study the differences between fuel pellet and 

electricity coproduction regarding MESP and GHG reductions. Fuel pellets revenue, capital expense, and 

electricity consumption were removed from project economics. The gas boiler (2.5 MM$) was replaced 

with a solids boiler (46.2 MM$), and a 42.2 MW steam turbogenerator was added to the project (18.2 MM$) 

(27). Capital costs associated with capturing CO2 from flue gas were adapted assuming amine-based 

absorption and stripping (including compression) as reported in Kim et al., (2012) (329). The direct cost 

estimate was assumed to scale linearly (4.4-fold to 35 MM$).  Operating costs associated with capturing 

CO2 from flue gas were adapted from Geissler and Maravelias (2021) (263). Heat required to capture flue 

gas was provided by natural gas at a rate of 325 kg/hr. Electricity required to capture flue gas totaled 9.0 

MWh and was deducted from the electricity produced onsite.  The steam turbogenerator loop reported in 
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Humbird et al., 2011 generates 41.37 MWh electricity, but also includes extracting steam at high-pressure 

(12%) for thermochemical pretreatment and at low-pressure (35%) for distillation (27). Considering ethanol 

throughput is nearly equal, distillation duty should remain similar while the generated electricity was 

adjusted to 47.0 MWh to compensate for absence of high-pressure steam extraction. Exported electricity 

revenue was determined assuming a selling price of 0.0681 $/KWh (EIA, 2019 US total average). Solid 

residue combustion was adapted from Humbird et al., (2011), which produced flue gas at 20% CO2 by 

mass (27). Flue gas CO2 capture yield was assumed to equal 85% (329), generating approximately 0.524-

million-ton CO2 per year. 

Economic Analysis 

Project economics were determined using the financial assumptions in Humbird et al. (2011), including 

40% equity, a 10-year loan at 8% interest terms, and n-th plant assumptions. Minimum ethanol selling price 

(MESP) was determined using a 10% discount rate over a 30-year project lifetime. A 7-year MACRS 

(modified accelerated cost recovery system) depreciation schedule was assumed for capital investment. 

Capital and operating costs were estimated for project year 2019, including the corporate tax rate of set at 

21%. All scenarios were assumed to have identical indirect costs. For calculating additional direct costs, 

CO2 compression and pellet production capital equipment were considered inside battery limits (ISBL). 

Corn stover feedstock cost was assumed to equal $81.37/dry metric ton according to the Herbaceous 

Feedstock nth-supply state of technology (SOT) report by the Idaho National Laboratory (INL) (330) and 

reflects preprocessed corn stover delivered to the reactor throat at the biorefinery. Fuel pellet price was 

determined using data available through the US Energy Information Agency (EIA) (331). The 2019 annual 

average domestic price for densified biomass fuel was selected for this analysis at $166/ton. A sensitivity 

analysis for fuel pellet selling prices towards MESP was included in appendix figure A.13.1. The 2019 

annual average price for industrial electricity was $0.0681/kWh, (EIA) (332). No market value was assigned 

to excess biogas in scenario I that was not utilized or upgraded. A selling price of $50 per ton of CO2 was 

chosen in light of the supply chain logistics not included in this analysis (transportation, injection, 
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monitoring) (236,269,333–335). The US tax credit for carbon sequestration was recently (2022) raised from 

$50 to $85 per ton CO2 for geologic storage (253). 

GHG Accounting 

Relative biorefinery GHG emissions were determined focusing on the cellulosic ethanol manufacturing 

facility and MJ ethanol as the comparative metric (g CO2 equivalent per MJ ethanol). Simulated mass and 

energy balances were used to determine biorefinery greenhouse gas emissions.  Emissions related to the 

corn stover supply chain were estimated at 59.92 kg CO2eq per metric ton (GREET® 2022 v1.3.0.13991) 

(18,19,229). Life-cycle emissions related to ethanol/coproduct transport and distribution were not 

considered in this analysis. Geologic CO2 storage and avoided fossil fuel emissions (AFFE) for products 

other than ethanol were included in the GHG accounting. The carbon displacement factor for fuel pellets 

was determined to be 0.61 by dividing the LHV of fuel pellets (16.3 MJ./kg) by the LHV of bituminous 

coal (29.0 MJ/kg). Thus, for each CO2 equivalent in fuel pellets utilized (i.e., combusted), 0.61 of CO2 

equivalents related to coal combustion are avoided. A sensitivity analysis for fuel pellet fossil fuel 

displacement towards net biorefinery GHG reductions was included in appendix figure A.13.2. RNG was 

assumed to have a 1:1 carbon displacement factor with natural gas on a CO2 equivalent basis. Nutrient 

inputs to support biological growth were added in the form of corn steep liquor and urea, which were 

assumed to have carbon intensities equal to 0.935 and 0.878 gCO2eq/g (GREET® 2022 V1.3.0.13991) 

(18,19,229). The carbon emissions related to grid electricity consumption were calculated as 0.417 kg 

CO2/kWh using the 2019 national averages for CO2 emissions related to electricity generation and 

emissions provided by the US EIA (appendix B) (online supplementary materials) (332).  

Results and Discussion 

Carbon and Energy Balances 

Process design scenarios were analyzed in a stepwise fashion with the later scenarios including features 

from previous scenarios (appendix table A.13). The fate of feedstock carbon and energy is depicted in 

figures 23 and 24 respectively. Adjustments considered here did not dramatically affect fractional energy 
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recovery in final fuel products apart from eliminating natural gas in Scenario I. This is largely attributable 

to unchanged conversion parameters leading to equal production of ethanol and fuel pellets across all the 

scenarios. 

 

Figure 23. Carbon balances represented as terminal fraction of feedstock carbon input. Material Balances 

generated using ASPEN PLUS process simulations. Dashed bars represent high-purity CO2 streams 

purposed for carbon capture and storage. 
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Figure 24. Energy balances represented as terminal fraction of feedstock lower heating value (LHV). 

Fractional energy recovery (black dashed bars) represents the fraction of feedstock energy input embodied 

in terminal fuel products and is the sum of positive and negative contributions seen above. 

In scenario I, enhancing heat recovery completely eliminated natural gas consumption in the reference 

case (used for process heat) and led to a surplus of biogas available (17.5% of total). Fractional energy 

recovery, defined by the fraction of input LHV leaving in fuel products, increased by 8% by enhancing 

heat recovery in scenario I. Similarly, Pourhashem et al. (2013) also found that onsite biogas from stillage 

can meet steam demands without lignin/solids combustion (248). In scenario II, surplus biogas was used 

to generate electricity onsite via a gas turbine, with 61% of the biogas fed  to the steam boiler and 39% fed 

to the turbine. Recovering heat from turbine exhaust enables a larger fraction of biogas (39% instead of 

17.5%) to be routed towards the turbine for electricity generation. By producing electricity from surplus 
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biogas, externally supplied (grid) electricity consumption was reduced by 49%, relative to the reference 

case. In Scenario III, near-pure CO2 produced by fermentation is compressed in advance of transportation 

and storage, representing 15.4% of feedstock carbon input. There was a 16.4% increase in total electricity 

demand for compression of fermentation CO2, resulting in approximately 7.3 kg CO2 compressed per 

kWh consumed. From a GHG perspective, this compares favorably with the current (i.e., 2019) grid 

carbon intensity 0.417 kg CO2 per kWh (see methods).  In scenario IV, biogas membrane upgrading was 

included, and the total supply of RNG was split 82.5% & 17.5% between supplying process heat and sold 

surplus RNG, respectively.  This generated an additional fuel stream, surplus RNG, but required 43% 

more grid electricity consumption than the reference case due to membrane separation and CO2 capture 

compression demands. Biogas membrane separation enabled an additional 8.6% of feedstock carbon to be 

captured from biogas.  Combining the CO2 streams from fermentation and biogas resulted in nearly of 

quarter of feedstock carbon (24.0%) available for permanent geologic storage. Of note, this result was 

obtained without any CO2 separation from dilute flue streams, i.e., the boiler or turbine exhausts.  Lastly, 

in scenario V, utilizing surplus-RNG onsite to generate electricity via a gas turbine (instead of selling 

surplus RNG) enabled biogas-CO2 to be captured while also offsetting grid electricity consumption 

(figure 24). Scenario V required roughly the same amount of electricity as the starting reference case 

while also delivering a significant fraction (i.e., 24.0%) of feedstock carbon input to permanent geologic 

storage. Regarding uncaptured yet stationary exhaust emissions, in scenario V only 9% of feedstock 

carbon input is emitted via onsite combustion (figure 23), and the bulk of potential flue gas carbon (37%) 

is leaving the facility as coproduct fuel pellets. 

Capital Investment, Costs, and Revenues 

The installed capital investment for each scenario is depicted in figure 25. Total capital investment for a 

60 million gallon per year (MMgal/yr) facility varied between 270-325 MM$. These compared favorably 

with the Humbird et al. (2011) total capital investment estimate of 488 MM$ (adjusted to 2019$) for a 61 

MMgal/yr facility using a conventional processing paradigm involving thermochemical pretreatment and 
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added fungal cellulase. The gas turbine capacity was approximately 9 MW and estimated at 7.0 MM$ for 

scenarios II, III, and V. The capital investment for fermentation-CO2 compression was 6.7 MM$ (scenario 

III) and 8.7 MM$ for scenarios with additional biogas-CO2 compression (IV & V). Capital expenses 

related to biogas upgrading via membrane separation totaled $17.9 million (scenario IV and V). 

Generally, the capital investments that enable additional GHG reductions presented throughout this study 

were small compared to the 285 MM$ total capital investment required for the reference case. 

