
ABSTRACT 

AIZPURUA GONZALEZ, CARLOS ERNESTO. Process Simulation and Techno-Economic 

Evaluation of Alternative Biorefinery Scenarios. (Under the direction of Dr. Stephen S. Kelley 

and Dr. Hasan Jameel). 

 

 

A biorefinery is a complex processing facility that uses sustainably produced biomass as 

feedstock to generate biofuels and chemical products using a wide variety of alternative 

conversion pathways. The alternative conversion pathways can be generally classified as either 

biochemical or thermochemical conversion. A biorefinery is commonly based on a core 

biomass conversion technology (pretreatment, hydrolysis, pyrolysis, etc.) followed by 

secondary processing stages that determine the specific product, and its recovery.  

In this study, techno-economic analysis of several different lignocellulosic biomass 

conversion pathways have been performed. First, a novel biochemical conversion, which used 

electron beam and steam explosion pretreatments for ethanol production was evaluated. This 

evaluation include both laboratory work and process modeling. Encouraging experimental 

results are obtained that showed the biomass had enhanced reactivity to the enzyme hydrolysis. 

The total sugar recovery for the hardwood species was 72% using 5 FPU/g enzyme dosage. 

The combination of electron beam and steam explosion provides an improvement in sugar 

conversion of more than 20% compared to steam explosion alone. This combination of 

pretreatments was modeled along with a novel ethanol dehydration process that is based on 

vapor permeation membranes. The economic feasibility of this novel pretreatment-dehydration 

technology was evaluated and compared with the dilute acid process proposed by NREL in 

2011. Overall, the pretreatment-dehydration technology process produces the same ethanol 

yields (81 gal/bdton). However, the economics of this novel process does not look promising 



 

 

since the minimum ethanol selling price (MESP) to generate an internal rate of return of 10% 

is of 3.09 $/gal, compared to 2.28 $/gal for the base case.  

To enhance the economic potential of a biorefinery, the isolation of value-added co-

products was incorporated into the base dilute acid biorefinery process. In this case the work 

focused on the ethanol extraction of the non-structural components of switchgrass prior to 

pretreatment and enzymatic hydrolysis.  Promising results obtained with an Aspen Plus® 

model showed that a MESP of 2.5 $/gal along with an assumed co-product selling price of 1 

$/Kg generated an 18% internal rate of return (IRR).      

In a second series of studies biomass fast pyrolysis and the bio-oil upgrading for the 

production of drop-in fuels was analyzed. Again, an Aspen Plus® based process model was 

used to evaluate the impacts of different biomass feedstock composition on the biofuel product. 

In this case the biofuel produced both a gasoline and diesel fraction. Model results showed that 

both the carbon and ash conten of the biomass had an impact on the amount and price of the 

biofuel products. The highest biofuel yield were obtained with the hardwood (red maple) and 

perennial (switchgrass) feedstocks at about 48 gal/bdton of biomass, while the softwood 

(loblolly pine) provided 46 gal/bdton. Bark (acacia), the feedstock with the highest ash content, 

only provided 39 gal/bdton. But when the cost of these feedstocks was included the softwood 

is predicted to provide the lowest cost fuel, followed by the bark. As expected overall cost of 

the biofuel was dramatically impacted by the cost of the feedstock, and also by the use of a 

fraction of the intermediate bio-oil as the source of the hydrogen needed for upgrading the bio-

oil to a hydrocarbon fuel product. Using hydrogen from natural gas instead of hydrogen from 

reforming the intermediate bio-oil reduced the estimated cost of the fuel product by $1.20/gal.  
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1 

1 Introduction 

 

Interest in developing alternative liquid fuels has grown over the past 30 years. Political 

instability in petroleum producer countries, concerns about the availability or possible 

depletion of fossil fuels, climate change, and the necessity for energy security have motivated 

the goal of finding alternative liquid energy source that can replace the dependency on foreign 

energy resources. 

One of the options for reducing the fossil fuel dependency is the development of biobased 

fuels. This first wave of technology, also known as first-generation bioethanol, was based on 

the use of edible biomass, e.g., corn or sugar cane, for biofuels production. In the US this 

approach uses the starch in corn grain as raw material for sugar production and its further 

fermentation. This technology domains the current US ethanol production, with a production 

of corn based ethanol standing at approximately 13,256 million of gallons per year by 

September 2015 [1]. However, the use of edible feedstocks has questioned due to the 

competition between the demands on these resources for food production and biofuels [2]. 

Thus, fuels from sustainably managed and nonedible lignocellulosic biomass, or second-

generation biofuels, has emerge as a promising alternative since it does not compete with food 

production and its potential to have very low emissions of CO2 [3]. 
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 Lignocellulosic biomass 

Lignocellulosic biomass is the primary source of renewable carbon in the world [4]. It is 

mainly composed of cellulose, and hemicellulose, which are known collectively as 

polysaccharides, and lignin, which is a complex phenolic based polymer that provides the 

structural rigidity to the plant [5]. Other typical biomass components include, ash, organic 

acids, proteins and other nonstructural components, although these are usually less than 5-10 

wt.% [6]. Table 1.1 summarizes the average chemical compositions of woody biomass. 

 

Table 1.1. Chemical composition of softwoods and hardwoods [7].  

Chemical component 

(OD wt.%) 
Softwoods Hardwoods 

Cellulose 42 ± 2 45 ± 2 

Hemicellulose 27 ± 2 30 ± 5 

Lignin 28 ± 3 20 ± 4 

Extractives 3 ± 2 5 ± 3 

  

1.1.1 Cellulose 

Cellulose is the most abundant polysaccharide synthesized by nature. Depending on the 

species the cellulose content in wood may vary from 40 to 50 wt% [8]. This polymer is formed 

by units of anhydroglucose joined together by β-(1,4)-glycosidic linkages, making cellubiose 

the repeat unit for the linear cellulose chain [9]. The aggregation of these crystalline chains 

forms the microfibrils and ultimately the cellulose fiber. These cellulose rich aggregates are 

mainly located in the secondary wall of woody plants. Depending on how well organized its 

molecules are, in terms of intra and intermolecular hydrogen bonding interactions, the fiber 

will have crystalline and amorphous regions [9]. In its native form the cellulose is estimated to 
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have a degree of polymerization between 7,000 and 15,000. The highly crystalline structure of 

this polymer limits its accessibility and solubility, thus, limiting its potential application as 

feedstock for fuels and chemicals [10].  

 

 

Figure 1.1. Schematic illustration of the cellulose chain [11].  
 

 

1.1.2 Hemicellulose 

Hemicelluloses are a group of complex, branched polysaccharides that contains different 

monosaccharides units, and many non-saccharide components. They are located throughout 

the cell wall and associated with the cellulose and lignin by hydrogen bonds, van der wall 

forces, and in the case of lignin through ester linkages. This polymer may contain only 

pentoses, hexoses, or combination of both, among other moieties like gluronic acid, 

galacturonic acid [9]. They are highly abundant biopolymer and may represent around 30% of 

the woody biomass. With their complex structure hemicelluloses are amorphous polymers, 

thus, can be swollen and even partially soluble in water. This amorphous structure facilitates 

their reaction, hydrolysis and extraction from the biomass.  

The main hemicellulose in softwood is glucomannan (hexoses), while in hardwoods is the 

xylan (pentose) (as seen in figure 1.2) [7]. Hemicelluloses like xylans has attracted attention 
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due to potential application in several processes, like fuel and chemical production, additives 

for animal food, juices, as well as high value paper products, such packaging and coatings [12]. 

 

 
Figure 1.2. Schematic illustration of an arabinoxylan chain [11]. 

 

 

1.1.3 Lignin   

Lignin is a very complex heterogeneous polymer with a three dimensional structure 

composed mainly of phenylpropanoid repeat units. Three monolignols; coniferyl, sinapyl, and 

p-cumaryl alcohol are polymerized in different ratios, depending of the wood softwood vs 

hardwoods, and the location within the fiber cross section [13]. The lignin is softwoods is 

dominated by the coniferyl alcohol monolignol, which allows for the formation of more 

carbon-carbon bonds within the lignin structure. Hardwoods lignins are a mixture of coniferyl 

and sinapyl monolignols, which allows for formation of fewer carbon-carbon bonds. These 

carbon-carbon linkages account for many of differences in the reactivity of different wood 

species in pulping and biofuels pretreatment processes. Lignin is responsible for providing the 

rigidity to the plant by transferring stress to the high modulus cellulose crystals. It is one of the 

most durable biopolymers, but can also be degraded by specific enzymes. Lignin content in 
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softwoods is normally higher than in hardwoods, it can go from an average above 30% to 

around 25% respectively [9].       

 

Figure 1.3. Schematic representation of the chemical structure of a softwood lignin [11]. 

