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Ethanol production from lignocellulosic feedstock has been under intense scrutiny 

as a transportation fuel due to its potential to address concerns of increasing energy 

consumption, limited fossil energy resources, climate changes due to greenhouse gas 

emissions from fossil fuels, and especially use of non-food biomaterials, which address 

the biggest limitation of first generation bioethanol. Despite these advantages, the 

lignocellulosic ethanol production on commercial scale is still on verge because of high 

processing costs of ethanol production. In the biochemical conversion process, biomass is 

converted to ethanol by sequential steps of pretreatment (to reduce the recalcitrance of 

biomass), hydrolysis (conversion of sugar polymers to monomers) and fermentation 

(sugars to ethanol). Every year, about a million ton of grass straw is available as 

agricultural residue in Pacific Northwest. There were no previous comprehensive studies 

to evaluate the technical feasibility, economic viability and environmental sustainability 



 

 

of the bioethanol produced using grass straw in Willamette valley. The focus of this 

dissertation was to investigate the potential of cellulosic ethanol production from grass 

straw, assess the techno-economic viability and environmental impacts of the bioethanol 

production and development of a stochastic molecular model for modeling cellulose 

hydrolysis. This dissertation was divided into four studies focused on individual aspects 

of the overall objective.   

The first study evaluated the ethanol production potential from straws produced 

from three major grass seed varieties (perennial ryegrass (Lolium perenne L.), tall fescue 

(Festuca arundinacea Schreb) and bentgrass (Agrostis sp.)) in Pacific Northwest. 

Feedstocks were pretreated using three chemical pretreatments (dilute acid, dilute alkali, 

and hot water) and subsequently hydrolyzed enzymatically to investigate the effect of 

pretreatment and estimate the potential ethanol yields. Carbohydrate content in biomass 

varied from 40.6 to 52.9%, with tall fescue having the maximum cellulose content of 

32.4%. All pretreatment were effective in increasing the hydrolysis yields, and theoretical 

maximum ethanol yields were in the range of 276 to 360 L per ton of biomass. 

The second study performed the comprehensive techno-economic analysis of 

ethanol production from tall fescue using dilute acid, dilute alkali, hot water, and steam 

explosion pretreatment technologies. Detailed process models incorporating all unit 

operations in lignocellulosic ethanol plant with 250,000 metric ton biomass/ year 

processing capacity were developed in SuperPro Designer.  The ethanol production cost 

were estimated from $0.81 to $0.88/ L of ethanol, and were found highly sensitive to 

biomass price, enzyme cost, and pentose sugar fermentation efficiency. Energy from 



 

 

lignin residue burning was found sufficient to meet the steam requirement in the 

production process. 

Third study performed the life cycle assessment for bioethanol production from 

grass straw considering various pretreatment technology options. The study revealed that 

ethanol production from grass straw provide environmental benefits compared to use of 

gasoline, with 57.43–112.67% reduction in fossil energy use to produce 10,000 MJ of 

fuel. The GHG emissions during life cycle of ethanol production were estimated in the 

range of -131 to −555.4 kg CO2 eq. per 10,000 MJ of fuel. It was observed that 

assumptions and allocation procedure used during the analysis had a significant effect on 

the LCA results. 

During the techno-economic assessment of bioethanol process, it was found that 

cost of cellulose enzymes was significant fraction of the total ethanol production cost. A 

comprehensive enzymatic hydrolysis model can play critical role in optimizing the 

enzyme composition and dosage, improving understanding of the process mechanism and 

reducing the cost of enzymes, a major bottleneck in the ethanol production process. A 

novel approach of stochastic molecular modeling, in which each hydrolysis event is 

translated into a discrete event, was used to develop a mechanistic model for cellulose 

hydrolysis in the fourth study. Cellulose structure was modeled as a group of microfibrils 

consisting of elementary fibrils bundles, where each elementary fibril was represented as 

a three dimensional matrix of glucose molecules. Major structural properties: 

crystallinity, degree of polymerization, surface accessibility, and enzyme characteristics: 

mode of action, binding and surface blockage, inhibition, along with the dynamic 

morphological changes in structure of cellulose were incorporated in the model. 



 

 

Hydrolysis of cellulose was simulated based on Monte Carlo simulation technique. 

Hydrolysis results predicted by model simulations had shown a good fit with the 

experimental data from hydrolysis of pure cellulose using purified enzymes for various 

hydrolysis conditions. The model was effective in capturing the dynamic behavior of 

cellulose hydrolysis during action of individual as well as multiple cellulases. Model was 

able to simulate and validate all the important expected experimental observations: effect 

of structural properties, enzyme inhibition and enzyme loadings on the hydrolysis and 

degree of synergism on different substrates.  

The work from this dissertation proved the significance of choosing technology 

options, drew a comparison among different pretreatment technologies, identified the 

critical processes and inputs that have significant effect on the ethanol production cost, 

net energy, and GHG emissions. Results from the last study confirmed the validity of 

using the stochastic molecular modeling approach to quantitatively and qualitatively 

describe the cellulose hydrolysis, which has wide potential application in bioethanol 

production research to reduce the enzyme cost. 
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CHAPTER 1  

 

INTRODUCTION 

 

Increase in energy demand due to rising population and industrialization, 

especially in developing countries is a major challenge to scientific community. The 

United States is the biggest consumer of oil in the world, of which about one third is used 

in transportation sector, derived mostly from petroleum (Forsberg 2009). The petroleum 

reserves are finite, non-renewable, and may be depleted in few decades (Brennan and 

Owende 2010). These challenges, volatile oil prices, and environmental concerns due to 

gases produced from burning of fossil fuels necessitate the need to develop renewable, 

sustainable and environment friendly energy resources. Several efforts have been made in 

past few decades by the USA government for development and use of renewable energy 

and to decrease dependency on foreign oil.  

Bioethanol, a renewable fuel produced by fermentation of sugars obtained from 

starch, sugary or cellulosic materials, has been considered as one of the most promising 

alternatives to petroleum as a transportation fuel. Ethanol can be used as transportation 

fuel in the existing gasoline vehicles after blending in low amounts with gasoline, such as 

E10 - a mixture of 10% ethanol and 90% of gasoline by volume. Other blends containing 

high amounts of ethanol such as E85 (mixture of 85% ethanol and 15% of gasoline) can 

be used in modified vehicles, also known as "flexible fuel vehicles". Many studies have 

concluded that ethanol is an environmentally friendly fuel as it has high net energy ratio 

(ratio of energy output to fossil energy input), and lower life cycle greenhouse gas 

emissions compared to conventional fossil fuels (Bai et al. 2010; Kumar and Murthy 
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2012; Larson 2006; Spatari et al. 2010). On industrial scale, most of the ethanol is 

produced from feed crops such as sugarcane, sweet sorghum, corn, cassava, wheat, 

considered as first generation biofuels. There are many social and technical concerns 

related to first generation ethanol such as food vs. fuel issues, high feedstock prices, land 

and fresh water use, intensive agricultural inputs. Another big challenge is capacity 

limitation in terms of total feedstock availability and supply. Bioethanol produced only 

from feed crops cannot replace a large amount of gasoline use. These challenges with 

first generation fuels have directed the research to search for other alternatives renewable 

resources for ethanol production. Lignocellulosic feedstocks  such as agricultural 

residues, grasses, forestry wastes, municipal solid wastes, are non-food /feed resources 

low in economic value and could be  potential source of bioethanol production and 

address some of these concerns related to first generation biofuels (Sanchez and Cardona 

2008). Abundance availability and relatively low cost of lignocellulosic feedstocks make 

them more attractive choice as a source of bioenergy (Lynd et al. 2002; Sun and Cheng 

2002).  

Straws produced along with the grass seed are major agricultural residues 

abundantly available in the Northwest US.  Some grass seed species produce up to 5 tons 

of straw per acre, and annually about 2.24 Mt of grass straw is produced in the states of 

Washington, Oregon, and Idaho (Banowetz et al. 2008). Willamette Valley, Oregon 

covers about 500,000 acres under grass seed production, and is known as grass seed 

capital of the world (Graf and Koehler 2000). With these high yields, and containing up 

to 35% cellulose, grass straw is an important potential feedstock for ethanol production. 
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1.1 Composition of Lignocellulosic Feedstocks 

Lignocellulosic feedstock are mainly composed of cellulose (20-50%), 

hemicellulose (15-35%), lignin (5-30%), extractives, proteins and inorganic materials 

(Chundawat 2010; Chundawat et al. 2011; Lynd et al. 2002). Cellulose is a high 

molecular weight homopolymer consisting of D-anhydro-glucopyranose units joined 

together by β-1,4 linkages and is a major fraction of total carbohydrates in lignocellulose 

(Fig. 1.1).  

 

 

Fig. 1.1 Structure of lignocellulose (Adapted from Adler 1977; BER ; Dodd and Cann 

2009; Rubin 2008)  
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Cellobiose, containing two glucose units rotated by 180° relative to each other, is 

the repeating unit of cellulose and provides conformational stability. Anhydroglucose 

unit of cellulose has three free hydroxyl groups that form numerous hydrogen bonding 

within chain and among different chains. Glucose chains bounded by hydrogen bonds 

and van der Waal’s forces form a highly crystalline structure that is insoluble in water 

and resistant to degradation (Fan et al. 1987). Half-life of cellulose under natural 

environment and in absence of enzymes is of several hundred million years due to its 

recalcitrance structure (Wilson 2008). Cellulose is semi-crystalline and contains both 

amorphous (less ordered) and crystalline (ordered) regions (Chinga-Carrasco 2011; 

Chundawat 2010; Fan et al. 1987; O'Sullivan 1997). Degree of crystallinity may vary (50 

to 90%) depending upon the origin of cellulose (Melander 2006). Smallest unit in the 

cellulose structure is elementary fibril (bundle of 30-36 cellulose chains), which are 

further bundled into a unit called microfibril (Chinga-Carrasco 2011; Fan et al. 1987; 

Lynd et al. 2002). Cellulose molecules are so tightly packed inside the microfibril that 

they do not allow penetration of water molecules (Lynd et al. 2002). Hemicellulose is an 

amorphous heterogeneous short chain polymer of sugars (xylose, arabinose, glucose, 

mannose, galactose) and uronic acids (4-O-methyl-glucuronic, galacturonic acids), and 

acts as linkage between cellulose microfibrils as well as between cellulose and lignin 

(Chundawat 2010; Wang et al. 2012).  Lignin is an amorphous and highly branched 

polymer of phenyl-propane units jointed by carbon-carbon and ether bonds. Lignin is 

formed from the polymerization of phenolic alcohols (coniferyl alcohol, sinapyl alcohol, 

and p-coumaryl alcohol). It is the most complex compound among the three biomass 

components (Brebu and Vasile 2010; Fan et al. 1987). In lignocellulosic feedstocks, the 
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lignin acts as glue that surrounds and hold the polysaccharides fibers together to 

strengthens the structure and to make it stable and fairly impervious to degradation (Fan 

et al. 1987).  

1.2 Biochemical Pathway for Ethanol Production 

Production of cellulosic ethanol via biological conversion consists of three critical 

steps: pretreatment of biomass (to remove lignin and hemicellulose, decrease the 

structure recalcitrance), hydrolysis of sugar polymers (conversion to sugar monomers) 

and fermentation of sugar monomers to ethanol. A general schematic diagram of ethanol 

production from lignocellulosic biomass is shown in figure 1.2.    

 

Fig. 1.2 Schematic diagram of ethanol production from lignocellulosic biomass. 

Conditioning step is optional depending upon type of pretreatment used (Juneja et al. 

2013) 
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Hydrolysis and fermentation can be performed in single step in the same reactor 

by process known as simultaneous saccharification and fermentation (SSF) that results in 

high ethanol yields. If hydrolysis and fermentation of glucose (from cellulose) and 

pentose sugars (from hemicellulose) are performed together in a single step, process is 

called simultaneous saccharification and co-fermentation (SSCoF). 

Cellulose is difficult to degrade due to its complex highly crystalline structure and 

require much higher amount of enzymes (40 to 100 times) for hydrolysis compared to 

that of starch (Merino and Cherry 2007; Wang et al. 2012).  In plant cell walls, cellulose 

forms a complex matrix with hemicellulose and lignin (Fig. 1.1). Lignin acts as a barrier 

that reduce the activity of enzymes or reactivity of chemicals and protects cellulose 

degradation (Fan et al. 1987). So a pretreatment step in necessary prior to hydrolysis 

process for its effectiveness by opening up the structure and removing non-cellulosic 

components (Fig. 1.3). 

1.3 Pretreatment of Lignocellulosic Feedstocks 

Various pretreatment strategies have been developed in last few decades for 

effective break down of recalcitrance structure of biomass to improve the sugar yields 

during hydrolysis. Pretreatment techniques can be mainly classified as: physical (e.g. 

mechanical comminution), chemical (e.g. dilute acid or alkali, ammonia percolation, 

lime, hydrothermal), physio-chemical (e.g. steam explosion, catalyzed steam explosion, 

ammonia fiber expansion (AFEX)), and biological pretreatments (e.g. using white rot 

fungi) (da Costa Sousa et al. 2009; Eggeman and Elander 2005; Mosier et al. 2005; 

Taherzadeh and Karimi 2007). An effective pretreatment method should be of low cost 

(capital and operating costs), effective on a wide range of lignocellulosic materials, 
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ensure recovery of all of the lignocellulosic components in a usable form, require 

minimum preparation, and minimize the formation of inhibitory compounds (compounds 

that can inhibit the hydrolysis and fermentation) (Kumar and Murthy 2011; Sun and 

Cheng 2002; Taherzadeh and Karimi 2007; Wyman et al. 2005).  

 

Fig. 1.3 Illustration of pretreatment effect on biomass structure (Adapted from Mosier et 

al. 2005) 

 

1.4 Enzymatic Hydrolysis of Lignocellulose 

Hydrolysis of cellulose (conversion to sugar monomers) can be achieved using 

chemicals (dilute acid or concentrated acid) or enzymes. Acid hydrolysis is performed at 

high temperatures and pressure. Main advantage of acid hydrolysis is its ability to 

hydrolyze cellulose in short time (few minutes). Enzymatic hydrolysis is preferred over 

acid hydrolysis, as acid hydrolysis suffers from many limitations such as high operational 

cost, by-product formation, corrosion of equipment, neutralization requirement, high 

disposal cost (Bansal et al. 2009; Limayem and Ricke 2012; Wang et al. 2012). 

Enzymatic hydrolysis of cellulose is performed by synergistic action of cellulase enzyme 

complex consisting of multiple enzymes: endoglucanases (EG) (EC3.2.1.4), 

exoglucanases  (also known as cellobiohydrolase (CBH)) (EC3.2.1.91) and β-glucosidase 
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(BG) (EC3.2.1.21) (Bansal et al. 2009; Feng et al. 2007; Kadam et al. 2004; Limayem 

and Ricke 2012; Lynd et al. 2002; Zhang and Lynd 2006) (Fig. 1.4). Endoglucanases acts 

on the surface chains and hydrolyze the bonds in random manner, and results in rapid 

decrease in the DP of cellulose. Exoglucanases, a processive enzyme, attacks from chain 

ends (CBH I from reducing end and CBH II from non-reducing end). Processive enzymes 

continue hydrolysis of every other glucose bonds until they reach the end of the chain 

while non-processive enzymes are desorbed after hydrolysis of each bond (Mansfield et 

al. 1999). β-glucosidases hydrolyze the cellobiose and short soluble oligomers to glucose 

and complete the hydrolysis process. While the mode of action of all these enzymes is 

different, they exhibit synergism which results in efficient degradation cellulose. 

Endoglucanases acts effectively in the amorphous region and produces chain ends for the 

exocellulase (eno-exo synergism) (Griggs et al. 2011; Srisodsuk et al. 1998). The 

“Degree of synergism” can be defined as ratio of sugars produced by co-operative action 

of mixture of enzymes to that of summation of sugars produced during action of 

individual enzyme (Woodward et al. 1988). Most of the cellulase enzymes contain two 

independent domains or modules: catalytic domain (CD) and carbohydrate binding 

module (CBM). These domains are joined by peptide linker (Andersen 2007; Lynd et al. 

2002; Mosier et al. 1999; Teeri et al. 1992; Tomme et al. 1988; Wilson 2008). CBM 

helps in hydrolysis by bringing the high local concentration of enzymes close to surface 

and providing more time to enzyme in close proximity of substrate (Andersen 2007; 

Chundawat et al. 2011; Lynd et al. 2002; Wang et al. 2012).   
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Fig. 1.4 Action of various cellulase enzymes on cellulose during hydrolysis  

 

1.5 Challenges in Bioethanol Production from Lignocellulosic Feedstocks 

Although lignocellulosic ethanol addresses several limitations of first generation 

biofuels, the high transportation costs due to low energy density of biomass, and high 

processing cost due to technological challenges are still hurdles in the commercial 

success and production of significant quantity of cellulosic ethanol. To match the goal of 

36 billion gal of biofuels production by 2022, mandated by Renewable fuel standard 

(RFS), there is a critical need to evaluate regional feedstocks, using which can also help 

in reducing the biomass transportation costs. Recalcitrant structure of cellulosic 

feedstocks poses major technological challenges in conversion of biomass to ethanol, and 

results in increased cost of production. Pretreatment process reduces the recalcitrance of 

biomass and increases the subsequent sugar/ethanol yields (3-10 folds) during hydrolysis 

and fermentation (da Costa Sousa et al. 2009; Sun and Cheng 2002; Taherzadeh and 



10 
 

 
 

Karimi 2007). However, most of the pretreatments are themselves energy intensive 

operations and key cost centers in the ethanol production process. Extensive research 

efforts have been made on development of pretreatment technologies in the last few 

decades and a large number of technologies have been studied on various feedstocks 

(Kumar et al. 2009; Mosier et al. 2005; Sun and Cheng 2002; Yang and Wyman 2008). 

For bioethanol production process to be sustainable it is very critical to consider both 

short term criteria such as process yields and efficiencies; economics, and long term 

factors such as energy efficiency and environmental impact. Techno-economic models 

play an important role to estimate the economic feasibility of process, energy use in the 

form of various utilities, and determine the critical processes and inputs with high impact 

on economics. The first basic condition for a sustainable process is that resource 

consumption should be less than the resource regeneration. Resource 

consumption/generation in the scenario of biofuels can be fossil energy. Comprehensive 

studies based on life cycle analysis approaches are required for detailed comparisons and 

selection of different technologies. Life cycle analysis, a useful technique to assess 

impact of products, processes and services on the environment (fossil energy use and 

greenhouse gas (GHG) emissions), can play an important role in evaluating and 

comparing the different pretreatment technologies. 

Enzymatic hydrolysis is another major stumbling block in the commercialization 

of the lignocellulosic ethanol process due to high cost of enzymes and slow hydrolysis 

rates.  Rate of hydrolysis decreases rapidly after an initial period. Several factors 

associated with both enzymes and substrate such as ratio of different enzymes, cellulose 

degree of polymerization, crystallinity, accessible surface are, enzyme deactivation, 
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product have been identified to contribute in controlling the hydrolysis efficiencies. As 

ethanol yield is directly proportional to amount of sugars produced during hydrolysis, 

achieving high hydrolysis yields and rates are necessary for economic feasibility of 

ethanol production process. There is critical need to develop strategies to reduce the cost 

of hydrolysis process by improving the understanding of the process, testing cellulose 

hydrolysis under different conditions (enzyme combinations, enzyme substrate ratios, 

total enzyme loadings etc.) to determine the efficient and optimized hydrolysis 

conditions. It has been reported that native enzyme mixtures produced by natural 

microorganisms are not optimized  and synthetic mixture (designer combinations) of 

cellulase enzymes can give relatively higher hydrolysis yields (Meyer et al. 2009; 

Ballesteros 2010; Banerjee et al. 2010; Chundawat et al. 2011). However, conducting 

detailed hydrolysis experiments for each statistically designed condition is highly time 

and labor consuming and require a large number of sources and purified enzymes. The 

feasible alternative is to develop a comprehensive hydrolysis model that can predict 

accurate hydrolysis profile under various process conditions, and can be used as an 

important forecasting tool to understand and improve the hydrolysis process. Extensive 

efforts have been made in last few decades to develop hydrolysis models using various 

approaches and these models can be broadly classified into three categories depending 

upon level of complexity and parameters considered in the models: empirical models, 

semi-mechanistic models and functional models. Majority of models in literature are 

based on Michelis-Menton type kinetics, use lumped terms (single activity of enzymes, 

no morphological difference in the substrates). The mechanistic kinetic models that 

consider hydrolysis factors to some details are reasonably accurate in predicting 
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hydrolysis trends, however, become highly complex due to very large number of 

mathematical equations and parameters. Exponential increase in complexity and number 

of model terms with addition of details of process (structural properties, interactions) is a 

challenge in development and application of these models. Molecular scale stochastic 

molecular modeling (SMM) of the hydrolysis in which each hydrolysis event in 

translated into a discrete event can be an approach to capture the dynamic enzyme-

substrate intearction during hydrolysis and addressing the chellenges of kinetic models 

such as large number of mathematical equations and parameter estimation, change in 

parameters with change enzyme or hydrolysis conditions etc. 

Objective of this research is to investigate the sustainability of grass straw as 

feedstock for ethanol production, develop techno-economic, life cycle assessment, and 

enzymatic hydrolysis model frameworks that can be used to investigate economic and 

environmental feasibility of lignocellulosic ethanol production, compare different 

technologies and downstream processing options, determine critically important process 

inputs and parameters, and predict accurate hydrolysis profile of cellulose under various 

scenarios. The specific objectives of this project were as follow: 

1. To determine the ethanol potential and effect of pretreatment on hydrolysis yields 

from grass straws in the Pacific Northwest US 

2. To develop process models to investigate the impact of pretreatment and 

downstream processing technologies on economics and energy use in cellulosic 

ethanol production  

3. To conduct life cycle assessment of energy and GHG emissions during ethanol 

production from grass straws using various pretreatment processes 
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4. To develop and validate a stochastic molecular model of enzymatic hydrolysis of 

cellulose 

This dissertation is organized into six chapters. In the first study (chapter 2), straw 

from three common varieties of seeds were investigated as potential feedstock for 

bioethanol production. Detailed composition analysis was performed to determine the 

carbohydrate and lignin content. Three different chemical pretreatments were 

investigated based to subsequent hydrolysis yields. Process models were developed using 

SuperPro designer for comprehensive techno-economic analysis of lignocellulosic 

ethanol production. The third chapter discuss these process model details, techno-

economic analysis of ethanol production from grass straw, and tradeoff of cost and 

energy use during selection of downstream processing options. The sustainability 

analysis cannot be completed without evaluating the energy efficiencies and 

environmental effects, which was the focus of third study (chapter 4). Detailed 

attributional life cycle assessment was performed for grass straw ethanol production 

using experimental results from chapter 1, and process models from chapter 2. The fifth 

chapter discuss the various hydrolysis modeling approaches, explains the development of 

stochastic hydrolysis model, demonstrate the potential of SMM modeling in capturing the 

complexities of hydrolysis mechanism along with predicting the hydrolysis profile. The 

chapter also includes the purification of cellulase enzymes, hydrolysis experiments for 

model validation. The last chapter (chapter 6) summarizes the findings obtained from 

these studies.  
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2.1 ABSTRACT 

Increasing energy demand and rising petroleum prices necessitate development of 

alternative energy resources. Bioethanol, an important renewable transportation fuel, has 

been considered as one of the most promising alternatives to petroleum.  The grass seed 

production industry in the Pacific Northwest produces about 2 Mt per year of grass straw 

as a co-product. Various species of grasses, with yields of up to 5 tons/acre and 

containing up to 35% cellulose, are potential feedstocks for ethanol production. Three 

common grass seed crops, perennial ryegrass (Lolium perenne L.), tall fescue (Festuca 

arundinacea Schreb) and bentgrass (Agrostis sp.) were investigated as feedstocks for 

ethanol production. Composition analysis was performed using standard NREL 

laboratory analytical procedures. The grasses were pretreated at 10% solid loading at 

180°C for 15 min. using hot water, dilute acid or dilute alkali. Scanning electron 

microscope (SEM) images of untreated and pretreated grasses were used to visually 

analyze structural changes in the biomass after pretreatment. Both untreated and 

pretreated grass straw were enzymatically hydrolyzed at 50°C for 120 h. All 

pretreatments were effective in increasing enzymatic digestibility of pretreated straw 

compared to untreated samples. For all experimental conditions investigated, most of the 

hydrolysis (>80%) was completed in the first 48 h. No single pretreatment gave the 

maximum hydrolysis yield for all grasses. Potential maximum ethanol yields for tall 

fescue, perennial ryegrass and bentgrass were 360, 297 and 276 liter per ton of biomass 

respectively. 
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2.2 INTRODUCTION  

With increased population and industrialization, the world is facing complex 

economic and environmental concerns associated with energy. Energy consumption has 

increased steadily over the last century with the largest portion derived from petroleum. 

More than 20 million barrels of petroleum are consumed every day in the U.S. (Balan et 

al. 2009). There is growing need to find viable alternatives to petroleum fuels. 

Bioethanol, an important renewable transportation fuel, can be produced in significant 

quantities from fermentation of sugars.  Lignocellulosic feedstocks (e.g. agricultural 

residues, grasses, forestry wastes, wastepaper, and various industrial wastes), due to their 

abundance and low cost, are attractive sources for ethanol production (Sun and Cheng 

2002; Teymouri et al. 2004; Alizadeh et al. 2005; Balan et al. 2009). Cellulosic ethanol 

can help in reduction of greenhouse gas emissions, as ethanol production mainly uses 

renewable energy sources and reduces net carbon dioxide emissions (Balan et al. 2009; 

Wyman 1996). The solid residues after ethanol production from cellulosic biomass can 

be used to produce electricity. 

Most of the U.S. grass seed production occurs in the states of Oregon, 

Washington, and Idaho. The Willamette Valley in Oregon, known as the grass seed 

capital of the world, covers about 500,000 acres under grass seed production (Graf and 

Koehler 2000). Annually about 2.24 Mt of grass straw is produced as a co-product of 

grass seed production in these three states. After removing the straw required to maintain 

soil quality, about 1.00 Mt of grass straw is available every year (Banowetz et al. 2008). 

The average yields for perennial ryegrass, tall fescue and bentgrass are 8.46, 12.87 and 

9.74 Mg/ha, respectively (Banowetz et al. 2008). Presently, over 60% of the grass straw 
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is exported as animal feed at a market value of $65 per ton and the remaining 30% is 

burned in the field. With yields of up to 5 tons/acre and containing up to 35% cellulose, 

grass straw are important potential feedstocks for production of biofuels. 

Lignocellulosic biomass typically contains about 35 to 50 % cellulose and 20 to 

35 % hemicellulose (Wyman 1996). Cellulose is a linear condensation polymer 

consisting of D-anhydro-glucopyranose units joined together by β-1, 4-linkages. Using 

chemicals or enzymes, cellulose can be hydrolyzed into glucose, which can be fermented 

to ethanol. However, cellulose has a crystalline structure and is embedded in a complex 

matrix of hemicellulose and lignin, which decreases its accessibility to acids and enzymes 

(Sun and Cheng 2002; Mosier et al. 2005; Balan et al. 2009). Hemicellulose is a 

heterogeneous polymer of different sugars (mainly pentoses) and sugar acids. Lignin 

consists of phenyl-propane units linked in a complex three-dimensional structure 

(Taherzadeh and Karimi 2007). In lignocellulosic feedstocks, the lignin acts as glue that 

surrounds, fills and strengthens the structure to make it stable and fairly impervious to 

degradation. Physical properties such as pore structure and crystallinity also impact the 

accessibility of enzymes to cellulose (Jeoh et al. 2007). For efficient conversion of 

cellulose to glucose, the biomass structure should be should be pretreated to facilitate 

enzymatic hydrolysis by improving enzyme access. 

Different types of pretreatment processes have been developed and studied for 

various feedstocks to enhance enzymatic hydrolysis by removing the hemicellulose, and 

lignin and increasing the porosity and exposed surface area. These can be classified as 

physical, physico-chemical, chemical and biological pretreatments (Taherzadeh and 

Karimi 2007). However, no single method has been found to be suitable for all 
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feedstocks. An effective pretreatment method should be of low cost (capital and 

operating costs), effective on a wide range of lignocellulosic materials, ensure recovery 

of all of the lignocellulosic components in a useable form, require minimum preparation 

(such as size reduction) prior to pretreatment, and form minimal amounts of inhibitory 

compounds (Sun and Cheng 2002; Wyman et al. 2005; Taherzadeh and Karimi 2007).  

In this study, perennial ryegrass (Lolium perenne L.), tall fescue (Festuca 

arundinacea Schreb) and bentgrass (Agrostis Sp.) were investigated as feedstocks for 

ethanol production potential. The grasses were pretreated using three pretreatment 

methods (hot water, dilute acid and dilute alkali) followed by enzymatic hydrolysis. 

Scanning electron microscope (SEM) images were used to visualize the physical effects 

of the pretreatments.  The effects of the pretreatments were compared in terms of glucose 

yields from hydrolysis of the grass straws. Potential ethanol yields were calculated on the 

basis of final available glucose. 

2.3 MATERIALS AND METHODS 

2.3.1 Substrate 

Perennial ryegrass, tall fescue and bentgrass straw samples were obtained from 

the farms of Rose Agriseeds Inc. (Hubbard, OR). Grasses were ground in a Wiley knife 

mill, until the entire sample passed through a 2 mm screen. The comminuted biomass was 

dried at 40°C for 24h in a hot air oven. To obtain the particle size profile, the milled 

samples were sieved using a sieve shaker (Allen-Bradley Sonic Sifter) with a sieve set 

from No. 20 (850 μm) to No. 100 (149 μm). The samples retained between Sieves 20 and 

80, were used for further analysis. 
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2.3.2 Enzymes 

The cellulase enzymes (Accellerase 1500) used in this study, were donated by 

Genencor, Danisco division (Palo Alto, CA). Accellerase 1500 is a mixture of 

exoglucanases, endoglucanases, hemicellulase and β-glucosidase. Cellulase activity was 

measured in terms of filter paper units (FPU) using a standard assay (Ghose 1987) and 

was found to be 44 FPU/ mL. Beta-glucosidase activity for these enzymes has been 

reported as 525-775 pNPG U/g (Genencor, Accellerase 1500 product information sheet). 