 

Figure 25. Total capital investment. All scenarios generate 60 million gallons per year (MMgal/yr) and 

processes 2,000 dry metric tons of corn stover per day. Capital equipment purchase cost estimation and a 

summary of total capital investment is available in appendix B (online supplementary materials). 
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Product revenue and operating costs for each scenario are depicted in figure 26. Note that ethanol revenue 

was determined by multiplying ethanol output (equal among all scenarios) by the scenario MESP, which 

led to different ethanol revenues in each scenario despite all the scenarios having the same profitability, 

i.e., 30-year project net present value equal to zero assuming a 10% discount rate. As can be observed from 

figure 26, feedstock dominates operating costs among all the scenarios, underscoring its importance to 

project economics. In Scenario I, elimination of natural gas consumption led to a small improvement in 

operating costs and project economics. In scenario II, grid electricity operating costs were split in half by 

utilizing surplus biogas onsite via gas turbine. Scenario III built on that result, but also included a small 

coproduct revenue from fermentation CO2 to CCS. In scenario IV, the coproduct revenue from surplus-

RNG and biogas-CO2 was realized but was largely offset by an 115% increase in electricity operating costs 

relative to scenario III. When compared to the revenue from ethanol or fuel pellets, the coproduct revenue 

from either CO2 or surplus-RNG was roughly an order of magnitude smaller.  
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Figure 26. Revenues and costs. Minimum ethanol selling prices (MESPs) were used to determine ethanol 

revenue leading to variable ethanol revenues across the various scenarios despite the same throughput (60 

MMgal/yr). Only the reference case includes natural gas consumption, which is included under the label 

other costs. Net revenue (dashed blue bars) is equal to revenues minus costs.  

The CO2 levelized cost of capture was estimated to be between $13.7 and $14.8/ton CO2 depending on the 

scenario (appendix figure A.12). Levelized costs were lower for scenarios IV and V than III due to capturing 

additional biogas-CO2 and economies of scale for compressor capital investment. Levelized costs of capture 

were similar to those found in the literature for cases where CCS was selectively applied to high-purity 

streams (236,261,336). The total levelized cost of carbon abatement, including transportation and storage, 

would be higher. For comparison, levelized transport costs have been reported in the range of $5-14/ton 

CO2 (261,264,269,333), storage in the range of $6-24/ton (259,261), and monitoring $0.1-0.3/ton (335). At 
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a manufacturing-gate assumed selling price of $50/metric ton, adding high-purity CCS is profitable 

compared to not doing so. 

Scenario Comparisons: GHG reductions and MESPs 

Relative GHG reductions and MESPs for each scenario are presented in figure 27. Generally, all process 

design scenarios presented here lowered the MESP and improved GHG reductions relative to the reference 

case. Many of the GHG reduction measures considered here impart only minor increases in total capital 

investment (figure 25) and no changes in ethanol and fuel pellet production (figure 23 and 24). Avoided 

fossil fuel emissions (AFFE) afforded by fuel pellets were equal in all scenarios presented here and was 

determined assuming coal displacement (see methods). Later scenarios, with overall larger negative 

emissions, were less sensitive towards fuel pellet AFFE (appendix figure A.13.2). Despite additional capital 

investment, decreasing MESPs ($1.43, $1.39, $1.34, $1.23, $1.27, $1.31 per gallon ethanol, respectively) 

indicate that the process design modifications would improve project economic outcomes overall. It should 

be noted that MESPs depend on financial assumptions, production scale, and project schedule, and variables 

assumed  here align with the nth plant analysis as specified by NREL (Humbird et al., 2011). Estimated 

MESPs here range from $1.23 to $1.43 per gallon ethanol, which is in the lower end of estimates previously 

reported for corn stover ethanol (especially compared to studies from the past decade) (appendix table A.9). 

Inclusion of high-purity CCS resulted in lower MESP values than without and enabled cost-competitive 

ethanol on a gasoline equivalent basis. Over the last fifteen years, the average wholesale selling price of 

gasoline has equaled $2.14/gal gasoline (+/- 0.59 $/gal, i.e., one standard deviation) (EIA data) whereas 

ethanol MESP’s reported here range between $1.86 and $2.17 per gallon of gasoline equivalent (GGE) 

(appendix B) (online supplementary materials, underscoring the cost-competitiveness with wholesale 

gasoline. 
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Figure 27. Greenhouse gas reductions and minimum ethanol selling prices for the reference case and 

scenarios I to V. AFFE: avoided fossil fuel emissions. GHG emissions determined on a gCO2 equivalent 

per MJ ethanol basis for a 60 million gallon per year facility. MESP determined on gallon gasoline 

equivalent (GGE) basis. Average wholesale gasoline price (solid red line) reported by the EIA between 

2010-2022 equaled $2.14/gal with a single standard deviation of $0.59. Minimum ethanol selling price 

(MESP) (red bars) was determined using the same financial assumptions as Humbird et al. (2011) for a 

30-year project with a 10% discount factor. Net biorefinery GHG reductions (dashed blue bars) were 

determined by summing positive and negative contributions presented here.  

Eliminating natural gas consumption in scenario I led to a marginal improvement in GHG reductions and 

leaves externally purchased (i.e., grid) electricity as the largest remaining fossil fuel input. Scenario II builds 

on this result, utilizing surplus biogas via gas turbine and cutting electricity imports nearly in half. Possible 

GHG benefits realized by minimizing grid electricity may be transient, i.e., not reflective of future low-
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carbon grid technology  (250), while those of CCS would persist in, and indeed help enable, a net-zero 

carbon economy. Compared to scenario II, deploying CCS for fermentation CO2 in scenario III resulted in 

a 2.1-fold improvement in the net GHG emission reductions (an additional -35 gCO2eq/MJ ethanol) and 

lowered MESP from $2.03 to $1.86 per GGE. Scenario IV introduced biogas upgrading via membrane 

separation to sell surplus RNG which required additional electricity and sacrificed any onsite electricity 

generation via RNG-turbine. Ultimately, only 17.5% of RNG is sold (i.e., the surplus, corresponding to 

1.6% of feedstock carbon input) and thus the much larger contribution to GHG emission reductions is the 

biogas-CO2 byproduct stream. Scenario V displaced more grid electricity CO2 equivalents than RNG 

coproduct sales in scenario IV, yielding the highest GHG emission reduction among the scenarios simulated 

thus far. The reference scenario’s net biorefinery GHG emission reduction was estimated at -19.5 

gCO2eq/MJ ethanol and ‐-84.8 gCO2eq/MJ for Scenario V, thus, the cumulative impact of the changes 

described throughout this study increased the carbon abatement by 4.3-fold while simultaneously lowering 

the minimum ethanol selling price.    

Up to this point, the analysis has primarily focused on the energy and economic efficiencies related to 

capturing high-purity CO2 streams at the biorefinery. However, it is also possible to imagine a total CCS 

approach which would also capture dilute flue gas CO2. The net biorefinery GHG reductions in a total-CCS 

approach nearly doubled to -157 gCO2eq/MJ ethanol (figure 28). However, this increases the capital 

investment from 322 to 445 MM$ while reducing total revenue from 137 to 118 MM$. Despite exporting 

9 MW electricity to the grid, the minimum ethanol selling price was increased 1.4-fold (1.98 to 2.82 $/GGE, 

respectively). This result is consistent with the prior study, Lynd et al. (2017), that demonstrated lower 

operational costs and project investment based on fuel pellet coproduction rather than onsite electricity 

production (21). Notably, the trade-off between economics and GHG reductions is not observed when 

capturing only high-purity streams. 

In summary, it would be possible to economically recover 24% of feedstock carbon as high purity gas 

(fermentation off-gas and separated biogas), and an additional 46% from solids combustion for a total of 
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70% of feedstock carbon could be captured. These streams correspond to 0.276, 0.105, and 0.524 million 

tons of CO2 annually available, respectively, all originating from a 60 MMgal/yr facility.  These results 

demonstrate the potential for improving GHG mitigation benefits as cellulosic biofuel technology matures. 

 

Figure 28. Greenhouse gas reductions and minimum ethanol selling prices for coproduction of fuel pellets 

or electricity. AFFE: avoided fossil fuel emissions. GHG emissions are determined on a gCO2 equivalent 

per gallon gasoline equivalent (GGE) basis for a 60 million gallon per year facility. Scenario V is 

duplicated from figure 27 with no changes titled fuel pellets export.  

Conclusions 

This study offers an updated technoeconomic evaluation of corn stover conversion to ethanol via  C-CBP 

at a scale of  60 million gallon per year. Compared to the reference case (Lynd et al., 2017), each of the 

revised scenarios presented here enables additional GHG emission reductions while simultaneously 

decreasing the MESP. Enhanced heat recovery eliminated natural gas input and generated surplus biogas. 

Increased CO2 removal may be realized by upgrading the biogas produced onsite via membrane separation 

where RNG can be sold as a coproduct or combusted to offset grid electricity consumption via gas turbines. 
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Results indicate that carbon capture and storage (CCS) from fermentation sources is a direct and cost-

effective (MESP: $1.23/gal) pathway to enabling negative carbon flux (15.4% of feedstock carbon input) 

and significant GHG emission reductions (an additional -35 gCO2eq/ MJ ethanol). In another scenario (IV), 

Biogas membrane separation enables selling surplus RNG and captures an additional 8.6% of feedstock 

carbon  input, or 24% combined. In the final scenario (V), GHG reductions are 4.3-fold higher while the 

MESP is nearly 10% lower than the starting reference case for an increase in total capital investment 

(+18%). These results underscore the role cellulosic ethanol can play in realizing negative carbon emissions 

at the biorefinery. The levelized cost of capture for fermentation CO2, both with and without biogas CO2, 

was $13.7 and $14.8/ton, respectively, both of which compare favorably with the existing price incentives 

for geologic storage ($85/ton overall). Overall, our analysis suggests that 1) a corn-stover-to-ethanol facility 

can be self-sufficient in process heat without onsite combustion of solid process residues, 2) compared to 

wholesale gasoline, the C-CBP platform offers cost-competitive cellulosic ethanol with MESPs ranging 

between $1.86 and $2.17/GGE,  3) capturing CO2 from fermentation was a relatively straightforward path 

to enabling negative carbon flux (plus coproduct revenue) and when coupled with biogas upgrading, enables 

capture of  24% feedstock carbon input without using dilute flue streams, and 4) a total-CCS approach 

would enable capturing 70% of feedstock carbon with a 8-fold increase in net biorefinery GHG emission 

reductions, relative to the starting case. 
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6.3 Project History  

It can be useful to reflect on project trajectories, and this project took many iterations which I am now 

taking the chance to catalogue. I first began to incorporate process design into my research after taking the 

graduate level course Biomass Energy Systems instructed by Prof. Lee R. Lynd. The class project 

conceptualized returning high lignin fermentation byproduct (HLFB) (i.e., solid process residues) as a 

potentially circular coproduct cellulosic ethanol alongside sustainable agricultural practices. As a class 

project, my responsibilities included preparing mass and energy balances and I developed a biorefinery 

model using Excel. I eventually transitioned this project into my qualifications exam (a research proposal 

based format) proposing a self-sufficient cellulosic biorefinery that no longer combusts solid process 

residues using ASPEN® plus simulations and GREET® life cycle assessments. In the context of 

revaluating solids combustion during bioprocessing, we had initial success in enhancing heat integration 