 

 Lignocellulosic conversion 

As mentioned before, lignocellulosic biomass is the most abundant carbon resource in the 

world. Including agricultural crops, forest resources, their residues, and municipal waste, it is 

estimated that approximately 200 x 109 tons of biomass are produced annually worldwide [14, 

15]. Only 3% of those resources are currently used in processes like pulp and paper production 

[16]. Thus, there is a vast amount of resources that can be used for the production of goods and 

services like liquid fuels, chemicals, and high value products. The production of theses goods 

in an economically competitive and environmentally sustainable manner is the goal of the 

biorefinery.   
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Conversion of lignocellulosic biomass to fuel and chemical products in a biorefinery 

should follow these principles; 1) maximize the utilization of the biomass, and 2) integrate a 

process that should be economically feasible and can compete with an oil refinery by producing 

multiple products [17]. However, one of the main challenges of using a complex materials like 

a lignocellulosic is its chemically complex structure, and its resistances to chemical and 

enzymatic treatments [18]. The three major components; cellulose, hemicellulose, and lignin 

form a complicated and rigid structure that causes a very low reactivity, often termed as 

“recalcitrance”. Therefore, lignocellulose needs to be pretreated to provide enzyme access to 

the cellulose and hemicellulose components. These pretreatments represent a significant 

investment in chemicals and energy that then impacts the overall capital and operating costs, 

and subsequently the profitability of a commercial operation [19]. 

 

 

Figure 1.4. Concept of a lignocellulosic feedstock biorefinery [20]. 



 

7 

 

Figure 1.4 describes two common pathways for conversion of biomass into liquid fuels, 

the so called 1) biochemical and 2) thermochemical conversion routes [21].  

 

1.2.1 Biochemical conversion 

Biochemical conversion of biomass into bioethanol typically involves four processing 

steps; 1) pretreatment of the biomass to increase reactivity and accessibility of the cellulose 

and hemicelluloses, 2) hydrolysis of the polysaccharides into monomeric sugars, 3) 

fermentation or microbial conversion of the sugars into ethanol and, 4) product purification 

[22]. Since the inherent reactivity of the lignocellulose is very low, the pretreatment step is 

required prior to hydrolysis in order to make the carbohydrates more accessible and susceptible 

to the enzyme attack, thus, achieving higher ethanol yields by increasing the enzymatic 

conversion rates [23, 24]. 

In order to meet the requirements of a biorefinery a pretreatment should satisfy these key 

features [23]:  

 Low capital and operational cost.  

 Minimize the formation of inhibitors or toxic compounds that may affect the 

downstream process (enzymatic hydrolysis and fermentation), e.g. furfurals or 

hydroxymethyl furfural. 

 Minimize or eliminate chemical consumption, and if chemicals are required, it must 

incorporate the necessary units for its recovery.  
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 Maximize recovery of the soluble lignocellulosic compounds for possible production 

of value-added chemicals. 

 Low energy demand.   

Pretreatments can be generally classified as chemical, biological, physical, or 

physicochemical [25]. Chemical pretreatments may use acids, bases, organic solvents, or ionic 

liquids to increase the reactivity of the lignocellulose. Typically these chemical pretreatments 

impact the biomass by swelling, increasing the internal surface area, reducing the degree of 

polymerization and crystallinity of cellulose, and cleavages of the linkages between lignin and 

the carbohydrate fractions. These steps also allow for lignin removal, hydrolysis ad removal 

of the hemicelluloses and in some cases hydrolysis of the amorphous regions in cellulose. The 

degree of hydrolysis of the carbohydrates will depend on the severity and type of pretreatment. 

[23]. Severe pretreatment conditions, e.g., high temperature or strong acid, may lead the 

formation of by-products such furfurals and 5-hydroxymethyl furfurals, which lowers the yield 

of fermentable sugar and can also inhibit the conversion of sugars to ethanol [26].  

Some of the promising chemical pretreatments that have been extensively studied include; 

dilute acid [27], solvent fractionation [28], SO2 pretreatment [29], oxygen delignification [30], 

green liquor [19], among others.  

A biological pretreatment is based on the potential of fungi to produce enzymes that can 

selectively degrade cellulose, hemicellulose or lignin. This methods are less attractive at 

industrial scale because for the pretreatment to be effective they require long residence times, 

demanding environmental conditions control for uniform treatments, and the consumption of 

a fraction of the biomass by the organism. However, some studies have proposed the use of 
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the microorganisms in conjunction with other pretreatments to minimize the use chemicals or 

energy [31].      

Physical pretreatments are based on the principle of particle size reduction to improve 

digestibility [32]. Methods like coarse size reduction, grinding, chipping, and milling allow to 

increase surface area, and at the same time decrease the degree of polymerization and 

crystallinity. These physical pretreatments can be economically unattractive due to high energy 

demand when used alone. However, when it is applied before or after a chemical treatment the 

energy demand can be significantly reduced [33]. Another physical pretreatment is the use of 

high energy irradiation. Irradiation of biomass with either γ rays or electron beam is also 

considered a “physical” pretreatment because it does not necessarily generates high 

temperatures that lead to the formation of sugar degradation products, although it can cleave 

chemical bonds in both the amorphous and crystalline regions resulting in a less rigid and more 

reactive material [34, 35]. 

Among the physicochemical pretreatments we can find ammonia fiber explosion (AFEX) 

[36], steam explosion [37], and autohydrolysis [22]. This category includes some of the most 

efficient pretreatment techniques [38]. They appear to serve as basis for the commercial 

systems dbeing deployed by Chemtex/Beta Renewables and DuPont [23]. These techniques 

involve heating the biomass with steam or hot water to high temperatures and pressures. In 

some cases the no chemicals are required on other mild acid or bases, e.g., ammonia. Typically 

the effects of these methods are solubilization or hydrolysis of the hemicelluloses, and 

disruption of the biomass structure improving enzymatic digestibility [2]. 
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1.2.1.1 Electron Beam 

Irradiation can have powerful effects on polymers materials leading to chain scission and 

crosslinking reactions depending on the reaction conditions [39]. When the negatively charged 

electrons penetrates the material, part of its energy is transferred the molecules in the material, 

increasing the level of excitation and inducing a series of free radical reactions in the substrate.  

Electron beam irradiation has been commonly used for many different polymer processes. 

Commercial applications include; at low doses, sterilization of polymers for medical 

applications [34], at moderate doses it can initiate grafting of polymers onto cellulose [40], at 

higher doses the crosslinking of rubbers [41], and at even higher doses the depolymerization 

of polymers and heavy crude oils [42]. This technology has been also proved in processes that 

do not involve polymers like waste water treatment, and food preservation [43, 44]. In the case 

of lignocellulosics, the electrons can decrease the degree of polymerization and the cellulose 

crystallinity in lignocellulosic materials resulting in a less rigid and more reactive material 

[45].  

 

1.2.1.2 Steam Explosion 

Steam explosion is a physicochemical pretreatment where the breakdown of the 

lignocellulosic structural components is reached by the use of high pressure steam and its 

sudden decompression [23]. During the pretreatment, high pressure steam is injected to the 

reactor. The steam condenses when put in contact with the biomass generating high 

temperature water that penetrates the porous biomass. The high temperature water hydrolyzes 

the acetyl and uronic acid groups associated to the hemicellulose generating acetic and uronic 
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acids, lowering the pH and increasing the effectiveness of some hydrolysis reactions. During 

this process the readily accessible hemicelluloses, and to a lesser extent, the crystalline 

cellulose are hydrolyzed. The extent of hydrolysis is a function of the reaction time, 

temperature and pH. This reaction mechanism is also called autohydrolysis [46].    

When the reaction temperature inside the reactor is reached, and the targeted retention time 

has been accomplished; the pressure within the reactor is rapidly released. During the 

decompression of the chamber, the condensed water that has penetrated the biomass is 

expanded. This expansion of high pressure water into water vapor exerts shear forces that cause 

the mechanical disruption of the biomass structure [47]. 

Optimum performance of this pretreatment is species dependent and represent a trade-off 

between two main factors: 

 The time that the biomass spends inside the reactor. 

 The steam temperature and its inherent equilibrium saturated pressure. 

On one hand, the extent of hydrolysis of the hemicellulose will be determine by the 

temperature and the amount of time the biomass spends inside the reactor. Long retention time 

will be translated into high hemicellulose removal increasing the void volume inside the 

biomass making cellulose more accessible and reactive to the enzyme attack. However, long 

retention times and high temperature will also promote the formation of degradation products 

such as furans that may inhibit the fermentation process [48].  

On the other hand, the mechanical disruption of the lignocellulosic material will depend on 

the steam temperature and its pressure. By increasing the pressure inside the reactor, the 
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differential of pressure between the reactor and the atmosphere increase proportionally as do 

the shear forces that lead to disruption of the biomass structure. [49]. 

Besides hemicellulose removal, and structural disruption, other effects of the pretreatment 

on biomass have been analyzed. Thermal analysis on steam exploded wood have been 

performed to determine the effects of the pretreatment on lignin [50]. This studies have 

reported that medium severities may promote delignification. Results based on the glass 

transition temperature (Tg) of lignin show that under certain condition of temperature and 

pressure a Tg peak appears compared to the absence of this one for untreated wood. However, 

when retention time is increased, the intensity of the peak tend to decrease. This results led to 

the conclusion that under certain conditions of temperature and retention time lignin can be 

softened. However, longer retention time may lead the repolymerization of lignin resulting in 

a less digestible substrate [51]. 