2.3.3 Composition of Grass Straw 

Solid, ash, protein, extractives, structural carbohydrates and lignin were 

determined for all three grasses using National Renewable Energy Laboratory (NREL) 

standard laboratory analytical procedures. Solid and ash contents in the samples were 

determined using gravimetric analysis. Protein content was calculated indirectly by 

measuring the amount of nitrogen (N) in the biomass. The crude protein concentration 

was estimated as N*6.25. Water soluble and ethanol soluble extractives were determined 

using a Soxhlet apparatus as explained in the NREL procedures (NREL 2010). Briefly, 

about 5 gram of biomass was placed in cellulose thimbles and a two-step extraction was 

performed for 48 h using de-ionized water followed by 95 % ethanol. Four replications 

were used during the extractives analysis. A two-step acid hydrolysis was used to degrade 

the biomass into simple sugar monomers (glucose, xylose, arabinose, galactose and 

cellobiose), which were quantified using the HPLC method described below. Acid 

insoluble lignin (AIL) was determined using gravimetric analysis. The acid-soluble lignin 

(ASL) was calculated by measuring absorbance at 320 nm in a UV-Vis spectroscope 
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using water as blank (Kumar and Murthy, 2010). All analyses were performed in 

triplicate.  

2.3.4 Pretreatment of Grass Straws 

Three different chemical pretreatment methods were investigated to enhance 

enzymatic hydrolysis yields. The grass straw was treated with dilute acid (1% H2SO4 

solution), dilute alkali (1% NaOH solution), or hot water at 10% solid loading at 180°C 

for15 min residence time. All pretreatments were performed in nominal 19 mm (0.75 in.) 

diameter and 305 mm (12 in.) long stainless steel tubes (#316 alloy stainless steel) with 

capped compression ferrule fittings (swage-lock type) on each end (fig. 2.1a). A 50 g 

sample mixture was used in each pretreatment, i.e., 5.0 g of biomass and 45.0 g of 

solution (H2SO4, NaOH, or water). To quickly raise the temperature of the mixture, the 

sealed tubes were preheated in a fluidized sand bath (model SBL-2D, 4000 W, Techne, 

Inc., Burlington, N.J.) at 270°C until the temperature of the material inside the tubes was 

raised to 180°C. The temperature was monitored with an Omega HH147 data logger with 

a type-K thermocouple installed in a tube filled with an equal amount (50 g) of water. 

After heating to 180°C, the tubes were transferred within 2 to 3 min to a laboratory oven 

(Cat. No. 3605-1, 1200 W, Lab-Line Instruments, Inc., Melrose Park, Ill.) maintained at 

180°C. The tubes were kept in the oven for exactly 15 min residence time and then 

immediately cooled to room temperature by immersion in cold water. The temperature 

profile of the pretreatment process is shown in figure 2.1b. 
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(a) Tube reactors                                                   (b) Temperature profile  

Fig 2.1 Tube reactors used for pretreatment and pretreatment temperature profile 

 

The pretreated slurry was collected in Erlenmeyer flasks and weighed. Slurry was 

filtered through glass microfiber filters to separate solid and liquid fractions. Solids were 

washed with 20 mL de-ionized water. Solid content in the solids fraction was determined 

by drying a subsample at 105°C in a hot-air oven. The remaining solid residues were 

used for enzymatic hydrolysis. The liquid fraction was transferred to storage tubes and 

frozen at -20°C until further analysis. Sugars in the liquid fraction were quantified by the 

HPLC method described below. The pH of the liquid fraction was adjusted to 5 to 6 using 

1% H2SO4 or 1% NaOH before analysis. At least three replicates were performed for all 

treatments. 

2.3.5 Enzymatic Hydrolysis 

Untreated grass straw samples and the solid residues recovered after pretreatment 

were hydrolyzed using cellulase (Accellerase 1500) enzymes in 250 mL Erlenmeyer 

flasks at 50°C and 100 rpm in a water bath shaker, as per the NREL procedures (NREL, 

2010). The biomass was hydrolyzed at a solid loading of 1.5% (w/w) with a 100 mL 

reaction volume and a cellulase enzyme loading of 60 FPU g-1 glucan. Citrate buffer 
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(0.05 M) was used to maintain the pH at 4.8, supplemented with 0.04 mg mL-1 

tetracycline (Sigma-Aldrich, St. Louis, Mo.) to prevent microbial contamination. At 

predetermined time intervals (3, 6, 12, 24, 48, 72, 96, and 120 h), 1.0 mL of liquid was 

drawn and centrifuged (10,000 rpm for 5 min) to measure the glucose concentration at 

that time. The liquid was immediately filtered through 0.2 μm Acrodisc nylon syringe 

filters (Pall Life Sciences, Port Washington, N.Y.) into 2 mL micro-centrifuge tubes 

and frozen at -20°C until further analysis. All experiments were performed in triplicate.  

Hydrolysis yields of the pretreated grass straw samples were calculated in terms 

of glucose released during enzymatic hydrolysis. The estimated potential glucose in the 

hydrolyzing biomass was calculated by subtracting the glucose released during 

pretreatment from the initial glucose content in the grass straw (Eqn. 2.1). The amount of 

glucose in the sample withdrawn during hydrolysis was quantified using the enzymatic 

assay described below. Hydrolysis yields at any time during hydrolysis were calculate 

using equation 2.2. 

𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑌𝑖𝑒𝑙𝑑 (%) =  
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑡 𝑎𝑛𝑦 𝑡𝑖𝑚𝑒

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑔𝑙𝑢𝑐𝑜𝑠𝑒
 𝑋 100     (2.1) 

Estimated potential glucose = Glucose content in raw biomass – Glucose in pretreatment 

liquid            (2.2)                              

It is to be noted that estimated potential glucose (Eqn. 2.2) does not consider 

formation of fermentation inhibitors, such as hydroxymethyl furfural (HMF) during the 

pretreatment process. 
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2.3.6 HPLC Analysis 

Acid hydrolyzed (from composition analysis) and pretreated liquid samples were 

analyzed by high-performance liquid chromatography (HPLC; Agilent Technologies, 

Santa Clara, Cal.) using a Bio-Rad Aminex HPX-87P column and a Bio-Rad deashing 

cartridge micro-guard column. The mobile phase was 0.2 μm filtered deionized water at 

80°C with a flow rate of 0.6 mL min-1. For each sample, a 20 μL injection volume was 

used with a run time of 60 min. The amounts of sugars were quantified using a refractive 

index (RI) detector and calibrated using multiple sugar standards..  

2.3.7 Glucose Assay 

Glucose concentration in the samples collected during enzymatic hydrolysis was 

determined using a variation of an enzyme assay method (McComb and Yushok, 1958; 

Washko and Rice, 1961) using glucose oxidase and horseradish peroxidase. The method 

has been adapted for use with a 96-well microplate and multilabel plate reader (Victor3 V 

1420, PerkinElmer, Inc., Waltham, Mass.). Absorbance was noted at 531 nm. D-glucose 

was purchased from Mallinckrodt Chemical Company (Hazelwood, Mo.). Horseradish 

peroxidase type VI-A, crude glucose oxidase, and odianisidine were purchased from 

Sigma-Aldrich (St. Louis, Mo.). Details of the procedure for the assay can be found 

elsewhere (Yee, 2010). 

4.3.8 Scanning Electron Microscopy 

Pretreatment processes result in structural disruption along with removal of 

hemicellulose and lignin. To visualize the structural changes in biomass, SEM images of 

untreated and pretreated grass straw samples were obtained using a Quanta 600F FEGa 



24 
 

 
 

SEM at 15.0 kV in the Electron Microscopy and Imaging Facility at Oregon State 

University. These images were used to observe structural breakage, changes in porosity, 

and exposed area of the biomass after pretreatment processes. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Grass Straws Composition 

Particle size distributions for the three types of grass straw are shown in figure 

2.2. Tall fescue and perennial ryegrass were more resistant to grinding than bentgrass, as 

inferred from the higher mass retained on the 425 μm sieve. More than 80% of the mass 

was retained between the 800 and 250 μm size sieves for all three grasses. The feedstocks 

had a considerable percentage (4.3% to 6.8%) of fines (<149 μm), which could be a result 

of the predominantly fibrous nature of these feedstocks. 

 

Fig 2.2 Particle size profile of three grass straws 

 

The chemical composition of tall fescue, perennial ryegrass, and bentgrass is 

shown in tables 2.1 and 2.2. Glucans were the main component in all three types of grass 

straw followed by acid-insoluble lignin (AIL) and xylan. All three grasses had high 

0

10

20

30

40

50

60

70

850 425 250 177 149 0

W
t 

R
et

ai
n
ed

 (
%

)

Sieve Size (μm)

Bentgrass

Tall Fescue

Perrenial Ryegrass



25 
 

 
 

protein content (5.9% to 7.0%), while bentgrass contained the highest water-soluble 

extractive (37.09%). The cellulose (glucans) content among all three grasses varied from 

22.6% to 32.4%. The xylan, arabinan, and galactans, considered to be part of 

hemicellulose, comprised of 20.59%, 17.63%, and 17.94% for tall fescue, perennial 

ryegrass, and bentgrass, respectively. In all three grasses, xylan was the dominant 

hemicellulose fraction. Mannan was not detected in any of the grasses. The total 

structural sugars were found to be highest in tall fescue (52.94%), followed by perennial 

ryegrass (43.67%) and bentgrass (40.55%). Total lignin content was found to be similar 

in all three grasses.  

Table 2.1 Composition of grass straws (% d.b.) 

Grass 
Solid (%, 

w.b.) 
Ash Protein 

Water 

Extractives 

Ethanol 

extractives 

PRq 94.9±0.1 6.7±0.2 5.9±0.3 23.88±0.98 1.47±0.17 

TF 94.6±0.1 10.6±0.4 6.7±0.5 19.08±1.49 0.32±0.1 

Bent 93.9±0.01 8.9±0.1 7.0±1.7 37.09±1.03 1.57±0.13 

 

Table 2.2 Structural sugars and lignin in grass straws (% d.b.) 

Grass Glucan Xylan Galactan Arabinan AIL ASL 

PR 26.0±1.7 12.2±1.3 2.9±0.1 2.6±0.2 14.1±2.0 1.9±0.1 

TF 32.4±1.0 14.6±1.1 2.9±0.2 3.0±0.4 15.6±0.2 1.3±0.2 

Bent 22.6±3.1 12.4±1.5 3.0±0.1 2.5±0.2 13.1±1.3 3.7±0.2 
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2.4.2 Effect of Pretreatment on Grass Straws 

To analyze the effects of the pretreatment processes, the solid and liquid portions 

from the pretreated slurry were separated using vacuum-assisted glass microfiber 

filtration. The moisture contents in the solid residues were determined to calculate the 

amount of recovered solid biomass. Among the three grasses, tall fescue yielded the 

highest solids recovery, which was expected due to its high glucan content (Fig. 2.3). 

Glucans are the constituents of cellulose, which is not solubilized during pretreatment. 

The dilute alkali pretreatment resulted in relatively higher solids recovery compared to 

the hot water and dilute acid pretreatments. One of the reasons for this result could be the 

lower solubilization of cellulose and hemicellulose fractions during alkali pretreatment.  

 

Fig. 2.3 Solid recovery of grass straws after pretreatment 

 

The solids recovery was low for all three grasses after hot water pretreatment due 

to removal of water-soluble extractives. Water-soluble extractives account for 19.08%, 

37.09%, and 23.88% of the dry biomass composition for tall fescue, bentgrass, and 

perennial ryegrass, respectively (table 2.1). Consequently, the lowest solids recovery 
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among the three grasses was observed for bentgrass. It was observed that separation of 

the liquid and solid fractions from the pretreated bentgrass slurry was difficult as 

compared to the pretreated perennial ryegrass and tall fescue slurries. This may have been 

due to the smaller particle size of the bentgrass straw as compared to the perennial 

ryegrass and tall fescue straw (Fig. 2.2).  

The results of HPLC analysis of released sugars (as percentages of initial content 

in the biomass) are shown in table 2.3. As expected, most of the sugars from 

hemicellulose were released into the liquid portion during dilute acid pretreatment. A 

significant amount of glucose (~19%) was also observed in the liquid obtained from 

dilute acid pretreatment of perennial ryegrass and bentgrass. Negligible amounts of 

xylans were observed in the liquid fraction from the dilute alkali pretreatments.  

However, all of the solid biomass was not recovered during the hot water and dilute alkali 

pretreatments (Fig. 2.3), which indicates that the solid lost during pretreatment was 

primarily due to removal of lignin and water-soluble extractives. Results from the dilute 

acid and dilute alkali pretreatments agreed with the trends reported in the literature 

(Mosier et al. 2005; Wyman et al. 2005). The liquid fraction obtained from hot water 

pretreatment did not contain a large amount of sugars as compared to the other two 

pretreatments, indicating incomplete hemicellulose solubilization. This result is not 

consistent with the literature, according to which most of the hemicellulose is removed 

during hot water pretreatment (Mosier et al. 2005; Kim et al. 2009).). The hemicellulose 

solubilized during hot water pretreatment could still have been in oligomer form, which 

was not detected by the HPLC methods used. Another possible reason for the different 

results obtained in this research may be the lower pretreatment temperature or short 
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residence time in this study compared to earlier research. A wide range of temperatures 

(130°C to 230°C) and residence times (a few seconds to several hours) have been 

investigated for hot water pretreatment of various feedstocks (Lee et al.,  

Table 2.3 Sugars removed (%, db) in the liquid after  pretreatments 

Pretreatment Sample Glucan Xylan Galactan Arabinan 

Hot Water 

TF 0.43 2.61 8.34 1.25 

PR 1.07 7.65 5.90 2.31 

BENT 2.47 6.84 2.93 7.49 

Dilute Acid 

TF 13.04 60.26 8.55 55.07 

PR 19.53 58.48 22.59 61.59 

BENT 19.64 39.75 18.38 45.23 

Dilute Alkali 

TF 0.41 0.38 0.86 1.57 

PR 0.29 0.72 0.00 0.22 

BENT 0.50 1.75 0.30 0.58 

 

2009). Most of these researchers found significant hemicellulose conversions using either 

high temperatures (~200°C) or long residence times (>20 min) (Laser et al. 2002; Negro 

et al. 2003; Dien et al. 2006; Kim et al. 2009; Lee et al. 2009). Lee et al. (2009) 

mentioned that high temperatures and longer residence times during hot water 

pretreatment increased the degradation of hemicellulose. Lee et al. (2009) observed about 

83.3% hemicellulose solubilization at 170°C (less than the temperature used in this study) 

during hot water pretreatment of coastal Bermuda grass. However, the retention time of 

60 min was longer than that used in this study. Petersen et al. (2009) observed that there 

was about 25% hemicellulose degradation when wheat straw was pretreated using hot 
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water at 185°C for 12 min. In summary, temperature, residence time, solid loading, and 

composition of the biomass are major factors that determine the hemicellulose 

solubilization and degradation during hot water pretreatment. Differences in any 

combination of these factors could have resulted in the trends observed in this research. 

During the HPLC analysis, furfural and HMF peaks were also identified in the dilute acid 

and hot water pretreated samples, indicating degradation of xylose and glucose, 

respectively. These peaks were not observed in the case of dilute alkali samples. The 

amounts of degradation products were not quantified. 

As the amounts of hemicellulose and lignin removed were different for the three 

grasses under different pretreatment conditions, it became of interest to examine the 

structural changes in the grasses. SEM images of untreated and pretreated tall fescue, 

perennial ryegrass, and bentgrass are shown in figures 2.4, 2.5, and 2.6 respectively. 

Significant morphological changes were observed after pretreatment for all grass straw 

samples. For all three grasses, the untreated biomass exhibited a rigid structure with few 

fractures, which could be the result of grinding. Disruption in the internal structure after 

pretreatment was observed for all three grasses. In the case of dilute acid pretreatment, 

the fibrils were separated and became fully exposed, and the breakage could be clearly 

observed (figs. 2.5c and 2.6c). This could be the result of hemicellulose removal during 

pretreatment. The structural disruptions were less severe in the case of dilute alkali and 

hot water pretreated grasses; however, the lignin was redistributed as droplets. The 

structure of pretreated grasses was more porous than that of untreated grasses, and there 

were some hollow areas that could increase the accessibility of enzymes and increase 
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hydrolysis efficiencies. These observations were supported by the high glucose yields 

during enzymatic hydrolysis of the grass straw. 

 

Fig. 2.4 SEM images of tall fescue (TF) at 1000X magnification: (a) untreated; (b) hot 

water pretreated; (c) dilute acid pretreated; (d) dilute alkali pretreated  
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Fig. 2.5 SEM images of perennial ryegrass (PR) at 1000X magnification: (a) untreated; 

(b) hot water pretreated; (c) dilute acid pretreated; (d) dilute alkali pretreated 
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Fig. 2.6 SEM images of bentgrass (Bent) at 1000X magnification: (a) untreated; (b) hot 

water pretreated; (c) dilute acid pretreated; (d) dilute alkali pretreated  

 

2.4.3 Enzymatic Hydrolysis Yield 

Enzymatic hydrolysis profiles of the untreated and pretreated tall fescue, 

perennial ryegrass, and bentgrass are shown in figures 2.7, 2.8, and 2.9, respectively. 

Hydrolysis yields were higher for all pretreatments than for untreated samples of all 

grasses. However, no particular trend in hydrolysis yield with respect to pretreatment was 

observed. In the case of perennial ryegrass and bentgrass, the initial hydrolysis rates were 

higher for samples pretreated with dilute acid. Dilute acid pretreatment opens the 
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structure by removing hemicellulose and increases the accessibility of cellulose to 

enzymes. Although a large amount of hemicellulose was not removed during the hot 

water and dilute alkali pretreatments, high hydrolysis yields (~80%) were observed for all 

three grasses. This could be partly attributed to lignin removal and redistribution, which 

facilitated enzyme access to cellulose. Glucose yields for untreated biomass decreased in 

the last stages of hydrolysis, which could be a result of native microbial growth.  

 

Fig. 2.7 Hydrolysis yield with time for Tall fescue (TF) 

 

 

Fig. 2.8 Hydrolysis yield with time for Perennial ryegrass (PR) 
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Fig. 2.9 Hydrolysis yield with time for bentgrass (BENT) 

 

For all experimental conditions investigated, most of the hydrolysis (>80%) was 

completed in the first 48 h, and the hydrolysis yields were relatively constant after 48 h. 

The final hydrolysis yields indicate that all pretreatments were effective in increasing 

cellulose accessibility to enzymes (Fig. 2.10). No single pretreatment consistently had 

higher hydrolysis yield for all grasses. It has been reported in the literature that the effect 

of pretreatment technologies on biomass may vary, depending on the substrate (Zhu 

2005), which was also confirmed in this study. In addition to compositional effects such 

as hemicellulose and lignin, physical properties such as crystallinity, pore structure, and 

surface area are altered during pretreatment and affect the accessibility of cellulose. 

Dilute NaOH pretreatment causes swelling of cellulose, which leads to an increase in 

internal surface area and decrease in crystallinity of the biomass. Similarly, hot water 

pretreatment causes ultrastructural changes, which increase the surface area and 

accessibility of cellulose (Taherzadeh and Karimi 2007). To some extent, these changes 

were observed in the SEM images of hot water and alkali pretreated grass straw samples. 
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Fig. 2.10 Final hydrolysis yield for all grasses 

 

Potential ethanol yields from all three grasses are shown in table 2.4. The ethanol 

yields were estimated based on available glucose, assuming 95% fermentation efficiency. 

Ethanol yields were relatively high for tall fescue due to its high glucose content.  

Table 2.4: Potential Ethanol Yields from grass straws (L/ ton biomass) 

Grass 

Estimated C6 Fermentation Yields 
Theoretical 

Maximum 

(C6+C5) Hot Water Dil. Acid Dil. Alkali 
Theoretical 

Maximum 

TF 173.74 184.63 187.52 220.16 360.57 

PR 150.15 174.96 141.67 177.22 297.87 

BENT 135.92 136.80 126.93 154.05 276.74 

 

It should be noted that since industrial yeast fermentation efficiency of xylans 

(pentoses) is much lower than that of glucans (hexoses), the xylan fraction was not used 

to estimate the ethanol yields in this study. However, maximum theoretical ethanol yields 
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were calculated based on the initial composition of the feedstocks, considering both the 

six-carbon and five-carbon sugars. Ethanol yield was found to be highest for tall fescue 

(360.57 L ton-1). 

2.5 CONCLUSIONS 

Perennial ryegrass, tall fescue, and bentgrass straw were hydrolyzed using 

cellulase enzymes to produce glucose, which can be fermented to ethanol, a 

transportation fuel. Chemical compositions of the three grasses were determined. While 

lignin content was found to be similar in all three grasses, tall fescue contained relatively 

high sugar content. Hot water, dilute acid, and dilute alkali pretreatments were performed 

at the same conditions (180°C and 15 min) to examine the improvement in hydrolysis 

efficiency. About 50% to 60% of the hemicellulose was released as monomers during 

dilute acid pretreatment, whereas most of the lignin was removed during dilute alkali 

pretreatment. Hydrolysis yields were enhanced by all pretreatments; however, no specific 

trend was observed among the different grasses and pretreatments. Significant 

morphological changes occurred during the pretreatment, as indicated by SEM images. 

Potential theoretical maximum ethanol yields for tall fescue, perennial ryegrass, and 

bentgrass were estimated to be 360, 297, and 276 L ton-1 of biomass, respectively. The 

overall conclusion of this study is that the efficiency of a pretreatment process cannot be 

explained only on the basis of hemicellulose or lignin removal. Morphological changes, 

such as redistribution of lignin and change in crystallinity, should be studied to explain 

the effect of various pretreatments.  
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3.1 ABSTRACT 

Background: While advantages of biofuel have been widely reported, studies 

also highlight the challenges in large scale production of biofuel. Cost of ethanol and 

process energy use in cellulosic ethanol plants are dependent on technologies used for 

conversion of feedstock. Process modeling can aid in identifying techno-economic 

bottlenecks in a production process. A comprehensive techno-economic analysis was 

performed for conversion of cellulosic feedstock to ethanol using some of the common 

pretreatment technologies: dilute acid, dilute alkali, hot water and steam explosion. 

Detailed process models incorporating feedstock handling, pretreatment, simultaneous 

saccharification and co-fermentation, ethanol recovery and downstream processing were 

developed using SuperPro Designer. Tall Fescue (Festuca arundinacea Schreb) was used 

as a model feedstock. 

Results: Projected ethanol yields were 256.62, 255.80, 255.27 and 230.23 L/ dry 

metric ton biomass for conversion process using dilute acid, dilute alkali, hot water and 

steam explosion pretreatment technologies respectively. Price of feedstock and cellulose 

enzymes were assumed as $50/metric ton and 0.517/kg broth (10% protein in broth, 600 

FPU/g protein) respectively. Capital cost of ethanol plants processing 250,000 metric 

tons of feedstock/year was $1.92, $1.73, $1.72 and $1.70/L ethanol for process using 

dilute acid, dilute alkali, hot water and steam explosion pretreatment respectively. Unit 

ethanol production cost of $0.83, $0.88, $0.81 and $0.85/L ethanol was estimated for 

production process using dilute acid, dilute alkali, hot water and steam explosion 

pretreatment respectively. Water use in the production process using dilute acid, dilute 
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alkali, hot water and steam explosion pretreatment was estimated 5.96, 6.07, 5.84 and 

4.36 kg/L ethanol respectively.  

Conclusions: Ethanol price and energy use were highly dependent on process 

conditions used in the ethanol production plant. Potential for significant ethanol cost 

reductions exist in increasing pentose fermentation efficiency and reducing biomass and 

enzyme costs.  The results demonstrated the importance of addressing the tradeoffs in 

capital costs, pretreatment and downstream processing technologies. 
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3.2 INTRODUCTION  

Bioethanol, a renewable energy source, is one of the alternatives to petroleum. 

Over last decade, bioethanol production has increased from 6.2 (year 2000) to 50 billion 

liters/year (year 2010) in United States. Number of ethanol production plants have 

increased from 54 (year 2000) to 189 (year 2010) (RFA, 2010). Most of this growth in 

ethanol has been from first generation corn ethanol. Ethanol can be used as transportation 

fuel in existing gasoline vehicles after blending with gasoline, such as E10 - a mixture of 

10% ethanol and 90% of gasoline by volume. Presently most of the ethanol is produced 

from fermentation of sugars in feedstocks such as sugarcane, sweet sorghum, corn, 

cassava, wheat and constitute what are known as first generation biofuel (Taherzadeh and 

Karimi 2007). However, challenges such as capacity limitations (feedstock availability 

and supply), food vs. fuel issues, high feedstock prices, land and fresh water use, 

intensive agricultural inputs have led to investigation of second generation biofuels that 

address some of these concerns.  Lignocellulosic biomass (e.g. agricultural residues, 

forestry wastes, grasses, wastepaper, municipal wastes and various industrial wastes), due 

to their abundance and low cost, are potential alternatives to serve as feedstock for the 

second generation ethanol production (Sun and Cheng 2002; Teymouri et al. 2004; 

Alizadeh et al. 2005). 

Lignocellulosic feedstocks are composed of mainly cellulose, hemicellulose, 

lignin, extractives and ash consisting of inorganic minerals. Production of cellulosic 

ethanol via biological conversion consists of three critical steps: pretreatment of biomass, 

hydrolysis of sugar polymers (cellulose, hemicellulose etc.) to sugar monomers and 

fermentation of sugar monomers to ethanol.  A generic cellulosic ethanol production 
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process is shown in figure 3.1. Hydrolysis of sugar polymers can be achieved chemically 

by using acid or biologically using enzymes. Enzymatic hydrolysis is favored over acid 

hydrolysis due to lower energy consumption (natural gas, electricity), mild operating 

conditions, high sugar yields, and lower capital and maintenance cost of equipment 

(Bansal et al. 2009; Zheng et al. 2009). However, in the case of lignocellulosic biomass, 

recalcitrant and heterogeneous structure of the biomass poses a fundamental challenge to 

depolymerization of cellulose during the enzymatic hydrolysis process. Enzyme 

accessibility is restricted by the lignin and hemicellulose and enzymes tend to irreversibly 

bind to lignin which slows down the process (Rawe 2008). 

 

Fig. 3.1 Generic Cellulosic Ethanol Production Process 

Several pretreatment methods, aimed at enhancing the susceptibility of 

lignocellulosic biomass to enzymes, have been investigated by researchers for 
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degradation of hemicellulose and lignin and to break the crystalline structure of cellulose. 

Pretreatment techniques are mainly classified as: physical (e.g. mechanical 

comminution), chemical (e.g. dilute acid or alkali, Ammonia percolation), physico-

chemical (e.g. steam explosion, Ammonia fiber expansion (AFEX)), and biological 

pretreatments (e.g. using white rot fungi) (Mosier et al. 2005; Taherzadeh and Karimi 

2007; da Costa Sousa et al. 2009). All of these techniques have been investigated by 

many researchers for different feedstocks (Bjerre et al. 1996; Laser et al. 2002; 

Ballesteros et al. 2004; Lloyd and Wyman 2005; Mosier et al. 2005; Sun and Cheng 

2005; Linde et al. 2007). Due to lack of commercial scale biochemical cellulosic ethanol 

facilities, most of these technologies have only been tested on laboratory/pilot scale. Four 

different pretreatment methods: dilute acid, dilute alkali, hot water and steam explosion, 

modeled in this study are among the most commonly used pretreatment methods (Sun 

and Cheng 2002; Mosier et al. 2005; Taherzadeh and Karimi 2007; da Costa Sousa et al. 

2009; Kumar and Murthy 2011). Dilute acid pretreatment is one of the extensively 

investigated method to remove the hemicellulose and for structural breakdown of 

lignocellulosic biomass (Aden et al. 2002; Lloyd and Wyman 2005; Sun and Cheng 

2005; Wyman et al. 2005; Zhu et al. 2005; Kumar and Murthy 2011). During these 

pretreatments, biomass is treated at different combinations of temperatures (100-290°C) 

and residence times (few seconds to several hours). During hydrothermal pretreatment, 

most of the hemicellulose is hydrolyzed to sugar monomers and becomes soluble. Some 

fraction of cellulose may be depolymerized into glucose. A fraction of lignin is dissolved 

and/or redistributed. Externally added acid (0.05-5%) and alkali act as catalysts during 

dilute acid and dilute alkali pretreatment process respectively. Hot water pretreatment is 
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“auto catalyzed” process, where acetic acid released from hemicellulose and self-

ionization of water at elevated temperatures causes pH drop. High acid concentrations 

and/or high temperatures during dilute acid process can cause degradation of sugar 

monomers to furans, which are inhibitory to yeast during fermentation. In the dilute alkali 

process, alkali affects the lignin-carbohydrate linkages and removes acetyl groups of 

hemicellulose. This results in higher lignin removal during dilute alkali pretreatment 

compared to other pretreatments (Mosier et al. 2005; da Costa Sousa et al. 2009; Kumar 

et al. 2009; Xu 2011). During steam explosion process, biomass is heated under pressure 

and the pressure is rapidly released in a flash tank. Rapid expansion of the steam causes 

an explosive breakdown of the biomass structure. A wide range of temperatures (160-

290°C) and residence times have been investigated for this process (Sun and Cheng 2002; 

da Costa Sousa et al. 2009). The process has been found efficient using a combination of 

high temperature and short residence time or lower temperature and longer time (Sun and 

Cheng 2002; Kumar et al. 2009). A major advantage of steam explosion process is that it 

has been found effective on feedstock with large particle sizes, which can reduce the 

energy required for size reduction (Sun and Cheng 2002; Brodeur et al. 2011).  To 

quantify the effectiveness of pretreatment process, “combined severity (CS) factor” has 

been used in many studies.  The CS factor relates variable process conditions such as 

temperature, time and pH (acid/alkali concentration) during pretreatment process (Chum 

et al. 1990; Nguyen et al. 2000; Keller et al. 2003; Tucker et al. 2003). Typical process 

conditions, mode of action and limitations of these pretreatment processes have been 

summarized in table 3.1. 
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Most of the models in recent years have been developed for lignocellulosic 

ethanol plants using dilute acid, steam explosion and AFEX pretreatment processes using 

laboratory scale data (Aden et al. 2002; Eggeman and Elander 2005; Laser et al. 2009; 

Kazi et al. 2010). It is known that there are many tradeoffs in the design of commercial 

scale ethanol plants and these tradeoffs need to be understood to have an economically 

viable process (Galbe et al. 2007; Gnansounou and Dauriat 2010; Kazi et al. 2010). A 

detailed process model which includes all unit operations from biomass handling to 

ethanol distillation can be helpful to perform the economic analysis of the whole process 

on commercial scale. Such models can aid in understanding the tradeoffs in capital costs, 

energy and water use in the process. The results (utilities requirement, energy and 

emissions) obtained from these models can also be used to analyze the environmental 

impact of the process using tools such as life cycle assessment. 