(by modifying distillation/pasteurization) that eliminated onsite natural gas combustion and provided a 

surplus of biogas (this eventually became my Scenario I). However, at this point, the primary focus of the 

analysis was producing HLFB. In an effort to assign value to HLFB, I balanced nitrogen flows in the 

ASPEN®plus simulations to establish C:N estimates for the corn stover feed and HLFB coproduct. Nutrient 

inputs were overhauled specific to a CBP bioconversion process, and were applied across all process 

scenarios for consistency. At this point we began exploring carbon capture and storage as well as biogas 

upgrading and began simulating new unit processes based on literature parameters. Eventually, other 

projects studying HLFB took precedent, and it became clear that the HLFB coproduction scenario was more 

distracting then informative. Meanwhile, the incentives to capture carbon emissions were gaining 

momentum. For example, the US 45Q tax credit for sequestering CO2 has increased 3-fold ($28 to $85/ton) 

since my graduate studies began in 2018 (252), this in addition to continued renewable fuel supports (e.g., 

the RFS and LCFS). Taken together, carbon capture and storage/ carbon management/ carbon dioxide 

removal became the primary focus. At this point the study was finalizing while focusing exclusively on 
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capturing high purity streams. As a final iteration, I estimated flue gas capture onsite and off, assuming 

contemporary or futuristic carbon intensity and displacement.  

7. Conclusions  

The significance of this thesis is broadly divided into three camps: wet-lab biological characterizations, 

bioreactor development, and process design. Thesis projects were linked by a shared goal, i.e., seeking to 

better understand lignocellulose conversion via CBP using C. thermocellum in industrial settings. Important 

findings from each grouping are summarized as follows: 

Chapter 4 was an important foray towards industrially relevant substrate loadings. Using defined batch 

cultures in conventional benchtop reactors, diminishing carbohydrate solubilization was extensively 

documented between 20 and 80 g/L corn stover or senescent switchgrass. Follow up diagnostic experiments 

offered novel insights to the limits facing carbohydrate solubilization. Mid-fermentation dilutions and 

partnering C.thermocellum alongside a hemicellulose utilizing microbe, T. thermosacccharolyticum, were 

shown to improve fractional carbohydrate solubilization. Results were consistent with the hypothesis that 

impediment of deconstruction by adsorbed oligosaccharides could be a possible mechanism for declining 

solubilization with increasing substrate loading, although this remains to be further elucidated. This work 

served as an important milestone for our understanding of C. thermocellum mediated lignocellulose 

solubilization, and provides a solid foundation for future and ongoing research, especially at high solid 

loadings. 

In Chapter 5, a custom bioreactor was developed to characterize CBP solubilization performance beyond 

80 g/L, the point where mixing and sterilization became unreliable using conventional benchtop reactors. 

This work originally started as a Master’s student thesis (Galen Moynihan) who successfully demonstrated 

representative solids delivery using a fixed-volume piston sampler (220). Described in this thesis, both 

hardware and standard operating procedures were developed to enable biological characterization, with a 

series of experiments aimed at validating aseptic, semi-continuous, and high solid loading conditions. 
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Significant time and effort was spent on improving hardware, formalizing data acquisition, and designing 

sterilization procedures for biological testing.  Biological testing was successfully conducted using a 

defined coculture at both 30 and 120 g/L corn stover and a 72-hour residence time.  Under these conditions, 

steady state behavior with respect to carbohydrate solubilization was observed, although soluble sugar 

utilization and fermentation products were variable due to poor coculture reproducibility, especially at 120 

g/L.  Nevertheless, cultivating C. thermocellum was entirely possible which remains a key milestone for 

the novel high solids reactor. A manuscript summarizing these results in the context of tool development 

has been prepared, and will likely be submitted to a journal after the thesis defense. One caveat, however, 

is the cohesion of the fermentation runs at 120 g/L. With only two runs complete at the submission of this 

thesis, it is unclear how representative the current data is for the stability of the system. There are multiple 

future runs planned, and the eventual paper will address this. 

Chapter 6 uses simulation based methods to offer an updated technoeconomic evaluation of corn stover 

conversion to ethanol via  C-CBP at a scale of  60 MMgal/yr. Using Lynd et al., (2017) as a simulation 

departure point (21), this study documents the effects incorporating heat integration, biogas upgrading, and 

carbon capture and storage. The revised scenarios enable additional GHG emission reductions while 

simultaneously decreasing the MESP. Results indicate that high-purity carbon capture and storage (CCS) 

is a direct pathway to enabling negative carbon flux, significant GHG emission reductions, and cellulosic 

ethanol production cost-competitive with average wholesale gasoline prices. In a total-CCS approach, up 

to 70% of feedstock carbon can be captured while exporting over 50% of feedstock LHV as fuel or 

electricity- reinforcing the role liquid biofuel production could play in climate mitigation strategies.  
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7.1 Recommendations for Future Work 

High Solids Fermentation (Independent from bioreactor development) 

• Continue to optimize coculture growth conditions/media background. (see appendix figure A.3)  

• In table 2 (page 42), the calculated fractional utilization of xylose was remarkably similar between 

solid loadings, but changed depending on feedstock choice. Test if this trends holds consistent with 

additional lignocellulose feedstocks (keeping biocatalyst the same). This might offer insights into 

the character of residual, solubilized C5’s based on relative abundance in different feedstocks.  

• Evaluating C. thermocellum performance at solid-state loadings. It would be interesting to perform 

a comparison between submerged and solid state cultivations in the Lynd lab, given our extensive 

experience with submerged fermentations and continued interest in high solid loadings.  

• Evaluate C. thermocellum carbohydrate solubilization sensitivity to stirring at high solid loadings 

(e.g. 5, 50, 250, 500 RPM). Could be a relatively simple experiment to gain insight into mass 

transfer effects on carbohydrate solubilization. 

• For semi-continuous cultivations at high solids, begin to determine the culture’s sensitivity to 

residence times. We chose 72-hours for both solid loadings, although perhaps quicker residence 

times could be advantageous.  

HSR Development 

• Seeking experience with modeling software (e.g., AutoCAD, solidworks) and the machine shop 

will help aid in future endeavors. Similarly, perhaps to a lesser extent, coding and automated 

controls.  

• HSR data acquisition and analysis can likely be improved. For example, I have to manually comb 

through data to find the feeding cycles in a dataset with 14,000+ data entries. A data analysis 

pipeline using e.g. python or matlab could enable quicker, and perhaps less error-prone, data 

analysis.   
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• Further evaluation of high solid slurry pumps (e.g., rotary lobe) in lieu of fixed-volume sample or 

augur. Perhaps revisit horizontal plugflow feeding as in South et al., (1993, 1994).   

• Characterize the performance of the HSR finely milled corn stover in a benchtop reactor for as a 

comparison for  semi-continuous fermentations.  

• It is recommended to do heating control recalibration. 

• Hardware: the next iteration of custom bioreactor should have headplate space for pH and 

temperature probes. Both the bioreactor and the holding tank need sampling lines. Future impellers 

should be fabricated with metal but allow for bolting-on PTFE to scrape reactor walls.  

• The HSR holding frame is difficult to work with for a couple reasons: alignment is not ideal, it is 

heavy, and we cannot remove bioreactor without completely dismantling the system. If anyone 

designs another high solids reactor, do not underestimate the importance of a good frame.   

• The bottom stir assembly is workable, but I would add more seals and bearings if I were to design 

another. (Some of these parts are already wearing down, so they will need replacement sooner 

rather than later.)  

• Sparging needs to be optimized. In an effort to avoid contamination, we are likely sparging N2 

through the mixtank too aggressively. 

Technoeconomic Analyses 

• Growth media, nutrients, nitrogen etc. for C. thermocellum containing cocultures could be an 

interesting direction for technoeconomic and life cycle analysis. It would be additionally 

compelling if the analysis is informed by some wet-lab experiments looking at minimal media 

component requirements in industrial settings.  

• Our technoeconomic analyses would be stronger paired with GREET life cycle analysis. It is user-

friendly and I recommend lab members interested in TEA get acquainted sooner rather than later.  

• There may some value in trying to publish the C:N balances /  high lignin fermentation byproduct 

coproduction scenario described in section 6.3.  
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8. Appendices 

8.1 Chapter 4 Appendix 

Table A.1. Data from figure 5 and figure 6, fractional carbohydrate solubilization (FCS) and fermentation 

end product concentrations. 

(n=2) Corn Stover Senescent Switchgrass 

Loading 
FCS Ethanol 

(g/L) 

Acetate 

(g/L) 

Formate 

(g/L) 

Lactate 

(g/L) 

FCS Ethanol 

(g/L) 

Acetate 

(g/L) 

Formate 

(g/L) 

Lactate 

(g/L) 

20 g/L 
0.695  

±0.013 

0.962 

±0.007 

1.634 

±0.097 

0.213 

±0.028 

0.063 

±0.013 

0.399 

±0.001 

0.658 

 ±0.006 

1.286 

±0.018 

0.108 

±0.001 

0.020 

±0.001 

40 g/L 
0.663 

±0.006 

1.657 

±0.028 

2.953 

±0.169 

0.299 

±0.025 

0.188 

±0.008 

0.365 

±0.009 

1.048 

±0.070 

2.053 

±0.088 

0.063 ± 

±0.003 

0.027 

±0.003 

60 g/L 
0.630 

±0.033 

2.087 

±0.085 

3.630 

±0.029 

0.428 

±0.021 

0.207 

±0.000 

0.291 

±0.007 

1.136 

±0.046 

2.732 

±0.082 

0.230 

±0.007 

0.036 

±0.000 

80 g/L 
0.556 

±0.011 

2.655 ± 

±0.028 

5.071 

±0.224 

0.767 

±0.056 

0.359 

±0.010 

0.2436 

±0.005 

1.202 

±0.031 

3.526 

±0.140 

0.300 

±0.002 

0.040 

±0.005 

 

Table A.2. Molar product ratios for increasing solids (figure 5 and figure 6) 

Molar Product Ratios 

(n=2) Corn Stover Senescent Switchgrass 

Loading Ethanol Acetate Formate Lactate Ethanol Acetate Formate Lactate 

20 g/L 1.000 1.303 0.277 0.033 1.000 1.499 0.168 0.016 

40 g/L 1.000 1.201 0.185 0.036 1.000 1.503 0.159 0.013 

60 g/L 1.000 1.334 0.210 0.051 1.000 1.845 0.207 0.016 

80 g/L 1.000 1.465 0.148 0.069 1.000 2.250 0.255 0.017 
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Table A.3. Data from figure 6, residual solubilized carbohydrates. 