For these reasons, Overend and Chornet (1988) came up with a model that allows us define 

the effects of these two primary factors in terms of a single value or a so called “severity 

factor”. This model is based on the assumption that the process kinetics is first order and obeys 

Arrhenius form [48]. 

 

𝑆0 = log(𝑒
𝑇−100

14.75 ∗ 𝑡)   Eq. 1.1 

 

Overall, this pretreatment is very attractive at commercial scale since it does not involve 

the use of chemicals, requires low energy input, and a relatively concentrated sugar solution is 

obtained along with a more reactive substrate. This technology is currently used in incipient 
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pilot-scale plants at NREL in Golden Colorado, SEKAB in Sweden, Iogen in Ottawa Canada. 

[23]. It is also very similar to the Masonite process for hardboard manufacturing which has 

been used commercially around the world. 

 

1.2.2 Thermochemical conversion        

Thermochemical conversion consists on applying heat, with or without a catalyst to the 

lignocellulosic biomass most commonly in the absence of oxygen in order to degrade or 

modify its chemistry. The purpose of such processes is to generate different products like oils, 

tars, gases, and solid residues that may be converted to fuels or chemicals [52]. Among the 

different thermochemical conversion pathways we can mention; combustion, gasification, 

liquefaction, and pyrolysis. Every process involves different principles, hence different 

products are obtained. In combustion, biomass is burnt in the presence of air in order to convert 

its stored energy into heat, mechanical power, or electricity [53]. When the target is the 

production of liquid fuels, the thermochemical process may follow two different approaches; 

1) the gasification of the biomass to a series of common gases, and allow its further conversion 

to hydrocarbon, and 2) the liquefaction of biomass by high temperature pyrolysis, supercritical 

extraction or some other techniques [53].  

In pyrolysis or liquefaction, a liquid hydrocarbon is the ultimate target. It is obtained by 

the initial production of an oxygen rich bio-oil, followed by the catalytic conversion of the bio-

oil and hydrogen to produce a hydrocarbon [54].  
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All thermochemical have several major disadvantages that make commercial deployment 

challenging, including particle size reduction, drying of the biomass, large capital 

requirements, and the modest value of electricity.   

Gasification represents one route for producing liquid biofuels by a thermochemical 

pathway similar to combustion, but without a limited amount of oxygen. During this process 

biomass is exposed to high temperatures (800-900 ºC) in a low oxygen content atmosphere to 

get partial oxidation. During such process biomass is converted to synthesis gas, also known 

as “syngas”. This gas is mostly composed of hydrogen, carbon monoxide, carbon dioxide, 

water, and methane [55]. This gas can then be converted into liquid fuels by using the Fisher-

Tropsch process or a different catalyst method [11, 20]. 

Although biomass gasification has been successfully demonstrated at large scale, this is 

still a relatively expensive technology when compared to a fossil fuel based market [56]. 

Gasification is most effective at very large scales which is impractical for biomass due to the 

transportation of very large volumes of biomass. Current efforts are focused on developing 

integrated systems that may offer better economic prospects in the future [57].    

   

1.2.2.1 Pyrolysis 

Out of the current thermochemical technologies available, pyrolysis is receiving particular 

attention. Its relatively simple configuration, and the conversion of the biomass into four 

different fractions, all of them with high potential of generating high value products, make 

pyrolysis a promising pathway to produce liquid fuels [53].  
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Biomass pyrolysis may be defined as a thermal depolymerization of the lignocellulosic 

complex at moderate temperatures in absence of air or oxygen. Typical products of such 

process include; water, biochar, non-condensable gases, and bio-oil [11, 20]. As such, this 

technology can play an important role under the biorefinery model since it can expand the 

product options available from biomass. 

During pyrolysis, the biomass can be heated up at different heating rates. Normally, the 

heating starts at 300ºC and can increase to up to 700ºC, although the most common operating 

temperature is 500-550 ºC. By manipulating the heating rate and the target temperature, the 

yield of the desired products can be controlled. Thus, we can divide this process into three 

main categories; 1) slow pyrolysis, 2) fast pyrolysis, and 3) flash pyrolysis. Slow pyrolysis is 

used when the desired product is mainly biochar. For such process, the heating rate is 

commonly between 5-7 ºC /min with target temperatures between 400-700 ºC. Typical solid 

yields are around 40-45% while the bio-oil fractions are not higher than 25-30% [53]. 

Therefore, if the desired product is a high grade bio-oil, then fast pyrolysis results as the best 

option. In fast pyrolysis, the heat transfer and initial decomposition reactions occur in over a 

few seconds, followed by rapid quenching of the reactive vapors. This process is commonly 

conducted in fluidized bed reactors that allow high heating rates, rapid de-volatilization, are 

easy to control, and relatively simple product collection [58]. Typical retention time goes from 

0.5-2 seconds with optimum temperature range between 500-550 ºC generating liquid yields 

of up to 70% [59]. Figure 1.5 shows a compilation of published of the different fractions 

obtained during fast pyrolysis.  
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Figure 1.5. Typical fraction yields from biomass fast pyrolysis of wood [60].  
 

 

Among the palette of options for biomass thermochemical conversion, fast pyrolysis is 

becoming more attractive because it is perceived to offer significant logistical and hence 

economic advantages. However, this is a process that still needs to be improved in terms of 

performance, product consistency, and quality to become a process with commercial status 

[60]. 

The third category described is flash pyrolysis; during this process very high heating rate 

is required. Thus, for this to happen it is necessary a very small particle size, lower than 250 

µm. restricting thus its economic appeal because of the intrinsic energy demand. This type of 

process has some variations compared with the other two categories. These variations may 

include a hydrogen rich atmosphere with high pressure to carry the reaction, the increment of 

the temperature up to 900 ºC within 30 µs, and also can be performed under vacuum. These 

different conditions provide high liquid fraction yields, with different chemical compositions 

and characteristics that maybe even compared to oil diesel [53, 61]. 
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One of the main challenges to the overall commercial viability of pyrolysis is the need to 

convert the intermediate bio-oil to a value-added product, commonly a hydrocarbon 

transportation fuel. The chemistry of this bio-oil is basically domain by its high oxygen, acid 

and water content, which makes it unstable and gives poor miscibility in other conventional 

fuels. There are many routes for upgrading bio-oil, but they all involve high capital investments 

and operating costs, especially the need for hydrogen and catalysts [62]. Catalytic pyrolysis 

offers the capability of producing a quality improved oil by using catalysts like pure zeolite, 

aluminas, and transition metals like Fe or Cr [53].             
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2 Objectives 

 

The main objective of this work was to develop and apply integrated process models useful 

for the techno-economic evaluation of different biomass conversion pathways. This objective 

was met in the form of chapters as follow:  

 Chapter 3 - Enzymatic hydrolysis of birch and pine subjected to steam exploded and 

electron beam irradiation pretreatment.  

The objective was to analyze the combined effects of electron beam and steam 

explosion pretreatments on the overall biomass reactivity. 

 Chapter 4 - Process and economic analysis of two alternative biochemical conversion 

pathways.   

The objective was to analyze the production design and economics of the 

lignocellulosic ethanol of two conversion processes by comparing the biomass 

conversion yields, product purification, process technologies, and overall economics. 

This work allowed us to understand the current stage of the novel pretreatment 

combination and the impact of key parameters on the overall process.     

 Chapter 5 - Ethanol extraction of non-structural components of switchgrass as 

potential co-product to add value to a biorefinery based on dilute acid pretreatment 

The objective was to evaluate economic impact of a biorefinery that converts 

switchgrass into ethanol and also produces co-products with potential for value-added 

markets. In this study, the attention is centered in using ethanol, to isolate the non-cell 

wall components of the biomass. 
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 Chapter 6 - Simulating the conversion of biomass to transportation fuels. Predicting 

the impacts of feedstock chemical composition on product yields using Aspen Plus®  

The objective was to develop a bio-oil process model that is sensitive to changes in the 

chemical composition of the biomass. This model will allows us to understand the 

reaction pathway and the effects of feedstock variations such as the ash and carbon 

content, on the final product.  