Several researchers have used computer simulation process models for ethanol 

production from corn grain (McAloon et al. 2000; Kwiatkowski et al. 2006; Ramírez et 

al. 2009). Wooley et al. (Wooley et al. 1999) developed a process model using Aspen 

Plus for production of ethanol from lignocellulosic biomass using dilute acid 

pretreatment and enzymatic hydrolysis, which provided a base case for many further 

studies and cost estimate of ethanol production. A report from National Renewable 

Energy Laboratory (NREL) (Aden et al. 2002) provided the updated process model that 

included all details of operations such as feed handling, product recovery, wastewater 

treatment, in addition to all major unit operations. Using these models as base case, some 

other reports have also been published on process modeling of ethanol production using 

current and mature processing technologies (Laser et al. 2009; Kazi et al. 2010). While  
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Table 3.1 Typical pretreatment process conditions and results of pretreatment*  

 Dil. Acid Dil. Alkali Hot Water 
Steam 
Explosion 

Temperature 
(°C) 

160-220 >100 160-230 160-290 

Pressure (MPa) 
Saturated vapor 
pressure 

Saturated vapor 
pressure 

Up to 5 0.69-4.83 

Solution 
(acid/alkali) 
concentration 
(%) 

0.05-5 0.5-3 - - 

Residence 
Time 

1-60 min 
-Few minutes to 
several hours 

12-60 min 
Few seconds-
several minutes 

Mode of 
Action 

-Hydrolysis of 
hemicellulose 
to soluble 
sugars 

-Alteration the 
lignin structure 

-Solublization and 
extraction of 
lignin 

-Swelling of 
cellulose which 
increases internal 
surface area and 
separation of 
linkages between 
lignin and 
carbohydrates  

-Water acts as 
dilute acid at 
high 
temperatures 

-Release of 
acetic acid and 
other acids from 
hemicellulose 
hydrolysis helps 
in further 
hydrolysis 

-Hydrolysis of 
hemicellulose to 
oligomers 

-Water acts as 
dilute acid at 
high 
temperatures 

-Rapid release 
of pressure 
opens up the 
structure of 
biomass 

-Removal of 
hemicellulose  

Challenges 

-Process require 
Detoxification 
before 
fermentation 

-Acid is 
corrosive and 
hazardous so 
reactor material 
should be 
corrosion 
resistant 

-Cost of alkali is 
very high as 
compared to other 
reagents 

-Longer residence 
times are required 
at low 
temperatures 

-Process require 
high pressure to 
keep water in 
liquid state 

-Formation of 
inhibitory 
compounds due 
to 
hemicellulose 
degradation 

*Ref: (Sun and Cheng 2002; Mosier, Wyman et al. 2005; Sun and Cheng 2005; Taherzadeh and 

Karimi 2007; Wang et al. 2008; da Costa Sousa et al. 2009; Kumar et al. 2009; Lee et al. 2009; 

Xu 2011) 
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several researchers have developed process models for cellulosic ethanol for various 

individual pretreatment processes, it is difficult to compare the use of pretreatment 

technologies due to lack of a consistent process modeling framework for the underlying 

ethanol production process.   

The aim of this work was to develop process models for several common 

pretreatment processes with a consistent underlying framework to investigate economic 

feasibility, compare energy consumption and sensitivity of the ethanol price to process 

parameters. Process models were developed considering four different pretreatment 

methods: dilute acid, dilute alkali, hot water and steam explosion for an ethanol plant 

with 250,000 metric ton/ year of biomass processing capacity. All models were 

developed based on assumptions of existing and near - term cellulosic ethanol production 

technologies. Tall fescue grass was selected to compare different pretreatment methods 

for producing cellulosic ethanol, as significant amounts of this straw residue are produced 

(791,000 metric tons/year) in Pacific Northwest U.S. and its composition is similar to  

that of  proposed dedicated herbaceous energy crops (Steiner et al. 2006; Banowetz et al. 

2008; Kumar and Murthy 2011). Sensitivity analysis was performed by varying the price 

of raw materials, fermentation efficiencies and efficiency of the electricity conversion to 

investigate their effect on ethanol price. In addition, tradeoffs in the energy and capital 

cost due to choice of downstream processing technologies were investigated. 

3.3 MATERIALS AND METHODS 

3.3.1 Biomass 

Grass straw is co-product of grass seed production and a potential feedstock for 

biofuel production due to high cellulose content (up to 31%). Grass seed production is 



50 
 

 
 

concentrated in the states of Oregon, Washington, and Idaho. In Oregon, about 0.88 

million metric tons/year of grass straw is available as a co-product from grass seed 

production (Banowetz et al. 2008). Tall fescue (Festuca arundinacea Schreb) straw is 

considered as a potential biomass for ethanol production as it is a major grass seed crop 

in Willamette valley, Oregon. Tall fescue (TF) seed production yields about 11.9 

Mg/hectare of straw (Banowetz et al. 2008). Straw from tall fescue contains about 31% 

cellulose, 20.2% hemicellulose and 14.4% lignin (Fig. 3.2). Xylan is the main component 

of hemicellulose (82%) (Kumar and Murthy 2011).  Heating value of biomass was 

calculated as 13.2 MJ/dry kg biomass (lower heating value). 

Perennial ryegrass (Lolium perenne L.) another grass seed crop can also be used 

in the same ethanol production plant. In laboratory experiments, composition and 

hydrolysis efficiencies for perennial ryegrass (PR) were similar to TF (Kumar and 

Murthy 2011). Area required to collect 250,000 Mg of grass straw was calculated using 

equation 3.1 (Aden et al. 2002). 

𝐴𝑟𝑒𝑎𝐶𝑜𝑙𝑙𝑒𝑐𝑡 =  
𝐷𝑆𝑡𝑟𝑎𝑤

𝑌𝑠𝑡𝑟𝑎𝑤∗ 𝐹𝑐𝑟𝑜𝑝𝑙𝑎𝑛𝑑∗ 𝐹𝑎𝑣𝑎𝑖𝑙∗ 𝐹𝑐𝑜𝑙𝑙𝑒𝑐𝑡 
      (3.1) 

Where, Dstraw = Annual demand of straw, Mg; Ystraw = Annual yield of straw, 

Mg/acre; Fcropland = Fraction of area under fields; Favail = Fraction of farm land from which 

grass straw could be sold; Fcollect  = Percentage of straw that can be collected from fields 

without affecting the soil quality  

It was assumed that plant would be located in the center of farming areas and 40% 

of the area comes under infrastructure (roads, buildings etc.). It is important to note that 

all of the straw is not available for ethanol production as depending on the site specific 
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agro-climatic and edaphic factors, some amount of straw is needed as mulch to maintain 

soil organic carbon content and soil health. The values of Favail and Fcollect were assumed 

to be 0.75 and 0.5 respectively. Considering 11.8 Mg/ha (4.8 Mg/acre) annual grass straw 

yield (Ystraw) (Banowetz et al. 2008), it was calculated that 230,966 acres would be 

required to collect 250,000 metric ton of grass straw annually. Assuming the plant to be 

located in the center of grass seed farmland, a distance (radius) of 17.25 km around the 

plant is sufficient to supply the required amount of straw. 

 

Fig. 3.2 Chemical composition of tall fescue grass straw 

3.3.2 Model Development 

The process models were developed using Super Pro Designer (Intelligen, Inc., 

Scotch Plains, NJ) for an ethanol plant with processing capacity of 250,000 metric ton 

biomass/year. Ethanol production process was divided into four sections: front end 

operations (e.g. cleaning and size reduction of biomass), pretreatment of biomass, 

simultaneous saccharification and co-fermentation (SSCoF) and downstream processing. 

Cellulose

31%

Hemicellulose

20%

Lignin

14%

Extractives

19%

Protein 

5%
Ash

11%
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Downstream processing consisted of anhydrous ethanol recovery using distillation and 

molecular sieves, co-product (lignin) recovery/utilization to generate steam and 

electricity, and waste water treatment. Only the pretreatment section was different among 

different models and other operations were same in all four models. As these models 

were developed for the pretreatments using same underlying model and assumptions, 

their performance could be compared on a consistent basis.  Most common models 

(Wooley et al. 1999; McAloon et al. 2000; Kwiatkowski et al. 2006; Ramírez et al. 2009) 

in literature are the so called factored estimate models and are accurate up to 30% (Aaron 

1997). While details of minor equipment such as valves and pumps were not included in 

these models, factors based on total equipment cost are used to model the process 

economics. Such models are useful to establish differences in technologies but cannot be 

used for making decisions regarding financing/construction of plants. The process 

parameters and efficiencies used in the current models and other literature studies are 

summarized in table 3.2. 

3.3.2.1 Front end operations 

Grass straw is transported to plant over a distance of about 17 km in truck trailers 

in the form of bales. Grass straw bales are assumed to be predominantly stored in barns. 

Biomass is transported from the storage locations to the plant on belt conveyors. In the 

cleaning step, biomass is washed with water and impurities such as soil and metal debris 

are separated. The water containing impurities is diverted to waste water treatment plant 

and 70% of water is recycled back. Particle size reduction is accomplished in a knife mill. 
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3.3.2.2 Pretreatment of biomass 

Models were developed for four different pretreatments: dilute acid, dilute alkali, 

hot water and steam explosion. These pretreatments methods have been investigated for 

different feedstocks by many researchers. The process conditions, principles, advantages 

and limitations of these pretreatment processes have been discussed in many review 

papers (Sun and Cheng 2002; Mosier et al. 2005; Wyman et al. 2005; Taherzadeh and 

Karimi 2007; da Costa Sousa et al. 2009; Hendriks and Zeeman 2009). Dilute acid, dilute 

alkali and hot water pretreatment processes were modeled for 20% solid loading, whereas 

30% solid loading was used for steam explosion. 

The ethanol production process using dilute acid pretreatment and SSCoF is 

shown in figure 3.3. During this process, grass straw is treated in a dilute H2SO4 solution 

(1% w/w of solution) at 180°C with a 15 min residence time in the reactor. Amount of 

sugars removed during the process was calculated based on previous lab scale studies 

(Kumar and Murthy 2011). The heated slurry is immediately cooled by exchanging heat 

with input stream to reactor. The pretreatment process is indicated by a single reactor as 

there is not much information available regarding commercial scale pretreatment reactor 

design. In practice this process would contain a series of equipment: screw conveyors, 

tanks and reactor. Solid and liquid portions are separated using pneumapress pressure 

filter to facilitate the detoxification (Aden et al. 2002). Overliming process is used as the 

detoxification or ‘conditioning’ step.  During the overliming process, liquid fraction is 

adjusted to 10.0 pH using Ca(OH)2. Subsequently, the pH is adjusted to 5.0-6.0 pH by 

adding H2SO4 (Aden et al. 2002). The liquid stream is combined with the solid fraction 

and is fed to SSCoF process.  
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Table 3.2 Summary of process conditions and efficiencies used in current models and other studies 

 Parameters Dilute Acid Hot Water 
Dilute 

Alkali 

Steam 

Explosion 

  
Present 

Study 

Laser 

et al.  

2009 

Aden et al. 2002 

Kazi et 

al. 

2010 

Eggeman 

and 

Elander 

2005 

Present 

Study 

Kazi et al. 

2010 

Eggeman 

and 

Elander 

2005 

Present 

Study 
Present Study 

Biomass Biomass 
Tall 

Fescue 

Switc

hgras

s 

Corn Stover 
Corn 

Stover 

Corn 

Stover 

Tall 

Fescue 

Corn 

Stover 

Corn 

Stover 

Tall 

Fescue 
Tall Fescue 

Biomass 

Processing 

Feedstock Rate (dry 

Mg/day) 
704.5 4535 2000 2000 2000 704.5 2000 2000 704.5 704.5 

Pretreatment 

Temperature (°C) 180 190 190 190 140 180 190 180 180 180 

Pressure (bar) 11 12.3 12.3 11.8 - 11 12.5  11 11 

Residence Time 

(min) 
15 2 2 2 - 15 5 5 15 15 

Solid Loading (%) 20 30 30 29.6 - 20 12.9 13.9 20 30 

Acid/Alkali 

Concentration (%) 
1 1.1 1.1 1.9 1 0 0  1 - 

Cellulose + 0.111 

H2O→ 

1.111Glucose (%) 

13.04 6.5 7 6.3 8c 0.43 0.32 4.5c 0.29 5 

Xylans + 0.136 H2O 

→ 1.136 Xylose (%)  
60.26 85 90 82.5 90.2c 70 2.39 50.8c 0.72 70 

Lignin → Soluble 

Lignin (%) 
5 5 5 10 - 5 5  25 5 

Xylose  → 0.64 

Furfural + 0.36 H2O 

(%) 

5 5a 5a 10a - 2.5 0a - 0.01 15 

Glucose → 0.7 

HMF  + 0.3 H2O 

(%) 

5 - - 3b - 2.5 0b  0.01 15 
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Hydrolysis  

and  

Fermentation 

Bioconversion 

Method 
SSCoFd SSFe SSCoF SSCoF - SSCoF SSCoF  SSCoF SSCoF 

Temperature (°C) 35 37 

65 

(Sacchaarification) 

41 (Co-

fermentation) 

32 - 35 32  35 35 

Enzyme Loading 

(FPU/g cellulose) 
15 15 12 18f 15 15 18f 15 15 15 

Time 

(Saccharification + 

Fermentation) 

(days) 

5 7 3 (1.5 + 1.5) 
7 

(5+2) 
- 5 7 (5+2)  5 5 

Cellulose + 0.111 

H2O→ 

1.111Glucose  

79 80 90 91.09 83.8c 78.5 89.97 90c 84.75 70 

Xylans + 0.136 

H2O→ 1.136 Xylose  

(%) 

80 80 - 57.13 55.1c 80 56.6 64.63c 80 80 

Glucose → 

0.489CO2 + 

0.511Ethanol (%) 

95 90 95 95  95 95  95 95 

Xylose  → 0.489CO2 + 
0.511Ethanol (%) 

70 90 85 75.6  70 75.6  70 70 

Cellulase → 0.1 Protein 

Soluble + 0.9 water (%) 
99 - - - - 99 - - 99 99 

Ethanol 
Recovery 

Ethanol Recovery (%) 98.76 98.8 98.9 - - 98.76 - - 98.76 98.76 

a Percentage conversion of xylans to furfural 
b  Percentage conversion of cellulose to furfural 
c The efficiencies are based on cumulative sugars (oligomers+monomers) 
d SSCoF – Simultaneous saccharification and Co-fermentation 
e SSF – Simultaneous saccharification and fermentation 
f 31.3 mg protein/g cellulose (600 FPU/g protein)  
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During the dilute alkali process, dilute NaOH (1% w/w of solution) is used to 

treat the biomass at 180°C with a 15 min residence time. It was observed from our 

previous laboratory studies, that only a small amount of hemicellulose is broken down 

during this process (Kumar and Murthy 2011). It was also observed that solubilization of 

lignin makes it difficult to separate liquid and solid streams. So, during developing the 

model of this process, it was assumed that whole slurry would be fed to SSCoF process 

after adjusting the pH with dilute sulfuric acid. 

During hot water treatment, also known as ‘hydrothermal treatment’, biomass is 

treated with liquid water at temperature of 180°C and 15 min residence time (Table 3.2). 

Based on literature values, 70% hemicellulose hydrolysis was assumed during hot water 

pretreatment for model simulations.  

During steam explosion process, biomass is heated to high temperature under 

pressure and the pressure is instantly released in a flash tank. A temperature of 180°C and 

5 min residence time was assumed for pretreatment process. Vapors from the flash tank 

are compressed using vapor compressor and this heat is used to increase the temperature 

of stream coming to pretreatment reactor. The process model using steam explosion 

pretreatment is presented figure 3.4. 

3.3.2.3 Hydrolysis and fermentation 

The pretreated grass straw was hydrolyzed using commercial enzymes (blend of 

cellulases and hemicellulases) at an enzyme loading of 15 FPU/g of cellulose (Wyman et 

al. 2005). The activity of enzymes was assumed to be 600 FPU/g of protein and 10% 

protein in broth purchased from market (60 FPU/ml enzymes mixture) (Kazi et al. 2010). 
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SSCoF process includes enzymatic hydrolysis of cellulose and hemicellulose; 

simultaneous fermentation  

 

Fig. 3.3 Process model of ethanol production from grass straw using dilute acid 

pretreatment  

 

of resulting hexose and pentose sugars. Presently, glucose fermentation is efficient and 

well-developed commercial scale technology; however co-fermentation of glucose along 

with other sugars has been tested successfully on laboratory and pilot scale only (Aden et 

al. 2002; Spatari et al. 2010). The organism tested for co-fermentation of glucose and 
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xylose is genetically modified Zymomonas mobilis (Delgenes et al. 1996; Aden et al. 

2002; Lawford and Rousseau 2002; Taherzadeh and Karimi 2007). Cellulose hydrolysis 

efficiencies for dilute acid, dilute alkali and hot water pretreated grass straw were 

obtained from laboratory studies (Kumar and Murthy 2011). The cellulose hydrolysis 

efficiency of 70% was assumed for straw pretreated with steam explosion (Ballesteros et 

al. 2006; Kumar et al. 2009). Hemicellulose hydrolysis efficiency (in enzymatic 

hydrolysis) was assumed as 80% in all cases. The fermentation efficiencies of glucose 

and xylose were assumed to be 95% and 70% respectively. 

 

Fig. 3.4 Process model of ethanol production from grass straw using steam explosion 

pretreatment 
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3.3.2.4 Downstream processing 

Fermented slurry is stored in beer well for four hours, which allows decoupling of 

the batch SSCoF process and the continuous distillation process. Ethanol is subsequently 

recovered using a combination of distillation columns and molecular sieves. The 

distillation design was based on NREL 2002 report (Aden et al. 2002; Laser et al. 2009). 

The first distillation column in the process, called a beer column, separates ethanol as 

overhead vapors. Bottom effluent from this column contains mostly lignin, insoluble 

proteins and other non-fermentables. Ethanol enriched vapors from the beer column are 

further enriched in the rectification and stripper columns. Resulting azeotropic mixture of 

water and ethanol from the rectification column is separated using molecular sieves to 

produce anhydrous ethanol which is denatured by addition of gasoline. The bottom 

effluent of beer column is passed through a pneumapress filter that separates it into two 

streams: a solid stream which contains most of the lignin and a liquid stream containing 

most of the water and soluble solids. The lignin rich solids stream is combusted in 

fluidized bed combustor for steam generation (Aden et al. 2002; Laser et al. 2009; Kazi et 

al. 2010). The solid stream contains about 50% moisture in case of dilute acid, dilute 

alkali and hot water, and about 38% moisture for steam explosion. The liquid stream is 

divided into two parts, one fraction (25%) liquid stream is treated in waste water 

treatment plant and remaining liquid is concentrated in multiple-effect evaporator. The 

condensate stream from evaporator containing water (> 99%) is recycled back as process 

water. The concentrated syrup after evaporation, containing about 40% (wet basis) solids 

is fed to combustor together with the sludge from waste water treatment. This stream 

(mixture of lignin stream, evaporator concentrates and sludge) with about 55% moisture 
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is burned in fluidized bed combustors to produce process steam. In general steam 

produced from lignin fraction is more than the steam requirement of plant, so the excess 

steam can be used to generate electricity. The excess electricity can be sold to grid (Aden 

et al. 2002; Laser et al. 2009; Kazi et al. 2010). The waste water treatment system 

consists of anaerobic digestion followed by aerobic digestion (Aden et al. 2002; Barta et 

al. 2010). The liquid stream is treated in anaerobic digester using mesophilic bacteria for 

10 days, which convert volatile solids to mixture of methane and carbon dioxide (biogas). 

Biogas produced from anaerobic digester is burned in the combustor along with lignin 

residue stream to produce steam. The amount of biogas generated was calculated on basis 

of chemical oxygen demand (COD). Methane is produced from water treatment at the 

rate of 0.35 m3 per kg of COD removed (0.239 kg/kg COD) (Barta et al. 2010). One mole 

of CO2 is produced for every three moles of methane (0.22 kg/kg COD) (Aden et al. 

2002). Cell mass is produced at the rate of 0.03 kg/kg of COD removed (Aden et al. 

2002; Barta et al. 2010). For COD calculations, 90% degradation was assumed for 

soluble sugars, organic acids, ethanol, enzymes and 50% degradation for residual 

carbohydrates, extractives and water soluble lignin (Barta et al. 2010). Insoluble lignin 

was not considered in COD calculations. Treated water containing sludge, residues and 

water is subsequently fed to aerobic digester, with a residence time of 6 days. The sludge 

from aerobic digester is fed to combustor as described earlier. 

3.3.3 Economic Analysis  

Costs of most of the equipment (pretreatment reactor, pneumapress filter, 

shredder, fermenters, fluidized bed reactor, turbine/generator) were calculated based on  

cost models based of 2002 NREL dilute acid model (Aden et al. 2002), Laser et al. (Laser 
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et al. 2009) and Corn ethanol plant models (McAloon et al. 2000; Kwiatkowski et al. 

2006). Built-in cost models in SuperPro designer was used to determine cost of some 

equipment. Costs of heat exchangers and some other equipment were estimated from 

equipment cost database (Equipment cost database 2011). The cost of new equipment for 

different sizes was calculated using the exponential scaling equation (Eqn. 3.2) (Aden et 

al. 2002). 

𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐶𝑜𝑠𝑡 (
𝑁𝑒𝑤 𝑆𝑖𝑧𝑒

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑖𝑧𝑒
)

𝑒𝑥𝑝.

     (3.2) 

Costs of utilities and other consumables were either estimated based on recent 

studies (Kwiatkowski et al. 2006; Laser et al. 2009; Kazi et al. 2010), built in models or 

according to current purchase costs from suppliers. Other than purchase costs, SuperPro 

Designer estimates the additional cost of installation, piping, electrical, insulation, design 

work, and buildings for facility. These all costs are accounted as the direct cost (DC). 

Installation costs were calculated by considering in installation cost factors and purchase 

cost of each equipment. The installation factors were obtained from other techno-

economic studies (Aden et al. 2002; Laser et al. 2009; Kazi et al. 2010). Other than direct 

cost, there are some indirect costs, which include engineering costs (estimated to be 5% 

of DC) and construction costs (10% of DC). Other than these costs, contractors' fees and 

contingency costs were estimated as 5% and 10% of sum of direct cost and indirect cost. 

Sum of all these costs is direct fixed cost (DFC). Dollar values used in the analysis were 

for cost year 2010. Construction period was assumed as 24 months, with start-up time of 

6 months. Project life and a depreciation period of 20 and 10 years respectively were 

considered with a 5% salvage value. Direct fixed cost (expenditure) was distributed over 

first three years (30%, 40% and 30% in first, second and third year respectively). 
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3.4 RESULTS AND DISCUSSION 

Ethanol production processes using grass straw as feedstock and four different 

pretreatment technologies were simulated in SuperPro Designer with an annual biomass 

processing capacity of 250,000 metric tons/year. The ethanol production capacities were 

calculated as 59.66, 59.47, 59.35 and 53.53 million L (15.76, 15.71, 15.68 and 14. 14 

million gal) for plants using dilute acid, dilute alkali, hot water and steam explosion 

pretreatments respectively (Table 3.3). Estimated ethanol yields were 256.62, 255.8, 

255.3 and 230.2 L/dry metric ton of biomass for plants using dilute acid, dilute alkali, hot 

water and steam explosion pretreatments respectively. Ethanol yields were relatively low 

for steam explosion case due to comparatively low (70%) cellulose hydrolysis efficiency. 

Table 3.3 Overall economics of the ethanol plant with 250,000 metric ton of biomass 

processing (2010 prices) 

  Dil. Acid Dil. Alkali Hot Water Steam Explosion 

Total Investment (MM$) 114.63 102.77 101.89 91.36 

Operating Cost (MM$/yr) 50.06 52.70 48.10 45.83 

Ethanol Revenue (MM$/yr) 65.41 65.21 65.07 58.64 

Ethanol (MM gal/yr) 15.76 15.71 15.68 14.14 

Ethanol Unit Cost ($/gal) 3.18 3.35 3.07 3.24 

 

3.4.1 Overall Economics 

Capital costs were estimated to be $ 1.92, 1.73, 1.72 and 1.71 per L of ethanol 

produced for plants using dilute acid, dilute alkali, hot water and steam explosion 

pretreatment process respectively (Table 3.3). Capital cost includes piping, insulation, 

buildings, and other indirect costs other than installed equipment cost. The breakdown of 
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installed equipment costs and other costs is shown in figure 3.5. Among all the models, 

capital cost was found highest for dilute acid process ($114.63 MM). This was due to 

additional investment in equipment required for solid and liquid streams after 

pretreatment (pneumapress) and detoxification (overliming tank, hydrocyclone and rotary 

filter).  Eggeman and Elander (Eggeman and Elander 2005) conducted the economic 

analysis of ethanol production plant with capacity of 189.5MM L/year using corn  

 

Fig. 3.5 Capital cost for ethanol production from grass straw using different pretreatment 

processes 
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(Laser et al. 2009) developed process model for ethanol production from switchgrass 

using a base case scenario of dilute acid pretreatment using NREL (Aden et al. 2002) 

design and estimated capital investment of $1.2/L ethanol (603.8 $MM for 133.3 MM gal 

ethanol/year). The capital costs obtained from dilute acid and hot water pretreatment 

process in current study were similar to those obtained by Kazi et al. (Kazi et al. 2010) 

for corn stover ($1.86/L and $2.2/L ethanol for dilute acid and hot water pretreatment 

respectively). Kazi et al. (Kazi et al. 2010) obtained low capital cost per liter of ethanol 

for dilute acid process as compared to hot water pretreatment because of relatively higher 

ethanol yield (289 L/Mg biomass for dilute acid vs. 211 L/Mg biomass for hot water 

pretreatment). The capital costs of boiler were found in the range of $149 – 182.4/kWh 

thermal energy produced for different pretreatment models, which were in agreement 

with values provided in literature ($80-340/kWh) (Mani et al. 2010).  

Ethanol production costs were estimated to be $0.84, 0.89, 0.81 and 0.86 per L of 

ethanol for plants using dilute acid, dilute alkali, hot water and steam explosion 

pretreatment process respectively. Operating costs included facility dependent costs, raw 

material costs, utility costs and labor costs. Breakdown of facility dependent costs, raw 

material costs and other costs for all processes is illustrated in figure 3.6. Ethanol 

production costs for dilute acid and hot water pretreatments were found similar to the 

values calculated by Kazi et al. (Kazi et al. 2010) ($0.91/L ethanol ($1.36/L gasoline 

equivalent) for dilute acid and $1.88/L ethanol ($1.77/L gasoline equivalent) for hot 

water treatment). However, these values were higher than $0.28/L ($1.07/gal) (year 2002 

dollars) reported by Aden et al. and $0.45/L ($1.71/gal) ethanol reported by Laser et al. 

(Laser et al. 2009) for plant using dilute acid pretreatment process. NREL study (Aden et 



65 
 

 
 

al. 2002) was conducted and plant model was developed keeping target price of $1.07/gal 

ethanol. Ethanol production cost in the present study is higher than the NREL studies due 

to low hydrolysis and fermentation efficiencies of pentose sugars, high cost of biomass, 

high enzyme loadings and smaller plant size used in development of models in the 

present study. Facility dependent costs accounted for about 30-35% of operating costs, 

which were found higher in this study due to lower solid loading in dilute acid, dilute 

alkali and hot water pretreatment (20% as compared to 30% in other studies). Among all 

the models, ethanol price was found highest for dilute alkali process due to relatively 

high purchase cost of alkali ($0.45/kg for NaOH vs. $0.035/kg sulfuric acid). Cost of 

ethanol was found high in case of steam explosion pretreatment process due to low 

cellulose hydrolysis yield (70%).  

 

Fig. 3.6 Operating cost for ethanol production from grass straw using different 

pretreatment processes 
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It is important to note that the values used in the model development were chosen 

on basis of laboratory studies and literature surveys. Lowest capital cost for steam 

explosion case was because of assumption of high solid loading (30% w/w) during 

pretreatment and hydrolysis processes.  

3.4.2 Raw Materials 

The costs associated with bulk materials used in the whole processes are 

presented in table 3.4. Grass straw (20.95-23.35 ¢/L ethanol) and cellulase enzymes 

(13.5-16.5 ¢/L ethanol) were the main contributors in the total material cost. Because of 

high cost of enzymes, enzymatic hydrolysis process has been reported as main cost 

affecting unit process in the ethanol production plant (Kadam et al. 2004; Bansal et al. 

2009).  In the cost analysis model by Eggeman and Elander (Eggeman and Elander 

2005), cost of enzymes was assumed to be $0.04/L ($0.15/gal) of ethanol, as an estimate 

of a reasonable cost in future refineries. Commercial enzyme producing companies such 

as Novozymes, have estimated the enzyme cost of about $0.13/L ($0.5/gal) of ethanol 

production. The cost of enzyme broth (activity of 60 FPU/ml broth or 600 FPU/mg 

protein) used in this model was set to $0.517/kg of enzyme broth (Kazi et al. 2010). In 

case of process using dilute acid pretreatment, grass straw cost of about 20.95 ¢/L (79.3 

¢/gal) of ethanol was estimated, which was higher than those of corn stover (33.4 ¢/gal, 

Aden et al. (Aden et al. 2002)) and switchgrass (58.3 ¢/gal, Laser et al. (Laser et al. 