(n=2) Corn Stover Senescent Switchgrass 

Loading 
Arabinose 

(g/L) 

Glucose  

(g/L) 

Xylose  

(g/L) 

Arabinose 

(g/L) 

Glucose 

 (g/L) 

Xylose 

 (g/L) 

20 g/L 0.704 ± 0.015 0.480 ± 0.018 2.899 ±0.172 0.322 ±0.013 0.279 ±0.007 1.680 ±0.054 

40 g/L 1.034 ±0.050 0.677 ±0.020 6.292 ±0.357 0.590 ±0.031 0.527 ±0.022 3.102 ±0.033 

60 g/L 1.456 ±0.054 0.931 ±0.041 8.778 ±0.298 0.751 ±0.003 0.649 ±0.000 3.781 ±0.033 

80 g/L 2.448 ± 0.000 1.192 ±0.035 10.157 ± 0.087 0.902 ±0.034 0.791 ±0.030 4.318 ±0.120 

 

Table A.4.  Data from figure 7, fermentation end product ratios. 

Spent Media Experiments Net Product Ratios 

Substrate Spent Media 
Ethanol 

(mol/L) 
Acetate (mol/L) Formate (mol/L) Lactate (mol/L) 

5 g/L Avicel Corn Stover 80 g/L 1.000 1.101 0.070 0.089 

5 g/L Avicel Switchgrass 80 g/L 1.000 0.897 0.271 0.044 

5 g/L Avicel Corn Stover 20 g/L 1.000 1.158 0.083 0.016 

5 g/L Avicel Switchgrass 20 g/L 1.000 0.863 0.293 0.028 

5 g/L Avicel Avicel 12.1 g/L 1.000 0.732 0.322 0.218 

5 g/L Avicel Cellobiose 12.1 g/L 1.000 0.997 0.335 0.019 

5 g/L Avicel water/none 1.000 1.021 0.684 0.167 

5 g/L Cellobiose Corn Stover 80 g/L 1.000 1.089 0.350 0.055 

5 g/L Cellobiose Switchgrass 80 g/L 1.000 0.822 0.400 0.038 

5 g/L Cellobiose Corn Stover 20 g/L 1.000 1.137 0.504 0.026 

5 g/L Cellobiose Switchgrass 20 g/L 1.000 0.863 0.293 0.028 

5 g/L Cellobiose Avicel 12.1 g/L 1.000 0.814 0.464 0.095 

5 g/L Cellobiose Cellobiose 12.1 g/L 1.000 0.760 0.363 0.040 

5 g/L Cellobiose water/none 1.000 0.887 0.449 0.095 
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Figure A.1. Residual solubilized carbohydrates per addition. 

 

Figure A.1. Residual solubilized carbohydrate concentrations determined by mild acid hydrolysis of the 

supernatant for additions of model substrates and cells to 80 g/L corn stover fermentations. Concentrations 

are normalized to dilutions for comparison of results with and without additions.  Error bars represent 1 

standard deviation for duplicate bioreactor runs.  

Data Summary: This data emphasizes that additions of model substrates or cells did not improve xylose 

solubilization, which for monocultures of C. thermocellum, is a reasonable proxy for overall carbohydrate 

solubilization. Considering the overall carbohydrate solubilization did not significantly change (see figure 

8) and the xylose concentrations are similar, it can be reasoned that the additional cellulose was nearly or 

completely consumed, and only a marginal increase in glucose (+0.15 and +0.54 g/L) was found in the 

supernatant for cellulose and cellobiose additions, respectively. 
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Figure A.2. Fermentation products per addition. 

 

Figure A.2. Products ethanol, acetate*, formate, and lactate from fermentations of 80 g/L corn stover per 

addition. Sum refers to the addition of the above four product concentrations in g/L. Concentrations are 

normalized to dilutions for comparisons between no additions and additions.   Error bars represent 1 

standard deviation for duplicate bioreactor runs. *Acetate originates from both lignocellulose 

solubilization (cleavage of acetyl groups) and microbial fermentation of carbohydrates. 

Data Summary: Higher concentrations of fermentations products were observed for additions of cellobiose 

and cellulose. This data, along with gas production (figure 8B), suggests that the culture readily utilized the 

model substrates, and cellular limitations related to medium nutrients or product inhibition were not 

observed.  
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Figure A.3. Xylose utilization by cocultures on defined medium. 

 

Figure A.3. Xylose utilization by cocultures. Panel (A) depicts initial (t=0 h) and final (t=24 h) xylose 

concentrations for a serially transferred coculture bottle fermentation. Defined MTC media with 2.5 g/L 

cellulose and 2.5 g/L xylose was pH buffered with 5 g/L working concentration of MOPS sodium salt. Panel 

(B) shows decreasing xylose concentrations across 24-hour samples for a coculture bioreactor 

fermentation. Defined MTC media with 20 g/L cellulose and 10 g/L xylose was pH controlled with additions 

of 4 N KOH. Concentration values are averages of duplicate bioreactor runs (n=2) and the error bars 

represent one standard deviation.  

Data Summary: Preliminary experiments demonstrate that pH is an influential factor in the fractional 

utilization of xylose by T. thermosaccharolyticum on defined media. Following experiments comparing 

monocultures and cocultures were operated at pH 6.5 to ensure reliable coculture partner performance. 

Panel (A): It should be noted that the T. thermosaccharolyticum inoculum is prepared on undefined CTFUD 

medium containing yeast extract. The inoculum containing yeast extract that enters serial transfer bottle 

one is serially diluted (via 2%v/v serial inoculum) such that a negligible yeast extract concentration persists 
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into the later serial transfers. Near-complete xylose utilization in the later serial transfers suggests that the 

coculture retains the ability to utilize xylose in the absence of yeast extract under defined pH-buffered MTC 

medium. 

Panel (B): Under pH-controlled operating conditions (via additions of 4 N KOH), the coculture 

demonstrates near-complete utilization (~99%) of the xylose at pH 6.5 and unfinished xylose utilization 

(~75%) at pH 7.0. The variability is a great deal higher for the cocultures operating at pH 7.0, which could 

suggest that pH 7.0 is roughly the threshold for viable T. thermosaccharolyticum cultivations on xylose and 

defined medium.S8.  

Table A.5. Data from figure 9 and figure 11, fractional carbohydrates solubilization and fermentation end 

product and residual solubilized carbohydrate concentrations for corn stover fermentations. 

 
Corn Stover 

Culture  

Type 

Solid 

Loading 

(g/L) 

FCS Ethanol 

(g/L) 

Acetate 

(g/L) 

Formate 

(g/L) 

Lactate 

(g/L) 

Arabinose 

(g/L) 

Glucose 

(g/L) 

Xylose 

(g/L) 

MC 
20 

(n=4) 

0.655 

±0.016 

0.932 

±0.031 

1.483 

±0.078 

0.188 

±0.004 

0.033 

±0.003 

0.530 

±0.006 

0.290 

±0.006 

3.293 

±0.083 

CC 
20 

(n=4) 

0.749 

±0.014 

2.080 

±0.049 

2.333 

±0.122 

0.166 

±0.011 

0.055 

±0.009 

0.205 

±0.020 

0.220 

±0.013 

0.794 

±0.088 

MC 
80 

(n=2) 

0.556 

±0.010 

2.707 

±0.044 

5.020 

±0.034 

0.438 

±0.007 

0.234 

±0.001 

1.603 

±0.006 

0.824 

±0.003 

10.337 

±0.016 

CC 
80 

(n=2) 

0.632± 

0.002 

7.232 

±0.284 

7.079 

±0.127 

0.710 

±0.008 

1.309 

±0.105 

0.660 

±0.020 

0.734 

±0.022 

2.438 

±0.016 
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Table A.6. Data from figure 9 and figure 12, fractional carbohydrates solubilization and fermentation end 

product and residual solubilized carbohydrate concentrations for senescent switchgrass fermentations.  

 
Senescent Switchgrass 

Culture  

Type 

Solid 

Loading 

(g/L) 

FCS Ethanol 

(g/L) 

Acetate 

(g/L) 

Formate 

(g/L) 

Lactate 

(g/L) 

Arabinose 

(g/L) 

Glucose 

(g/L) 

Xylose 

(g/L) 

MC 
20 

(n=4) 

0.405 

±0.028 

0.597 

±0.016 

1.278 

±0.031 

0.129 

±0.013 

0.023 

±0.005 

0.355 

±0.011 

0.283 

±0.009 

2.061 

±0.045 

CC 
20 

(n=4) 

0.457 

±0.042 

1.597 

±0.083 

1.717 

±0.127 

0.100 

±0.016 

0.088 

±0.009 

0.093 

±0.007 

0.171 

±0.008 

0.428 

±0.022 

MC 
80 

(n=2) 

0.259 

±0.026 

1.209 

±0.048 

3.502 

±0.147 

0.573 

±0.005 

0.130 

±0.007 

0.947 

±0.079 

0.736 

±0.040 

5.254 

±0.519 

CC 
80 

(n=2) 

0.307 

±0.020 

3.894 

±0.172 

4.338 

±0.222 

0.521 

±0.011 

0.250 

±0.039 

0.251 

±0.023 

0.462 

±0.018 

1.136 

±0.080 
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Table A.7. Data from Figure 5, 6, 9, 11, and 12, estimated contributions towards reported acetate titers from either lignocellulose deconstruction or 

microbial fermentation product. 