 Chapter 7 - An economic evaluation of producing transportation fuels using fast 

pyrolysis of biomass  

The objective was to present an economic evaluation of the production of transportation 

through biomass fast pyrolysis and bio-oil upgrading. This study evaluates four 

different feedstocks and the impact of the feedstock on the biofuel yield and economics.    
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3 Enzymatic Hydrolysis of Steam Exploded Birch and Pine using Electron 

Beam Irradiation as Conditioning Step for Pretreatment Efficiency 

Improvement 

 

 Abstract 

There is interest in bioethanol production from wood feedstock because they can be 

sustainably produced, the supply chain and harvesting infrastructure is well developed and they 

are available in large amounts. In addition, in many regions woody biomass can be harvested 

year round and there is no competition with food production. Ethanol production from 

lignocellulosic biomass involves several steps, where the pretreatment is considered the most 

critical. The objective of the pretreatment is to create a substrate with enhanced reactivity to 

enzymatic hydrolysis. An effective pretreatment produces a biomass that can be rapidly 

degraded by minimal amounts of enzymes, and has low levels of fermentation inhibitors. In 

this work a factorial design was used to evaluate the combination of two pretreatments, electron 

beam irradiation and steam explosion to determine their effectiveness on two wood species, 

pine and birch. Chemical analyses were performed on the pretreated materials to determine the 

effect of the pretreatment severity on wood composition and reactivity. The treated biomass 

was then subjected to enzymatic hydrolysis. The results show that the combination of the two 

pretreatments modifies the substrate and enhance enzyme reactivity. For birch samples 

subjected only to steam explosion the monomeric sugar yield after enzyme hydrolysis reached 

50% of the initial carbohydrate content in wood. For selected combinations of steam explosion 
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with electron beam produced 72% monomeric sugar conversion. This work also showed that 

under all conditions the hardwood (birch) was more easily pretreated than the softwood (pine). 

 

 Introduction 

Ethanol from non-food sources is a promising form of low carbon, high energy density fuel 

[1]. Today, Brazil and the United States are the major producers of fuel ethanol. However, this 

ethanol production comes mainly from sugar cane and corn starch, respectively, and both raw 

materials are also used for food production [2]. Bioethanol produced from sustainably managed 

and nonedible biomass is a promising alternative for reducing the fossil fuel dependence and 

greenhouse gas emissions [3]. 

Lignocellulosic biomass is the most abundant and renewable polymer complex in the 

world. It is mainly composed of lignin, cellulose, and hemicellulose. The minor components 

in biomass are protein, ash, organic acids, and other nonstructural material [4]. A singular 

characteristic of this material is its relatively strong structure which is required for its role as a 

structure material that supports the sometimes considerable weight of the plant. The major cell 

wall polymers are in close association with one another, and are not easily separated [5]. This 

association and the chemical nature of the lignin makes it very difficult to disrupt and isolate 

the individual components. The low reactivity, often termed “recalcitrance”, of lignocellulosics 

results in the need for pretreatments for enhancement of enzymatic hydrolysis and production 

of monomeric sugars that are useful for further conversion [6]. 

In order to make the material more suitable to enzyme hydrolysis; biological, chemical, 

physical or thermochemical treatments have been studied [7]. Commonly disruption of the 
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lignocellulosic matrix, allows for preferential removal of the hemicellulose or lignin, and 

modification in the crystallinity of the cellulose [8, 9]. Many physical and chemical 

pretreatments have been studied over the years; dilute acid [10], solvent fractionation [8], SO2 

pretreatment [11], oxygen delignification [12], irradiation [9], ammonia fiber explosion [13], 

steam explosion [14], green liquor [15], among others. Based on the pretreatment 

characteristics and operating conditions the recovery of the pretreatment solid, enzymatic 

hydrolysis efficiency, and sugar conversion to ethanol during fermentation steps, can be 

affected in several ways. Each of these steps has an impact on the overall capital and operating 

costs, a thus the impact the profitability of a commercial operation [15]. Severe pretreatment 

conditions, e.g., high temperature or strong acid, may lead the formation of by-products such 

furfurals and 5-hydroximethyl furfurals, which lowers the yield of fermentable sugar and can 

also inhibit the conversion of sugars to ethanol [16]. 

One approach to improve the digestibility of lignocellulosic biomass is to use a 

combination of pretreatment techniques where each can be used under optimum conditions 

that maximize its effectiveness [17]. 

In this work, a novel combination of two pretreatment methods is presented; electron beam 

irradiation and steam explosion.  Irradiation with either γ rays or electron beam has been 

commonly used for many different polymer processes. This includes, at low doses, sterilization 

of polymers for medical applications [18], at moderate doses it can initiate grafting of polymers 

onto cellulose [19], at higher doses the crosslinking of rubbers [20], and at even higher doses 

the depolymerization of polymers and heavy crude oils [21]. In the case of biomass 

pretreatment irradiation can be considered a “physical” pretreatment since it does not 
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necessarily generate high temperatures that lead to the formation of sugar degradation 

products, although it can cleave chemical bonds in both the amorphous and crystalline 

carbohydrates [22]. It has been shown that irradiation can have powerful effects on polymers 

materials where it is applied. When the negatively charged electrons penetrates the material, 

part of its energy is transferred the molecules in the material, increasing the level of excitation 

and inclusive, creating free radicals from their own molecules. These radicals have the capacity 

to lead subsequent degradation or crosslinking reactions [23]. In the case of lignocellulosics 

the electrons can decrease the degree of polymerization and the crystallinity of the 

lignocellulosic material resulting in a less rigid and more reactive material [24]. 

In steam explosion, defibrillation or disruption of the lignocellulosic material is achieved 

when the biomass is exposed to high pressure/high temperature steam for relatively short times 

followed by a sudden decompression [25, 26]. This pretreatment is often described as a thermo-

mechano-chemical process since it involves both chemical hydrolysis of glycosidic bonds 

caused by the elevated temperature, and the physical breakdown of the structure and with a 

corresponding increase in surface area and decrease in particle size [27]. The high temperature 

saturated steam also softens all the hemicellulose and lignin fractions of the biomass, allowing 

them to flow over the particles in complex ways that can have a significant impact on enzyme 

accessibility and hydrolysis [28]. When steam is injected to the reactor, part of it condenses 

and the high temperature saturated moisture hydrolyses the acetyl groups of the hemicellulose 

fraction, releasing acetic and uronic acid that will aid in the depolymerization of hemicellulose, 

and, in some degree, the amorphous regions of the cellulose [29]. The release of hemicellulose 
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and the “explosion” of the material increase the void space within the material enhancing the 

access of chemicals and subsequently, its reactivity to enzymatic hydrolysis [26]. 

Thus, to assess the combined effect of electron beam and steam explosion pretreatments 

on the overall biomass reactivity, different conditions of irradiation dose (electron beam), 

temperature, and retention time (steam explosion) were chosen. These were selected to 

represent the conditions that should provide optimum enzymatic hydrolysis of two wood 

species, birch and pine.    

 

 Materials and methods 

 

3.3.1 Raw material 

Clean, undried Norwegian birch and pine wood were provided my Bio-Oil AS (Olso, 

Norway) from commercial harvesting operations, and shipped frozen to minimize chemical 

changes. The undried chips were ground and passed through a 40 mesh screen with a mill. The 

sawdust between 40 and 60 mesh was collected for further chemical compositional analysis. 

The samples were extracted with a mixture of organic solvents; benzene-ethanol (2:1 v/v) for 

24 hours to remove extractives. The moisture content in the samples was measured by oven at 

105 °C.  
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3.3.2 Pretreatments    

Sawdust of birch and pine were separately treated with a synergistic combination of two 

pretreatment techniques, electron beam (EB) as the first step followed by steam explosion (SE). 

The EB radiation was conducted using commercial electron beam accelerator (150 kW, 4.25 

MeV produced by IBA Belgium) housed in New York, under the supervision of Dr. Walt 

Chappas, in air under constant conditions of temperature and humidity. Three conditions of 

radiation doses were run on birch samples. They were at 25, 75, and 100, kGy. Due to the 

higher recalcitrance of pine, higher doses were evaluated, 100 and 200 kGy. The solids content 

of each sample was determined prior to processing by oven at 105 °C. For electron beam 

irradiation, the samples were placed in aluminum trays of an average thickness of 0.8 cm2/g 

covered with a layer of disposable aluminum foil to avoid any contamination or loss of material 

caused by cooling air in the irradiation vault. In this commercial operation the vertical EB 

enters the treatment chamber from the ceiling and is electromagnetically scanned into a 120 

cm curtain. The samples are passed under the EB source 1, 3, 4, or 8 times to achieve the 

desired does.  The time between irradiations was approximately 10 minutes. After the radiation 

treatment, the substrate was weighted with the purpose of determining the yield during the 

pretreatment.  

After electron beam, the substrate was subsequently exposed to a second stage of 

pretreatment; steam explosion. The EB treated samples were refrozen and shipped to the 

Norwegian University of Life Sciences (UMB). The UMB SE unit, which has been described 

[30], was operated under the supervision of Svein Jarle Horn. Two conditions of temperature 
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and retention time were evaluated on both birch and pine samples. They were at 170, and 200 

°C with 2, and 6 minutes of retention time.  

Before the samples were fed into the digester chamber, all valves were closed. For each 

batch, about 1 kg OD of sawdust was put into the chamber. Once the biomass was inside the 

reactor, the vessel was closed and the steam was injected to the chamber. Temperature and 

pressure of the steam were controlled from a reboiler. Time was taken starting from the 

moment were the desired conditions inside the chamber were reached. The pressure inside the 

chamber was released when the desire time had been reached. The exploded material was 

collected in a container. Dry content was measured in oven at 105 °C. Table 3.1 and 3.2 

summarizes the conditions and the nomenclature used for each sample and pretreatment 

combinations. 