2009)). This can be attributed to relatively low cellulose and hemicellulose contents and 

low pentose fermentation yields assumed in this model. Another reason for high cost 

could be that process efficiencies and assumptions used in the models were based on 

actual experimental data rather than theoretical assumptions. 
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Table 3.4 Overall bulk materials used in ethanol making process (2010 prices) 

  Dil. Acid Dil. Alkali Hot Water S. Explosion 

Material 
Unit Cost 

($/kg) 

Annual Cost  

($1000x) 

Cost (¢ /L 

EtOH) 

Annual 

Cost  ($) 

Cost (¢ /L 

EtOH) 

Annual Cost  

($1000x) 

Cost (¢ /L 

EtOH) 

Annual 

Cost  ($) 

Cost (¢ /L 

EtOH) 

Water 0.0003 106.69 0.18 108.21 0.18 104.04 0.18 70.05 0.13 

Tall Fescue 0.0500 12500.00 20.95 12500.00 21.02 12500.00 21.06 12500.00 23.35 

Sulfuric 

Acid 
0.0350 429.12 0.72 99.79 0.17 0 0.00 0 0.00 

Ca 

Hydroxide 
0.1000 597.09 1.00 0 0.00 0 0.00 0 0.00 

DAP 0.2100 16.632 0.03 16.63 0.03 16.63 0.03 16.63 0.03 

Cellulase 0.5170 8066.60 13.52 9279.01 15.60 9265.98 15.61 8840.70 16.52 

Yeast 2.3000 455.40 0.76 455.40 0.77 455.40 0.77 455.40 0.85 

Sodium 

Hydroxide 
0.4500 0.00 0.00 4203.80 7.07 0.00 0.00 0 0.00 

Gasoline 0.8000 390.53 0.65 389.29 0.65 388.48 0.65 350.10 0.65 
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  3.4.3 Utilities 

Bioethanol facilities require large amounts of process steam at various process 

pressures: low pressure (LP) steam (152°C and 502 kPa) and high pressure (HP) steam 

(242°C and 3464 kPa). HP steam is usually recycled for LP applications before the 

condensate is returned to boilers in order to extract the maximum heating capacity from 

the steam, which was assumed 50% while calculating steam requirement. Amount and 

costs of utilities (steam, cooling water, electricity etc.) calculated from all four models are 

summarized in table 3.5 and 3.6. Amount of steam generated from lignin stream was 

more than the plant requirement in all cases and hence the cost of steam was adjusted to 

zero.  

Table 3.5 Overall utilities used in ethanol making process using dilute acid and dilute 

alkali pretreatment (2010 prices) 

 Dil. Acid Dil. Alkali 

Utility 

Amount 

(kg/ L 

EtOH) 

Annual cost $ 

(%) 

Cost 

(¢ /L 

EtOH) 

Amount 

(kg/ L 

EtOH) 

Annual cost $ 

(%) 

Cost 

(¢ /L 

EtOH) 

Electricity  (KWh)a 0.56 2334792 (55.4) 3.91 0.52 2163214 (53.5) 3.64 

Steam 5.91 0 0.00 5.82 0 0.00 

Cooling Water   500.24 1492305 (35.4) 2.50 500.50 1488313 (36.8) 2.50 

Chilled Water  0.73 17367 (0.4) 0.03 0.84 19977 (0.5) 0.03 

CT Water 88.76 370702 (8.8) 0.62 89.04 370702 (9.2) 0.62 

Steam (High P)   0.42 0 0.00 0.42 0 0.00 

a These electricity values did not account for electricity required for cooling and chilled water 
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Table 3.6 Overall utilities used in ethanol making process using hot water and steam 

explosion pretreatment (2010 prices) 

 Hot water Steam Explosion 

Utility 

Amount 

(kg/ L 

EtOH) 

Annual cost $ 

(%) 

Cost 

(¢ /L 

EtOH) 

Amount 

(kg/ L 

EtOH) 

Annual cost $ 

(%) 

Cost 

(¢ /L 

EtOH) 

Electricity  (KWh)a 0.52 2161442 (50.9) 3.64 0.58 2165478 (59.7) 4.05 

Steam  6.01 0.00 0.00 4.03 0.00 0.00 

Cooling Water   570.00 1691500 (39.9) 2.85 401.44 1074393 (29.6) 2.00 

Chilled Water  0.84 19949 (0.5) 0.03 0.89 19034 (0.5) 0.04 

CT Water  89.23 370702 (8.7) 0.63 98.94 370702 (10.2) 0.69 

Steam (High P)  0.42 0.00 0.00 0.62 0.00 0.00 

a These electricity values did not account for electricity required for cooling and chilled water 
 

The revenue from lignin sales was also set to zero as all of the lignin stream will 

be used for on-site steam and electricity generation. The values of electricity and steam 

used in ethanol plant using dilute acid pretreatment process were found to be 0.56 

KWh/L and 6.3 kg/L of ethanol produced, which are comparable to 0.38 KWh/L (1.42 

KWh/gal) and 4.42 kg/L (16.7 kg/gal) of ethanol calculated by Aden et al. (Aden et al. 

2002). It should be noted that electricity values presented in tables 3.5 and 3.6 did not 

account for electricity required for cooling and chilled water production, however the 

energy required was accounted in the process energy calculations. 

The steam energy used for production of ethanol ranged from 13.55 to 19.33 

MJ/L of ethanol (table 3.7). The residue stream (lignin stream, evaporator concentrate 

and sludge) along with biogas from anaerobic digestion is used to produce steam by 

burning in fluidized bed combustors. Amount of steam that could be generated was 
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calculated based on the heating values of different stream constituents (soluble sugars, 

cellulose, hemicellulose, lignin and protein) and biogas heating value.  

Table 3.7 Steam demand and lignin energy available for electricity production 

Pretreatment Process 

Steam 

demand  

(kJ/L 

EtOH) 

Steam 

demand  

(kJ/kJ 

biomass)a 

Lignin 

Energy 

(kJ/ L 

EtOH) 

Lignin 

Energy 

(kJ/ kJ 

biomass)a 

Excess 

Lignin 

Energy 

(kJ/ L 

EtOH) 

Electricity 

Produced 

(kWh/ L 

EtOH)b 

Dil. Acid 19010 0.369 28232 0.548 9223 0.77 

Dil. Alkali 18737 0.363 27967 0.542 9229 0.77 

Hot Water 19333 0.374 29138 0.563 9804 0.82 

Steam Explosion 13508 0.235 34819 0.607 21310 1.78 

aBiomass heating value: 13.21 MJ/kg (Lower heating value) 

bAssuming 30 % efficiency of lignin energy to electricity conversion 

 

While calculating the energy from lignin stream, energy required to remove the 

moisture (~55%) was deducted from total available energy. Biomass boiler efficiency 

varies 50-85% depending on the type and moisture content of the feedstock (Prasad 1995; 

Mani et al. 2010), therefore a 75% boiler efficiency was used for all models. Lignin 

energy ranged from 27.96 to 34.82 MJ/L of ethanol produced depending on the 

pretreatment process used. Excess lignin energy (steam) was assumed to be used for 

electricity production with 30% conversion efficiency from biomass energy. Potential of 

electricity production ranged from 0.77 kWh/L for dilute acid/hot water pretreatment to 

1.78 kWh/L of ethanol for steam explosion process. Significant amount of electricity 

energy was also used in the form of cooling and chilled water to dissipate heat during 

various operations. Cooling water requirement was found minimum for steam explosion 
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(401.4 kg/L of ethanol) due to higher solids loading which leads to reduced flow rates of 

streams and hence lower energy for cooling. Requirement of utilities to produce one liter 

of ethanol using different processes are presented in table 3.7. Fresh water requirement 

during production of fuels is a growing concern all over the world. Water requirements 

were estimated to be 5.96, 6.07, 5.84 and 4.36 kg/L of ethanol produced using dilute acid, 

dilute alkali, hot water and steam explosion pretreatment. 

3.4.4 Comparison to Previous Studies 

There is a large body of literature with techno-economic analysis for 

lignocellulosic ethanol process from various feedstocks (Aden et al. 2002; Wingren et al. 

2003; Wingren et al. 2004; Eggeman and Elander 2005; Hamelinck et al. 2005; Wallace 

2005; Sendich et al. 2008; Laser et al. 2009; Gnansounou and Dauriat 2010; Kazi et al. 

2010). Many of the models were derived from the two NREL studies by Wooley et al. 

(Wooley et al. 1999) and Aden et al. (Aden et al. 2002). A comparison of the ethanol 

prices presented by various authors to results from present study indicates that the 

generally ethanol price correlates well with feedstock price (Fig. 3.7). Similar trends were 

observed by Kazi et al. (Kazi et al. 2010). Ethanol prices from this study are higher than 

most studies except for a few cases. In addition to feedstock price, higher ethanol prices 

predicted in the present study can be attributed to the differences in feedstocks, 

pretreatment technology, onsite/off site cellulase enzyme production, 

SSF/SSCoF/Consolidated bioprocessing, short/medium/mature technology scenarios and 

solids content of process streams. For example, ethanol price from the present study is 

higher than Kazi et al. (Kazi et al. 2010) for dilute acid pretreatment ($0.977/L vs. 

$0.91/L) due to lower solids content (20% in present study vs. 30% in Kazi et al.) used in  
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Fig. 3.7 Ethanol cost estimations from current models and previous techno-economic 

studies on ethanol production process. (1) Sendich et al. 2008 - Consolidated bio-

processing (CBP), (2) Sendich et al. 2008 – Simultaneous saccharification and co-

fermentation (SSCoF), (3) Aden et al. 2002, (4) Eggeman and Elander 2005 - Dilute acid 

pretreatment, (5) Eggeman and Elander 2005 - Hot water pretreatment, (6) Wallace et al. 

2005, (7) Laser et al. 2009 - Base case- dilute acid pretreatment, (8) Wingren et al. 2003 - 

Separate hydrolysis and fermentation, (9) Wingren et al. 2003 - Simultaneous 

saccharification and fermentation (SSF), (10) Wingren et al. 2004, (11) Gnansounou et al. 

2010, (12) Hamelinck et al. 2005 - Long term technology (Hot water pretreatment, CBP), 

(13) Hamelinck et al. 2005 - Short term technology (Dilute acid pretreatment, SSF), (14) 

Hamelinck et al. 2005 - Middle term technology (Steam explosion pretreatment, SSCoF), 

(15) Kazi et al. 2010 - Dilute acid pretreatment, (16) Kazi et al. 2010) - Hot water 

pretreatment. 

 

the pretreatment process. However, lower ethanol prices in the present study ($0.975/L in 

present study vs. $1.18/L) for hot water pretreatment process could be attributed to a 

greater effect of 8.1% lower solids content (20% in present study vs. 12.9%) compared to 
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11.47% higher enzymatic hydrolysis yields (78.5% in present study vs. 89.97% in Kazi et 

al (Kazi et al. 2010)) on ethanol prices. This difference in enzymatic yields can be 

attributed to difference in the feedstocks: corn stover (Kazi et al. 2010) and Tall Fescue 

(present study). 

3.4.5 Sensitivity Analysis 

A wide range of values for cost of ethanol (Fig. 3.7), capital costs, utilities and 

productivities are reported in literature (Aden et al. 2002; Eggeman and Elander 2005; 

Hamelinck et al. 2005; Laser et al. 2009; Gnansounou and Dauriat 2010; Kazi et al. 

2010). In this context, it is of critical importance to understand the sensitivity of the 

results to various assumptions in the models. Sensitivity analysis was performed for some 

of the important parameters assumed in the models such as biomass price and pentose 

fermentation efficiency. 

Biomass price was a major contributor in total material cost. The impact of 

biomass price on production cost of ethanol was investigated for all models (Fig. 3.7). 

Biomass price of $50/ metric ton was assumed for development of actual models, which 

resulted in biomass cost of $0.79 and $0.89 per gallon of ethanol for dilute acid and 

steam explosion pretreatment respectively. The sensitivity of biomass price on ethanol 

cost was studied by changing the grass straw price from $25 to $100/metric ton. By 

reducing the grass straw price from $50 to $25/metric ton, the ethanol production cost 

decreased by 12.6 and 13.6% for processes using dilute acid and steam explosion 

respectively. 

One of the major challenges in the cellulosic ethanol production is fermentation of 

pentose sugars, which are significant part of biomass. Efficiency of xylose utilization is 
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low for many microorganisms (Chandrakant and Bisaria 2000; Bertilsson et al. 2008). 

Pentose fermentation efficiency of 70% was assumed for model simulations in all cases. 

The sensitivity of pentose fermentation on ethanol price was investigated by varying the 

efficiency from 10 to 90% for dilute acid and steam explosion pretreatment processes 

(Fig. 3.8).  

 

Fig. 3.8 Effect of pentose fermentation efficiency on cost of ethanol for dilute acid and 

steam explosion pretreatment process 

 

At 10 % fermentation efficiency, the cost of ethanol production for dilute acid and steam 

explosion was $1.202/L and $1.250/L of ethanol respectively, which decreased to 

$0.764/L and $0.766/L of ethanol respectively as the pentose fermentation efficiency 

increases to 90%. 

Interdependence of capital cost and energy use in the ethanol production process 

was investigated for dilute acid pretreatment by varying the percentage of water diverted 

to anaerobic digestion process and multiple effect evaporators. While multiple effect 
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evaporators incur lower capital costs, they also lead to increased energy use compared to 

anaerobic digesters. Hence the percentage of process water diverted to multiple effect 

evaporators and anaerobic digester represents a tradeoff in energy and capital costs. For 

dilute acid process, energy use showed a 14.38% decrease (23.0 to 19.70 MJ/L ethanol) 

as the liquid stream from filter press to anaerobic digester increased from 25 to 50% (Fig. 

3.9). Correspondingly the unit price of ethanol and unit capital cost increased from $0.84 

to $0.85/L ethanol and $1.92 to $1.96/L ethanol.  

 

Fig. 3.9 Impact of process water treatment on energy use, capital cost and electricity 

production 

 

Since the electricity is produced from excess steam that is not used in the process, 

electricity production decreases with increasing energy use due to reduction in available 

steam for electricity production. Electricity production decreases from 1.13 to 0.77kWh/L 

ethanol as the liquid stream from filter press to anaerobic digester decreased from 50 to 
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25%; correspondingly, process energy use increases from 19.70 to 23.0 MJ/L ethanol. 

The results demonstrate the importance of addressing the tradeoffs in capital costs, 

pretreatment and downstream processing technologies in addressing the energy and 

capital costs in cellulosic ethanol plants. The electricity production efficiency from 

biomass energy is an important assumption in the process. The efficiency was assumed to 

be 30% in the present study. Variation in electricity production efficiency is possible due 

to improvements in technology or maintenance related issues. The electricity production 

was found 0.64 kWh/L and 1.03 kWh/L ethanol at 25% and 40% conversion efficiencies 

respectively. At 40% conversion efficiency, electric energy produced from extra steam 

(1.03 kWh/L ethanol) will be sufficient to provide electricity required for plant (0.92 

kWh/L ethanol), while it would not be adequate at 25% conversion efficiency. 

3.5 CONCLUSIONS 

Four process models for ethanol production plant with 250,000 metric ton/year 

grass straw processing capacity using different pretreatment technologies were developed 

using Super Pro Designer. The capital cost of the ethanol production plant ranged from 

91.36 MM$ for steam explosion pretreatment to 114.63 MM$ for dilute acid pretreatment 

processes. The capital cost was found minimum for steam explosion because of high 

solid loading assumption during pretreatment and hydrolysis processes. The ethanol 

production costs for plants using dilute acid, dilute alkali, hot water and steam explosion 

pretreatment process were estimated as $0.84, 0.89, 0.81 and 0.86 per liter of ethanol 

respectively. Unit ethanol production cost was lowest for hot water pretreatment as no 

chemicals were required for pretreatment and the hydrolysis yields were similar to other 

pretreatment methods. Biomass (46.21 to 56.22%) and enzymes (34.3 to 40.76%) were 
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major contributors to total raw material cost. Cost of ethanol production was observed to 

be sensitive to the pentose fermentation efficiency. Energy from lignin residue was 

sufficient to supply total steam required for ethanol production plant for all pretreatment 

processes. Energy use decreased and capital cost increased as the fraction of the liquid 

stream processed in evaporator decreased. Correspondingly, unit ethanol price increased. 
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4.1 ABSTRACT 

Purpose: The aim of this study was to perform a well-to-pump life cycle 

assessment (LCA) to investigate the overall net energy balance and environmental impact 

of bioethanol production using Tall Fescue grass straw as feedstock. The energy 

requirements and greenhouse gas (GHG) emissions were compared to those of gasoline 

to explore the potential of bioethanol as sustainable fuel. 

Methods: The functional unit used in the study was 10,000 MJ of energy. The 

data for grass seed production were collected from the farmers in Oregon and published 

reports. The compositions of straw, pretreatment and hydrolysis yields were obtained 

from laboratory experiments. Process models were developed for ethanol production 

using different pretreatment technologies in SuperPro Designer, to calculate the process 

energy, raw materials, utilities use and emissions related. The Greenhouse Gases 

Regulated Emissions and Energy use in Transportation (GREET) model and other 

literature studies were used to obtain additional data. Systematic boundary identification 

was performed using relative mass, energy, and economic value (RMEE) method using a 

5% cutoff value.  

Results and discussions: Ethanol yields from grass straw were estimated 256.62, 

255.8, 255.3 and 230.2 L/dry metric ton of biomass using dilute acid, dilute alkali, hot 

water and steam explosion pretreatments respectively. Fossil energy required to produce 

one functional unit was in the range of -1507 to 3940 MJ for different ethanol production 

techniques. GHG emissions from ethanol LCA models were in the range of -131 to -55.4 

kg CO2 eq. per 10,000 MJ of ethanol. Fossil energy use and GHG emissions during 

ethanol production were found to be lowest for steam explosion pretreatment among all 
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pretreatment processes evaluated. Change in co-product allocation from economic to 

mass basis during agricultural production resulted in 62.4% and 133.1% increase in fossil 

energy use and GHG emissions respectively.  

Conclusions: Technologies used for ethanol production process had major impact 

on the fossil energy use and GHG emissions. N2O emissions from the nitrogen fertilizers 

were major contributor (77%) of total GHG emissions produced during agricultural 

activities. There was 57.43 to 112.67% reduction in fossil energy use to produce 10,000 

MJ of ethanol compared to gasoline, however about 0.35 hectare of land is also required 

to produce this energy. 
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4.2 INTRODUCTION 

Non-renewable fossil fuels account for about 88% of total energy used in 2008 

(Brennan and Owende 2010). United States has the highest oil consumption (20.3 million 

barrels/day in 2005) in the world. Global climate change due to greenhouse gases (GHG) 

emissions from production and burning of fossil fuels is a major concern. Together with 

the increasing demand for energy sources, these concerns have led to alternative 

renewable energy sources. Transportation sector is one of the largest users of fossil fuels 

(da Costa Sousa et al. 2009). Ethanol is one of the promising alternatives of 

transportation fuels. Ethanol can be produced from fermentation of sugars, which can be 

obtained from starch rich feedstocks or lignocellulosic biomass. Presently, ethanol 

production from corn, wheat and sugar beet is the largest source of bioethanol. However 

capacity limitations and competition with food and feed sources (Bai et al. 2010) and 

intensive use of agricultural inputs among many other concerns necessitate research for 

other alternatives.  

Lignocellulosic biomass (e.g., agricultural residues, grasses, forestry wastes, 

wastepaper, and various industrial wastes) are non-food feedstocks that can be used to 

produce gases, solid or liquid biofuels. Their abundance and comparatively lower cost 

make them more attractive as a source of bioenergy (Teymouri et al. 2004; Sun and 

Cheng 2002). Liquid fuels produced from lignocellulosic biomass can result in less fossil 

energy use and low greenhouse gas (GHG) emissions during their life cycle (Spatari et al. 

2010; Spatari et al. 2005). 

Lignocellulosic feedstocks contain 65 to 75% carbohydrates (35% to 50% 

cellulose and 20% to 35% hemicellulose) (Wyman 1996) and 10-30% lignin (da Costa 
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Sousa et al. 2009). Carbohydrates can be hydrolyzed into sugar monomers (cellulose to 

glucose and hemicellulose to xylose, galactose, arabinose and mannose) using chemicals 

or enzymes and converted to ethanol/butanol or other value added compounds. Complex 

structure of cellulose, hemicellulose and lignin leads to biomass recalcitrance. Thus 

pretreatment process is an essential step in any biochemical conversion process to 

hydrolyze structural carbohydrates into sugar monomers. Additionally, lignin acts as a 

glue that binds cellulose and hemicellulose and acts as protective barrier to 

microorganisms (Kumar et al. 2009). Pretreatment process helps in enhancing the 

hydrolysis efficiency by removing the hemicellulose and lignin and altering the biomass 

structure (increase in porosity, surface area and decrease in crystallinity) (Kumar and 

Murthy 2011b; Kumar et al. 2009; Taherzadeh and Karimi 2007; Eggeman and Elander 

2005; Sun and Cheng 2002). Different types of pretreatment processes have been 

developed and studied extensively for lignocellulosic feedstocks: physical (e.g. 

mechanical comminution), chemical (e.g. dilute acid, dilute alkali, lime, hot water, 

ammonia percolation), physico-chemical (e.g. steam explosion, catalyzed steam 

explosion, Ammonia fiber expansion (AFEX)), and biological pretreatments (e.g. using 

white rot fungi) (Kazi et al. 2010; Kumar et al. 2009; Taherzadeh and Karimi 2007; 

Mosier et al. 2005b; Eggeman and Elander 2005; Sun and Cheng 2002). The pretreatment 

process is an important step in the ethanol conversion process that determines the ethanol 

yields, process energy and chemicals used in the process. 

Grass straws, co-product of grass seed production, are potential feedstocks for 

ethanol production in Pacific Northwest US (Kumar and Murthy 2011b; Graf and 

Koehler 2002). At 330,823 Mg/year, Oregon is the largest producer of grass seed in the 
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world (Oregon Seed Extension Program, http://cropandsoil.oregonstate.edu/seed-ext/). 

About 0.88 million ton of grass straw is available every year in Oregon as a co-product 

from grass seed production (Banowetz et al. 2008). Most of this production (~65% of 

total US production) is concentrated in the Willamette Valley, Oregon which is 

sometimes called 'The grass seed capital of world'.  The common practice to manage the 

grass straw was to burn it in the fields, which have advantages like disease control, weed 

and insect control, and nutrient recycling. However, new regulations have restricted 

burning of grass fields to avoid pollution in Oregon and Washington states (Steiner et al. 

2006).  More than 534,000 tons of grass straw is exported each year to Asian countries 

from western Oregon for use in animal feed rations (Steiner et al. 2006). Some amount of 

straw is also used in cardboard production in local market (Graf and Koehler 2002). 

Some varieties of grass seed produces a large amount of straw (up to 5 tons/acre) that 

contains high amount of cellulose (up to 31% w/w), and thus could potentially be used 

for ethanol production to meet regional needs. 

Many Life cycle assessment (LCA) studies for ethanol have concluded that 

lignocellulosic ethanol causes less greenhouse gas (GHG) emissions and fossil energy 

use compared to petroleum fuels and corn-derived ethanol (Spatari et al. 2010; Bai et al. 

2010; Luo et al. 2009a; Nguyen and Gheewala 2008; Spatari et al. 2005). Life cycle 

analysis, a useful technique to assess impact of products, processes and services on the 

environment, can play an important role in comparing ethanol fuel with other fuel 

alternatives based on environmental impact (fossil energy and GHG emissions). Most of 

the studies for LCA of ethanol are attributional LCA and very few consequential LCA 

have been reported to date. An attributional LCA can also be helpful in identifying the 
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key areas in the whole fuel production cycle, by modifying which environmental impact 

can be reduced (Brander et al. 2009; Schmidt 2008). A complete “well to wheel” LCA is 

a variant of general LCA for transportation fuels with the system boundaries that include: 

biomass production, transportation, ethanol production and fuel use. In the last decade, 

due to increasing interest in global impact of fossil fuels and finding alternatives, many 

studies have been published on life cycle of ethanol production from lignocellulosic 

feedstocks (Spatari et al. 2010; Bai et al. 2010; Luo et al. 2009b; MacLean and Spatari 

2009; Schmer et al. 2008; Nguyen and Gheewala 2008; Spatari et al. 2005). However, 

there are few ethanol LCA studies that have included detailed ethanol production process 

(MacLean and Spatari 2009).  

Energy use during the conversion of cellulosic feedstocks into ethanol is highly 

dependent on the processing technologies. Optimum process conditions for maximum 

ethanol production depend on the type of lignocellulosic feedstocks (e.g. agricultural 

residues, softwoods, hardwoods, forest residues) and conversion technologies used. There 

is a great variability in technologies used for cellulosic ethanol production especially in 

pretreatment process, hydrolysis and fermentation techniques. This variability in addition 

to varying system boundaries is one of the main reasons for different results from ethanol 

life cycle studies. For example, Spatari et al. (2005) developed a life cycle of ethanol 

production from corn stover and switchgrass and use of ethanol high-level (E85-85% 

ethanol and 15% gasoline on volume basis) blends and concluded that as compared to 

reformulated gasoline, there was about 57% and 65% less GHG emissions (based on 

gram of carbon dioxide equivalent per kilometer) by using E85 from switchgrass and 

corn stover respectively. Schmer et al. (2008) estimated 94% lower GHG emissions from 
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ethanol production from switchgrass than those of gasoline. Maclean and Spatari (2009) 

performed a “well to tank” life cycle of ethanol production from switchgrass using 

different ethanol production technologies. They observed that fossil energy use and GHG 

emissions were significantly less (65-70 %) for lignocellulosic ethanol than that of corn 

ethanol. Chemicals and enzymes used during ethanol production contributed for 30-40% 

of total fossil energy used. Bai et al. (2010) conducted life cycle analysis of ethanol 

production from switchgrass and concluded that GHG emissions from life cycle of 

ethanol to drive a midsize car for 1 km (using E85) were about 65% less as compared to 

those of gasoline. Therefore there is a need for conducting LCA on a consistent basis 

with detailed process models that account for differences in pretreatment processes. We 

had demonstrated that different pretreatment processes can have significant differences in 

total and fossil energy use, water consumption, ethanol yields and capital costs (Kumar 

and Murthy 2011a). 

The objective of this study was to evaluate the energy balance and GHG 

emissions from ethanol production from grass straw in Pacific Northwest US. Four 

ethanol production processes using different pretreatment processes: dilute acid, dilute 

alkali, hot water and steam explosion were analyzed using process simulations. The 

energy use and emissions associated during whole life cycle of ethanol from grass straws 

were estimated and compared with those of gasoline, corn ethanol and other literature 

studies to evaluate the sustainability of grass straws as feedstocks for ethanol production. 

4.3 SCOPE OF STUDY 

The goal of this study is to provide information on life cycle emissions and energy 

use from ethanol production from grass straw. There are very few commercial scale 
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plants producing cellulosic ethanol and there is a great variability in ethanol production 

technologies. This study analyzed the effect of different production techniques on the 

impact on environment using process modeling techniques. The functional unit for LCA 

analysis in this study is 10,000 MJ of energy from ethanol. 

4.3.1 Data Organization and Specificity 

The collected data for different processes such as chemicals productions, utilities 

(steam, electricity etc.) and transportation were organized in a Microsoft Excel 

spreadsheet. Most of the variable input data values were listed separately to increase the 

transparency and reusability of spreadsheet. Most of the data used in this study are 

specific to the USA. As the state of Oregon is major producer of grass straw, grass seed 

agricultural data (production yields, fertilizers and herbicides application rates, seed used, 

machinery use etc.) is specific to Oregon.  

4.4 MATERIALS AND METHODS 

4.4.1 Data for Life Cycle Inventory 

The data for grass seed production were collected from the farmers in Oregon 

(Rose Agriseeds, Inc.), Enterprise budget (Oregon Agricultural Enterprise Budgets) and 

were verified with literature values. Most of the required data were collected from the the 

Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) 

1.8d model (GREET). Published reports and research papers were also used to obtain 

some data particular to some region or technology. The data for ethanol production 

process such as chemicals used, ethanol yields, co-products, and energy use (steam, 

cooling water, electricity etc.) and emissions, were obtained from developed process 
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models and can be found in Kumar and Murthy (2011a). All data sources used for this 

study are summarized in table 4.1. 

Table 4.1 Summary of data sources 

Unit Process Data Source Data gathered from source 

Agriculture 

Production 

Banowetz et al. (2008) 
Straw yield, straw production in 

Pacific Northwest US 

Oregon Agricultural 

Enterprise Budgets,  

Rose Agriseeds, Inc. 

Fertilizers, herbicide application rates, 

seed application rates, agricultural 

machinery (diesel) used 

GREET 1.8d 

Energy use and emissions from 

fertilizers, herbicides, diesel 

production 

Biomass Collection 

and Transportation 

Sokhansanj et al. 

(2010) 

Energy and emissions from straw 

collection 

GREET 1.8d 
Fuel economy of trucks, emissions and 

energy use for transporting biomass 

Ethanol Production 

Kumar and Murthy 

(2011a) 

Chemicals used, ethanol yield, energy 

use (steam, electricity etc), co-product 

energy 

Kumar and Murthy 

(2011b) 

Pretreatment conditions, pretreatment 

efficiencies, cellulose hydrolysis 

efficiencies  

Maclean and Spatari 

(2009) 

Energy use and emissions from 

cellulase enzymes and chemicals 

(NaOH and Di-ammonium phosphate 

(DAP)) production 

GREET 1.8d 

Energy use and emissions from 

chemicals production (ex. H2SO4 and 

CaO) 

Ethanol distribution GREET 1.8d 

Energy use and emissions from 

distribution of ethanol from plant to 

pumps by different transportation 

modes 
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Gasoline and corn 

ethanol life cycle 
GREET 1.8d 

Energy and emissions during life cycle 

of conventional gasoline and ethanol 

produced from corn grains 

General GREET 1.8d Fuel densities, heating values 

 

4.4.2 Assumptions 

For all fuels (gasoline, diesel, ethanol), lower heating values (LHV) were used for 

energy calculations as LHV is more appropriate for energy calculation in vehicle 

applications than higher heating values (Kim and Dale 2005; Bossel 2003). Major 

assumptions used in different processes in the ethanol LCA are summarized in table 4.2. 

4.4.3 System Boundary  

The system boundary for analysis was selected using relative mass, energy, and 

economic value (RMEE) method (Raynolds et al. 2000) using a 5% cutoff value. In this 

method, mass, energy and economic value of each input are calculated starting from the 

unit process nearest to functional unit. Ratios of that input to functional unit are 

calculated in terms of mass, energy and economic value. If any of three ratios exceeds the 

predefined cut off ratio (5% in this work), upstream process of that input is included in 

the system boundary (Sander and Murthy 2010; Raynolds et al. 2000). This approach 

avoids the arbitrary elimination or selection of a unit process in the complete ethanol 

LCA. Functional unit, 10,000 MJ of ethanol energy, is equivalent to 470.05 L (124.17 

gal) or 371.03 kg of ethanol. Economic value of functional unit was estimated about $410 

assuming ethanol price of $0.87/L ($3.3/gal). 
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Table 4.2 Summary of assumptions 

Process Assumptions 

Agriculture 

Production 

- Stand life for tall fescue was assumed as 3 years (1 year 

establishment and 2 year production)  

- 50% of straw is left in the field to maintain soil quality 

-N2O emissions from soil were assumed same as those by 

switchgrass (1.5% of nitrogen in fertilizers applied) (Wu et al. 