Feedstock Culture pH 
Lignocellulose 

Loading 
FCS 

Acetyl Content 

[1][2] 

Theoretical Acetate 

Solubilized 
Total Acetate Titer 

      (g) (L) (g/L)   (dry wt. %) (g) (g/L) (g/L) 
(% 

lignocellulose) 

(% 

microbial) 

corn stover MC 7 6 0.3 20 0.695 2.51% 0.105 0.349 1.63 21.41% 78.59% 

corn stover MC 7 12 0.3 40 0.663 2.51% 0.200 0.666 2.59 25.71% 74.29% 

corn stover MC 7 18 0.3 60 0.63 2.51% 0.285 0.949 3.63 26.15% 73.85% 

corn stover MC 7 24 0.3 80 0.556 2.51% 0.335 1.117 5.07 22.03% 77.97% 

switchgrass MC 7 6 0.3 20 0.399 3.60% 0.086 0.287 1.28 22.44% 77.56% 

switchgrass MC 7 12 0.3 40 0.365 3.60% 0.158 0.526 2.05 25.64% 74.36% 

switchgrass MC 7 18 0.3 60 0.291 3.60% 0.189 0.629 2.73 23.02% 76.98% 

switchgrass MC 7 24 0.3 80 0.243 3.60% 0.210 0.700 3.52 19.88% 80.12% 

corn stover MC 6.5 6 0.3 20 0.656 2.51% 0.099 0.329 1.46 22.56% 77.44% 

corn stover MC 6.5 24 0.3 80 0.557 2.51% 0.336 1.119 5.02 22.29% 77.71% 

corn stover CC 6.5 6 0.3 20 0.749 2.51% 0.113 0.376 2.33 16.14% 83.86% 

corn stover CC 6.5 24 0.3 80 0.632 2.51% 0.381 1.270 7.07 17.96% 82.04% 

switchgrass MC 6.5 6 0.3 20 0.406 3.60% 0.088 0.292 1.27 23.02% 76.98% 

switchgrass MC 6.5 24 0.3 80 0.259 3.60% 0.224 0.746 1.71 43.62% 56.38% 

switchgrass CC 6.5 6 0.3 20 0.457 3.60% 0.099 0.329 3.5 9.40% 90.60% 

switchgrass CC 6.5 24 0.3 80 0.308 3.60% 0.266 0.887 4.33 20.49% 79.51% 

 

1. Kumar, R., Mago, G., Balan, V., & Wyman, C. E. (2009). Physical and chemical characterizations of corn stover and poplar solids 

resulting from leading pretreatment technologies. Bioresource Technology, 100(17), 3948–3962. 

https://doi.org/10.1016/j.biortech.2009.01.075 

2. Wyman, C. E., Balan, V., Dale, B. E., Elander, R. T., Falls, M., Hames, B., Holtzapple, M. T., Ladisch, M. R., Lee, Y. Y., Mosier, N., 

Pallapolu, V. R., Shi, J., Thomas, S. R., & Warner, R. E. (2011). Comparative data on effects of leading pretreatments and enzyme 

loadings and formulations on sugar yields from different switchgrass sources. Bioresource Technology, 102(24), 11052–11062. 

https://doi.org/10.1016/j.biortech.2011.06.06 
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8.2 Chapter 6 Appendix 

Figure A.4. Semi-continuous Arduino Script 

// semi-continuous operation code 

// Matt Kubis April 19th, 2023 

// High Solids Reactor  

 

// initializing variables 

// defining time variable outputs 

long start_time=0;  

long total_time=0; 

long start_cycle_time=0; 

long end_cycle_time=0; 

 

// defining time variables inputs 

long ExtendTime = 12000; // includes time to extend as well as dwell 

long RetractTime = 6000; // time to retract piston 

long PurgeTime = 500; // how long purge valve is open 

long wait_time = 34372406; // 9.626 hrs (CHANGE RTs HERE) 

 

// defining variables for level evaluation 

int TotalSamples = 101; // number of total datapoints for level probes 

int DataPoints = 100; // number of kept datapoints for level probes 

int LevelData[100]; // array destination for level probes kept datapoints 

int nLevel = 99; // dataPoints minus 1 

int P = 0;    // used to populate LevelData array 

int X1 = 0;   // used to populate LevelData array 

long median1 = 0; // defining a varible for the median value of the first tier level evaluation 

long median2 = 0; // defining a varible for the median value of the second tier level evaluation 

long median3 = 0; // defining a varible for the median value of the third tier level evaluation 

 

// defining variables for cumulative data 

int CycleNumber = 0; // cumulative number of completed feeding cycles  

int PumpCount = 0; // cumulative number of isolok pumps 

int beets = 0; 

 

 

// defining bioreactor harvest variables 

int initial_test1 = 0; // defining a variable for the median value of the first tier initial level evaluation 

int initial_test2 = 0; // defining a variable for the median value of the second tier initial level evaluation 

int Threshold = 125; // analog level signals needs to be greater than this value to read 'full' values range from 0 to 

1023. 

 

// defining boolean variables 

bool Feeding = true; 

bool T1Pass = false; 

bool T2Pass = false; 

bool T3Pass = false; 

 

// Digital Arduino Pin numbers 

int Extend = 2; 

int Purge = 3; 

int OpenBV = 4;  

int CloseBV = 5; 

int GasOut = 6; 
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int GasIn = 7; 

 

// Analog Arduino Pin numbers for level control 

int LevelProbe1 = A5; 

int LevelProbe2 = A7; 

 

// the setup routine runs once when you press reset: 

void setup() { 

  Serial.begin(115200); // baud rate 

  delay(5000); 

  Serial.println(F("0,0,0,0,0")); 

  pinMode(CloseBV, OUTPUT); 

  pinMode(GasOut, OUTPUT); 

  pinMode(GasIn, OUTPUT); 

  pinMode(OpenBV, OUTPUT); 

  pinMode(LevelProbe1, OUTPUT); 

  pinMode(LevelProbe2, INPUT); 

  pinMode(Purge, OUTPUT); 

  pinMode(Extend, OUTPUT); 

 

  digitalWrite(CloseBV, LOW); 

  digitalWrite(GasOut, LOW); 

  digitalWrite(OpenBV, LOW); 

  digitalWrite(GasIn, LOW); 

  digitalWrite(Purge, LOW); 

  digitalWrite(Extend, HIGH); 

  digitalWrite(LevelProbe1, HIGH); 

   

  start_time=millis();   

} 

 

// semi-continuous loop runs infinitely until another code is uploaded to the Arduino 

// e.g., 'stop signals' code 

 

void loop() { 

  int i=0; 

  start_cycle_time=millis(); 

   

  BeginHarvest(); //closes reactor gas exhaust, pressurizes for 10 secs, 5 secs dwell, open BV for 10 secs. 

  EndHarvest();   //closes BV and waits 10 secs, opens reactor gas exhaust and waits 180 secs. 

                  

  initial_test1 = Initial_Harvest(); // First level probe signal to confirm successful harvest 

  delay(5000); 

  initial_test2 = Initial_Harvest(); // Second level probe signal to confirm successful harvest 

  Serial.print(initial_test1); // prints initial level evaluation result 

  Serial.print(','); 

  Serial.println(initial_test2); // prints initial level evaluation result 

  delay(3000); 

   

  if ((initial_test1 >= Threshold) && (initial_test2 >= Threshold))  

    Feeding = false;  // if reactor remained 'full' no feeding will happen 

  else 

    Feeding = true;  // else reactor is now 'empty' and feeding commences 

  while (Feeding) { 

    beets=FeedReactor(); // Operates ISOLOK sampler for a single pumping cycle 

   



127 

 

 

    delay(10000); // Allow mixing after feeding before signal collection 

 

    long FirstSignal[DataPoints]; 

    CollectLevelData(); // collects 100 level measurements into 'FirstSignal' array 

    for (int l = 0; l <= nLevel; l++) { 

    FirstSignal[l] = LevelData[l]; 

    //Serial.println(FirstSignal[l]); 

    } 

    delay(10000); 

     

    long SecondSignal[DataPoints]; 

    CollectLevelData(); // collects 100 level measurements into 'SecondSignal' array 

    for (int l = 0; l <= nLevel; l++) { 

    SecondSignal[l] = LevelData[l]; 

    //Serial.println(SecondSignal[l]); 

    } 

    delay(10000); 

     

    long ThirdSignal[DataPoints]; 

    CollectLevelData(); // collects 100 level measurements into 'ThirdSignal' array 

    for (int l = 0; l <= nLevel; l++) { 

    ThirdSignal[l] = LevelData[l]; 

    //Serial.println(SecondSignal[l]); 

    } 

     

    bool ReactorFull = false; 

     

    Array_sort(FirstSignal, DataPoints); // sorts 100 level measurements by numerical order 

    Array_sort(SecondSignal, DataPoints); // sorts 100 level measurements by numerical order 

    Array_sort(ThirdSignal, DataPoints); // sorts 100 level measurements by numerical order 

 

    median1 = (Find_median(FirstSignal,100)); // identifies median value  

    median2 = (Find_median(SecondSignal,100)); // identifies median value  

    median3 = (Find_median(ThirdSignal,100)); // identifies median value  

 

    // all three medians have to exceed threshold value to break out of feeding loop 

    if ((median1 >= Threshold) && (median2 >= Threshold) && (median3 >= Threshold)) { 

    ReactorFull = true; 

    Feeding = false; 

    } 

    else { 

    ReactorFull = false; 

    Feeding = true; 

    } 

    Serial.print(median1); 

    Serial.print(','); 

    Serial.print(median2); 

    Serial.print(','); 

    Serial.println(median3); 

  } 

   

  end_cycle_time=millis()-start_cycle_time; 

  total_time=millis(); 

 

 // feed cycle output information  

  { 
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    total_time=millis(); 

    Serial.print(total_time);  

    Serial.print(','); 

    Serial.print(start_cycle_time); 

    Serial.print(','); 

    Serial.print(end_cycle_time); 

    Serial.print(','); 

    Serial.print(CycleNumber); 

    Serial.print(','); 

    Serial.println(PumpCount); 

 

  } 

 

  // extends the piston to dwell in the mixtank during wait time 

  delay(2000); 

  digitalWrite(Extend, HIGH); 

  delay(ExtendTime); 

  delay(wait_time); 

} 

 

int Initial_Harvest() { 

  CollectLevelData(); 

  long initial[DataPoints]; 

  int complete = 0; 

  for (int l = 0; l <= nLevel; l++) { 

    initial[l] = LevelData[l]; 

  } 

  Array_sort(initial, DataPoints); 

  long initial_median = (Find_median(initial, 100)); 

  return initial_median; 