 

Table 3.1. Summary of conditions used in pretreatment of birch 

Cond. EB/SE 

 

Electron beam (EB) Steam Explosion (SE) SE severity factor (S0) 

kGy T (°C) t (min)  

Control No No - 

170/2 0 170 2 2.36 

170/6 0 170 6 2.84 

200/2 0 200 2 3.25 

200/6 0 200 6 3.72 

25/200/2 25 200 2 3.25 

25/200/6 25 200 6 3.72 

75/200/2 75 200 2 3.25 

75/200/6 75 200 6 3.72 

100/170/2 100 170 2 2.36 

100/170/6 100 170 6 2.84 

100/200/2 100 200 2 3.25 

100/200/6 100 200 6 3.72 

   



 

34 

Table 3.2. Summary of conditions used in pretreatment of pine. 
Cond. EB/SE Electron beam (EB) Steam Explosion (SE) SE severity factor (S0) 

 kGy T (°C) t (min)  

Control No No  

170/2 0 170 2 2.36 

170/6 0 170 6 2.84 

200/2 0 200 2 3.25 

200/6 0 200 6 3.72 

100/170/2 100 170 2 2.36 

100/170/6 100 170 6 2.84 

100/200/2 100 200 2 3.25 

100/200/6 100 200 6 3.72 

200/200/2 200 200 2 3.25 

200/200/6 200 200 6 3.72 

 

The severity factor (S0) for each treatment was calculated as defined by Overend and 

Chornet [27]. This factor is a function of temperature (T, °C) and retention time (t, min) for the 

steam explosion step, and is calculated as shown in equation 3.1. 

 

𝑆0 = log(𝑒
𝑇−100

14.75 ∗ 𝑡)         Eq. 3.1 

 

3.3.3 Composition of substrates              

Chemical composition of the treated and untreated samples including the extractive free 

was determined by a modified version of TAPPI Standard Method T222 om-98. The samples 

were extracted with a mixture of organic solvents; benzene-ethanol (2:1 v/v) for 24 hours to 

remove extractives. After the extraction, the solvent was evaporated and the extractable 

material was determined by gravimetric analysis of the vacuum oven dried sample. 0.1 OD 

grams of the extractive free-milled powder was hydrolyzed with 1.5 ml of H2SO4 (72% wt.) 
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for 2 hours at 25 °C stirring every 20 min. After the acid hydrolysis, the acid concentration in 

the slurry is diluted to 3 wt% with 56 ml of de-ionized water. The solution was then placed 

into an autoclave for 1.5 hours at 122 °C for accomplishing a total hydrolysis. The slurry is 

then filtered using crucibles of medium coarseness that helps also for gravimetric 

determination of the acid insoluble lignin. The acid soluble lignin was determined by UV-VIS 

at a wavelength of 205 nm (HP8453E UV-VIS spectrophotometer). The sugar content 

(glucose, xylose, galactose, mannose, and arabinose) was quantified by high performance 

liquid chromatography [31].  

 

3.3.4 Enzymatic hydrolysis 

The enzyme used in this study was provided by Novozymes. The hydrolysis was carried 

out with 1 g OD of sample at 5% consistency with 5 and 10 FPU/g of pulp at pH of 4.8 (acetate 

buffer) and 50 °C for 72 hours. After enzymatic hydrolysis, an aliquot was taken for 

determination of sugar content. The residue from the enzymatic hydrolysis was then filtered, 

washed and weighted for weight loss determination.  

 

 Results and discussion 

 

3.4.1  Pretreatments 

Birch and pine wood were pretreated using EB irradiation and SE with different conditions 

described earlier. Results for the solid yield after pretreatment are shown in Figure 3.1. The 

trend shows that the solid yields decrease as the severity of SE increases. Note that yields for 
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SE pine are higher than those for birch when no irradiation is applied for the same SE severity. 

Also, for both species, the solid yields increase with the addition of EB irradiation prior to SE, 

and these are higher while the dose is increased. However, in the case of pine, where 200 kGy 

was the highest dose used, the yield is lower than for doses of 100 kGy.  

When samples are treated only with SE, the high temperature steam promotes the 

hydrolysis of some amounts of hemicellulose and glucan. When the severity of the treatment 

is increased, a higher amount of carbohydrate loss will take place, hence, decreasing the solid 

yield. Lignin removal or isolation during SE is difficult due to the greater chemical stability of 

the carbon-carbon bonds in the lignin [26]. Thus, while amorphous carbohydrates 

(hemicelluloses and amorphous fraction of the cellulose) are more easily hydrolyzed, the lignin 

is softened but remains in the solid fraction after treatment, especially softwoods. This is 

consistent with other studies have shown that many pretreatment methods, including SE, are 

less effective than on hardwoods [32, 33].  

It has also been shown that EB irradiation reduces cellulose crystallinity for irradiation 

doses below 100 kGy. The cellulose crystalline portion (CrI) in biomass shows a slight 

increment after treatment [22], e.g., from 55% to 65% measured using the Segal method [34]. 

In addition, the lignin solubility in water or an organic solvent, increases due to a reduction in 

molecular weight, with increasing radiation dose [35]. Thus, an increase in the pretreatment 

yield with EB irradiation applied before SE can be explained by the fact that irradiation is 

reducing the molecular weight of lignin, but at the same time is making cellulose harder to 

hydrolyze at pretreatment temperatures.  
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Figure 3.1. Effect of SE severity and EB irradiation dose on solid yield recovered after 

pretreatment. Solid yields for SE birch with EB irradiation doses from 0 to 100 kGy (Left). 

Solid yields for SE pine with EB irradiation doses from 0 to 200 kGy (Right).  

 

Figure 3.2, shows that for both species, the residual glucan content in the pretreated residue 

after extraction tends to increase while the amount of extracted material also increases. This is 

an indication that xylan may be more sensitive to EB treatment, and explains the low amount 

of xylan and minor hemicelluloses that are residual in the solids after the pretreatments.  

There is also a significant increase in ‘extractives’ content after the pretreatments. For non-

radiated samples (green bars) we can see that the SE severity alone does not have a big impact 

on extractives for the pine samples. However, in the case of birch samples, it can be seen that 

severity play an important role increasing the extractable values up to 18% of the sample, and 

for samples prior exposed to irradiation, the extractable content was almost 10% higher for the 

most severe condition. Again this is consistent with the EB depolymerization of the 

hemicellulose and the increases accessibility of the steam to penetrate the biomass making SE 
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more effective. The increase of the extracted material indicates the overall depolymerization 

of the lignocellulosic complex [9]. 

 

Figure 3.2. The changes in benzene-ethanol solubility and residual glucan content of birch 

(left) and pine (right) by EB irradiation and SE. (The relative amount of glucan was obtained 

from the residue after the solvent extraction). 

 

Chemical compositions of birch and pine woods, and treated materials are presented in 

table 3.3 and 3.4. The data is based on oven dried weight of extractive free sawdust. The total 

weight percent of carbohydrates and lignin in original wood is 91% and 89% for birch and pine 

respectively. It is important to mention that acetyl, ash, and uronic acid that can represent up 

to 7% of the biomass were not included [25, 36].  

A modest mass closure was observed, being an indicative of significant changes in the 

pretreated wood, and the generation of chemical fragments that are not included in the routine 

biomass compositional analysis. Under the pretreatment conditions xylan, and other 

hemicelluloses and some amount of glucan are easily degraded. For conditions of 75 kGy, 200 

°C and 6 minutes of retention time, around 70% of the xylan is either hydrolyzed or degraded 
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to furfural. The glucan loss under the same condition is around 14%. Unlike glucan that 

remains relatively stable among all the conditions, xylan content decreases uniformly with an 

increase in the severity of the SE and this trend is more notorious when irradiation is applied.  

 

Table 3.3. Chemical composition of wood and pretreated birch pulps based on wood. 

Cond.  

EB/SE 

Benzene- Carbohydrates % Lignin % Total Total  

EtOH 

Extract. 
Gluc Xyl Gal M+A Klason 

Acid 

soluble 

Carbs 

% 

Lignin 

% 

Sum 

% 

Control 3.7 41.1 19.5 0.7 1.7 20.6 4.1 61.3 24.7 91.4 

170/2 3.3 30.5 12.3 0.8 - 16.3 3.3 43.6 19.6 63.2 

170/6 3.8 31.2 13.3 0.7 - 16.5 2.4 45.2 18.9 64.1 

200/2 6.3 31.2 12.9 0.5 - 16.1 2.1 44.6 18.2 62.8 

200/6 18.9 31.5 8.9 0.3 - 15.7 0.9 40.7 16.6 57.3 

25/200/2 8.2 35.9 13.5 - - 16.5 2.1 49.4 18.6 68.0 

25/200/6 28.1 33.7 7.9 - - 17.2 0.9 41.6 18.1 57.9 

75/200/2 15.2 31.9 7.9 - - 15.3 1.9 39.8 17.2 57.0 

75/200/6 20.1 35.8 5.9 - - 16.1 1.2 41.7 17.3 59.0 

100/170/2 3.6 38.2 15.9 0.8 - 20.6 4.0 54.9 24.6 79.5 

100/170/6 6.4 37.4 15.2 0.7 - 18.7 3.5 53.3 22.2 75.5 

100/200/2 12.1 35.1 13.7 0.5 - 19.1 3.0 49.3 22.1 71.4 

100/200/6 27.1 31.5 5.8 0.2 - 18.1 1.2 37.5 19.3 56.8 

 

Table 3.4. Chemical composition of wood and pretreated pine pulps based on wood.  