2006; Spatari et al. 2010) 

Biomass Collection 

and Transportation 

- Energy and emissions from straw collection were assumed 

same as for corn stover as calculated by Sokhansanj et al. (2010) 

- Biomass is transported in form of bales in heavy duty trucks 

Ethanol Production 

- Enzymes are purchased from commercial sources at a protein 

concentration of 10% and 60 FPU/g of enzyme broth (Kazi et al. 

2010) 

- Thermal efficiency for boiler for steam generation from lignin 

residue was 75% (Prasad 1995; Mani et al. 2010) 

- Conversion efficiency of biomass energy to electricity was 

30% 

Ethanol distribution 

- Default values of GREET model were used for ethanol 

distribution (percentage of ethanol distributed by different 

transportation modes and distance travelled from ethanol plant 

to bulk terminal through different modes) 

- Distance traveled from bulk terminal to pumps is 46 Km (30 

miles) 

 

4.4.4 Process Description  

Complete well to pump analysis was divided into four main sections comprising 

biomass production, biomass transportation, ethanol production and ethanol distribution. 

The details of processes, assumptions and data inventory of each section are discussed 

below. 
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4.4.4.1 Biomass production  

A large fraction of total energy used in life cycle of biomass based products is 

consumed in agricultural production activities (Kim et al. 2009). Tall Fescue (Festuca 

arundinacea Schreb) is one of the major grass straw producing crops in Pacific 

Northwest US, with average annual yield of 11.8 Mg/ha (Banowetz et al. 2008). 

However, all of the grass straw cannot be removed from the field. Some amount of the 

grass straw must be left on the field to reduce soil erosion and to maintain soil organic 

carbon content. It was assumed that 50% of the produced grass straw can be removed 

from the field without affecting the soil quality (White 2000). Straw from tall fescue (TF) 

contains about 31% cellulose, 20.2% hemicellulose and 14.4% lignin, with xylans 

constituting 82% of hemicellulose (Kumar and Murthy 2011b). 

4.4.4.2 Biomass collection and transportation 

Grass straw is transported in form of bales, which is most commonly used method 

for biomass transportation (Sokhansanj et al. 2010). The cost of baling the grass straw is 

$30-35 dollars per ton transported to a nearby site (Graf and Koehler 2002). Due to lack 

of data available on grass straw collection, fossil energy use and emissions based on 

diesel used during straw collection were assumed to be same as those reported for corn 

stover (313.7 MJ/Mg biomass fossil energy and 6.7 kg CO2 eq./Mg emissions) 

(Sokhansanj et al. 2010).  

Distance required to transport biomass depends on the scale of production plant 

and area required to collect required amount of biomass for ethanol production plant. 

Area required to collect required amount of grass straw was calculated using equation 

4.1. 
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𝐴𝑟𝑒𝑎𝐶𝑜𝑙𝑙𝑒𝑐𝑡 =  
𝐷𝑆𝑡𝑟𝑎𝑤

𝑌𝑠𝑡𝑟𝑎𝑤∗ 𝐹𝑐𝑟𝑜𝑝𝑙𝑎𝑛𝑑∗ 𝐹𝑎𝑣𝑎𝑖𝑙∗ 𝐹𝑐𝑜𝑙𝑙𝑒𝑐𝑡 
      (4.1) 

Where, Dstraw = Annual demand of straw for ethanol plant; Ystraw = Annual yield 

of straw per unit area; Fcropland = Fraction of area under fields (some area is covered by 

roads, homes and other buildings); Favail = Fraction of farm land which grows grass straw; 

Fcollect = Fraction of straw that can be removed from fields without affecting the soil 

quality.  

The values of Fcropland, Favail and Fcollect were assumed 0.6, 0.75 and 0.5 

respectively. Assuming the plant to be located in the center of grass seed farmland, 

distance required (radius of circle) to supply the required amount of straw (250,000 

metric ton biomass/ year) for the plant was calculated as 17.25 km. Trucks were 

considered to be going empty one way. Therefore, a total distance of 34.5 km was 

considered for calculations of energy and emission from transportation. 

4.4.4.3 Ethanol production 

Efficiency of ethanol production process is highly dependent on the processing 

technologies used. For this study, four ethanol production processes using different 

pretreatment processes: dilute acid, dilute alkali, hot water  and steam explosion were 

developed using SuperPro Designer (Intelligen, Inc., Scotch Plains, NJ, USA) for a plant 

with processing capacity of 250,000 metric ton biomass/ year. A generic cellulosic 

ethanol production process is shown in figure 4.1. Biomass preparation includes the 

washing (removal of dirt and stones) and size reduction of biomass to facilitate handling 

and process efficiencies. For production of ethanol, carbohydrates (sugar polymers) of 

biomass are hydrolyzed to monomers using chemicals or enzymes. Pretreatment is 
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performed before the hydrolysis process to remove hemicellulose and lignin and to open 

the structure of biomass. The sugars obtained from hydrolysis are fermented to alcohol. 

Ethanol is recovered from the fermented broth using combinations of distillation and 

molecular sieves. Residual cellulose and hemicellulose along with lignin are used for 

steam and electricity production by combustion in a fluidized bed reactor (Kazi et al. 

2010; Laser et al. 2009; Aden et al. 2002).  

 

Fig. 4.1 Generic process of ethanol production from lignocellulosic biomass 

The four pretreatment methods analyzed in this study are most commonly used 

methods for biomass pretreatment and have been studied thoroughly by many researchers 

for various feedstocks (Kumar and Murthy 2011b; Xu 2011; Hu and Wen 2008; Chen et 

al. 2007; Linde et al. 2007; Ballesteros et al. 2006; Hamelinck et al. 2005; Mosier et al. 
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2005a; Lloyd and Wyman 2005; Wyman et al. 2005; Sun and Cheng 2005; Aden et al. 

2002). Process conditions, efficiencies, advantages and limitations of these pretreatment 

processes have been discussed in many review papers (da Costa Sousa et al. 2009; Kumar 

et al. 2009; Taherzadeh and Karimi 2007; Mosier et al. 2005b; Sun and Cheng 2002). All 

pretreatment models in the present study were modeled for 20% solid loading, except for 

steam explosion, which was simulated at 30% solid loading. All pretreatments except 

steam explosion were simulated at 180°C operating temperature and 15 min residence 

time. Residence time of 5 min was used for steam explosion model. Acid/alkali 

concentrations used for dilute acid and dilute alkali models were 1% on weight basis. 

Most of the hemicellulose is converted to its sugar monomers during pretreatment 

processes except for dilute alkali process. Significant amount of cellulose is also 

converted to glucose (~13%) during dilute acid pretreatment compared to other 

pretreatment processes (0.4%, 0.3% and 5% for hot water, dilute alkali and steam 

explosion pretreatment respectively). In case of dilute acid pretreatment, detoxification is 

performed after pretreatment by overliming process (Spatari et al. 2010; Aden et al. 

2002). Simultaneous saccharification and co-fermentation (SSCoF) is the next step after 

pretreatment. This process includes hydrolysis of cellulose and hemicellulose and 

simultaneous fermentation of hexose and pentose sugars (Spatari et al. 2010). The 

pretreated grass straw is hydrolyzed using commercial enzymes (blend of cellulases and 

hemicellulases) at an enzyme loading of 15 FPU/g of cellulose. Enzymatic hydrolysis 

efficiencies of cellulose for dilute acid, dilute alkali and hot water pretreated grass straw 

(79%, 84.75% and 78.5% respectively) were obtained from laboratory studies (Kumar 

and Murthy 2011b). Cellulose hydrolysis efficiency for steam explosion model was 
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assumed as 70% (Kumar et al. 2009; Ballesteros et al. 2006). Hemicellulose hydrolysis 

efficiency was assumed as 80% in all models. The fermentation efficiencies of glucose 

and xylose were assumed to be 95% and 70% respectively. Ethanol from the fermented 

slurry is subsequently recovered using a distillation columns (beer column followed by 

rectification column) and molecular sieves. The distillation design was based on NREL 

2002 report (Aden et al. 2002). The bottom effluent of beer column is separated into solid 

stream (containing most of the lignin) and a liquid stream (containing most of the water 

and soluble solids). The lignin rich stream is combusted in fluidized bed combustor for 

steam generation. A fraction of liquid stream (25%) is treated in waste water treatment 

plant (series of anaerobic and aerobic digestions) and remaining stream is concentrated in 

multiple-effect evaporator. The condensate from the evaporator is recycled back as 

process water and concentrated syrup is fed to waste water treatment. Detailed chemical 

oxygen demand calculations were used to determine the biogas produced in anaerobic 

digestion of waste water (Barta et al. 2010). Biogas produced from waste water treatment 

is also burnt in combustor along with lignin stream. Steam produced from the fluidized 

bed combustor is primarily used to provide process heat required in the plant. Any excess 

steam is used to generate electricity.  The details of these models and energy calculations 

are provided elsewhere (Kumar and Murthy 2011a). 

4.4.4.4 Ethanol distribution 

Ethanol is distributed from plant to bulk terminals from where it is transported to 

gas stations. Transportation from plants to bulk terminal occurs by barrage, train and 

trucks, whereas from terminal to gas stations, ethanol is transported mainly by diesel 

trucks. Default values of GREET model were used for ethanol distribution (40% by 
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barrage, 40% by rail and 20% by trucks). Distribution distances of 520, 800 and 80 miles 

were assumed for ethanol distributed by barrage, train and trucks respectively. 

Transportation of ethanol from bulk terminals to pumps was assumed to occur by only 

trucks and a 30 mile distance was assumed for this study.  

4.4.5 Co-product Allocation 

During any fuel production, multiple products are formed, for example distillers’ 

dried grains with solubles in corn ethanol and lignin in cellulosic ethanol. There are two 

multi product processes in the system: grass straw and grass seed production, and ethanol 

and electricity production. Grass straw is not a main crop but a co-product of grass seed 

production. There are different approaches to allocate energy and emissions during 

agriculture production: mass basis, economy basis or energy basis. System expansion 

approach described in detail by Kim and Dale (2002) is another approach that has been 

used in LCA studies. However that approach cannot be used for grass straw as grass 

straw is a co-product and produced grass seed is the main product and does not replace 

any other product. The allocation of energy and emissions during agricultural production 

of grass seed were done on economic basis.  

Steam and electricity produced from lignin residues and biogas during ethanol 

production are other co-products in the system. The steam and electricity generated can 

be used to supply process steam and electricity required for the plant operations. Excess 

electricity produced can be sold to grid (Kazi et al. 2010; Spatari et al. 2010; Laser et al. 

2009; Aden et al. 2002), therefore system expansion method (Kim and Dale 2002) was 

used to account for the electricity. It was assumed that this steam and electricity will 



100 
 

 
 

replace the energy and emissions associated with required steam and electricity 

production from fossil energy sources.  

4.5 RESULTS AND DISCUSSION 

The system showing all inputs included in the LCA study of ethanol is presented 

in figure 4.2. Some inputs such as diammonium phosphate (DAP), diesel used during 

transportation, coal, natural gas and petroleum used during ethanol distribution were 

outside the 5% RMEE boundary, however were included in the LCA system boundary. 

4.5.1 Life Cycle Energy Use  

Ethanol yields from TF grass straw were estimated as 256.62, 255.8, 255.3 and 

230.2 L/dry metric ton of biomass from ethanol plants using dilute acid, dilute alkali, hot 

water and steam explosion pretreatments respectively. Ethanol yield is low for steam 

explosion pretreatment because of the assumption of low cellulose hydrolysis yield 

(70%) in the process model. Energy used during ethanol production process was 

calculated as the difference between the total energy input and co-product energy. As 

discussed earlier, co-products in this case are steam and electricity energy from lignin 

residues and biogas produced from waste water treatment. Fossil energy used for 

production of functional unit energy (10,000 MJ of ethanol energy) during various stages 

of life cycle of ethanol using different ethanol production techniques have been illustrated 

in figure 4.3. For all pretreatment processes, co-product energy produced enough steam  
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Fig. 4.2 Process flow diagram of ethanol production from grass straw 

to exceed the process steam requirements in ethanol production process. However except 

for steam explosion process, use of all other pretreatment processes required grid 
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electricity. In case of steam explosion pretreatment availability of excess electricity to 

export to grid after meeting the ethanol production process needs resulted in fossil energy 

credits. Therefore, in figure 4.3 fossil energy use during ethanol production for steam 

explosion pretreatment is shown as large negative number while it is a positive number 

for all other pretreatment processes. 

 

Fig. 4.3 Fossil energy use per functional unit (10,000 MJ ethanol energy) during various 

stages of life cycle of ethanol 

 

Ethanol production process had major contribution in the total fossil energy use in 

all models. Net fossil energy use was found negative for ethanol production in LCA using 

steam explosion pretreatment process. The reason for negative fossil energy was low 

process energy used (thermal and electricity) and high co-product energy produced 
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during ethanol production process. Energy from the co-products were more than process 

energy, so negative values of fossil energy is due to energy replaced by excess electricity, 

which was otherwise produced from fossil fuels. Ethanol yields, energy used, and co-

product energy produced during ethanol production processes for all pretreatment 

methods are presented in Table 4.3. 

Table 4.3 Results of ethanol production models using different pretreatment processes*  

 
Dilute 

Acid 

Dilute 

Alkali 

Hot 

Water 

Steam 

Explosion 

Ethanol Yield  

(L/dry ton biomass) 
256.65 255.83 255.30 230.25 

Thermal Energy Use (MJ) 8935.31 8807.22 9087.42 6349.34 

Electricity Use (kWh) 433.61 415.21 439.22 408.85 

Water Use    (kg) 2801.55 2850.33 2746.31 2050.26 

Co-Product Energy**  

(MJ) 
13270.54 13145.58 13696.10 16366.41 

Electricity Produced 

(kWh) 
361.25 361.51 384.04 834.71 

* All results are per functional unit unless mentioned 

** Energy from lignin residue and biogas 

 

Fossil energy used was found maximum for ethanol produced using dilute alkali 

pretreatment. The values are higher than those of other models because of large fossil 

energy input for alkali production (16 MJ/kg sodium hydroxide). Fossil energy used 

during nitrogen fertilizers and herbicides production accounted for about 80% of total 

fossil energy used during grass straw production (Fig. 4.4a). 
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Net energy value (NEV), defined as the difference between energy in fuel and 

amount of fossil energy used in the production of fuel, is a key indicator of the fossil fuel 

displacement value of any biofuel (Eqn. 4.2). Net energy ratio (NER) and net fossil 

energy value (NFEV), other common terms used in LCA studies, were calculated using 

Eqns. 4.3 and 4.4 respectively.  

Net Energy Value = Energy in functional unit – fossil energy use to produce functional 

unit            (4.2) 

 𝑁𝑒𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑎𝑡𝑖𝑜 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑛𝑖𝑡

𝐹𝑜𝑠𝑠𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
      (4.3) 

𝑁𝑒𝑡 𝑓𝑜𝑠𝑠𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑣𝑎𝑙𝑢𝑒 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑛𝑖𝑡−𝐹𝑜𝑠𝑠𝑖𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑛𝑖𝑡
    (4.4) 

The fossil energy input mentioned in Eqns. 4.3-4.4 is net fossil energy required 

for production of functional unit after accounting for the co-product energy.  Higher 

values of NEV and NER, indicate higher energy efficiency. Negative value of NEV or 

NER value less than 1.0 indicate that fossil energy used to produce fuel was more than 

that of energy content of fuel. Net energy value for ethanol was in the range of 4935.28 to 

11507.8 MJ/ 10,000 MJ (10.5 to 24.48 MJ/L ethanol) (Table 4.4). These values are 

comparable to NEV values estimated by Schmer et al. (2008) for ethanol production from 

switchgrass (more than 14.5 MJ/L ethanol). NEV values are positive for all models 

because of co-product energy. Lignin and biogas energy replaced the fossil energies 

required to produce process steam and electricity in production plant. The value of NFEV 

was negative for gasoline indicating that fossil energy input is higher than energy in the 

fuel (Table 4.4). 
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Table 4.4 Net energy value and net energy ratio for life cycle of ethanol 

 
Dilute 

Acid 

Dilute 

Alkali 

Hot 

Water 

Steam 

Explosion 
Gasoline 

Net Energy Value 

(MJ/ 10000 MJ) 
6059.65 4935.28 6209.62 11507.82 

-

1869.09 

Net Energy Value 

(MJ/ L EtOH) 
12.89 10.50 13.21 24.48 - 

Net Energy Ratio 2.54 1.97 2.64 - 0.84 

Net Fossil Energy 

Value 
0.606 0.494 0.621 1.151 -0.190 

 

 

Fig. 4.4 Fossil energy used and GHG emissions contribution from different inputs during 

grass straw production: (a) fossil energy used and (b) GHG emissions 
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It should be noted that a fuel choice cannot be made solely on basis of NEV or 

NER as all fuels are not of equal energy quality, e.g. one MJ of coal is not equal to 1 MJ 

of electricity in terms of its utility (Dale 2007). Such comparisons are meaningful only 

for fuels of similar energy quality. Both ethanol and gasoline are transportation fuels and 

can be considered to be of same quality, so net energy can be used as comparison basis. 

However, other factors such as GHG emissions changes, and total and fossil energy use 

are more informative for comparisons among different fuels. 

Total and fossil energy used to produce functional unit energy of ethanol, gasoline 

(GREET default) and corn ethanol (GREET default) are presented in figure 4.5. Total 

energy values include energy in the functional unit (10,000 MJ). Fossil energy use for 

production of functional unit were found 66.88, 57.43, 68.14 and 112.67% less than that 

for gasoline for ethanol produced using dilute acid, dilute alkali, hot water and steam 

explosion process respectively.  

 

Fig. 4.5 Total energy and fossil energy used for production of 10,000 MJ of energy 

(functional unit) during life cycle of cellulosic ethanol, gasoline, and corn ethanol 
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4.5.2 Environmental Emissions 

The GHG during different stages of life cycle of ethanol were calculated in terms 

of gram CO2 equivalent using global warming potential factors of 1, 25 and 298 for CO2, 

CH4 and N2O respectively (GREET 1.8d). GHG emissions from production of functional 

unit energy (10000 MJ) during various steps in ethanol production are presented in figure 

4.6. During ethanol production process, fossil energy use was found negative for steam 

explosion process due to relatively high availability of electricity in case of steam 

explosion process (Fig. 4.3).  

 

Fig. 4.6 GHG emissions produced per functional unit (10,000 MJ ethanol energy) during 

various stages of life cycle of ethanol 

 

The GHG emissions can result from not only the production of utilities such as 
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small positive GHG emissions related to ethanol production (associated primarily with 

the use of DAP during SSCoF process) while this number is much larger for other 

pretreatments. The CO2 released during ethanol fermentation and lignin burning was 

sequestered from environment by photosynthesis process during grass straw production. 

Hence, CO2 emissions produced during fermentation process and lignin residue burning 

were not accounted into calculations. The results were presented on well to pump basis, 

so CO2 sequestration that accounted for carbon in ethanol was subtracted from the total 

LCA emissions (Wang 2005; Spatari et al. 2005). The GHG emissions from ethanol LCA 

models were estimated -255.6, -131.0, -237.7 and -555.4 kg CO2 eq. per functional unit (-

501.2, -278.7, -505.7 and -1,181.6 g CO2 eq./L ethanol) for ethanol production processes 

using dilute acid, dilute alkali, hot water and steam explosion process respectively. The 

GHG emissions in present study are higher than those reported by Spatari et al. (2005) for 

well to tank life cycle analysis of ethanol from switchgrass and corn stover (-1,020 and -

1,179 g CO2 eq./L ethanol produced from switchgrass and corn stover). These differences 

may be due to different assumptions assumed during ethanol production process which 

resulted in higher ethanol yields (330-340 L/dry metric ton biomass vs. 230-257 L/dry 

metric ton biomass in present study) and different process energies used. 

Except for ethanol produced using steam explosion pretreatment, ethanol 

production process is the major contributor of GHG emissions. There is great variation on 

the energy use and emissions data on cellulase enzymes production depending upon 

enzyme family and techniques used (Spatari et al. 2010). Maclean and Spatari (2009) 

mention a possible range of 1000-10,000 g CO2 eq./kg enzyme emissions depending 

upon the technology used. A value of 2,264 g CO2 eq./kg enzyme was assumed for 
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current study (MacLean and Spatari 2009). Emissions from enzyme production in current 

study were in the range of 278.3 to 340 kg CO2 eq./ 10,000 MJ of ethanol produced, 

which are higher than the values reported by Maclean and Spatari (2009) for LCA of 

switchgrass (less than 40 kg CO2 eq./ 10,000 MJ of ethanol produced).  

The emissions were higher for present study because of relatively low enzyme 

activity assumed (60 FPU/g enzymes vs. 485 FPU/g enzymes), which resulted in higher 

amounts of enzymes used (62.4 – 71.8 g enzyme/kg biomass vs. 9-10 g enzyme/kg 

biomass). The enzyme activity assumption was based on our laboratory measurement of 

commercial enzymes currently available (not reported). Enzyme usage has been found 

different among various literature studies because of different enzyme activities assumed. 

The GHG emissions were relatively much lower in case of steam explosion because of 

low thermal energy used and high co-product energy during ethanol production process 

(Table 4.3). Energy use was relatively less in case of steam explosion because of the 

assumption of high solid loading (30%), which decreases the process flow rates in the 

plant. Electricity produced after supplying the process steam, was estimated to be in 

excess of the plant electricity requirement and GHG emissions displaced by extra 

electricity produced from lignin residue were about 307 kg CO2 eq. per functional unit. 

During life cycle of ethanol, agricultural production activities are also major 

contributors to total GHG emissions due to emissions of nitrous oxide (N2O) in addition 

to CO2. Although N2O emissions are relatively less in quantity, global warming potential 

of N2O is much higher than that of CO2 (298 for N2O vs. 1 for CO2) (GREET 1.8d). 

Application of nitrogen fertilizers result in the N2O emissions from soil due to microbial 

nitrification and denitrification (direct) and nitrogen fertilizer leaching to groundwater as 
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nitrate (Wu et al. 2006; Spatari et al. 2005). Total N2O emissions from soil were assumed 

as 1.5% of nitrogen in fertilizers applied.  These N2O emissions contributed significantly 

(77% in terms of CO2 eq. basis) to the emissions during agricultural production process. 

The global warming factor for N2O is 298 times that of CO2 (Fig. 4.4b). It can be 

observed from figures 4.4a and 4.4b that fossil energy use does not correlate directly with 

GHG emissions. Volatile organic compounds, particulate matter, sulfur oxides etc. are 

some air pollutants produced during life cycle of ethanol. Although these pollutants are 

not considered as GHG emissions, they impact the environment. Estimated values of 

these pollutants along with GHG emissions during well to pump life cycle analysis of 

ethanol production of grass straw are presented in Table 4.5. 

Table 4.5 Energy used and GHG emissions from well to pump LCA of ethanol 

production from grass straw* 

  
Dilute 

Acid 

Dilute 

Alkali 

Hot 

Water 

Steam 

Explosion 

Total Energy (MJ) 14548.95 15615.45 14371.38 9035.94 

Fossil Energy (MJ) 3940.35 5064.72 3790.38 -1507.82 

Emissions (g)         

CO2 (kg) -280.90 -174.64 -281.41 -590.83 

CO 116.56 96.383 95.062 15.42 

CH4 201.81 137.145 137.267 -318.29 

N2O 135.08 134.919 135.188 145.59 

NOx 352.57 265.441 255.080 -79.69 

VOC 69.65 63.577 63.235 39.16 

PM10 123.31 76.914 77.274 -357.77 

PM2.5 44.97 29.421 29.125 -84.90 

Sox 355.64 270.330 268.500 -467.85 

Total GHG Emissions (kg 

equivalent CO2) 
-235.60 -131.00 -237.70 -555.40 

* All results are per functional unit unless mentioned 

VOC volatile organic compounds, PM10, PM2.5 particulate matter, SOx sulfur oxides 
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4.5.3 Well to Wheel Analysis 

Well to wheel analysis also accounts for energy use and emissions during vehicle 

operation (Wang 2005). Ethanol is normally blended with gasoline as low blend (10-

15%) or high blend (up to 85%). A Well to wheel analysis was performed for ethanol 

produced using dilute acid pretreatment process. Other than pure ethanol, two blends 

were considered in the study – E10 (10% ethanol and 90% gasoline) and E85 (85% 

ethanol and 15% gasoline). The fuel efficiency of midsized car (kilometer per liter fuel) 

was assumed as 0.32 km/MJ of fuel (gasoline, ethanol and ethanol blends) (Sheehan et al. 

2003). The fossil energy required and GHG emissions per kilometer of driving for 

gasoline, ethanol and ethanol blends are shown in figures 4.7 and 4.8 respectively.  

 

Fig. 4.7 Total energy and fossil energy used from life cycles of different fuel blends 

required for 1 km driving 

 

Fossil energy use and GHG emissions produced during life cycle of E85 to drive 
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estimated 42.5 and 20.5% fossil energy reduction per kilometer (69.1 and 32.9% per 

mile) using E85 blends of cellulosic and corn ethanol instead of gasoline. GHG emissions 

were observed to be reduced by 39.77% per kilometer (64% per mile) using cellulosic 

ethanol E85 instead of gasoline respectively. 

Ethanol fuel produced either from cellulosic biomass or corn ethanol is a better 

alternative to gasoline on basis of fossil energy use and GHG emissions. However the 

agricultural production of plant based feedstocks also requires use of land and water 

which are limited resources. In present study, it was estimated that about 0.35 ha of land 

is required to produce functional unit energy. It was estimated that there was a 173 to 

410% reductions in GHG emissions from production of functional unit of ethanol (10,000 

MJ) using different techniques compared to gasoline. However, 0.35 ha of 

land/functional unit is the additional resource that is required to achieve the reduced 

emissions. 

 

Fig. 4.8 GHG emissions produced from life cycles of different fuel blends required for 1 

km driving 
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Some life cycle studies on biofuels have discussed a concern on land use change 

due to production of biomass required for biofuels. However, grass straw is an 

agricultural residue and not a main crop. We have done analysis on the basis of already 

available biomass. Even the size of ethanol plant in models was decided on basis of 

current availability of biomass and did not consider expanding the agricultural land for 

extra grass seed production. Therefore, land use change was not accounted in current 

study. 

4.5.4 Sensitivity Analysis 

As discussed earlier in the manuscript, other than economic basis, mass and 

energy values of products are common methods used for allocation of energy use and 

emissions to co-products produced. A sensitivity analysis was performed by changing the 

allocation method between grass seed and grass straw from economic basis to mass basis 

for dilute acid pretreatment model. As grass seed does not have significant lipid content, 

proximate composition of grass seed and straw were assumed to be similar. Therefore it 

was assumed that energy based allocation will give similar results as mass based 

allocation. On mass basis, production of grass straw is about 6.3 times than that of grass 

seed from unit agricultural land, whereas economic value of grass straw is only about 

0.35 times that of grass seed. As the biomass/main crop allocation ratio is higher, more 

emissions and energy will be associated with biomass production, which will ultimately 

add to ethanol. On mass basis, grass straw shares about 75.7% of fossil energy used and 

GHG emissions produced during agricultural production activities, which was much 

higher than that on economic value basis (15%). The fossil energy used and GHG 
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emissions from life cycle analysis increase by 62.4% and 133.1% respectively. GHG 

emissions were estimated to be about 78.078 kg CO2 eq. per functional unit of ethanol 

(56% less than that of gasoline). Luo et al. (2009b) made similar observations when they 

changed the allocation basis from economic to mass/energy basis. They found that there 

was shift of 1.7 to 7.5 in corn/stover allocation ratio when allocations were based on 

economic value instead of mass/energy, which changed the entire results of LCA study. 

Conversion efficiency of biomass energy to electricity is a major factor that can affect the 

results of LCA study. Most of the literature models on ethanol production from cellulosic 

biomass reported net export of electricity produced from lignin residues from plant, 

which can displace the fossil energy and emissions from electricity production from fossil 

fuels. In the current study, electricity produced from lignin was estimated to be less than 

the ethanol plant electricity needs in all models except for steam explosion pretreatment. 

Biomass energy to electricity conversion efficiency was assumed as 30%. A sensitivity 

analysis was performed for ethanol LCA using dilute acid pretreatment for the range of 

biomass to electricity efficiencies (25 to 40%) reported in literature. A change of -36.8 % 

and +18.5% GHG emissions were observed as the biomass to electricity efficiencies were 

changed from 30% (base case) to 40 and 25% respectively.  Fossil energy use and other 

parameters did not change for these scenarios.  

4.6 CONCLUSIONS 

A “well to pump” life cycle analysis was conducted for ethanol production from 

tall fescue grass straw considering four different pretreatment methods for ethanol 

production. Ethanol production process was found to be a major contributor in the fossil 

energy used and GHG emissions produced during life cycle of ethanol. Depending on the 
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pretreatment process, there was 57.43 to 112.67% reduction in fossil energy required to 

produce functional unit in ethanol life cycle analysis as compared to that of gasoline. 

Steam explosion process at high solid loading (30%) resulted in net negative fossil 

energy use due to low thermal energy use and net export of electricity (co-product) from 

the plant. Net energy value for ethanol was in the range of 10.5 to 24.48 MJ/L ethanol.  

The GHG emissions from ethanol LCA models were in the range of -131 to -555.4 kg 

CO2 eq. per 10000 MJ of ethanol. N2O emissions from the production and use of 

nitrogen fertilizers accounted for about 77% of total GHG emissions produced from 

agricultural activities. Fossil energy use and GHG emissions produced from life cycle of 

E85 fuel required to drive 1 km were about 53 and 39.12% less than those of gasoline 

fuel. Changing the allocation method from economic to mass basis for grass straw and 

grass seed resulted in 62.4% and 133.1% increase in fossil energy use and GHG 

emissions.  
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5.1 Abstract 

Background: During cellulosic ethanol production, cellulose hydrolysis is 

achieved by synergetic action of cellulase enzyme complex consisting of multiple 

enzymes with different mode of actions. Enzymatic hydrolysis of cellulose is one of the 

bottlenecks in the commercialization of the process due to low hydrolysis rates and high 

cost of enzymes. A robust hydrolysis model that can predict hydrolysis profile under 

various scenarios can act as an important forecasting tool to improve the hydrolysis 

process. However, multiple factors affecting hydrolysis: cellulose structure and complex 

enzyme-substrate interactions during hydrolysis make it diffucult to develop 

mathematical kinetic models that can simulate hydrolysis in presence of multiple 

enzymes with high fidelity. In this study, a comprehensive hydrolysis model based on 

stochastic molecular modeling approch in which each hydrolysis event is translated into a 

discrete event is presented. The model captures the structural features of cellulose, 

enzyme properties (mode of actions, synergism, inhibition), and most importantly 

dynamic morphological changes in the substrate that directly affect the enzyme-substrate 

interactions during hydrolysis. 