} 

 

void BeginHarvest() { 

  digitalWrite(GasOut, LOW); 

  digitalWrite(OpenBV, HIGH); 

  delay(2500); 

  digitalWrite(GasIn, HIGH); 

  delay(8000); 

  digitalWrite(GasIn,LOW); 

  delay(500);   

} 

 

int EndHarvest() { 

  digitalWrite(OpenBV, LOW); 

  delay(10); 

  digitalWrite(CloseBV, HIGH); 

  delay(15000); 

  digitalWrite(CloseBV, LOW); 

  delay(1000); 

  digitalWrite(GasOut, HIGH); 

  delay(5000); 

 

  Feeding = true; 

  CycleNumber = CycleNumber + 1; 

  return CycleNumber; 

} 
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// function collects 100 values for varible P using the 'CheckLevel' subfunction 

void CollectLevelData() { 

  for (int i = 0; i <= TotalSamples; i++) { 

    CheckLevel(LevelProbe1, LevelProbe2); 

  // loads  100 values for varible P into an array 'LevelData' using the 'CheckLevel' function 

    if (i >= (TotalSamples - DataPoints)) { 

      X1 = P; 

    } 

    if (i >= (TotalSamples - DataPoints)) { 

      LevelData[(i - (TotalSamples - DataPoints))] = X1; 

    } 

  } 

   

  //Serial.println(F("LevelDataArray")); // print to see all 100 'LevelData' array values 

  for (int k = 0; k <= 99; k++) { 

  //Serial.println(LevelData[k]); 

  } 

return LevelData; 

} 

 

// function to acquire level measurement 

void CheckLevel(int t1, int t2) { 

  // function to send voltage from one level probe and to measure voltage from the other probe 

  // collects datapoints as varible P  

  // note that this function sends and reads voltage from both probes, but the second pass overwrites the first.  

  // this was found to be necessary otherwise signals diminish overtime 

 

  //First pass 

  pinMode(t1, OUTPUT); 

  pinMode(t2, INPUT); 

  digitalWrite(t1, HIGH); //make probe1 output 5V signal 

  // P = analogRead(t2); //read voltage from probe 2 

  // delay(1); //wait a millisecond 

  P = analogRead(t2); //read voltage from probe 2 (overwrite previous read) 

  digitalWrite(t1, LOW);// turn probe 1 signal off 

  delay(1); //wait a millisecond 

   

 //Second pass 

  pinMode(t2, OUTPUT); 

  pinMode(t1, INPUT); 

  digitalWrite(t2, HIGH);  //make probe2 output 5V signal 

  //P = analogRead(t1); 

  //delay(1); 

  P = analogRead(t1); // P values from first signal path are purposely overwritten, otherwise signals will diminish 

overtime  

  delay(1); 

  digitalWrite(t2, LOW); 

} 

 

// 

//function sorts array into numerical order 

void Array_sort(long *thearray , long n){    //not 100%sure how the asterisk works 

  int i = 0 , j = 0 , temp = 0; 

  for (i = 0 ; i < n ; i++) 

  { 
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    for (j = 0 ; j < n - 1 ; j++) 

    { 

      if (thearray[j] > thearray[j + 1]) 

      { 

        temp        = thearray[j]; 

        thearray[j]    = thearray[j + 1]; 

        thearray[j + 1]  = temp; 

      } 

    } 

  } 

} 

 

// function to determine  the median of the array 

float Find_median(long array[] , long n) 

{ 

  float median = 0; 

  // if number of elements are even 

  if (n % 2 == 0) 

    median = (array[(n - 1) / 2] + array[n / 2]) / 2.0; 

  // if number of elements are odd 

  else 

    median = array[n / 2]; 

  return median; 

} 

 

// function to feed bioreactor one isolok pump 

int FeedReactor() { 

  digitalWrite(Extend, HIGH); 

  delay(ExtendTime); 

  digitalWrite(Extend, LOW); 

  delay(RetractTime); 

  digitalWrite(Purge, HIGH); 

  delay(PurgeTime); 

  digitalWrite(Purge, LOW); 

  PumpCount = PumpCount + 1; 

  return PumpCount; 

} 
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Figure A.5.1 HSR electric panel. High solids bioreactor system utilizes an Arduino 

microcontroller to read level probes and control pneumatics. 
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Figure A.5.2 Wiring diagram for electric panel shown figure A.5.1. 
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Figure A.5.3 Level control probes and circuit. 
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Figure A.6. Pneumatics board for the high solids reactor feeding controls. 
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Figure A.7. Bioreactor heating jacket calibration. 

Data Summary: Setpoint was determined heuristically using an OMEGA™ wireless autoclave temperature 

data logger inside the vessel while intermittently adjusting the heating jacket setpoint. It was determined 

that a setpoint at 75°C sets the bulk temperature of the interior to vessel to the target temperature, 55°C.  
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Figure A.8.1 HSR base utilization measured via A plus tower. 

 

Figure A.8.2. HSR base utilization measured via weighed base jar.  

Data summary: Online monitoring of base utilization for a 120 g/L corn stover for a 72-hour residence time. 

Base (4 N KOH) was dispensed  using the Sartorius Stedim Biotech A plus tower’s peristaltic pump. 

Volumetric data was collected by the A plus tower, but generally overestimated the volume presumably 

due to the elongated distance the base was forced to travel due to spatial constraints. The jar containing the 

base was also monitored using an A & D EJ-6100 scale, which aligned well with manually marking the 

base jar volume over the course of the experiment. In the event weight data is unavailable, a calibration 

factor of 1.35 / 0.47 = 2.85 can be used to estimate.  
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g ara / g 

solids

g glu / g 

solids

g xyl / g 

solids

g carbs / 

g solids

g solids / 

25 ml

g carbs / 

25 ml

g QS 

carbs / L

holding tank (endpoint) QS A 0.022 0.381 0.224 0.627 0.639 0.401 16.032

holding tank (endpoint) QS B 0.022 0.376 0.218 0.616 0.620 0.382 15.285

holding tank (endpoint) QS C 0.021 0.377 0.221 0.619 0.635 0.393 15.717

g/L ara g/L glu g/L xyl g carbs/L

holding tank (endpoint) LQS 0.121 0.725 0.376 1.222

g QS + 

LQS 

carbs / L

carb. 

Loading 

(g/L)

Feedstock 

carb. 

content:

solid 

loading 

(g/L)

17.254 16.9 average 0.598 28.3 average

16.508 0.4 stdev 0.6 stdev

16.940

30 g/L Dec 2022 Run #1

QS data

LQS data

combined QS and LQS carbohydrates

Table A.8.1. Estimating endpoint solids loading for 30 g/L – Run #1 (Dec 2022) 

g ara / g 

solids

g glu / g 

solids

g xyl / g 

solids

g carbs / 

g solids

g solids / 

25 ml

g carbs / 

25 ml

g QS 

carbs / L

holding tank (endpoint) QS A 0.028 0.395 0.233 0.656 0.621 0.407 16.294

holding tank (endpoint) QS B 0.026 0.375 0.224 0.626 0.587 0.367 14.690

holding tank (endpoint) QS C 0.028 0.403 0.239 0.670 0.563 0.377 15.083

g/L arabinoseg/L glucoseg/L xylose g carbs/L

holding tank (endpoint) LQS 0.122 0.238 0.376 0.736

g QS + 

LQS 

carbs / L

carb. 

Loading

Feedstoc

k carb. 

content:

solid 

loading

17.030 16.1 average 0.598 26.9 average

15.426 0.8 stdev 1.4 stdev

15.820

30 g/L Feb 2022 Run #2

QS data

LQS data

combined QS and LQS carbohydrates

Table A.8.2. Estimating endpoint solids loading – Run #2 (Feb 2023) 
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g ara / g 

solids

g glu / g 

solids

g xyl / g 

solids

g carbs / 

g solids

g solids / 

25 ml

g carbs / 

25 ml

g QS 

carbs / L

holding tank (endpoint) QS A 0.029 0.400 0.240 0.670 2.515 1.685 67.397

holding tank (endpoint) QS B 0.028 0.393 0.241 0.662 2.368 1.568 62.721

holding tank (endpoint) QS C 0.025 0.350 0.205 0.579 2.521 1.459 58.378

g/L ara g/L glu g/L xyl g carbs/L

holding tank (endpoint) LQS 0.496 3.621 1.594 5.711

g QS + 

LQS 

carbs / L

carb. 

Loading

Feedstock 

carb. 

content:

solid 

loading

73.108 68.5 average 0.598 114.7 average

68.432 4.5 stdev 7.5 stdev

64.089

LQS data

combined QS and LQS carbohydrates

120 g/L Mar 2023 Run #1

QS data

Table A.8.3. Estimating endpoint solids loading – Run #1 (Mar 2023) 

Table A.8.4. Estimating endpoint solids loading – Run #2 (Apr 2023) 

g ara / g 

solids

g glu / g 

solids

g xyl / g 

solids

g carbs / 

g solids

g solids / 

25 ml

g carbs / 

25 ml

g QS 

carbs / L

holding tank (endpoint) QS A 0.025 0.337 0.195 0.556 2.417 1.343 53.727

holding tank (endpoint) QS B 0.024 0.358 0.195 0.577 2.712 1.564 62.580

holding tank (endpoint) QS C 0.025 0.358 0.195 0.577 2.605 1.503 60.110

g/L ara g/L glu g/L xyl g carbs/L

holding tank (endpoint) LQS 0.512 3.168 1.600 5.280

g QS + 

LQS 

carbs / L

carb. 

Loading

Feedstoc

k carb. 

content:

solid 

loading

59.007 64.1 average 0.598 107.2 average

67.860 4.6 stdev 7.6 stdev

65.390

120 g/L Apr 2023 Run #2

QS data

LQS data

combined QS and LQS carbohydrates
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High Solids Reactor Run:Mar23_120gLCS_72hrRT_Run1

Initial Reactor Fill:

starting volume 0.65 L solid loading 120 g/L

final volume 0.935 L feed cycle volume 0.125 L

difference 0.285 L

# of pumps 11

pump volume 0.275 L

# of quick cycle restarts 5

values is bold blue used to calculate FCS for early sample points.

First Batch:

solids (g) volume 

(L)

solids 

conc. 

(g/L)

assumed 

solub.