Cond.  

EB/SE 

Benzene Carbohydrates % Lignin % Total Total  

-EtOH 

Extract. 
Gluc Xyl Gal M+A Klason 

Acid 

soluble 

Carbs 

% 

Lignin 

% 

Sum 

% 

Control 2.9 41.1 6.1 2.0 11.5 27.5 0.8 60.7 28.3 89.0 

170/2 3.2 37.5 3.4 1.7 6.7 24.6 0.3 49.3 24.9 74.2 

170/6 4.1 38.4 3.7 1.2 6.2 23.7 0.3 49.5 24.0 73.5 

200/2 5.6 35.4 2.9 0.4 4.9 24.7 0.2 43.6 24.9 68.5 

200/2 7.2 40.1 1.5 0.4 1.8 26.5 0.2 43.8 26.7 70.5 

100/170/2 3.6 36.9 3.5 1.1 5.2 23.9 0.4 46.7 24.3 71.0 

100/170/6 4.4 38.3 3.5 1.0 4.0 24.7 0.4 46.8 25.1 71.9 

100/200/2 7.7 36.3 1.9 0.8 1.3 24.7 0.3 40.3 25.1 65.4 

100/200/6 10.7 42.3 - - - 25.7 0.2 42.3 25.9 68.2 

200/200/2 14.2 37.7 - - - 28.1 0.3 37.7 28.4 66.1 

200/200/6 18.1 39.5 - - - 25.1 0.3 39.5 25.4 64.9 
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3.4.2 Enzymatic hydrolysis of steam explosion treated pulps in absence of electron beam: 

comparison between pine and birch  

The effectiveness of enzymatic hydrolysis was evaluated by both weight loss (gravimetric 

analysis) and by measuring sugar content in the enzymatic hydrolysate (analytically). As it is 

shown in Table 3.5, a low severity SE pretreatment alone was equally, but marginally effective 

for both birch and pine. At these conditions, enzymatic hydrolysis was limited for both species. 

When severity of SE is increased to 200/2 and 200/6, it can be seen that both, weight loss and 

the total sugar released from pine and birch increase. However, for pine, the values are 

significantly lower, less than one fourth of the amount of sugar released compared to when 

using birch. These results are consistent to what other studies have shown on the effectiveness 

of SE pretreatments on enzymatic hydrolysis of softwoods [7, 15, 37, 38]. 

 

Table 3.5. Enzymatic hydrolysis of SE residues: comparison between pine and birch (All 

numbers are weight% based on wood, all based on enzyme dosage of 10 FPU/g of pulp). 

 Pine Birch 

 Weight Loss % Total Sugars % Weight Loss % Total Sugars % 

170/2 3.3 3.8 2.3 2.7 

170/6 4.4 5.6 4.2 5.4 

200/2 7.2 8.0 31.3 25.3 

200/6 6.5 8.0 45.6 37.7 

 

For pretreatment to be commercially useful for ethanol production it is necessary to reach 

enzymatic hydrolysis conversions of 75 to 80% or greater of fermentable sugars in the biomass 

[15]. If SE alone is to be used for the pretreatment at the most severe condition used (200/6) 
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the total conversion of the sugars in wood would be a marginal 62% (38/61.3). In the case of 

pine, results are poor, less than 13% (8/60.7).  

 

Figure 3.3. Effect of enzyme dosage on the enzymatic hydrolysis of SE residues. 

  

Commonly the sugar yield would be increased by increasing the severity of the SE which 

can also lead to an extend amount of sugar degraded or increasing the enzyme dosage above 

10 FPU. Both have a negative impact on the overall process economics. For example, the 

enzyme costs for conversion of a hardwood biomass feedstock to ethanol represents around 17 

to 22% of the total production cost [39]. Thus, EB irradiation was evaluated as an alternative 

pretreatment step prior to SE to increase sugar conversion rates.  
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3.4.3 Improving enzymatic hydrolysis by electron beam irradiations   

Using the same enzymatic hydrolysis conditions (dosage and time) as for the SE tests, the 

effectiveness of different dosages of EB irradiations prior to SE were tested. To evaluate the 

effects of different pretreatment conditions, the samples were hydrolyzed under conditions that 

should render high conversion (10 FPU/g of pulp). Table 3.6 reports the effect of the addition 

of EB pretreatment on the enzyme hydrolysis (weight loss and total fermentable sugar in the 

hydrolysate) for the most promising pretreatment conditions for the Birch. In all cases the 

enzyme hydrolysis was enhanced by the EB pretreatment prior to the SE pretreatment. Weight 

loss and total sugar in the hydrolysate determined by HPLC are the two indicators used to 

calculate the enzymatic hydrolysis efficiency. Both numbers are supposed to be equal or very 

similar since they represent the amount of sugar (wt.) that is solubilized during the enzymatic 

treatment. In most of the cases these numbers were very close. However, there were cases 

where the weight loss was considerably higher than the amount of sugar found in the 

hydrolysate (200/2 and 200/6). This difference may be due to the fact that in these two cases 

the color of the hydrolysate solution was darker than for the other conditions. The presence of 

this dark color in the solution may be an indicator of solubilization of other compounds, due 

to the high severity, and are not detected as sugars by the HPLC but represent a loss in weight. 

For this reason, the sugar conversion yield was calculated in all cases as the percentage of the 

total sugar in the hydrolysate by HPLC (on wood) based on the total sugar in the original wood.      
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Table 3.6. Enzymatic hydrolysis of pretreated birch pulps at 10 FPU. Percentage sugar 

conversion calculated as total sugar yield in hydrolysate (on wood)/ total sugar in wood x 100.   

 Weight Loss (%) 
Total sugar yield in  

Hydrolysate (%) 

Sugar 

Conversion (%) 

On wood  On pulp On wood On pulp On wood 

200/2 40.6 31.3 32.9 25.3 41.4 

200/6 61.1 45.6 50.6 37.8 61.7 

25/200/2 51.9 41.0 45.6 36.0 58.9 

25/200/6 64.3 49.5 60.6 46.7 76.4 

75/200/2 63.2 53.7 53.1 45.1 73.8 

75/200/6 64.0 54.4 59.5 50.6 82.8 

100/200/2 59.2 56.8 45.4 43.6 71.4 

100/200/6 64.4 55.4 48.5 41.7 68.2 

 

As can be seen in Figure 3.4, using dosages between 25 and 100 kGy there is a consistent 

improvement in the enzymatic hydrolysis efficiency when EB irradiation is applied prior to 

SE. When SE is carried out alone, the sugar yields1 are 30 and 50% (blue bars) for conditions 

200/2 and 200/6, respectively. This shows how increasing the retention time gives a significant 

improvement in the sugar yield (20% based on the starting residue), but this overall sugar yield 

is still economically unattractive. Higher severities were not tested due to prior work that have 

shown that furfural and HMF content, typical sugar degradation product, tend to increase 

significantly when the severity is increased above these values [40-42]. 

                                                 
1 now evaluated at 5 FPU/g of residue to allow for more realistic economic evaluations to be 

conducted later  
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Figure 3.4. Effect of pretreatment severity, EB and SE on the sugar conversion for enzyme 

dosage of 5 and 10 FPU/g of pulp. 

 

When 25 kGy is applied to 200/2, the irradiation does not have a big impact on the 

fermentable sugars content, being almost the same as without irradiation. Even though these 

yields are pretty similar, they are still economically uninteresting. However, for a higher SE 

severity (25/200/6), the sugar conversion can be improved up to 64%. Increasing the EB dose 

to 75 kGy, a maximum of 72 % in sugar conversion is reached. An important finding is the 

fact that the samples that were irradiated with 100 kGy before SE show a relatively lower sugar 

yield to those treated with 75 kGy doses even though the pretreatment yields were slightly 

higher at these conditions. As suggested by Figure 2, at the highest severities have the highest 

glucan content remaining in the substrate, suggesting that the cellulose has being modified in 
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a way that is not beneficial for disruption and overall reactivity of the lignocellulosics. Thus 

75 kGy, combined with SE at 200/6 appears to be the optimum dosage for the combined EB/SE 

pretreatment. This condition represents an improvement of 22 % compared to the same SE 

severity without EB.          