Results: Cellulose was modeled as a group of microfibrils (MF) consisting of 

elementary fibrils (EF) bundles, where each elementary fibril was represented as a three 

dimensional matrix of glucose molecules. Hydrolysis of cellulose was simulated based on 

Monte Carlo simulation technique. Cellulose hydrolysis results predicted by model 

simulations agree well with the experimental and literature data. Model was able to 

simulate the synergistic action of multiple enzymes during hydrolysis. The model 

simulations captured the important experimental observations: effect of structural 
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properties, enzyme inhibition and enzyme loadings on the hydrolysis and degree of 

synergism among enzymes. 

Conclusions: The model was effective in capturing the dynamic behavior of 

cellulose hydrolysis during action of individual as well as multiple cellulases. 

Simulations were in qualitative and quantitative agreement with experimental data. 

Several experimentally observed phenomena were simulated without the need for any 

additional assumptions or parameter changes and confirmed the validity of using the 

stochastic molecular modeling approach to quantitatively and qualitatively describe the 

cellulose hydrolysis. 
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5.2 INTRODUCTION  

Lignocellulosic biomass is a complex matrix of three biopolymers: cellulose (20-

50%), hemicellulose (15-35%) and lignin (5-30%) (Chundawat et al. 2010; Chundawat et 

al. 2011; Lynd et al. 2002). Conversion of renewable lignocellulosic biomass into 

biofuels is at the heart of advanced biofuels production. Two important biochemical 

approaches to accomplish this involve enzymes and/or cellulolytic microorganisms. First 

approach involves pretreatment of lignocellulosic feedstocks (Hendriks and Zeeman 

2009; Kumar et al. 2009; Wyman et al. 2005), followed by hydrolysis and 

subsequent/simultaneous fermentation by yeasts (Sun and Cheng 2002; Taherzadeh and 

Karimi 2007). Second approach involves us of cellulolytic microbes with consolidated 

bioprocessing (CBP) capabilities that hydrolyze cellulose without external enzyme 

addition (Lynd et al. 2005).  The first approach represents state of the art in cellulosic 

ethanol and is the system of choice for near term (5-10 years) commercialization that is 

being tested at pilot and industrial scales. 

5.2.1 Cellulose and Diversity of Cellulases in Nature  

Hydrolysis of cellulose and hemicellulose into sugar monomers is a critical step in 

the biochemical conversion of cellulose into ethanol. Cellulose is the most abundant 

biopolymer on earth with about 100 billion tons produced by terrestrial plants every year 

(Wilson 2008) Cellulose is made of glucose units linked together by β-1,4 glycosidic 

bonds. Due to extensive hydrogen bonding, cellulose chains form a recalcitrant 

crystalline structure that has a half-life of several million years at neutral pH and ambient 

temperatures in the absence of enzymes (Wilson 2008). 
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However, abundance of cellulose in diverse natural substrates has led to evolution 

of diverse cellulolytic organisms capable of degrading cellulose (Barr et al. 1996; Gilbert 

and Hazlewood 1993; Mathew et al. 2008; Merino and Cherry 2007). There are three 

main mechanisms of cellulose degradation found among most cellulolytic organisms 

(Wilson 2008). First mechanism which is used by many aerobic organisms is the 

extracellular secretion of free cellulases. Trichoderma reesei (T. reesei) is a well-studied 

fungus that employs this mechanism. Second mechanism employed by most anaerobic 

bacteria such as Clostridium thermocellum is the use of large multi-enzyme complexes 

called cellulosomes. Third strategy, comparable in effectiveness to above strategies, 

employed by organisms such as F. succinogens (anaerobic rumen bacteria) and 

Cytophaga hutchinsonii (aerobic soil bacterium) is presently not well understood. These 

organisms do not produce cellulosomes or secrete extracellular enzymes and remain 

tightly bound to the cellulose substrate (Wilson 2011). 

Numerous cellulases produced in nature can be classified into three main classes 

of enzymes: Endoglucanses (EG), exoglucanases (cellobiohydrolase I and II) and β-

glucosidases [Please see (Lynd et al. 2002) for an excellent review]. While the mode of 

action of all these enzymes is different, they exhibit synergism which results in efficient 

cellulose degradation (Fig. 5.1). Endocellulases bind randomly along a glucose chain and 

hydrolyse one/few accessible bonds. Exoglucanases (cellobiohydrolases, CBH) are 

divided into two categories: Type I attack from the reducing end of the chain while the 

enzymes of type II attack the non-reducing end of the glucose chain producing mainly a 

cellobiose molecule (a dimer of glucose). Exoglucanases in general are processive, i.e. 

the enzymes remain bound to the glucose chain after cleaving a cellobiose molecule and 
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will continue to cleave cellobiose units until a minimum chain length is reached (Barr et 

al. 1996). Most Endoglucanases on the other hand are non-processive; however a new 

class of processive endoglucanases has been identified in bacteria (Wilson 2011). In 

addition to the endo/exoglucanases enzymes, all cellulolytic organisms also produce 

free/membrane bound β-glucosidases which act on cellobiose/cellodextrins to produce 

glucose. Finally in addition to these enzymes, a large family of glycoside hydrolase 

family 61 (GH61) has recently been identified (Harris et al. 2010). The GH61 family of 

proteins although lacking measurable hydrolytic activity in standalone experiments had a 

significant synergistic effect in enhancing the efficacy of other cellulolytic enzymes in 

presence of divalent cations. Interestingly, similar accessory proteins were also 

discovered to increase efficiency of enzymes from chitinolytic organisms (Eijsink et al. 

2008).  

 

Fig. 5.1 Action of various cellulases enzymes on surface layer of cellulose. Glucose 

molecules in red color represents crystalline region and glucose molecules in black color 

are in amorphous region. 
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Aerobic organisms (e.g. T. reesei) utilize cellulose by secreting free cellulases 

enzymes, also known as 'enzyme system', extracellularly (Andersen 2007; Kadam et al. 

2004; Limayem and Ricke 2012; Lynd et al. 2002; Mosier et al. 1999; Wilson 2008; 

Zhang and Lynd 2004).  

Enzymatic hydrolysis process can be divided into two stages: In the first stage, 

long chains are hydrolyzed to form soluble oligomers, and soluble oligomers are in turn 

hydrolyzed to sugar monomers during the second stage of hydrolysis. First stage of 

hydrolysis is considered as a rate limiting step in the hydrolysis process (Lynd et al. 

2002; Zhang and Lynd 2004). Several experimental studies have concluded that physical 

properties of cellulose such as crystallinity, degree of polymerization (DP) and accessible 

surface area, are some of the major factors responsible for controlling hydrolysis rate due 

to the effect on enzyme binding and substrate accessibility to the cellulase enzymes 

(Ahola et al. 2018; Chang and Holtzapple 2000; Turon et al. 2008). Crystallinity is a key 

factor affecting the hydrolysis of cellulose as the glycosidic bonds in crystalline regions 

are difficult to hydrolyze compared to those in the amorphous regions (Ahola et al. 2008; 

Chang and Holtzapple 2000). 

Enzymatic cellulose hydrolysis process is one of the bottlenecks and key cost 

center (enzymes costs up to $1/gal ethanol) in the commercialization of process of 

cellulosic ethanol production (Bansal et al. 2009; Gnansounou and Dauriat 2010; Kadam 

et al. 2004; Kazi et al. 2010; Kumar and Murthy 2011; Zheng et al. 2009). However, 

there is potential of cost reduction by improving the understanding of the process, testing 

enzymes and various substrates under different conditions to determine optimum 

hydrolysis conditions. Since conducting hydrolysis experiments is time consuming and 
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labor intensive, a comprehensive hydrolysis model that can predict accurate hydrolysis 

profile of cellulose under various scenarios (substrate, enzyme, hydrolysis conditions) 

can be used as an important forecasting tool to understand and improve the hydrolysis 

process (Kadam et al. 2004; Zheng et al. 2009).  

5.2.2 Cellulose hydrolysis modeling 

There are three principal approaches to model cellulose hydrolysis by non-

complexed systems (Bansal et al. 2009; Zhang and Lynd 2004). First approach is to fit 

experimental data to linear/nonlinear regression models which can be simple to construct 

but require large sets of experimental data.  

Second approach involves formulation of mechanistic models which attempt to 

model some of the underlying phenomenon with simplifying assumptions (Banowetz et 

al. 2008; Bansal et al. 2009; Brown et al. 2010; Kadam et al. 2004; Kurašin and Väljamäe 

2011; Levine et al. 2010; Zhang and Lynd 2004; Zhang and Lynd 2006; Zhou et al. 

2009a; Zhou et al. 2009b; Zhou et al. 2010). Rate expressions are generally described 

using Michaelis-Menten type enzyme kinetics with/without incorporating the effects of 

enzyme adsorption, temperature, pH, substrate and product inhibition effects. The model 

structure results in a set of ordinary differential equations (ODE) and model parameters 

are often determined by fitting model predictions to the experimental data. Substrate and 

product inhibition, lignin inhibition effect, cellulose accessibility and reactivity effects 

have been considered in these models. These models are reasonably accurate in 

predicting the experimental trends of sugar production and are currently most widely 

used in literature to predict cellulose hydrolysis (Bansal et al. 2009; Zhang and Lynd 

2004). While a more general set of conditions can be simulated by incorporating 
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additional model terms this often results in the loss of physical significance of the model 

terms and leads to over-parameterization issues. Due to these limitations, a new 

parameter set must be identified whenever the substrate, pretreatment conditions, 

enzymes and/or process conditions are changed. Another limitation of this modeling 

approach is that synergistic interaction of various enzymes is difficult to determine and 

model accurately. Some of the models in literature do account for endo/exo and exo/exo 

synergistic interactions (Zhang and Lynd 2006). However due to the reliance on lumped 

terms and inadequate detail in describing cellulase-cellulose interactions, their predictive 

abilities are limited (Levine et al. 2010).  

Most of these kinetic models can not consider dynamic change in properties of 

substrate (accessibility of enzymes) that directly affect the enzyme-substrate interactions 

and rate of hydrolysis in detail. At most some of the models have considered changes 

accessibility based on ratio of active/less active cellulose, amorphous/crystalline cellulose 

ad surface area. However it is very difficult to consider accessibility changes for 

individual enzymes depending upon their mode of action. 

Molecular scale stochastic molecular modeling (SMM) of the hydrolysis in which 

each hydrolysis event in translated into a discrete event is another approach that can be 

used for modeling cellulose hydrolysis that can capture dynamic enzyme-substrate 

intearction during hydrolysis. This approach relying on modeling enzymatic hydrolysis 

process at molecular and enzymatic levels has been successful in describing starch 

hydrolysis (Besselink et al. 2008; Marchal et al. 2003; Marchal et al. 2001; Murthy et al. 

2011; Wojciechowski et al. 2001). These studies concluded that stochastic molecular 

modeling technique can be used to predict hydrolysis profile and addressing the 
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limitations of kinetic models (e.g. mathematical complexities, large number of parameter 

estimations, change in parameters with change enzyme or hydrolysis conditions etc.). 

One of the main advantages of the SMM approach is that structural characteristics and 

enzyme characteristics can be separately determined and incorporated into the model. 

Some other specific advantages of SMM models are: 

1. Changes in substrate property, enzyme characteristics can be incorporated 

without the need for additional experimentation 

2. Concentrations of many oligomers can be tracked without increasing the 

complexity of model 

3. Chain distribution (number of chains with different chain lengths) during 

hydrolysis can be easily determined using SMM approach, which can provide 

better understanding in mechanism and behavior of enzymes during hydrolysis 

4. Changes in structural properties such as number of chain ends, average degree of 

polymerization and crystallinity over time can be followed during hydrolysis 

5. Enzyme dosage profile (addition of enzymes at various time intervals) can be 

used in modeling the cellulose hydrolysis 

The basic requirement of this approach is detailed and accurate description of 

substrate properties and enzymes action in the model. Although SMM approach is 

computationally intensive, it is more realistic and can easily incorporate the changes in 

conditions (substrate, enzyme or reaction conditions). However, potential of this 

technique has not been explored in detail for cellulose hydrolysis.  

The first reported model for hydrolysis of insoluble polysaccharides using 

stochastic modeling approach was developed by Fenske et al. (Fenske et al. 1999). This 
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was a limited SMM model as it did not capture the actual structural properties of 

cellulose (e.g. crystallinity, DP, fibril structure) and multi enzyme dynamics. Hydrolysis 

was performed on a two dimensional matrix representing a single surface of cellulose 

with short chain length of 20. It was a theoretical study and results were not validated 

with experimental data. More recently, similar approach was used by Asztalos et al 

(Asztalos et al. 2012) to model cellulose hydrolysis which had reasonable accuracy in 

predicting the hydrolysis trends for endoglucanse and CBH enzymes. Dynamic enzyme-

substrate interactions were captured to some extent in the model. However the model did 

not include some important structural features of cellulose structure and had a limited 

usability. It was a two dimensional model in which all glucose chains were accessible to 

all enzymes, which in not the case in actual process.  Degree of crystallinity was not 

considered in the cellulose structure, and consequently, activity difference of enzymes in 

amorphous and crystalline regions found to be significant by many researchers was not 

incorporated into the model (Bansal et al. 2009; Lynd et al. 2002; Zhang and Lynd 2004). 

Inhibition by cellobiose or glucose was not accounted into the model, which is very 

important parameter during cellulose hydrolysis. Therefore, despite these relatively 

recent advances, there is no SMM model to date that considers complex enzyme-

substrate interactions. The objective of this study was to develop a detailed SMM model 

based that can predict hydrolysis profiles of cellulose with high accuracy by capturing the 

complexities of cellulose structure and hydrolysis mechanism. The aim was to develop a 

general hydrolysis model that can be used for various conditions (different substrates, 

enzymes, hydrolysis conditions) considering structural properties of feedstock 

(crystallinity, degree of polymerization, accessibility), enzyme properties (mode of 
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actions, synergism and inhibition) and most importantly dynamic changes in these 

properties during hydrolysis. 

5.3 MATERIALS AND METHODS 

5.3.1 Model Development 

 A SMM model that considers structural features of cellulose and complex 

enzyme-substrate interactions was developed. The SMM of cellulose hydrolysis process 

was systematically organized into three steps, consisting 1) In-silico construction of a 

representative cellulose polymer model, 2) characterization of the cellulolytic enzymes in 

the mixture and 3) modeling the enzymatic hydrolysis. 

5.3.1.1 Step 1: Cellulose polymer model 

Cellulose is found as several polymorphs (Hallac and Ragauskas 2011; O'Sullivan 

1997; Zhang and Lynd 2005) of which cellulose Iβ is the most abundant form in higher 

plants, while Iα is the most common form in bacteria and several algae. In the cellulose Iβ 

all glucose chains are assumed to be parallel (i.e. all reducing ends are on one side) while 

the Iα consists of glucose chains in anti-parallel arrangement. Basic building block of 

cellulose in all natural sources of cellulose is a 3.5 nm diameter elementary fibril made of 

36 glucose chains. These EFs are organized into microfibrils (2-20 nm diameter) which in 

turn form macrofibrils (Chinga-Carrasco 2011). Inter-fibril space is filled with different 

proportions of hemicellulose and lignin depending on the biological origin of the biomass 

(Li et al 2010; Zeng et al 2012a; Zeng et al 2012b).  The degree of polymerization of 

glucose chains and crystallinity of cellulose are dependent on biological origin and form 

of cellulose (pure or modified). In this model, cellulose Iβ was modeled as group of 
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microfibrils. Each microfibril contains several elementary fibrils (Chinga-Carrasco 2011; 

Fan et al. 1987; Lynd et al. 2002) and DP of all EFs in one MF was assumed same. MF 

was represented as two dimensional matrix (bundle) containing several EFs.  Each 

elementary fibril in turn was represented as a 3-D matrix with 36 glucose chains and each 

chain having glucose molecules equal to DP.  Figure 5.2 illustrates the structure of a 

microfibril and elementary fibrils simulated in the model. Cellulose is semi-crystalline in 

nature and contains both amorphous (less ordered) and crystalline (ordered) regions 

(Chinga-Carrasco 2011; Chundawat et al. 2011; Fan et al. 1987; O'Sullivan 1997). 

Degree of crystallinity may vary depending upon the origin of cellulose and can vary 

between 50 and 90% (Melander 2006). Explanation about arrangement of crystalline and 

amorphous regions in the cellulose molecules is not definitively known. However, most 

commonly assumed cellulose structures depict glucose chains passing through several 

crystalline and amorphous regions (Mosier et al. 1999). To capture this characteristic in 

this model, cellulose was modeled in way that each glucose chain passes through multiple 

crystalline regions (200 glucose molecules long regions) separated by amorphous 

regions. 

Crystallinity was characterized using a term crystallinity index (CrI) which was 

defined as: 

𝐶𝑟𝐼 =  
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑖𝑛 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑟𝑒𝑔𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑖𝑛 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
     (5.1) 

Each glucose molecule in a microfibril has a unique serial number as its identity. 

Several other parameters that describe structural properties of that bond were allotted to 

all glucose molecules (Fig. 5.3 and Table 5.1 illustrate the approach for few parameters). 

Detailed description of all parameters is provided in (Section A1, appendix A). 
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Fig. 5.2 Structure of microfibril and elementary fibril simulated in model. Glucose 

molecules in red color are in crystalline region and glucose molecules in black color are 

in amorphous region. 

 

 

Fig.5.3 Structure of elementary fibril simulated in model. Glucose molecules in red color 

represents crystalline region and glucose molecules in black color are in amorphous 

region. 
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Table 5.1 Parameters of glucose molecules in an elementary fibril (corresponds to Figure 

5.3) 

Properties Serial 

Number 

Reducing/Non-

reducinga 

EF 

Surfaceb 

Crystallinec Solubled Distance_NRe 

G1 0 1 1 1 -1 16 

G2 16 -1 1 1 -1 0 

G3 88 0 1 1 -1 12 

G4 94 0 1 0 -1 7 

G5 476 1 0 1 -1 16 

G6 600 0 1 1 -1 11 

a Indicates whether bond is reducing end (1), non-reducing end (-1) or inside the chain (0) 
b Indicates whether bond is at elementary fibril surface or not (Yes, 1 or No, 0) 
c Indicates whether bond is in crystalline (1) or amorphous region (0) 
d Indicates whether bond is in soluble (1), partially soluble (0) or insoluble chain (-1) 
e Indicates the distance of bond from non-reducing end 

 

These parameters were used to determine accessibility of enzymes depending 

upon their action pattern and directly affect the hydrolysis process. For example it is 

important to consider bond location (amorphous or crystalline region) since activity of 

endoglucanases enzymes is relatively low in crystalline region (Andersen 2007; Zhang 

and Lynd 2004). Similarly not all endoglucanases produce glucose and the parameter 

“Distance_NR” helps modeling this case. EF surfaces are less accessible to enzymes 

compared to MF surfaces. The properties “EF Surface” (table 5.1) and “MF Surface” 

help in identifying the bond location and simulating enzymatic action appropriately.  

While assigning these parameters, it was ensured that cellulose model captures all major 

structural properties of actual cellulose. For instance, the crystalline and amorphous 

regions were considered to occur as bands in elementary fibril. While the length of the 
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crystalline region was set to 200 glucose molecule, the location was randomly chosen 

along the length of the elementary fibril such that the amorphous regions do not occur at 

the ends of the elementary fibril (Fig. 5.1). 

5.3.1.2 Step 2: Characterization of cellulolytic enzyme system 

Cellulase enzymes have different mode of actions and cannot be strictly placed 

into broad groups such as endoglucanases and exoglucanases (Zhang and Lynd 2004). In 

this model, enzymes were classified into eight classes depending upon their structure and 

mode of action (Table 5.2). There can be multiple enzymes in each class identified from 

different organisms; however they will differ only in their hydrolytic efficiency (activity). 

Therefore modeling the action of these eight classes of enzymes will sufficiently capture 

the dynamics individual cellulases. The important aspect of this classification is that any 

new enzyme can be used in model after characterizing its action pattern and placing into 

one/multiple groups with its specific activity /activities, without making any change to 

the current model. 

5.3.1.3 Step 3: Modeling the action of enzymes  

Factors affecting enzyme action can be classified as intrinsic and extrinsic factors. 

Intrinsic factors do not depend on substrate characteristics while extrinsic factors depend 

solely on substrate characteristics. Extrinsic factors (crystallinity, accessibility and 

average DP) are accounted in the cellulose model described in Step 1. Intrinsic 

characteristics such as activity and stability of the enzyme are dependent on the reactor 

pH and temperature. The enzyme loading (amount of enzyme/g substrate) and activity 

information was transformed into number of bonds hydrolyzed per unit time for each 

enzyme.  
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Table 5.2 Mode of action for enzymatic hydrolysis of cellulose by enzymes from various 

classes  

Enzyme class       Mode of action 

Endo-cellulase (EG, Non-

processive with CBM) 
 Carbohydrate binding module (CBM) binds to 

surface chains randomly and breaks bonds at 

catalytic domain (CD) 

Endo-cellulase (EG, Non-

processive without CBM) 
 Breaks bonds on surface chains in a random 

pattern 

Endo-cellulase (EG, 

Processive with CBM) 
 CBM binds to surface chains randomly and 

break bond at CD  

 Enzyme moves along the chain (towards non-

reducing end or reducing end) and cut every 

alternate bond releasing cellobiose until a 

minimum chain length is achieved 

Exo-cellulase (CBH I, 

Processive) 
 CBM attaches from reducing end only on surface   

chains and pulls the chain towards CD 

 Chain passes through CD (tunnel like shape) and 

every alternate bond is broken to produce 

cellobiose  

 Enzyme moves along the chain (towards non-

reducing end) and cut every alternate bond until 

a minimum chain length is reached 

Exo-cellulase (CBH I, Non-

Processive) 
 Attack from reducing end on surface chains and 

cut every alternate  bond to produce cellobiose  

Exo-cellulase (CBH II, 

Processive) 
 CBM attaches from non-reducing end on surface 

chains and pulls the chain towards CD 

 Chain passes through the tunnel shaped CD  and 

every alternate bond is broken to produce 

cellobiose  

 Enzyme moves along the chain (towards 

reducing end) and cuts every alternate  bond 

until a minimum chain length is reached 

Exo-cellulase (CBH II, 

Non-Processive) 
 Attack from non-reducing end on surface chains 

and breaks alternate bonds to produce cellobiose 

β-glucosidase  Acts on cellobiose and soluble oligomers (DP ≤ 

6) and produce glucose by breaking bond 
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Maximum number bonds (Nhi_max) that can be broken by an enzyme per minute was 

calculated using equation 2.  

𝑁ℎ𝑖_𝑚𝑎𝑥 =  𝐸𝑖 ∗ 𝑈𝑖 ∗ 6.023 ∗ 1017 ∗  
𝐺𝑆𝑖𝑚

6.023∗1023 ∗ 162 ∗ 𝑆𝑖    (5.2)  

Where, 'Ei' is amount of 'ith' enzyme used per unit of cellulose during hydrolysis, 

mg/g cellulose. 'Ui' is activity of 'ith' enzyme, IU/mg enzyme. One international unit (IU) 

of enzyme can liberate one micromole (6.023 * 1017 molecules) of product (i.e. one 

micromole of bonds are broken) per minute under standard conditions (Ghose 1987). 

'Gsim' is the number of glucose molecules simulated in the model. “162” is the average 

molecular weight of anhydrous glucose molecule in a cellulose molecule (joined by β-1-4 

linkages in long chains with DP from 100 to 20000). 'Si' is stability of 'ith' enzyme under 

current hydrolysis conditions (temperature and pH) that will affect the activity. Value of 

“Si” can be calculated for any enzyme using empirical equations developed based on 

experiments to incorporate the effect of temperature and pH on enzyme activity. For 

example, Arrhenius rate relationships are commonly used to consider the effect of 

temperature (Kadam et al. 2004). Value of 'Si' is a real number between 0 and 1. In the 

current model, value of “Si” was used as 1, indicating that the enzyme was considered to 

be operating at its optimum pH and temperature.  

Assuming enzymes have equal access to all microfibrils, number of maximum 

bonds that can be broken for each microfibril (Nhij) were calculated as: 

𝑁ℎ𝑖𝑗 = 𝑁ℎ𝑖_𝑚𝑎𝑥 ∗ 𝑓𝑗          (5.3) 

Where, fj is fraction of hydrolysable bonds for 'jth' microfibril and is dependent 

upon mode of action of enzymes.  
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For EG enzymes (Non-processive endoglucanase with CBM, Non-processive 

endoglucanase without CBM, Processive endoglucanase with CBM), fj was defined as: 

𝑓𝑗 =  
𝑁𝑠𝑗 

∑ 𝑁𝑠𝑗
𝑛
1

         (5.4) 

Where, Nsj is number of glucose molecules on the surface of elementary fibrils in 

jth microfibril and 'n' is number of microfibrils simulated.  

For CBH I enzymes (Processive CBH I with CBM, Non-processive CBH I 

without CBM), fj was defined as: 

𝑓𝑗 =  
𝑁𝑅𝑗 

∑ 𝑁𝑅𝑗
𝑛
1

          (5.5) 

Where, NRj is number of reducing ends in jth microfibril. 

For CBH II enzymes (Processive CBH II with CBM, Non-processive CBH II 

without CBM), fj was defined as: 

𝑓𝑗 =  
𝑁𝑁𝑅𝑗 

∑ 𝑁𝑁𝑅𝑗
𝑛
1

          (5.6) 

 Where, NNRj is number of non-reducing end in jth microfibril. 

For β-glucosidase (BG) enzymes, fj was defined as: 

𝑓𝑗 =  
𝑁𝑆𝐿𝑗 

∑ 𝑁𝑆𝐿𝑗
𝑛
1

          (5.7) 

Where, NSLj is number of soluble oligomers produced from jth microfibril. 

5.3.1.4 Enzymatic Hydrolysis Simulation 

Action of various cellulase enzymes on cellulose structure was modeled using 

Monte Carlo simulation technique (Marchal et al. 2003; Marchal et al. 2001; Murthy et 
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al. 2011; Wojciechowski et al. 2001).  Each minute, a sequence of 𝑁ℎ𝑖𝑗  potential 

hydrolysis bond locations were randomly selected (with uniform probability distribution) 

from the list of bond locations appropriate for the type of enzyme under consideration. 

For example, in case of EG and CBH, random bond locations  were generated from list of 

bonds present on the EF surface, while for BG, the bond locations were selected from the 

list of soluble molecules only. In each iteration location of bond inside a microfibril 

corresponding to randomly chosen bond location (glucose molecule) was determined and 

its properties (by associated parameters) for specific enzyme action were examined to 

determine the probability of hydrolysis. Enzymatic hydrolysis is controlled by both 

enzyme action and structural physical properties of cellulose; conditions for enzyme 

actions were simulated accordingly. All the required substrate-enzyme interaction 

characteristics were incorporated into the model. For example, CBH I will bind only if 

there is a glucose molecule at reducing end (non-reducing end for CBH II) at the chosen 

target location for binding. Similarly, probability of binding on molecules located on a 

microfibril surface was set higher than that of molecules on interior elementary fibril 

surface to account for differences in accessibility of bonds to enzymes. It was also 

ensured that sufficient unobstructed chain length (measured in terms of number of 

glucose molecules corresponding to the size of the enzyme CBM, linker and CD) is 

available on the surface of the substrate for CBM binding. A summary of some important 

conditions for enzymes from endo, exo and β-glucosidase have been presented in table 

5.3. Some details on enzyme binding and action simulated in the model have been 

provided in the section A2 of appendix A. During this one minute of hydrolysis, action of  
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Table 5.3 Important conditions simulated in the model for enzymatic hydrolysis of 

cellulose by enzymes from endo, exo and β-glucosidase classes (Values of parameters is 

provided in section A3, appendix A) 

Enzyme class       Conditions/assumptions 

Endo-cellulase (EG, 

Non-processive action 

pattern by an enzyme 

that contains a  CBM) 

 Lower probability of breaking bond in crystalline 

region compared to those in amorphous regions 

 Probability of binding to the glucose chain and 

hydrolysis of bonds located on EF surface but not on 

MF surface is lower  compared to the glucose chains 

on the both EF and MF surfaces   

 A minimum number of glucose molecules, 

depending upon size of enzyme, are required 

unblocked (not blocked by other enzymes) and on the 

EF surface to enable binding (please see section A2, 

appendix A) 

 Enzymes do not act on oligomers of chain length 

less than five. The enzymes can hydrolyze bonds to 

produce glucose with a defined probability. Inhibition 

occurs due to cellobiose and glucose (Fan et al. 1987; 

Lynd et al. 2002) 

Exo-cellulase (CBH I, 

Processive action pattern 

by an enzyme that 

may/may not have a 

CBM.) 

 Probability of binding to the glucose chain and 

hydrolysis of bonds located on EF surface but not on 

MF surface is lower  compared to the glucose chains 

on the both EF and MF surfaces   

 These enzymes have higher probability of 

hydrolysis with shorter glucose chains compared to 

longer chains (Zhang and Lynd 2004)  

 Enzyme may get desorbed from the glucose chains 

at any time. Probability of desorption in amorphous 

region was set higher than that in crystalline region 

 Enzymes have lower probability of bond hydrolysis 

in the case of soluble oligomers and do not act on 

oligomers with DP<5   

 Inhibition occurs due to cellobiose and glucose, 

however cellobiose is a stronger inhibitor (Fan et al. 

1987; Lynd et al. 2002; Mosier et al. 1999; Wang et al. 

2012) 
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β-glucosidase  Acts only on soluble chains 

 Probability of action on cellobiose is higher than 

other soluble oligosaccharides 

 Inhibited by glucose 

 

all enzymes was randomized (i.e. enzyme from different classes don not attack in a 

particular sequence) to enable realistic simulation of simultaneous action of enzymes. 