FC 0 33 0.935 35.29 0

Quick Cycles into S.C.

starting 

solids (g)

starting 

volume 

(L)

starting 

conc. 

(g/L)

post-

harvest 

volume 

(L)

solids 

after 

harvest 

(g)

ending 

solids (g)

ending 

volume 

(L)

ending 

conc. 

(g/L)

assumed 

solub.

FC 1 33.00 0.935 35.29 0.81 28.59 43.59 0.935 46.62 0

FC 2 43.59 0.935 46.62 0.81 37.76 52.76 0.935 56.43 0

FC 3 52.76 0.935 56.43 0.81 45.71 60.71 0.935 64.93 0

FC 4 60.71 0.935 64.93 0.81 52.59 67.59 0.935 72.29 0

FC 5 67.59 0.935 72.29 0.81 58.56 73.56 0.935 78.67 0

Table A.8.5. Estimating solid loadings for 120 g/L first RT – Run #1 (March 2023) 
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High Solids Reactor Run:Apr23_120gLCS_72hrRT_Run2

Initial Reactor Fill:

starting volume 0.6 L solid loading 120 g/L

final volume 0.935 L feed cycle volume 0.125 L

difference 0.335 L

# of pumps 13

pump volume 0.325 L

# of quick cycle restarts 5

values is bold blue used to calculate FCS for early sample points.

First Batch:

solids (g) volume 

(L)

solids 

conc. 

(g/L)

assumed 

solub.

FC 0 39 0.935 41.71 0

Quick Cycles into S.C.

starting 

solids (g)

starting 

volume 

(L)

starting 

conc. 

(g/L)

post-

harvest 

volume 

(L)

solids 

after 

harvest 

(g)

ending 

solids (g)

ending 

volume 

(L)

ending 

conc. 

(g/L)

assumed 

solub.

FC 1 39.00 0.935 41.71 0.81 33.79 48.79 0.935 52.18 0

FC 2 48.79 0.935 52.18 0.81 42.26 57.26 0.935 61.24 0

FC 3 57.26 0.935 61.24 0.81 49.61 64.61 0.935 69.10 0

FC 4 64.61 0.935 69.10 0.81 55.97 70.97 0.935 75.90 0

FC 5 70.97 0.935 75.90 0.81 61.48 76.48 0.935 81.80 0

Table A.8.6. Estimating solid loadings for 120 g/L first RT – Run #2 (April 2023) 
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Figure A.9. Switchgrass (0.177 mm) slurry at various solid loadings. 

Data summary: The slurry began at 200 g/kg solids and was diluted 10 times until the concentration was 

50 g/kg. Since the agitation system was not being used, stirring could be conducted manually. Presented 

visually, it is quite clear that there is a significant physical change in the quality of the slurry between 155 

and 125 g/kg solids. Figure reproduced from Moynihan MS thesis (2021). 
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Figure A.10.1. Acetate, ethanol, formate, and lactate were measured in the holding tank at the end of each 

experiment. Note acetate can originate from both deconstruction of feedstock containing acetyl bonds 

and/or microbial production.   
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Figure A.10.2. Soluble sugars measured in the holding tank at the end of each experiment. Sugar 

concentrations were determined in monomeric form using a mild acid hydrolysis. Sugars were likely 

solubilized during the feedstock sterilization process.  

 

Data Summary: As previously mentioned in the methods and results section, maintaining aseptic conditions 

for semi-continuous fermentation initially proved a difficult task, and significant time and effort was 

dedicated to identifying and troubleshooting sterilization failures.  At first glance fermentation products in 

the holding would imply contamination/growth in uninoculated slurry/medium, but this was not consistent 

with experimental observations.   

For example, biological contamination was not detected when examining a sample from the holding tank 

under a microscope at the end of each experiment.  Furthermore, a biological contamination would likely 

consume solubilized C5’s which accumulated to high concentrations in figure 18 panel C. Lastly, FCS was 

relatively consistent across both timepoints and biological duplicates (figure 17), which is not characteristic 
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of a developing biological contaminant. Taken together, there was not overwhelming evidence that 

contamination took hold, but there is also no definitive explanation why fermentation products can be 

detected in the holding tank.  

We now know that solids can accumulate on the piston sampler, and thus cross feeding between the 

bioreactor and holding tank is technically possible. While this concern came up during the initial design,  it 

was assumed that the holding tank at room temperature would prohibit any activity by C. thermocellum or 

T. thermosaccharolyticum.  

To further investigate this result, we began to analyze these samples using HPLC-UV absorbance to confirm 

the HPLC-RI (refractive index) measured concentrations. For example, lactate standards, independent of 

concentration, have a specific UV/RI ratio, which was not seen in our fermentation or holding tank samples. 

This work is still ongoing but preliminary data suggests that these samples contain both lactate and 

something that is not lactate. However, this interpretation is based on UV chromatograms at 210 and 250 

nm that contain noisy background signals. In contrast, HPLC-refractive indices generated clean peaks. In a 

follow-up bottle experiment, we compared several substrates (5 g/L carbohydrate corn stover, Avicel, 

Avicel and xylose, xylose, and cellobiose) and media backgrounds (MTC, CTFüD) in an attempt to isolate 

the conditions that contain noisy background UV signals. Interestingly, uninoculated bottles of corn stover 

(+MTC) were the only ones that generated a similar UV profile, which disappeared for inoculated bottles 

of corn stover (+MTC). It is possible that the explanation for disappearance is related to relatively low 

substrate loading of 7.5 g/L corn stover, but warrants further experimentation. We have recently ordered 

and received a colorimetric enzyme-based lactate assay to cross reference these HPLC results with. 
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A.11 Bioreactor Data 

A Sartorius A-Plus tower was used to monitor the temperature and control the pH inside the bioreactor. This is the raw data output from the A-plus 

tower, and not entirely representative of actual fermentation conditions inside the bioreactor. See figures A.7 and A.8 for calibrated data. 

*The A-plus erroneously records 2.5X more base utilization than we physically observe, see appendix figure A.8 for additional details.  

**A-plus measures temperature from outside the vessel walls, with a heating jacket setpoint determined heuristically, see appendix figure A.7 for 

additional details. 
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Figure A.11.1. Online bioreactor data at 30 g/L collected using Sartorius A-Plus tower. See figures A.7 and A.8 for calibrated data. 
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Figure A.11.2. Online bioreactor data at 120 g/L collected using Sartorius A-Plus tower. See figures A.7 and A.8 for calibrated data. 
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8.3 Chapter 6 Appendix 

Table A.9. Survey of technoeconomic studies for cellulosic ethanol production 

 

Study 

 

P
u

b
lish

ed
 

 (P
ro

ject Y
ear) 

F
eed

sto
ck

 

P
ro

cess 

F
eed

 C
o

st  

($
/d

ry
 m

etric to
n
) 

E
th

an
o

l (M
G

Y
) 

M
E

S
P

 ($
) 

N
o

tes 

NREL

/TP-

580-

26157 

Wooley et 

al. 
(224) 

1999 

(1997) 

yellow 

poplar 
DAP 27.5 52.2 1.44 

Biomass-to-

ethanol 

NREL

/TP-

580-

28893 

McAloon 

et al. 
(223) 

2000 

(1999) 

corn 

stover 
DAP 38.5 25 1.50 

Compares corn 

starch and stover 

NREL

/TP-

510-

32438 

Aden et al. (32) 
2002 

(2000) 

corn 

stover 
DAP 33.1 69.3 1.07 

Stover-to-

ethanol 

NREL

/TP-

6A2-

46588 

Kazi et al. (88) 
2010 

(2007) 

corn 

stover 
DAP 83.0 53.4 3.40 

Compares four 

pretreatments, 

seven scenarios, 

and  estimates 

pioneer plant  

NREL

/TP-

5100-

47764 

Humbird 

et al. 
(27) 

2011 

(2007) 

corn 

stover 
DAP 64.5 61.0 2.15 

Stover-to-

ethanol update  

 

Eggeman 

and 

Elander 
(34) 2005 

corn 

stover 
DAP 35.0 56.1 1.34 

Compares 

pretreatments 

and concludes 

DAP has best 

performance 

 
Sendich et 

al. 
(337) 2008 

corn 

stover 
AFEX 40.0 53.8 

1.03 

(SSCF) 

Varies CBP and 

SSCF, AFEX 

parameters 

 
Huang et 

al. 
(227) 2009 

corn 

stover 
DAP 63.8 67.4 1.42 

Varies biomass 

type and 

throughput 

 

Klien-

Marcuscha

mer et al. 

(134) 
2010 

(2009) 

corn 

stover 
DAP 70.5 30.9 4.58 

Wiki-based 

biorefinery 

platform 

 Bals et al. (338) 
2011 

(2008) 

corn 

stover 
AFEX 50 23 1.86 

Optimizes AFEX 

conditions 

 
Meyer et 

al. 
(339) 

2013 

(2007) 

corn 

stover 
HW 64.5 47.4 2.51 

Varies yeast 

processes 

 Tao et al. (340) 
2013 

(2007) 

corn 

stover 
DAP 64.5 59.0 2.21 

Varies corn 

stover 

composition 

 Chen et al. (231) 
2015 

(2007) 

corn 

stover 
DDR 64.5 64 2.24 

Varies 

deacetylation and 
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 disk refining 

(DDR) technique 

 

Yang and 

Rosentrate

r 
(341) 2015 

corn 

stover 
LMAA 36.3 50 3.86 

Low Moisture 

Anhydrous 

Ammonia 

pretreatment 

 Zhao et al. (342) 2015 
corn 

stover 
DAP 59.2 60.5 2.86 

China specific 

economic data, 

compares NREL 

and Chinese 

status quo 

(NREL-CN-1 

data shown here) 

 
Liu and 

Bao 
(90) 

2017 

(2013) 

corn 

stover 
DryPB  60.1 1.79 

Dry acid 

pretreatment and 

several others 

 Lynd et al. (21) 
2017 

(2014) 

corn 

stover 
CBP 84.5 60.0 1.88 

Forecasted C-

CBP (reference 

case for this 

study) 

 
Stoklosa et 

al. 
(343) 

2017 

(2012) 

corn 

stover 
AFEX 60  2.09 

Centralized v. 

decentralized 

corn stover 

processing 

depots 

 
Huang et 

al. 
(240) 