 

 Conclusions 

Birch and pine samples were subjected to SE pretreatments to increase the reactivity of the 

substrates to the enzymes. For birch the sugar conversion reached 60% with SE alone, while 

for pine SE alone only achieved a poor 13% sugar yield.  Enzymatic hydrolysis can be 

significantly improved if EB irradiation was used prior to SE treatment. In the case of birch, 

the addition of EB significantly improved the overall sugar yield from 61.7 to 82.8%. Despite 

the overall poor results for pine, the combination of EB and SE did significantly improve the 

overall yield of sugar. This synergistic combination of EB and SE represents an attractive 

option in the field since it does not involve chemicals, and high sugar conversion can be 

reached. EB irradiation promotes the hydrolysis of higher amounts of hemicelluloses during 

SE for medium severities and at the same time aims the preservation of the glucan in the solid 

residue after SE. With this pretreatment, considerable disruption can be reached with lower 

solid losses after pretreatment achieving a sugar recovery of 72% for 5 FPU enzyme dosage. 
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4 Process and Economic Analysis of Two Alternative Biochemical 

Conversion Pathways  

 

 Abstract 

Electron beam irradiation combined with steam explosion was proposed as an alternative 

energy pretreatment, and membrane dehydration was proposed as an alternative ethanol 

dehydration method.  To understand the potential benefits of these alternative pretreatment and 

dehydration processes a preliminary techno-economic analysis was performed. Dilute acid 

pretreatment followed by enzymatic conversion and fermentation as proposed by NREL was 

used as the base case scenario. This novel combination of electron beam irradiation and steam 

explosion, followed by enzyme hydrolysis and fermentation was selected to increase the 

effectiveness of the pretreatment and to lower the overall costs of the biofuels production 

process. Membrane dehydration process was also evaluated as a low energy process for ethanol 

recovery. This process incorporates the use of selective membranes that would potentially 

replace the rectification column as well as the molecular sieves. Four cases of analysis were 

evaluated; two pretreatment technologies, dilute acid, and electron beam-steam explosion, each 

one with the two alternative dehydration pathways. The combination of electron beam and 

steam explosion offers several advantages compared to the dilute acid process such as less 

chemical consumption, and less steam usage in the dehydration stage, with relatively the same 

ethanol yields (79 gal/bdton with dilute acid and 81 gal/bdton with the novel EB-SE 

combination). Of the four cases under analysis, the electron beam irradiation and steam 

explosion, with traditional distillation scenario was the one that showed the greatest economic 
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potential (MESP ~2.91$/gall with an IRR of 10%). With the larger capital investment 

compared to the conventional dehydration step, the incremental addition in the MESP is 30% 

greater than the base case. Sensitivity analysis of a number of cost drivers showed that two 

interrelated factors, the ethanol yield and the biomass cost, had the greatest impact on the 

ethanol selling price.                    

 

 Introduction 

Potential fossil fuel depletion, climate change, instability in oil prices, and the desire to 

reduce dependency on foreign energy resources have all encourage the production of fuels 

from domestic and sustainable resources. For liquid transportation fuels interest is centered in 

producing ethanol from non-food, lignocellulosic biomass such as wood, crop residues, and 

grasses. This interest has led to investment not only from government entities but also from 

private firms like Abengoa, BP-Verenium, Coskata, Dupont-Danisco, Chemtex, and Poet [1-

3]. However, these efforts have not clearly succeeded since there are only few commercial 

operations in U.S producing lignocellulosic ethanol; i.e. DuPont [1, 4] .  

The international bioethanol market remains under the domain of sugar cane and corn grain 

feedstocks. Approximately 88.7 billion liters of bioethanol were produced in 2013 and will 

potentially rise to over 90 billion liters in 2014, with U.S. and Brazil serving as the main 

producers followed by Europe, China, and Canada with a small contribution [5, 6]. In the U.S. 

corn ethanol has proven to be economically feasible, although federal subsidies and animal fed 

byproducts are both required [7].               
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Commercialization of cellulosic ethanol production is limited by the cost and reliable 

supply of feedstock [8, 9], the efficiency of feedstock conversion [10], the high and uncertain 

cost of enzymes [11], and the high cost of capital per annual gallons of fuel product [4]. For 

the biochemical ethanol production route, biomass pretreatment is considered a critical step as 

it impacts ethanol yield and capital costs [10, 12, 13]. Detailed chemical characteristics of the 

biomass, such as the structure of the lignin [14], and the crystallinity of the cellulose [15], are 

both key features that dictate the reactivity of the biomass feedstock. Low reactivity is often 

termed recalcitrance, although this term includes a number of detailed chemical features that 

limit access of the cellulase enzymes to the carbohydrate, in turn limiting hydrolysis of the 

carbohydrate to monomeric sugars. In order to overcome those physical barriers different 

pretreatment techniques, with different operational advantages are used to increase the 

reactivity of the biomass to the cellulase enzymes [13]. This pretreatment step has a significant 

impact on the overall capital and operating costs, and thus impacts the profitability of a 

commercial operation. Different economic analyses have shown that around 25-35 % of the 

direct projected costs are associated with the pretreatment [16, 17] and while secondary effects 

include the ability to use a wider variety of biomass feedstocks, the efficacy of the lignin 

removal process, and the structure (value) of the residual lignin.  

Another hurdle for these biochemical processes is the high cost of the cellulase enzyme 

[4]. It has been shown that lignin is the major barrier to the efficient enzymatic hydrolysis of 

biomass carbohydrates [18, 19], and the pretreatment process effects. Thus, the enzyme 

consumption is directly related to the effectiveness of the pretreatment process. The more 

effective the pretreatment process in terms of disruption of the lignin and increasing the 
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accessibility of the carbohydrates, the lower the enzyme dose required by the process. In 

combination this interplay between the pretreatment (capital and effectiveness) and the enzyme 

dose and effectiveness have a major impact on the overall economics of the process.  

This paper focuses on the comparison of the economics of two different pretreatments for 

lignocellulosic ethanol production; 1) dilute acid pretreatment as first studied by NREL in 2002 

[20], and refined in 2011 [21] and 2) the novel synergistic combination of electron beam (EB) 

and steam explosion (SE) as proposed by BioOil AS in 2014 (see chapter 3). On one hand, 

dilute acid is a common and well-known, chemical pretreatment where low concentrations of 

sulfuric acid are used at high temperature and short retention times. This pretreatment has 

shown great potential in breaking down the lignocellulosic structure with optimum results in 

sugar conversion [21]. On the other hand, this process requires very expensive materials be 

used in the pretreatment vessels, products a highly condensed lignin with modest value, creates 

hydrolysis and fermentation inhibitors, and creates a significant mineral by-product stream.  

The proposed alternative is a combination of electron beam and steam explosion that is 

intended to induce physical disruption of the biomass by the use of high energy irradiation 

[22], and high pressure steam [23] while eliminating the acid degradation products and the 

need for exotic metals in the pretreatment system. Lignocellulosic structure has been shown to 

be modified by irradiation [24]. The expectation for this Bio-Oil process is that the combination 

of irradiation and steam explosion (autohydrolysis) decrystallize the cellulose, mildly 

depolymerize the lignin and mechanically shear the biomass, resulting in a more reactive 

biomass substrate, and a more valuable lignin. 
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These alternative pretreatment technologies have been evaluated with different types of 

feedstocks. Dilute acid was developed for the conversion of corn stover while the EB-SE was 

tested with hardwoods [21] (chapter 3).  

In addition, different dehydration steps for product purification are presented. First, 

conventional distillation and molecular sieve, and second, a novel approach using vapor 

permeation with emerging membrane technology in order to evaluate energy savings and its 

potential to reduce costs over traditional technologies.  

Current state of the art around bio-ethanol purification is centered on the use of a distillation 

train followed by molecular sieves [21]. Different configurations can be found in the literature. 

However, they only show minor differences with most of them operating in the same fashion 

[25]. The liquor produced after fermentation that contains an alcohol content of approximately 

5-6% is sent to a first stage of distillation, typically increasing the ethanol concentration up to 

40%wt. and stripping the CO2. Then the mixture is sent to a second distillation column which 

is capable to separate the ethanol up to 92.5 %wt. that is the azeotropic point at 78.05 °C. Then, 

in order to obtain a highly dehydrated product, 99.5%wt, the use of packed bed of absorbents 

or molecular sieves is required [21]. Newer technology has also been presented; extractive 

distillation with ionic liquids, nanofiltration, and extractive fermentation, are some of the 

approaches that show significant potential for future investigation and application to this type 

of processes [26].    

The novel approach, using hybrid silica membranes consists of a hybrid distillation-

pervaporation process [27]. It has been documented that this type of separation processes are 

considered to be more highly energy efficient for dehydration of organics [28].The 
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configuration of this dehydration pathway consists of a single distillation column followed by 

a membrane set-up. The product after distillation is dehydrated by pervaporation (all vapor 

phase) using hybrid silica (organic-inorganic) membranes HYbSi® [27, 29]. The uniqueness 

of these membranes is that they have a longer lifetime, present a higher stability under severe 

hydrothermal conditions, show high resistance to acids and aggressive solvents, and also 

presents a narrower pore size distribution that increases its selectivity with a high performance 

in dehydration of lower alcohols [28, 29].       