In addition to the mode of specific action pattern of enzymes (Endo/Exo-

enzymes; processive or non-processive) probability of hydrolysis was set to be dependent 

on enzyme characteristics such as the bond location (crystalline or amorphous region) 

and soluble oligomer chain length. For example, during the action by EG enzymes, the 

probability of β-1,4 bond hydrolysis located in crystalline and amorphous regions are 

different. Similarly, the probability of bond hydrolysis in soluble chains with lower DP 

was set lower compared to the probability of hydrolysis for chains with higher DP. These 

probabilities were compared with a number randomly selected from a uniform 

distribution. The bond at a particular location was hydrolyzed only if the random number 

(generated from a uniform pseudo-random number distribution 0.0-1.0) was greater than 

the probability of hydrolysis set using the constraints described above. For example a 

bond located in the crystalline region could be broken (hydrolysis event occurred) only if 

the probability of the hydrolysis (as indicated by the pseudo-random number from the 

uniform distribution 0.0-1.0) was higher than the set value for probability of crystalline 

bond hydrolysis by EG enzymes. Similarly EG enzyme will hydrolyze a bond next to the 

reducing end or the bond prior to the non-reducing end (hydrolysis of this bond will 

produce glucose) only if its associated probability is higher than pseudo-random number.  
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A schematic of steps followed during hydrolysis a simulation in the model is 

shown in Figure 5.4. A counter was used during one minute of hydrolysis to limit the 

number of iterations. As discussed earlier, a random number was generated from a group 

of molecules and bond properties were checked for hydrolysis possibility. If all 

conditions for hydrolysis were met for that bond, it was converted to broken bond 

(hydrolysis event occurred) and counter was changed (values are given in section A3 of 

Appendix A). In case of non-processive enzymes, a random number is generated again to 

find next bond location, whereas for processive enzymes, enzyme hydrolyzes the next 

bond unless it is desorbed from the chain or counter value is equal to Nhij. 

Inhibition effect of sugars produced was captured in the model using the same 

approach. Activities of both CBH and endoglucanases are inhibited by cellobiose and 

glucose. Inhibition properties for cellobiose (Ninhib _G2) and glucose (Ninhib _G) were 

assigned to each class of enzyme. During hydrolysis simulations, whenever bond location 

determined using random number generated was corresponding to glucose or cellobiose, 

counter was incremented by corresponding “Ninhib” for that enzyme. As the hydrolysis 

progress, probability of encountering glucose or cellobiose increases, which results in 

less number of bonds hydrolysis (as counter is incremented by  “Ninhib”) and inhibition 

effect is captured. Extent of inhibition can be controlled by adjusting these properties. For 

example, cellobiose is strong inhibitor compared to glucose for CBH (Bansal et al. 2009; 

Fan et al. 1987; Lynd et al. 2002; Mosier et al. 1999; Wang et al. 2012); therefore value 

of “Ninhib _G2” was set higher compared to “Ninhib _G” for cellobiose in the model.  

Properties of all glucose molecules (mentioned in table 5.1 and section A1 of 

appendix A) in the chain, where bond is broken are reassigned after productive attack 
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(hydrolysis event occurs). Initially, only the chains on the elementary fibril surface are 

accessible to enzyme attack. During hydrolysis, as the bonds are broken, glucose chains 

having DP less than seven become soluble (i.e. soluble oligomers are removed from the 

surface of the cellulose) and part of chain just beneath the soluble chain is exposed and 

becomes accessible to enzymes.  

Sugar concentrations were calculated at various time intervals to predict the 

hydrolysis profile during model simulations. Concentrations of glucose, cellobiose and 

insoluble sugars were calculated using following equations (equations 5.8-5.10).  

𝐶𝐺𝑙𝑢 =  
𝑁𝐺𝑙𝑢∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

180

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
      (5.8) 

𝐶𝐺2 =  
𝑁𝐺2∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

342

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
      (5.9) 

𝐶𝐺6+ =  
𝑁𝐺6+∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

162

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
      (5.10) 

Where, 'CGlu', 'CG2', 'CG6+' are concentrations of glucose, cellobiose, and high DP 

molecules in gram/L respectively. 'Gactual' is number of glucose molecules in actual 

sample (experimental conditions) (equation 5.11). 'Gsim' is number of glucose molecules 

simulated in the model. 'Vactual' is volume of solution in mL. 

𝐺𝑎𝑐𝑡𝑢𝑎𝑙 =  
𝑊𝑠𝑎𝑚𝑝𝑙𝑒∗𝑆∗𝐶∗ 6.023∗1023

162
        (5.11) 

Where, 'Wsample' is weight of total solution during hydrolysis in grams. 'S' is 

fraction of solids in the solution (biomass or solid loading), dimensionless. 'C' is cellulose 

fraction of the solid, dimensionless. Explanation about these calculations and of other 

oligomers is provided in detail in the supplementary material (Section A6, appendix A). 
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The hydrolysis rates were estimated by calculating the changes in cellulose 

concentration (DP 6+) over a specific time interval and was expressed as g cellulose/h. 

 

Fig. 5.4 Basic schematic for hydrolysis simulations in model (Detail schematic in section 

A5 and A6 of appendix A). The figure illustrates the main steps followed during 

hydrolysis simulations of individual enzyme acting on cellulose.  

 

Chain distribution provides the number of chains with different chain lengths in 

total cellulose, which can help in understanding of hydrolysis process. Therefore chain 

distribution profile was generated at specific time intervals. Additionally, crystallinity 

index and percentage of soluble molecules were also calculated at specific time intervals 

to monitor the changes in these properties.  
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5.3.2 Implementation of Model 

The computer algorithms for implementation of above described hydrolysis 

model were written in C++ language. Random number generators were used in 

simulation of cellulose structure and hydrolysis process (Matsumoto and Nishimura 

1998).  

Cellulose structure was simulated using user defined range of structural 

parameters: DP, CrI, number of EFs in one microfibril. This approach allows simulation 

of any cellulose substrate such as Avicel, filter paper (with low DP and crystallinity), 

bacterial cellulose, cotton fibers (long DP and highly crystalline). Hydrolysis simulation 

was initialized based on the weight of solution (scale of hydrolysis), solid loading, 

cellulose content, total enzyme loading (mg protein/g cellulose), ratio of enzymes present 

(out of eight classes), temperature, pH and simulation time (hydrolysis duration). Enzyme 

activities can be obtained from manufacturer’s data or measured on different substrates 

(cellulose model substrates) using standard laboratory methods (Ghose 1987). Maximum 

value of enzyme activity is used in the model. Data provided by user on enzyme ratio was 

input to model through data files. The output from model included glucose 

concentrations, oligosaccharide concentrations (DP 2-6), chain distribution profile, 

crystallinity index profile, solubility profile and  data sheets for each microfibril 

(illustrating major properties associated with glucose molecules)  at various times during 

hydrolysis.  

The approach of using various probabilities (such as endo enzyme acting on 

crystalline region, cutting the bond just before non-reducing end to produce glucose) 

provides flexibility to simulate various enzymes and to incorporate new enzymes in the 
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model. For example, in general EG acts preferentially in amorphous region, however in 

future an enzyme may be discovered/developed with high activity in crystalline region. 

That enzyme can be easily incorporated into current model by changing the probability 

for bond cleavage in the crystalline regions. Similarly other probabilities can be altered 

depending upon enzyme characteristics. 

5.3.3 Modifications in Model 

The model explained in the previous sections of this chapter was developed, 

successfully followed the expected hydrolysis trends, and was published in a peer 

reviewed journal (Kumar and Murthy 2013). This was the first report of a comprehensive 

stochastic model for cellulose hydrolysis that captured enzyme characteristics, cellulose 

structural features, and dynamic enzyme-substrate interactions. The model was further 

modified to capture more realistic expected interactions during hydrolysis by 

incorporating the 1) simultaneous action of multiple enzyme molecules to account for the 

enzyme crowding, 2) partial solubility of cello-oligomers with DP 6-13, and 3) 

production of glucose by exocellulases.   

In the previous version of the model, model was simulated based on the iterative 

concept only, however in real conditions multiple enzyme molecules act simultaneously 

and block the hydrolysis sites for each other. This concept was incorporated in the current 

model by calculating the number of enzyme molecules based on the enzyme loading, 

their molecular weight, and number of glucose molecules simulated. The action pattern 

and model concept was similar to the earlier version of the model, but the enzyme 

molecules act simultaneously. As explained previously, the iterations are performed for 

every minute of hydrolysis and properties of substrate are changed after that at the end of 
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the one minute time step. For processive enzymes, once an enzyme molecule bound to 

chain end, it remains bound at the end of one minute time step and continues further 

down the chain until it reaches the end of the chain or desorbs from the molecule as per 

its probability. Exocellualse enzyme are to bind to multiple cellulase chains (three chains 

in the model) (Asztalos et al. 2012; Levine et al. 2010), so it is essential that all three 

chains must be accessible to the enzyme (on surface and not blocked by other enzyme) 

for binding of the enzyme. In the previous version of model, it was assumed that glucose 

molecules equal to size of CBM only are required on surface and unblocked for binding 

(Section A2, Appendix A), however in the current model whole length of enzyme was 

considered (except linker, because it is flexible and is compressed during movement) 

(Wang 2012). The detailed schematic of the enzyme actions has been provided in the in 

sections A4 and A5 of appendix A.  Cellodextrins with DP <6 are considered to be 

completely soluble, DP 6-13 partially soluble and above 13 are insoluble in water (Lynd 

et al. 2002; Zhang and Lynd 2004). In the previous version of the model, all oligomers 

with DP> 6 were considered insoluble. While the CBM of the enzymes cannot bind to 

these chains due to its large size, the catalytic domains of the enzymes will still act on the 

oligomers in solution. In the absence of reliable literature data, the soluble fraction of the 

oligomers was set as a function of DP in the range of DP 7 to 13. The oligomers with DP 

7-9, 10-11, and 12-13 were assumed 75, 50, and 25% soluble. Oligomers with DP< 6 

were assigned a 100% solubility, and while oligomers with DP more than 13 were set to 

0% solubility.  

In the earlier model, the CBH action could only produce cellobiose during 

cellulose hydrolysis. However, glucose formation during cellulose hydrolysis by CBH 
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action has been observed by some researchers (Eriksson et al. 2002; Medve et al. 1998), 

and was also observed in our experiments (discussed later in the results section). 

Therefore, the model was modified to include glucose formation in addition to the 

cellobiose. A probability of glucose formation was included in the model, and 

glucose/cellobiose formation was decided by generating a random number and comparing 

with that probability. 

Unless mentioned, all of the model simulation results presented in the results and 

discussion section of this chapter are from this modified version of the model. 

5.3.4 Model Validation and Simulations 

5.3.4.1 Simulation data 

Cellulose structure was simulated for various model cellulose substrates such as 

Avicel, filter paper and cotton. These substrates differ in cellulose structure in terms of 

DP and degree of crystallinity. For instance, Avicel is low DP cellulose (about 300), 

whereas cotton has very high DP value (about 2000-2500) (Zhang and Lynd 2004). 

Values of properties used to simulate these model cellulosic substrates are listed in Table 

5.4 (Zhang and Lynd 2004; Zhang and Lynd 2006). Microfibrils were simulated for each 

model substrate using these properties and assuming 4-6 EF in each row and column of 

microfibril. These model substrates can vary somewhat in terms of DP, crystallinity index 

depending upon method of preparation (e.g. Avicel will not always have DP of exact 

300), therefore using a range of properties and simulating multiple microfibrils captures 

this variability.  
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Table 5.4 Key Properties of simulated model cellulosic substrates 

Model Substrate Degree of polymerization (DP) Crystallinity index (CrI) 

Avicel 250-300 0.5-0.6 

Filter Paper 700-750 0.4-0.5 

Cotton 2000-2500 0.85-0.95 

 

All model simulations were performed for four main classes of cellulase enzymes: 

Non-processive endoglucanases with CBM, processive CBH I with CBM and processive 

CBH II with CBM and β-glucosidase. These enzymes are similar to enzyme system of 

Trichoderma reesei (earlier known as T. viride), comprising endoglucanases EGI, two 

exoglucanases CBHI and CBHII and β-glucosidase. Cellulase system of T. reesei, a soft-

rot fungi, has been extensively studied (Andersen 2007; Chundawat et al. 2011; Lynd et 

al. 2002; Zhang and Lynd 2004). Specific activities of enzymes from T. reesei were 

assumed as 0.4, 0.08, and 0.16 IU/mg of EG I, CBH I and CBH II respectively (Zhang 

and Lynd 2006). Zhang and Lynd (Zhang and Lynd 2006) calculated these specific 

activities values from various literature studies (Beldman et al 1987; Steiner et al 1988; 

Tomme et al. 1988).  

5.3.4.2 Model validation 

Data from model simulations were compared with two sets of experimental 

results from literature to validate the model. 
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5.3.4.2.1 Validation data set 1(Literature data) (Bezerra and Dias 2004; Bezerra et al. 

2011) 

Experimental details for the cellulose hydrolysis data are detailed in Bezerra et al. 

(Bezerra and Dias 2004; Bezerra et al 2006; Bezerra et al 2011). Briefly, Avicel was 

hydrolyzed using CBHI (Cel7A) purified from Celluclast 1.5 L (a commercial cellulase 

preparation from T. reesei, provided by Novo Nordisk A/S, Denmark), at various 

enzyme:substrate loadings at 40°C in 50 mM citrate buffer (pH 4.8) for 47h.  

5.3.4.2.2  Validation data set 2 (Literature Data) (Medve et al. 1998) 

For model validation, cellulose conversion results were extracted from Figure 3 of 

Medve et al.  (Medve et al. 1998). Briefly, Avicel (M2331from Merck, Darmstadt, 

Germany) was hydrolyzed using CBH I and EG II (8 mg EG II/g Avicel and 10 mg CBH 

I/g Avicel), purified from a commercial cellulase, Celluclast from T. reesei (Novo 

Nordisk, Bagsvaerd, Denmark). For model simulations, activity of EG II enzymes used in 

experiments were assumed to be same as EG I enzyme (0.4 IU/mg protein). 

5.3.4.2.3 Validation data set 3  

The model was validated with the results obtained from hydrolysis of pure 

cellulosic substrates (filter paper and cotton) using purified CBH I and CBH II. The 

purification and hydrolysis experimental details are discussed in next sections. 

5.3.5 Materials 

Celluclast, a commercial cellulase from Trichoderma reesei, (Lot # CCN03141) 

were donated by Novozyme (Novo, Bagsvaerd, Denmark). P-Aminophenyl β-D-

cellobioside (sc-222106, Lot # K213), used as an affinity ligand for cellobiohydrolase, 
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was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). All other 

chemicals required for protein purification and hydrolysis experiments were purchased 

from Sigma-Aldrich (Milwaukee, WI). Whatman No. 1 filter paper (Whatman, Inc., 

Florham Park, NJ) and cotton balls (Kroger Co., Cincinnati, Ohio) were used as the pure 

cellulose samples for the hydrolysis experiments. The commercial β-glucosidase 

(Novozyme 188) from Aspergillus niger was purchased from Sigma-Aldrich (Milwaukee, 

WI). 

5.3.6 Enzyme Preparation 

The cellulases CBH I and CBH II were purified from Celluclast (Novozyme, 

Denmark) using BioLogic LP system (Bio-Rad Laboratories, Hercules, CA, USA). The 

purification experiments were performed at room temperature and the collected enzymes 

were transferred and stored in the refrigerator at 4°C.  

5.3.6.1 Purification 

The flow diagram of steps followed in the CBH I and CBH II purification is 

shown in figure 5.5. In the first step of purification, the Celluclast enzyme mixture was 

desalted using Sephadex G-25 Fine (dimensions: 2.5 cm × 10 cm) gel filtration column. 

The protein was rebuffered in 50mM Tris-HCL buffer (pH 7.0) at 5 mL/min. The 

desalted protein was fractionated by anion-exchange chromatography using DEAE-

Sepharose column (dimensions: 2.5 cm × 10 cm). The sample was loaded using 50 mM 

Tris-HCL buffer (pH 7.0) at 5 mL/min flow rate and was eluted stepwise: 1st elution at 

35%, and 2nd elution at 100% of  0.2 M sodium chloride in 0.05 M Tris-HCl buffer (pH 

7)) (Jäger et al. 2010). The flow through from DEAE column (rich in CBH II enzymes) 

was concentrated and rebuffered in 50mM sodium acetate buffer (pH 5.0) using  Pellicon 
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XL 50 Ultrafilteration Cassete, with biomax 10 (Millipore, USA). The rebuffered protein 

was spiked with gluconolactone (final concentration of 1 mM) and loaded on the p-

aminophenyl cellobioside ( pAPC) affinity column (dimensions: 1.5 cm × 10 cm) with 

0.1 M sodium acetate, containing 1mM gluconolactone and 0.2 M glucose (pH 5.0)at 

flow rate of 1.5 mL/min (Jeoh et al. 2007; Sangseethong and Penner 1998). The function 

of gluconolactone in the buffer is to suppress β-glucosidase activity, which otherwise can 

cleave the ligand (Sangseethong and Penner 1998). The bound CBH II protein was eluted 

using the running buffer containing 0.01 M cellobiose (100 mM sodium acetate buffer 

containing 1 mM gluconolactone, 0.2 M glucose, and 0.1 M cellobiose (pH 5.0)). The 

purified CBH II from affinity column was concentrated and loaded on the phenyl 

sepharose column (dimensions: 1.0 cm × 10 cm) for hydrophobic interaction 

chromatography to separate core and intact proteins (Sangseethong and Penner 1998).  

The sample was loaded in high salt (0.35 M ammonium sulfate in 25mM sodium acetate 

buffer, pH 5.0) and eluted with linear gradient from running buffer to elution buffer (25 

mM acetate buffer containing 20% ethylene glycol (v/v), pH 5.0). Hydrophobic 

interaction chromatography was performed on the second elution (CBH I rich) from the 

anion exchange column, after concentrating and rebuffering with 25 mM sodium acetate 

buffer. The enzyme was loaded in very high salt (0.75 M ammonium sulfate in 25mM 

sodium acetate buffer, pH 5.0) and eluted with linear gradient from running buffer to 

elution buffer (25 mM acetate buffer containing 5% ethylene glycol (v/v), pH 5.0). The 

purified CBH II and CBH I fractions from hydrophobic interaction column were 

concentrated and rebuffered in 50 mM sodium acetate buffer, pH 5.0. Protein containing 

fractions were determined by measuring absorbance at 280 nm. 
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5.3.5.2 Protein concentration and enzyme activity 

During protein purification, the protein concentrations in the samples were 

determined based on Bradford assay using Quick Start™ Bradford Protein Assay Kit 

(Bio-Rad, USA) and bovine serum albumin (BSA) as standard. The activities of purified 

CBH I and CBH II were determined on Avicel in 50 mM sodium acetate buffer, pH 5.0. 1 

mL of Avicel solution (10 g/L) with final enzyme concentration of 0.1 mg/mL was 

incubated (mixed end to end) at 45°C in 2 mL Eppendorf centrifuge tubes for 2h (Jäger et 

al. 2010).  After 2h of incubation, the samples were heated at 95°C for five minutes to 

stop the hydrolysis. The samples were centrifuged at 15,000 rpm for five minutes to 

separate the supernatant. The reducing sugar concentration in the supernatant was 

determined using dinitrosalicylic acid (DNS) assay and using glucose as standard.  

5.3.7 Cellulose Hydrolysis 

The hydrolysis experiments were conducted at 25 g/L cellulose (Filter paper and 

cotton balls) concentration and various enzyme loadings (5, 10, and 15 mg/ g cellulose) 

in 50 mM sodium acetate, pH 5.0, 10 mL total volume in 25 mL Erlenmeyer flasks 

closed with rubber stopper. 100 µL of 2% sodium azide was added in each flask to avoid 

microbial contamination. The experiments were carried out in controlled environment 

incubator shaker set at 45°C and 125 rpm. 200µL of sample was withdrawn at 3, 6, 9, 12, 

18, 24, 36, 48, and 72h to determine sugar concentrations and the hydrolysis profile. The 

samples were heated at 95°C for five minutes to stop the reaction and were prepared for 

high-performance liquid chromatography (HPLC) analysis. All experiments were 

performed in triplicate.  
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The hydrolysis samples were analyzed in HPLC (Agilent Technologies,Santa 

Clara, Cal.) using a Bio-Rad Aminex HPX-42A column and a Bio-Rad deashing 

cartridge micro-guard column. The mobile phase was 0.2 μm filtered deionized water at 

80°C with a flow rate of 0.6 mL/min. For each sample, a 20 μL injection volume was 

used with a run time of 25 min. The amounts of sugars were quantified using a refractive 

index (RI) detector and calibrated using multiple sugar standards.  

 

Fig. 5.5 Flow diagram of the chromatography steps used for purification of the CBH I 

and CBH II enzymes 
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5.4 RESULTS AND DISCUSSION 

5.4.1 Cellulase Purification  

Celluclast, an enzyme mixture containing multiple cellulase and hemicellulose enzymes 

was used to purify the individual proteins. The fractions collected from the 

chromatographic purifications steps shown in figure 5.5 were analyzed by SDS-

polyacrylamide gel electrophoresis to check for their purity. Based on the molecular 

weight comparison with marker, and literature data, the single bands in the numbered 

lanes 1 and 2 of figure 5.6 corresponds to CBH II (MW 54 kDa) and CBH I (MW 61-64 

kDa)  respectively (Jäger et al. 2010; Medve et al. 1998; Sangseethong and Penner 1998). 

The activities of CBH I and CBH II on Avicel were determined as 0.478 and 0.379 

IU/mg of protein respectively. 

 

Fig. 5. 6 SDS-polyacrylamide gel electrophoresis of the purified cellulase enzymes. (M) 

molecular mass marker, (1) CBH II  (2) CBH I 
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5.4.2 Model Validation 

5.4.2.1 Validation: Literature data 

5.4.2.1.1 Validation data set 1 (Bezerra and Dias 2004; Bezerra et al. 2011; Bezerra et 

al. 2011) 

For model validation, amounts of cellobiose production during hydrolysis of 

Avicel by CBHI at various experimental conditions were compared to experimental data 

obtained by Bezerra et al (Bezerra and Dias 2004; Bezerra et al. 2011). Using the model 

described above, hydrolysis simulations were performed for the exact experimental 

conditions on simulated Avicel structure. Cellobiose production from Avicel hydrolysis 

based on experimental and model simulation data were in qualitative and quantitative 

agreement  at 25 and 50g/L Avicel loadings (Fig. 5.7 and 5.8).  

 

Fig. 5.7 Cellobiose production during hydrolysis of Avicel (25 g/L) at various loadings of 

CBH I. The data points are from Bezerra et al (Bezerra and Dias 2004; Bezerra et al. 

2011) and the lines are from the model predictions.  
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Fig 5.8 Cellobiose production during hydrolysis of Avicel (50 g/L) at various loadings of 

CBH I. The data points are from Bezerra et al (Bezerra and Dias 2004; Bezerra et al. 

2011) and the lines are from the model predictions 

 

Coefficient of determination (R2, defined as the square of the Pearson product-

moment correlation coefficient) was calculated to determine the statistical agreement of 

model simulation data with experimental data. R2 value of 1 indicates perfect model 

validation with experimental values. The R2 values were found to be greater than 0.70 in 

all model simulations (Table 5.5) indicating a good agreement with the experimental 

values. Quantitative match of model simulations with experimental data further indicates 

that this model was able to capture cellobiose inhibition effect under various hydrolysis 

conditions (different enzyme/substrate ratios).  
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Table 5.5 Correlation between experimental and model simulation data for different 

conditions 

25 g/L Avicel 50 g/L Avicel 

Enzyme loading 

(mg/g glucans) 

R2 Value Enzyme loading 

(mg/g glucans) 

R2 Value 

4  0.88 2  0.82 

16.68  0.71 8.3  0.70 

40  0.9 20  0.97 

 

5.4.2.1.2 Validation data set 2 (Medve et al. 1998) 

Model results were further tested by comparing results with experimental data 

from Medve et al (Medve et al. 1998). Model data did not fit well either with 

endoglucanases or CBH I. Cellulose conversion data from model simulations for CBH I 

showed good match with experimental values during initial 2h of hydrolysis period 

(Fig.5.9 inset) (R2 = 0.90), however did not match quantitatively at later stages of 

hydrolysis. Cellulose conversion by CBHI action after 48h of hydrolysis was 

experimentally determined to be 6.5%, whereas model predictions for final conversion 

was 11.1%. Final conversions obtained from simulations of endoglucanases were 

significantly higher than those from experiments (10.6% vs. 3.3%). The results of 

hydrolysis using EG from the modified model (current model) simulations are different 

from those obtained from previous version of the model (Fig. 5.10)  (Kumar and Murthy 

2013). Although the model parameters and enzyme activities were same as that of 

previous model, the total conversion was high in current model (10.6 vs. 3.69%). The 

main reason for this difference is hydrolysis of oligomers with DP 6-13. In the previous 

version of the model, all oligomer with DP more than 6 were considered insoluble, and 

enzyme could not act on those as the molecules were sufficient for EG to bind and 
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hydrolyze the bond. In the current version of the model, oligomers with DP 6-13 have 

been considered partially soluble, which is more realistic, and enzyme was modeled to 

can act on oligomers in the solution without binding. Another important point is that the 

total cellulose conversions by endoglucanases action are very different among different 

studies  (~3% in 48h hydrolysis of Avicel in current study; 21% in 48h and 31% in 96 h 

hydrolysis of cotton cellulose (considered as less active than that of Avicel to 

endoglucanases due to high crystallinity) at similar loadings (Kleman-Leyer et al. 1996)). 

There are several possible reasons for this divergence in the results between model 

simulations and experimental results during later stages of hydrolysis. Commercial 

Avicel substrates obtained from different sources vary in their physical properties, 

whereas we used average values of DP and crystallinity index for structure simulations. 

Another important contributor to the difference could be differences in enzyme activities. 

A great variability has been found among of activities of pure enzymes, depending upon 

degree of purification (Zhang and Lynd 2004). Activity used in the model simulations 

were used from other literature studies, which might be different from the activity of 

CBH I purified in these experiments. 
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Fig. 5.9 Cellulose conversion during hydrolysis of Avicel (10 g/L) by individual action of 

EGII (8mg/g glucan) and CBHI (10mg/g glucan). The data points are from Medve et al 

(Medve et al. 1998) and the curves are from the model predictions. The insert in the 

figure illustrates data points and model simulations for initial 2h of hydrolysis 

 

 

Fig. 5.10 Cellulose conversion during hydrolysis of Avicel (10 g/L) by individual action 

of EGII (8mg/g glucan) and CBHI (10mg/g glucan) (Figure 4, Kumar and Murthy 2013).  
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During Avicel hydrolysis using a mixture of EG and CBHI, model simulations 

match experimental results qualitatively and quantitatively in the initial stage of 

hydrolysis (Fig. 5.11).  

 

Fig. 5.11 Cellulose conversion during hydrolysis of Avicel (10 g/L) by combined action 

of EGII (8mg/g glucan) and CBHI (10mg/g glucan). The data points are from Medve et al 

(Medve et al. 1998) and the lines are from the model predictions. The insert in the figure 

illustrates data points and model simulations for initial 2h of hydrolysis 

 

However, the model results were only qualitatively similar to the experimental 

results and there was divergence in the later stage hydrolysis experimental points. 

Although the absolute values of cellulose conversions from model simulations did not 

match with the experimental values, the degree of synergism (Eqn. 5.12) values were 

very similar (1.57 for model simulations and 1.47 from experiments). 

5.4.2.2 Model validation: hydrolysis of filter paper and cotton with purified CBH I and 

CBH II 

5.4.2.2.1 Hydrolysis of filter paper by CBH I and CBH II 
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The results from model simulations and actual experiments of hydrolysis of filter 

paper at various loadings of CBH I and CBH II are shown in figures 5.12-5.15 and 5.16-

5.19 respectively.   

 

Fig 5. 12 Sugar production during hydrolysis of filter paper (25 g/L) at CBH I loading of 

10 mg/g cellulose 

 

 

Fig 5. 13 Rate of conversion during hydrolysis of filter paper (25 g/L) at CBH I loading 

of 10 mg/g cellulose 
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Fig 5. 14 Sugar production during hydrolysis of filter paper (25 g/L) at CBH I loading of 

5 mg/g cellulose. 

 

 

Fig 5. 15 Sugar production during hydrolysis of filter paper (25 g/L) at CBH I loading of 

15 mg/g cellulose. 

 

In all of the cases, the model fitted filter paper hydrolysis data, and predicted the 
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major product during hydrolysis by CBH I or CBH II. The model predictions were 

accurate in determining both cellobiose and glucose concentrations during hydrolysis. 

Small amounts of cellotriose were also observed both in experimental data and model 

simulations (data not shown). The cellobiose production rate is high at the beginning of 

hydrolysis, and is decreases significantly due to cellobiose inhibition on the CBH I and II 

enzymes. The inhibition effect was captured by the model, and was also further validated 

when the effect disappears on removal of cellobiose by converting it to glucose through 

β-glucosidase action (discussed later in the chapter).   

 

Fig 5.16 Sugar production during hydrolysis of filter paper (25 g/L) at CBH II loading of 

10 mg/g cellulose 
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Fig 5.17 Rate of conversion of cellulose during hydrolysis of filter paper (25 g/L) at CBH 

II loading of 10 mg/g cellulose 

 

 

Fig 5.18 Sugar production during hydrolysis of filter paper (25 g/L) at CBH II loading of 

5 mg/g cellulose. 
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Fig 5.19 Sugar production during hydrolysis of filter paper (25 g/L) at CBH II loading of 

15 mg/g cellulose 

 

The R2 values between experimental and model data for cellobiose production 

during filter paper hydrolysis by CBHI and CBH II were in the range of 0.96 - 0.98 and 

0.45 – 0.78 respectively. It was observed from the results that increase in enzyme loading 

did not result in the significant increase in the final sugar yields. The enzymes used in the 

hydrolysis experiments had very high activity, and possibly increasing the enzyme 

loading resulted in the enzyme crowding effect due to limited availability of chain ends. 

It can be observed from the results, that the phenomenon was well captured by the model, 

as the simultaneous action of multiple enzyme, their blockage by each other was 

considered in the model. 

 

 

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80

C
o

n
ce

n
tr

at
io

n
 (

g
/L

)

Time (h)

Cellobiose_Exp Glucose_Exp

Cellobiose_Model Glucose_Model



167 
 

 
 

5.4.2.2.2 Effect of beta-glucosidase addition (exo-BG synergism) 

Cooperative action of different enzymes, known as synergism, is one of the most 

important phenomenon observed in cellulose degradation (Andersen 2007; Bansal et al. 