2018 

(2007) 

corn 

stover 
DAP 58.5 38.1 2.16 

Modeled to 

breakeven while 

coproducing 1,5-

PDO 

 
Shen, Tao, 

and Yang 
(344) 

2018 

(2014) 

corn 

stover 
DAP 85.0 57.2 2.83 

Modeled to 

breakeven while 

coproducing jet 

fuel from lignin 

 Yang et al. (236) 
2020 

(2019) 
sorghum DAP 95.0  3.40 

Concerns RNG 

and CO2 capture 

with onsite solids 

combustion 

 Das et al. (316) 
2022 

(2018) 

corn 

stover 
DAP 64.5 61.4 2.47 

Compares 

Humbird et al., 

2011 model 

(updated to 2018) 

to Py-ECH 

 

DAP = Dilute Acid Pretreatment, AFEX = Ammonia Fiber Expansion, DryPB = Dry Acid Pretreatment, LMAA = 

Low Moisture Anhydrous Ammonia, CBP = Consolidated Bioprocessing, HW = Hot Water, DDR = Deacetylation 

and Disk Refining. Py-ECH = pyrolysis with electrocatalytic hydrogenation.   
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Table A.10. Fermentation conditions and assumed conversions 

Fermentation Conditions and Assumed Conversions 

Parameter Original Revised 

Temperature (°C) 55 

Initial Solid Loading (wt.%) 
19.5% total (59.7% carbohydrates, 

23.8% insolubles, 16.5% extractives) 

Residence Time (days) 6 

Corn Steep Liquor 

(CSL) 
Loading (wt.%) 0.155 0.64 

Inorganic Nitrogen 

Loading 
Loading (g/L) 0.261 (DAP) 0.387 (urea) 

Carbohydrate Solubilization (%) 88 

Solubilized 

Carbohydrates 

Total Conversion (%) 98.06 

Conversion to Products (%) 85.55 

Conversion to Cells (%) 4.75 

Conversion to Byproducts (%) 4.75 

Losses to Contamination (%) 3 

Ethanol 

Titer (g/L) 50.26 

Productivity (g/L-day) 8.36 

Annual Production (MGY) 60.03 
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Table A.11. Gas turbine performance parameters 

Gas Turbine Conditions and Assumptions 

Parameters References 

This Study 

Biogas 

Turbine 

RNG 

Turbine 

Scenarios (this study) II & III V 

Ambient 

Conditions 

Temperature (°C) 15 (276,321,326) 25 

Pressure (bar) 
1.013 

(276,321,326,327) 
1.013 

Fuel 

Conditions 

Temperature (°C) 10 (326) 28 

Pressure (bar) 30 (326) 1.2 20 

Inlet 

Air Feed Rate (kg/s) 
635 (326) 

18.1 17.6 
651 (327) 

Fuel Feed Rate (kg/s) 

14.74 (326) 

0.48 0.46 0.38 (276) 

6.0 (321)  

Compressor 

Pressure Ratio 

15.4 (326) 

15.4 
15.6 (276) 

18 (321) 

17 .03 (327) 

Mechanical Efficiency (%) 
99 (326) 

99 
99.5 (276) 

Isentropic Efficiency (%) 

88 (321,326) 

88 85.28 (276) 

89.5 (327) 

Combustor Combustion Efficiency (%) 

99.5 (326) 

99.5 99 (321) 

99.1 (327) 

Turbine 

Inlet Temperature (°C) 

1328.0 (326) 

1342 1400 
1286 (276) 

1232 (321) 

1480 (327) 

Exhaust Temperature (°C) 

615.0 (326) 

675 698 
548.5 (276) 

566 (321) 

597.4 (327) 

Exhaust Gas Rate (kg/s) 
21.09 (276) 

18.6 18.1 
70.5 (321) 

Isentropic Efficiency (%) 84.66 (276) 90 
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87 (321) 

90 (327) 

Generator Generator Efficiency (%) 
98.5 (326) 

98.5 
98 (276) 

Performance 

Net Power Generation (kWh) 

253,200 (326) 

8,830 8,922 
6,327 (276) 

25,060 (321) 

270,494 (327) 

Thermal Efficiency (%) 

36.17 (326) 

37.0 38.6 
33.13 (276) 

36.0 (321) 

38.2 (327) 
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Table A.12. Biogas membrane upgrading performance parameters 

Parameters Deng & Hägg (320) 

[scaled] 
This Study 

Raw Biogas Feed (Nm3/h) 1,000 [13,714] 13,714 

Feed pressure (bar) 1.2 1.2 

Feed CO2 concentration (vol.%) 35 47.8 

Feed T and P at 1st and 2nd stage (°C, bar) 25, 20 28, 20 

Permeate T and P at 1st and 2nd stage (°C, bar) 25, 1 28, 1 

CH4 purity (vol.%) 98 98 

CH4 recovery (%) 99.7 99.7 

CO2 purity (vol.%) 98.1 99.4 

Recycle Ratio 0.24 0.23 

Compression duty (kWh) 220 [3,017] 3,043 

Compressor Isentropic Efficiency (%) 0.75 0.88 

Upgraded biomethane delivery pressure (bar) 40 20 
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Table A.13. Scenario results summary 

 Process design parameters 

Additional Inputs Exports GHG benefits 
Scenario 

Enhanced 

heat 

integration 

Biogas 

surplus 

to 

turbine 

Fermentation 

CO2 to CCS 

Biogas 

membrane 

upgrade to 

RNG 

RNG 

surplus 

to 

turbine 

Reference case no no no no no 

17,463 kWh electricity 7,137 gal/hr ethanol fuel pellets displace fossil fuels 

3,028 kg/hr nutrients 
32,278 kg/hr 

fuel 

pellets 1,351 kg/hr natural gas 

I 
Enhanced heat 

integration 
yes no no no no 

17,463 kWh electricity 7,132 gal/hr ethanol no longer consumes natural gas 

3,028 kg/hr nutrients 32,300 kg/hr 
fuel 

pellets 

II Biogas electricity yes yes no no no 

8,845 kWh electricity 7,132 gal/hr ethanol Net electricity demand reduced 

49% 
3,028 kg/hr nutrients 32,300 kg/hr 

fuel 

pellets 

III 

Biogas electricity and 

fermentation CO2 to 
CCS 

yes yes yes no no 

11,746 kWh electricity 7,132 gal/hr ethanol Fermentation CO2 is now captured 

3,028 kg/hr nutrients 
32,300 kg/hr 

fuel 

pellets 

21,080 kg/hr CO2 

IV 
RNG and high-purity 

CCS 
yes no yes yes no 

11,746 kWh electricity 

7,132 gal/hr ethanol Biogas CO2 is now captured 

32,300 kg/hr 
fuel 

pellets 
RNG surplus displaces fossil fuels 

3,028 kg/hr nutrients 
32,907 kg/hr CO2 

830 kg/hr RNG 

V 
RNG electricity and 

high-purity CCS 
yes no yes yes yes 

11,746 kWh electricity 7,132 gal/hr ethanol Net electricity demand reduced 7% 

3,028 kg/hr nutrients 
32,300 kg/hr 

fuel 
pellets 

32,907 kg/hr CO2 
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Figure A.12 Calculations for levelized cost of CO2 capture 

CO2 (fermentation only) 

Equipment Contribution: 1) CO2 compressor  

6.68 𝑀𝑀$𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 × 0.15𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟  =  1.00 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 

Electricity Contribution:  

2,841 𝑘𝑊ℎ𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 × 0.0681
$

𝑘𝑊ℎ
= 193.47

$

ℎ𝑜𝑢𝑟
 

193.5
$

ℎ𝑜𝑢𝑟
× 8,410

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
= 1.62 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑒𝑚𝑎𝑛𝑑 

Sum of Contributions: 

1.00 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 1.62 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑒𝑚𝑎𝑛𝑑 = 2.62 𝑀𝑀$ 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡   

Annual CO2 Production: 177,209 ton/year 

2.12 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 ÷ 177,209
𝑡𝑜𝑛

𝑦𝑒𝑎𝑟
= 14.78

$

𝑡𝑜𝑛
 𝐶𝑂2 

CO2 (fermentation & biogas combined) 

Equipment Contribution: 1) CO2 compressor  

8.68 𝑀𝑀$𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 × 0.15𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟  =  1.30 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 

Electricity Contribution:  

4,364 𝑘𝑊ℎ𝐶𝑂2 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑑𝑒𝑚𝑎𝑛𝑑 × 0.0681
$

𝑘𝑊ℎ
= 297.18

$

ℎ𝑜𝑢𝑟
 

297.18
$

ℎ𝑜𝑢𝑟
× 8,410

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
= 2.50 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑒𝑚𝑎𝑛𝑑 

Sum of Contributions: 

1.30 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 2.50 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑑𝑒𝑚𝑎𝑛𝑑 = 3.80 𝑀𝑀$ 𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡   

Annual CO2 Production: 276,659 ton/year 

3.80 𝑀𝑀$𝑎𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 ÷ 276,659
𝑡𝑜𝑛

𝑦𝑒𝑎𝑟
= 13.74

$

𝑡𝑜𝑛
 𝐶𝑂2 
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Figure A.13. Fuel pellet production sensitivity analysis. 

 

Figure A.13.1 Fuel pellet sensitivity analysis towards minimum ethanol selling price. 

Data summary: It was observed that increasing or decreasing fuel pellet selling prices has a uniform effect 

on the MESP related to equal fuel pellet throughput amongst the scenarios. To put it another way, the 

modifications made to improve the biorefinery GHG balance did not change the MESP’s sensitivity towards 

fuel pellet selling prices. A 20% change (+ or -) in fuel pellet price (baseline $166/ton) did not change the 

MESP by 20% which is consistent with fuel pellet revenue making up less than half of total revenue in 

figure 26.  
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Figure A.13.2. Fuel pellet sensitivity analysis towards biorefinery GHG reductions. 

Data summary: In a second sensitivity analysis, the fuel pellet contribution to avoided fossil fuel emissions 

(AFFE) in figure 27 are subject to + or – 20%. Since the later scenarios have greater negative carbon flux 

overall, any perturbation to the fuel pellet AFFE (consistent amongst all scenarios) will be effectively 

diluted out by the larger contributions enabled by CCS. Thus, later scenarios are less sensitive to the fuel 

pellet AFFE than those without CCS. 
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