2009; Lynd et al. 2002; Wang et al. 2012; Zhang and Lynd 2004; Zhang and Lynd 2006). 

Synergism between CBH I and/or CBH II and β-glucosidase enzymes is very important 

for the conversion of cellulose (Zhang and Lynd 2004). This synergism occurs mainly 

because of strong inhibition effect of cellobiose on the CBH performance. Primary 

product of CBH action on cellulose is cellobiose, a strong inhibitor to CBH activity 

(Andersen 2007; Ballesteros 2010; Fan et al. 1987; Mosier et al. 1999; Zhang and Lynd 

2004). Cellobiose build up is prevented by the action of β-glucosidase which further 

hydrolyzes cellobiose to glucose and results in CBH and β-glucosidase synergism. The 

synergistic effect of β-glucosidase addition was observed during filter paper hydrolysis 

by CBH I and CBH II, and is illustrated in the figures 5.20 and 5.21 respectively.  

 

Fig. 5.20 Effect of β-glucosidase addition on cellulose hydrolysis by CBH I (25 g/L Filter 

Paper; CBH I: 10 mg/g cellulose) 
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Cellulose conversions after 72h of hydrolysis were observed about 82.7 % and 

15.1 % higher for CBH I (10 mg/g glucans) and CBH II (10 mg/g glucans) respectively 

in presence of excess β-glucosidase than those in absence of β-glucosidase. To determine 

the model accuracy in predicting this trend, action of CBH I and CBH II were simulated 

in absence and presence of β-glucosidase. It can be observed from figures 5.20 and 5.21 

that model simulations capture this synergism successfully both for CBH I and CBH II 

enzymes. 

 

Fig. 5.21 Effect of β-glucosidase addition on cellulose hydrolysis by CBH II (25 g/L 

Filter Paper; CBH II: 10 mg/g cellulose) 
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glucosidase was markedly higher than that of CBH enzymes acting alone (data not 

reported). 

5.4.2.2.3 Effect of structural properties of cellulose 

Hydrolysis of cellulose is highly dependent on structural properties of cellulose. 

For example, cellobiohydrolases (CBH I and CBH II) act on reducing/non-reducing ends 

of glucose chains, so length of the glucose chains in the substrate, which represent the 

fraction of reducing/non-reducing ends compared to total glucose molecules, directly 

affect the hydrolysis action of these enzymes. For example, the percentage of 

reducing/non-reducing ends to total glucose molecules for filter paper with average chain 

DP of 700 is 0.13% compared to 0.05% for bacterial cellulose with average DP of 2000 

and 0.033% for cotton with DP of 3000 (Zhang and Lynd 2004; Zhang and Lynd 2006). 

Therefore it would be expected that CBH I and CBH II would hydrolyze filter paper to a 

greater extent compared to cotton as there are many more reducing/non-reducing ends. 

The expected trends were observed in both experimental and model simulations of CBH I 

and CBH II action on filter paper and cotton (Fig. 5.22 and 5.23) 
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Fig. 5.22 Cellulose conversion during hydrolysis of filter paper and cotton (25 g/L) by 

action of CBH I at loading of 10 mg/g cellulose 

 

 

Fig. 5.23 Cellulose conversion during hydrolysis of filter paper and cotton (25 g/L) by 

action of CBH II at loading of 10 mg/g cellulose (Note: Results for cotton hydrolysis are 

from two replications only) 
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The cellulose conversion after 72h of cotton hydrolysis was observed 77.0 and 

92.6% less than those of filter paper hydrolysis by action of CBH I and CBH II 

respectively. The model had a good fit with experimental data for cotton hydrolysis in 

case of CBH I. For CBH II, although the absolute values of predicted cellulose 

conversion were higher than the actual values, the expected trend was observed. So, the 

model simulations successfully captured the inverse relationship between substrate DP 

and hydrolysis of cellulose and predicted 73 and 81.1% reduction in cellulose conversion 

for cotton compared to filter paper for CBH I and CBH II respectively. Similar results 

have been reported in literature from both experimental as well as modeling studies 

(Wood 1975; Zhang and Lynd 2006). 

Endoglucanases activity is affected by degree of crystallinity. Regions that are 

highly crystalline are less susceptible to hydrolysis compared to amorphous regions 

because of low accessibility of enzymes in these regions (Chang and Holtzapple 2000). 

This behavior was also captured by model simulations as cellulose conversion by action 

of endoglucanases on cotton (highly crystalline cellulose, CrI 0.85-0.90) was found 

57.2% lower than that of filter paper (semi-crystalline cellulose, CrI 0.4-0.5) after 48 h of 

hydrolysis (Fig. A7.1, Appendix A).  

5.4.2.3 Model simulations 

5.4.2.3.1 Enzymatic hydrolysis of cellulose by individual enzymes 

As discussed in sections above, model was simulated for filter paper hydrolysis 

by action of individual cellulase enzymes. Cellulose hydrolysis rates due to individual 

enzymes (EGI, CBH I and CBH II) actions is presented in figure 5.24. The production 

profiles of soluble sugars and cellulose (DP6+) conversion during hydrolysis of cellulose 
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by endoglucanases are shown in figure 5.25. For all three enzymes the hydrolysis rates 

decrease rapidly after few initial hours of hydrolysis and then become nearly constant 

(Fig. 5.24). The decrease in hydrolysis rate with cellulose conversion is widely an 

observed phenomenon that is expected due to morphological changes in the structure of 

cellulose such as decrease in glucose chains on microfibril surface. These morphological 

changes limit the accessibility of cellulase enzymes to glucose chains and results in rapid 

decline in hydrolysis rate (Zhang and Lynd 2004; Zhou et al. 2009a).  

 

Fig. 5.24 Model predictions of hydrolysis rate by action of individual enzymes on filter 

paper (filter paper, 25 g/L; all enzymes, 10 mg/g glucans). 
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cellopentose and cellohexose increase during initial few hours (3-4 h) of hydrolysis and 

then decrease in the latter stages of hydrolysis. This trend is expected since during initial 

phase of hydrolysis surface glucose chains are easily accessible and endoglucanases acts 

randomly on them to producing short chains. However, with the progress of hydrolysis 

accessibility of enzymes to the glucose chains decreases. The enzymes start acting on 

soluble sugars and reduce their overall concentrations after an initial increase. 

Concentration of cellotetrose, cellotriose, and cellobiose did not decrease as EG I was 

assumed to act only on oligomers with DP > 4. In case of hydrolysis by CBH I and CBH 

II, all soluble sugars except cellobiose, glucose, and cellotriose were produced in 

negligible amounts (less than 0.01 mg/L, data not reported). 

 

Fig. 5.25 Model predictions of sugar concentrations during hydrolysis of Filter paper by 

endoglucanases (filter paper, 25 g/L; EGI, 10mg/g glucans) [DP6+ on primary axis to the 

left and rest on secondary axis to the right]. 
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5.4.2.3.2 Synergism  

The end-exo synergism is a highly effective synergism that has been reported in 

many studies and plays critical role in the hydrolysis rates and yields (Andersen 2007; 

Medve et al. 1998; Väljamäe et al. 1999; Zhang and Lynd 2004). The model was 

simulated for hydrolysis of filter paper and cotton for individual and combined EG and 

CBH I. Simulations were performed for 48 hours assuming 25 g/L substrate 

concentration at enzyme loadings of 10 mg/g glucans (individually and total of 20 mg in 

mixture, with EG to CBH I ratio of 1:1). Comparison between theoretical conversion 

(sum of conversions from action of individual enzymes) and actual conversion (cellulose 

conversion from action of enzyme mixture) are presented in Fig. 5.26. 

 

Fig.5.26 Synergism between EG I and CBH I during hydrolysis of filter paper and cotton 

cellulose. Solid lines are results from combined action of enzymes and lines with points 

(theoretical) are sum of conversions from action of individual enzymes. Hydrolysis 

conditions: 25g/L, EG I 10 mg/g glucans, CBHI 10 mg/g glucans (total 20 mg enzymes 

when act in mixture 1:1). 
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One measure of synergism is “Degree of Synergism (DS)”, which is defined as 

follows (Equation 12) 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑆𝑦𝑛𝑒𝑟𝑔𝑖𝑠𝑚 =  
∆𝐶𝑚𝑖𝑥𝑒𝑑 

∑ ∆𝐶𝑖
𝑛
𝑖=1

      (5.12) 

Where, ∆Cmixed is cellulose conversion obtained from mixture of ‘n’ enzymes; ∆Ci 

is cellulose conversion obtained from individual action of ‘ith’ enzyme.  

It can be seen from the figure 5.26 that the expected synergism was observed in 

the model simulations. The degree of synergism increased initially and then decreased 

towards the end of hydrolysis. Similar trends have been observed by other researchers: 

Kleman-Leyer et al for hydrolysis of cotton and Medve et al for hydrolysis of Avicel 

(Kleman-Leyer et al. 1996; Medve et al. 1998). The phenomenon can be possibly 

explained by considering that at the beginning of hydrolysis the surface molecules were 

accessible for EG, and chain ends were sufficient for CBH action. As the hydrolysis 

progresses, endoglucanases creates  additional chain ends on which exoglucanases can 

act to hydrolyse the cellulose, which results in high hydrolysis rate and synergism. 

However, with further progress in hydrolysis, product (cellobiose and glucose mainly) 

inhibition becomes very dominant and total yields are not significantly higher than if the 

enzymes work individually. The highest values of degree of synergism were 1.33 and 

4.35 for filter paper and cotton respectively. The values of DS obtained from model 

simulations are consistent with the reported values in literature (Medve et al. 1998; 

Väljamäe et al. 1999; Zhang and Lynd 2004; Zhang and Lynd 2006; Zhou et al. 2010). A 

large variation in the DS values can be observed in literature studies, possibly because 

several factors such as total time of hydrolysis (as evident in Fig. DS was high at 48 h 



176 
 

 
 

and low at 72 h), purity of enzymes, activity of enzymes, and enzyme loadings can affect 

the synergism. The synergism was observed higher for cotton hydrolysis than that of in 

case of filter paper hydrolysis. The inverse relationship between DS and substrate DP was 

expected and has been reported in literature (Andersen 2007; Srisodsuk et al. 1998; 

Zhang and Lynd 2004). Zhang and Lynd (Zhang and Lynd 2004) compiled DS values 

from various studies (Table V of (Zhang and Lynd 2004)) and reported DS values of 1.3 

to 2.2 for Avicel (low DP substrate) and 4.1 to 10 for cotton and bacterial cellulose (high 

DP substrates) from synergism of T.reeesi enzymes. When CBH I acts alone, its 

accessibility to chain ends is very limited and cellulose conversion is very less. During 

simultaneous action of  EG and CBH I and/or CBH II, EG action results in  creation of 

additional chain ends for action of CBH I and/or CBH II, which results in more effective 

hydrolysis (high synergism).  

5.4.2.3.3 Cellulose hydrolysis by enzyme mixture 

Hydrolysis of filter paper was simulated using enzyme ratios similar to natural 

cellulase system produced by T.reesei. (12% EG I, 60% CBH I and 20% CBH II) (Zhang 

and Lynd 2004; Zhang and Lynd 2006; Zhou et al. 2010). Simulations were performed at 

various enzyme loadings (total protein of 5, 10, and 15 mg protein/g glucans) in excess of 

β-glucosidase to avoid glucose inhibition. Concentrations of various soluble sugars (DP 

1-6) and hydrolysis rates during cellulose hydrolysis are presented in Fig. 5.27 and 5.28 

respectively.  
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Fig.5.27 Sugar concentrations during hydrolysis of filter paper (25 g/L) by protein 

mixture produced by T.reesei. CBH I (60%), CBH II (20%), EGI (12%) at 10 mg 

protein/g glucans loading in excess of β-glucosidase . DP6+ and glucose are on primary 

axis and all other sugars are shown with respect to secondary y-axis. 

 

Glucose was the main product of hydrolysis in presence of excess β-glucosidase 

which converts cellobiose to glucose (Fig. 5.27). Although concentrations of all 

oligomers remained very low throughout the hydrolysis, cellobiose concentration was 

highest among all oligomers. This trend was expected since cellobiose is the main 

product produced by the action of CBH I and CBH II while other oligomers are mainly 

produced by endoglucanases only. Similar results were obtained in terms of relative 

amount of oligomers from filter paper hydrolysis by same enzyme mixture in the absence 

of β-glucosidase. Cellobiose concentration was highest followed by cellotriose, which is 

also assumed to be not hydrolysable by either EG, CBH I or II.  
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Fig. 5.28 Effect of enzyme loading on hydrolysis rate of cellulose 

 

As expected, hydrolysis rates were found to be increasing with increase in 

enzyme loadings (Fig. 5.28). For enzyme loading at 5 mg/g glucans hydrolysis rate 

remained relatively constant during initial period followed by a substantial decrease 

hereafter.  This behavior can be attributed to rapid decrease in the number of available 

surface glucose molecules with time. Number of accessible sites for endoglucanases 

decreases during hydrolysis. The hydrolysis rate falls very sharply at high enzyme 

loading (15 mg/g glucans) as all the accessible surface bonds were hydrolyzed at a very 

fast rate.   

5.5 CONCLUSIONS 

Cellulose was modeled as group of microfibrils made of bundles of elementary 

fibrils. Model incorporated all important factors of cellulose hydrolysis such as structural 

features, morphological changes in cellulose during hydrolysis and effect of 
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morphological changes on the hydrolysis. Model was accurate in predicting the cellulose 

hydrolysis profiles from experimental studies as well as followed other trends reported in 

literature studies. The major advantage of this model is that any change in substrate 

property, enzyme characteristics can be incorporated into model after performing 

independent characterization experiments. Other than predicting hydrolysis profiles, the 

model can be used to gain insight in the dynamic formation and breakdown of cello-

oligomers during hydrolysis. 
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CHAPTER 6 

 

GENERAL CONCLUSION 

 

The objectives of this research were to investigate techno-economic feasibility 

and environmental impacts of biochemical ethanol production pathways using grass straw 

as feedstock and develop a comprehensive enzymatic hydrolysis model for use in 

hydrolysis optimization. Integrated analysis using process models and life cycle analysis 

tools is necessary to determine the long term sustainability of the process. The results 

from this study are presented in four chapters (chapters 2-5). 

The first three studies (chapters 2-4) evaluated the potential yields, economics, 

energy balance and sustainability of ethanol production from grass straw in Pacific 

Northwest. This study also demonstrated the impact of choosing pretreatment and 

downstream options, identified the critical processes and inputs that have significant 

effect on the ethanol production cost, net energy, and GHG emissions. Process models 

developed in the third chapter were made available publically through the publication in 

Biotechnology for Biofuels journal, and have wide ranging application in biofuels 

production research.  

Enzymatic hydrolysis process is one of the bottlenecks and key cost center in the 

commercialization of process of cellulosic ethanol production. The hydrolysis process is 

very complex mechanism because of cellulose structural complexity and multicomponent 

enzyme system. Chapter five describes the development of a mechanistic hydrolysis 

model using stochastic molecular modeling approach, in which each hydrolysis event is 
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translated into a discrete event. The model captured the structural features of cellulose, 

enzyme properties (mode of actions, synergism, inhibition), and most importantly 

dynamic morphological changes in the substrate that directly affect the enzyme-substrate 

interactions during hydrolysis. The model was simulated under various hydrolysis 

conditions to compare its predictions with the experimental data and expected trends.  

The key findings from these studies were the following: 

Chapter 1: Potential of ethanol production from grass straw in Pacific Northwest 

 Straw from grass seed production in Pacific Northwest US are potential 

feedstocks for bioethanol production. Straw from tall fescue had maximum total 

sugars (52.94%) followed by perennial ryegrass (43.67%) and bentgrass 

(40.55%). 

 About 50-60% hemicellulose was released as monomers during dilute acid 

hydrolysis, whereas mainly lignin was removed during dilute alkali hot water 

pretreatments 

 Other than hemicellulose removal, pretreatment results in significant 

morphological changes in the biomass (evident from SEM pictures), which help 

in improving hydrolysis yield 

 All three pretreatment were effective as in increasing the subsequent hydrolysis 

yields, however no specific trend was observed among different grasses and 

pretreatments 

  Theoretical maximum ethanol yields were in the range of 276 to 360 L per ton of 

biomass 
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Chapter 2: Development of process models for techno-economic analysis of ethanol 

production 

 Four process models for ethanol production plant with 250,000 metric ton/year 

lignocellulosic biomass processing capacity using different pretreatment 

technologies were developed 

 Projected ethanol yields were 256.62, 255.80, 255.27 and 230.23 L/dry metric ton 

of tall fescue grass straw for conversion process using dilute acid, dilute alkali, 

hot water and steam explosion pretreatment technologies respectively 

 Ethanol production costs were estimated to be in the range of $0.81 to $0.88/L of 

ethanol 

 Potential for significant ethanol cost reductions exist by reducing biomass and 

enzyme costs, as they were the major (biomass (46.2 to 56.2%) and enzymes 

(34.3 to 40.8%)) contributors in the total material cost 

 Ethanol production cost was sensitive to pentose sugars (derived from 

hemicellulose) fermentation efficiency 

 Energy from lignin residue was sufficient to supply total steam required for 

ethanol  production plant for all feedstocks 

Chapter 4: Life cycle analysis of ethanol production from grass straw for various 

pretreatment technologies 

 Ethanol production technologies were major contributor in the total fossil energy 

used and GHG emissions in the life cycle of ethanol production 
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 There was 57.43–112.67% reduction in fossil energy use to produce 10,000 MJ of 

ethanol compared to that of gasoline 

 Net energy value for ethanol was in the range of 10.5 to 24.5 MJ/L ethanol 

 N2O emissions from the nitrogen fertilizers were major contributor (77%) of total 

GHG emissions produced during agricultural activities 

 Co-product allocation had significant effect on the overall results: changing 

allocation from economic to mass basis during agricultural production (between 

grass seed and straw) resulted in 62.4% and 133.1%increase in fossil energy use 

and GHG emissions respectively 

Chapter 5: Development of stochastic molecular model of enzymatic cellulose 

hydrolysis 

 Model was accurate in predicting the cellulose hydrolysis profiles from 

experimental studies  

 Synergism among enzymes, the most important phenomenon required for 

cellulose degradation, was observed in the model simulations 

 The model captured the dynamics of cellulose hydrolysis during action of 

individual as well as multiple cellulase enzymes 

 Model results successfully followed all important trends, such as product 

inhibition, low cellobiohydrolase activity on high DP substrates, low 

endoglucanases activity on crystalline substrate, inverse relationship between 

degree of synergism and substrate DP, observed experimentally and reported in 

literature studies 
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 The model can be used as forecasting tool to predict the hydrolysis profile and for 

optimizing the hydrolysis conditions. Other than hydrolysis profile predictions, 

the model can be helpful to gain insight dynamic morphological changes, 

formation and breakdown of cello-oligomers, and enzyme-substrate interactions 

during hydrolysis 
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Appendix A 

Section A1: Parameters associated with glucose molecules in the model 

Several parameters were assigned to each glucose molecule in the microfibril of cellulose 

that describe structural properties of that bond. Descriptions of some important 

parameters associated with each glucose molecule are provided below. 

 Serial number: Each glucose molecule in the microfibril has unique serial 

number as its identity. Numbering of molecules starts from first glucose molecule 

of first glucose chain of first elementary fibril (reducing end). Numbering was 

continued from chain to chain till all molecules in one elementary fibril were 

numbered and was continued to next elementary fibril. 

 Reducing/Non-reducing: Bond is located at the reducing end (value of “1”), non-

reducing end (value of “-1”) or somewhere inside the chain (value of “0”) 

 Hydrolyzable: Bond is hydrolysable (value of “1”) or has been already 

hydrolyzed (value of “0”) 

 MF_surface: Bond is on microfibril surface (Yes, 1 or No, 0) 

 EF_surface: Bond is on elementary fibril surface (Yes, 1 or No, 0) 

 Crystalline: Bond is in crystalline (value of “1”) or amorphous region (value of 

“0”) 

 Chainlength: Parameter indicates the length of chain in which this glucose 

molecule exists 

 Soluble: Indicates whether bond is in soluble (DP<=6, value of “1”), partially 

soluble (DP from 6 to 13, value of “0”) or insoluble chain (DP>13, value of “-1”) 

 Distance_NR: Indicates the distance of bond from non-reducing end. When used 

in conjunction with the Chain length property, this can be used to reallot the 

properties to glucose molecules in the chain where hydrolysis occurs (bond is 

broken)  

 Blocked: Indicates whether bond is blocked  (some enzyme already bound to the 

bonds in the neighborhood of this bond) or is free (“0” for free and different 

numbers for different class of enzymes)  
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Section A2: Binding and action of endoglucanase and cellobiohydrolase 

enzymes 

Action of cellulase enzymes simulated in the model is illustrated in figure A2.1. 

Endoglucanase bind randomly along the surface glucose chains and hydrolyze one/few 

accessible bonds. Thus endoglucanases results in rapid decrease in the degree of 

polymerization (DP) of cellulose.  

 

Fig. A2.1 Action pattern of cellulose enzymes simulated in the model 

 

An exoglucanase, a processive enzyme, attacks from the chain ends (CBH I from 

reducing end and CBH II from non-reducing end) and produces cellobiose as main 

product. Processive exoglucanases continue hydrolysis of other glycosidic bonds until 

they reach the end of the chain while non-processive enzymes are desorbed after 

hydrolysis of each bond [1]. β-glucosidases hydrolyze the cellobiose and short soluble 

oligomers to glucose and complete the hydrolysis process [2]. Most of the 

endoglucanases and cellobiohydrolase enzymes contain two independent domains or 

modules: carbohydrate binding module (CBM) and catalytic domain (CD). These 
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domains are joined by peptide linker. The cellulase shape used in the model simulations 

contained all three modules (Fig. A2.2) and was designed with some modifications from 

that of Levine et al [3]. 

 

Figure A2.2 Shape of cellulase used in the model. Each block represents a glucose 

molecule (modified from Levine et al.) 

 

CBM binds to molecules and helps in hydrolysis by bringing the high local concentration 

of enzymes close to surface and providing more time to the enzyme in close proximity of 

the substrate [4-7]. It has been also suggested that CBM affects cellulose structure by 

disrupting the hydrogen bond network, modifying spatial arrangement of hydroxyl 

groups on the cellulose chains, and results in “peeling” the chain from the surface [7] 

(Fig. A2.3).  

 

 

Figure A2.3 Action of CBH on cellulose chain (Figure 3 from Wang et al [7]) 
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Action of enzymes was modeled accordingly in the model. During hydrolysis 

simulations, for each iteration location of bond inside a microfibril was determined 

corresponding to randomly chosen glucose molecule (by generating random number with 

uniform probability distribution out of a group of glucose molecules) to check its 

properties for specific enzyme action. To enable CBM binding (enzyme adsorption), a 

minimum number of glucose molecules are required on the elementary fibril surface and 

should not be blocked by other enzyme during that iteration. For endoglucanases, 

numbers of molecules were equal to size of enzymes (Fig. A2.2). In case of CBH, as the 

cellulose chain is peeled from the surface, it was assumed that glucose molecules equal to 

size of CBM only are required on surface and unblocked for binding.  As the hydrolysis 

progress, soluble oligomers (chain length less than 7) get removed from the surface of the 

cellulose and part of chain just beneath the soluble chain is exposed and becomes 

accessible to enzymes. 

 

Figure A2.4 Action pattern and blocking of glucose molecules by enzymes simulated in 

the model 



200 
 

 
 

References  

1. Mansfield SD, Mooney C, Saddler JN: Substrate and enzyme characteristics that 

limit cellulose hydrolysis. Biotechnology progress 1999, 15:804-816 

2. Zhang YHP, Lynd LR: Toward an aggregated understanding of enzymatic 

hydrolysis of cellulose: noncomplexed cellulase systems. Biotechnology and 

Bioengineering 2004, 88:797-824 

3. Levine SE, Fox JM, Blanch HW, Clark DS: A mechanistic model of the 

enzymatic hydrolysis of cellulose. Biotechnology and Bioengineering 2010, 

107:37-51 

4. Lynd LR, Weimer PJ, Van Zyl WH, Pretorius IS: Microbial cellulose utilization: 

fundamentals and biotechnology. Microbiology and Molecular Biology Reviews 

2002, 66:506-577 

5. Andersen N: Enzymatic hydrolysis of cellulose—Experimental and modelling 

studies. Technical University of Denmark, BioCentrum; 2007 

6. Chundawat SPS, Beckham GT, Himmel ME, Dale BE: Deconstruction of 

lignocellulosic biomass to fuels and chemicals. Annual Review of Chemical and 

Biomolecular Engineering 2011, 2:121-145 

7. Wang M, Li Z, Fang X, Wang L, Qu Y: Cellulolytic Enzyme Production and 

Enzymatic Hydrolysis for Second-Generation Bioethanol Production. Advances in 

Biochemical Engineering/Biotechnology 2012:1-24 

  



201 
 

 
 

Section A3: Values of parameters used for EG I, CBH I and CBH II 

action 

The values of various parameters used in model simulations of cellulose hydrolysis by 

action of EG I, CBH I and CBH II are given in table below. 

Parameters EG I CBH I CBH II 

Prob_EF_bind 1 (%) 75 75 75 

Nnb 
2 0.2 0.005 0.005 

NnP 
3 0.3 0.05 0.05 

Ninhib _G2 
4 0.3 0.5 0.5 

Ninhib _G
 5 0.015 0.025 0.025 

Prob_act_Crystal (%)6 25 NA NA 

Prob_bind_longchain7 (%) NA 95 95 

Prob_desorb_crystal8 (%) NA - Number of bonds 

broken in run <25: 5 

- Number of bonds 

broken in run 25-50: 15 

- Number of bonds 

broken in run >75: 35 

- Number of bonds 

broken in run <25: 5 

- Number of bonds 

broken in run 25-50: 15 

- Number of bonds 

broken in run >75: 35 

Prob_desorb_amorphous9 

(%) 

NA - Number of bonds 

broken in run <25: 10 

- Number of bonds 

broken in run 25-50: 30 

- Number of bonds 

broken in run >75: 70 

- Number of bonds 

broken in run <25: 10 

- Number of bonds 

broken in run 25-50: 30 

- Number of bonds 

broken in run >75: 70 

1 Probability of binding on bonds that are on elementary fibril surface but not on microfibril 

surface 

2 Increment in the counter during hydrolysis simulation if bindings conditions were not met 

3 Increment in the counter during hydrolysis simulation when binding occurred but hydrolysis 

conditions were not met 

4  Increment in the counter during hydrolysis simulation when  randomly chosen bond is a 

cellobiose molecule 

5 Increment in the counter during hydrolysis simulation when  randomly chosen bond is a glucose 

molecule 

6 Probability of endogluancase to act in crystalline region (endoglucanases is active mainly in 

amorphous regions only)  

7 Probability of CBH I and II to bind on long chain (cellobiohydrolase prefer short chains)  

8 Probability of CBH I and II to break from chain in crystalline region 

9 Probability of CBH I and II to break from chain in amorphous region   



202 
 

 
 

Section A4: Schematic of algorithm for CBH action for cellulose hydrolysis 
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Section A5: Schematic of algorithm for endoglucanases (EG) action for cellulose hydrolysis 
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Section A5: Schematic of algorithm for endoglucanases (EG) action for cellulose hydrolysis (CONTINUE) 
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Section A6: Calculations of concentrations of soluble and insoluble 

sugars 

 

Sugar concentrations were calculated at various time intervals to predict the hydrolysis 

profile during model simulations. Concentrations of different soluble (glucose, 

cellobiose, cellotriose, cellotetrose, cellopentose, cellohexose) and insoluble sugars were 

calculated using following equations (equations A6.1-A6.7): 

 

𝐶𝐺𝑙𝑢 =  
𝑁𝐺𝑙𝑢∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

180

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.1) 

𝐶𝐺2 =  
𝑁𝐺2∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

342

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.2) 

𝐶𝐺3 =  
𝑁𝐺3∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

504

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.3) 

𝐶𝐺4 =  
𝑁𝐺4∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

666

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.4) 

𝐶𝐺5 =  
𝑁𝐺5∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

828

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.5) 

𝐶𝐺6 =  
𝑁𝐺6∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

990

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.6) 

𝐶𝐺6+ =  
𝑁𝐺6+∗𝐺𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑠𝑖𝑚
∗

162

6.023∗1023 ∗
1000

𝑉𝑎𝑐𝑡𝑢𝑎𝑙
     (A6.7) 

 

Where, 

'CGlu', 'CG2', 'CG3', 'CG4', 'CG5', 'CG6', 'CG6+' are concentrations of glucose, cellobiose, 

cellotriose, cellotetrose, cellopentose, cellohexose and high DP molecules in gram/L 

respectively. 'Gactual' is number of glucose molecules in actual sample (experimental 

conditions). 'Gsim' is number of glucose molecules simulated in the model. 'Vactual' is 

volume of solution in mL. 

Number of glucose molecules in chain length greater than six ('NG6+') and in actual 

sample ('Gactual') were calculated using equations A6.8 and A6.9 respectively. 
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𝑁𝐺6+ =  𝐺𝑠𝑖𝑚 −  (𝑁𝐺𝑙𝑢 +  2 ∗ 𝑁𝐺2 +  3 ∗ 𝑁𝐺3 +  4 ∗  𝑁𝐺4 +  5 ∗ 𝑁𝐺5 +  6 ∗ 𝑁𝐺6) (A4.8) 

𝐺𝑎𝑐𝑡𝑢𝑎𝑙 =  
𝑊𝑠𝑎𝑚𝑝𝑙𝑒∗𝑆∗𝐶∗ 6.023∗1023

162
   (A4.9) 

Where, 'Wsample' is weight of total solution during hydrolysis in grams. 'S' is fraction of 

solids in the solution (biomass loading), dimensionless. 'C' is cellulose fraction of the 

solid, dimensionless. 
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Section A7: Endoglucanases action on substrates with different 

crystallinity 

 

The figure A6.1 illustrates the hydrolysis profile of filter paper (semi-crystalline 

cellulose, CrI 0.4-0.5) and Cotton cellulose (highly crystalline cellulose) by action of 

endoglucanases. After 48 h of hydrolysis, conversion of cotton cellulose was found 57.2 

% lower than that of filter paper. 

 

Fig. A7.1 Model predictions: Action of endoglucanases (EG I) enzyme on filter paper 

and cotton cellulose   
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