This work presents a detailed analysis of process designs and economics for these two 

alternative pretreatment processes, and also compares the alternative ethanol recovery process. 

This evaluation includes the overall process design, mass and energy flows, and process 

economics. The techno economic analysis is used to compare the two components of the novel 

Bio-Oil process with the standard dilute acid base case, and also identify the key parameters 

that drive the overall process economics.   

 

 Materials and methods 

 

4.3.1 Aspen Plus simulation  

A complete process model for the dilute acid and electron beam/steam explosion 

biorefinery were constructed using Aspen Plus® version 8.0. Aspen Plus is a simulation 

software with broad application in the petrochemical industry due to its very extent databases 

related to physical and chemical properties and trustable performance in separation processes. 

This tool can also be perfectly used for the simulation of lignocellulosic biomass conversion. 
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In this case, the proper definition of the material components and physical chemical properties 

plays an imperative role. The process simulation model generates mass and energy balance for 

the entire facility. The information obtained from this model, in terms of chemical 

consumption, conversion yields, fluxes, and energy consumptions was used to perform the 

economic evaluation. 

The Aspen Plus simulation model, in both cases, dilute acid and EB-SE, was constructed 

using the 2011 NREL report as base case in terms of process configuration (Figure 4.1. 1A). 

Generally speaking, both biorefineries contain a pretreatment area, followed by a 

saccharification and fermentation area, product dehydration area, and the combustion of the 

solid residue that generates the required heat and power to satisfy the process demand. Major 

differences between the two process are associated to the addition of units or blocks related to 

acid preparation (mixing tanks), neutralization reactor (using ammonia), and so on. It is 

important to mention that some engineering changes were made to the NREL model based on 

our own engineering criteria i.e. our case of analysis does not include the in-situ enzyme 

production, instead we decided to purchase the enzyme and use internal data for the enzyme 

cost.  

In the case of dilute acid, the Aspen Plus simulation model was downloaded from the 

NREL Biorefinery Analysis Process Model website. The mass and energy balance from this 

model was compared to our simulation results in order to verify the simulation performance. 

With this model running properly, the dilute acid pretreatment blocks were replaced by the 

electron beam and steam explosion blocks. Along with the substitution on these blocks, the 

process input was also adapted to the EB-SE process data i.e. cellulose, hemicellulose, and 
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lignin content, solid yields, enzymatic hydrolysis yields and so on, and the implications on the 

mass and energy balance were followed in detail. Data collection for this process model is 

described by Aizpurua et al 2015 (chapter 3).   

Same protocol was used when substituting the conventional dehydration configuration for 

the one that includes the membranes. In this case, the experimental data for the simulation of 

the pervaporation system was collected using a lab-scale set up located in SINTEF, Norway as 

described in section 4.3.3.  

A total of four cases are evaluated (table 4.1), representing combinations of: 1) two 

different biochemical conversion pathways, dilute acid and EB-SE, 2) two different feedstocks, 

corn stover and hardwood, and 3) two different dehydration technologies. The analysis was 

performed over the same plant size.  

 

Table 4.1. Basis for Evaluation 

Case I II III IV 

Pretreatment 

technology 
Dilute Acid Dilute Acid EB-SE EB-SE 

Raw Material Corn Stover Corn Stover 
Hardwood  

(Birch) 

Hardwood 

(Birch) 

Purification 

technology 

Distillation 

Mol. Sieve 
Membranes 

Distillation 

Mol. Sieve 
Membranes 
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4.3.2 Electron beam/steam explosion 

Electron beam irradiation is a unique combination of a physical and chemical pretreatment 

since it does not necessarily involve high temperatures or strong acid or base that may lead the 

formation of sugar degradation products, but does generate radicals that can break chemical 

bonds in the different biomass components [30].  

Electron beam is used prior to steam explosion as a “conditioning” step in order to improve 

the effects caused by the steam explosion process. Based on experimental results, the addition 

of EB irradiation aids the hydrolysis of the hemicellulose compared with the absence of it, 

increasing thus the accessibility of the carbohydrates as well as its reactivity (see chapter 3). 

During the steam explosion process, steam under high pressure is contacted with the biomass. 

The high temperature steam leads to a series of chain of reactions that include hydrolysis of 

acetyl groups in the hemicellulose, to depolymerize of the hemicelluloses and cellulose. After 

reaching the optimal reaction time, the pressure inside the high pressure steam reactor is 

suddenly decreased to atmospheric conditions. This expansion of the moisture within the 

material breaks down the biomass structure and increases the internal surface area [31]. 

The process modeled in Aspen Plus® follows the simplified pathway shown in figure 4.1 

1B. Biomass is chipped (Feed handling) to a particle size of 2x2 cm. The chips are then fed 

into the electron beam unit and then to the steam explosion unit (EB/SE pretreatment block). 

The simulation of the pretreatment reactors was performed using RYIELD reaction blocks 

provided by the simulation software using experimental data as input. Conditions were defined 

using a factorial experimental design of radiation, temperature and retention time as presented 

by Aizpurua et.al in 2015 (chapter 3).  
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Following the pretreatment, the biomass is then enzymatically hydrolyzed for 72 hours 

using a cocktail of enzymes CTEC2 diluted at 5 FPU/g of treated material, and the conversion 

yields were used to construct the hydrolysis section of the model. After hydrolysis, the solution 

rich in monomeric sugars is fermented. Conversion rates for the fermentation section were 

assumed to be the same as the ones presented by NREL. 90% of the glucose and 80% of the 

xylose is converted to ethanol [21]. After fermentation, the broth or “beer” has a low ethanol 

concentration along with the solid residue. In the first stage of purification, the remaining solids 

are separated and conditioned with filter presses and sent to the recovery boiler to provide 

process heat and power and to be sold to the grid if these is excess of electricity. After 

fermentation, the “beer” solution is dehydrated using either conventional distillation or alcohol 

selective membranes. The base case of dehydration process consists of a distillation column 

that concentrates the ethanol from a low 6.2% to ~40% by removing a large amount of water 

and the CO2 generated during fermentation. Then a second distillation column purifies the 

ethanol up to 92.5% and finally dehydrates the product to 99.5% by using molecular sieves 

adsorbents as proposed by NREL [21]. The alternative membrane process consists of one 

distillation column followed by two set of membranes that operate at 10 bars designed to 

produce 99.5% ethanol. 

The steam generation is calculated based on the amount of solids that are available for 

combustion. The high temperature combustion gases will determine the amount of steam that 

can be generated by the boiler. The steam required by the steam explosion unit and the 

dehydration train (main steam consumers in the process) where estimated by the proper 

simulation of the energy balance that determines the heat demand by every boiler in the 
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distillation systems in combination with design specifications or controllers designed in Aspen 

Plus. The steam consumed by the SE unit was estimated using experimental information such; 

change in temperature during pretreatment, water content of the treated residue, and so on, and 

in combination with our own FORTRAN subroutines.          

Overall ethanol yields, carbohydrate degradation, conversion to monomeric sugars, and 

energy consumption where the main factors evaluated for their effect on the economic 

feasibility of the process. 
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Figure 4.1. Comparative schematic of the two alternative conversion pathways. 1A) dilute 

acid pretreatment as proposed by NREL, and 1B) electron beam/steam explosion as proposed 

by Bio-Oil AS.   
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4.3.3 Ethanol dehydration using membranes 

4.3.3.1 Experimental set up 

A laboratory scale set-up was built in order to test the membrane performance and to 

demonstrate the trade-off between temperatures, pressure, permeate/retentant concentrations, 

and fluxes. This unit consisted of a pump, an evaporator, and a membrane unit connected to a 

condenser. The HybSI® membrane was provided by PERVATECH. The feed is pumped to 

the evaporator at elevated pressure (10 bars) and the ethanol/water mixture passes through the 

membrane selectively separating water (permeate) from the ethanol (retentant). The product 

was then condensed and collected in order to determine the product concentration by using 

HPLC. This set up was ran in steady state at different conditions in order to analyze their 

impacts on the membrane selectivity. This study does not include detailed information around 

the experimental work but is imperative to show the foundation of how the experimental data 

was collected for process simulation purposes. Figure 4.2 shows a schematic of the lab scale 

set up used for collecting the required data for the process simulation.  

 

 

Figure 4.2. Major laboratory scale process units for the ethanol dehydration pervaporation 

process. 
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4.3.3.2 Process simulation 

A mechanistic model of the pervaporation membrane module was implemented in the 

simulator Aspen Plus®. The simulation of the distillation column was simulated using the 

RADFRAC model. Since the process simulator does not include built in blocks that would 

simulate membranes it was required to use separator blocks that would contain the 

experimental separation data. The remaining units of the process (pumps, flashes, heat 

exchangers, and so on) were simulated with a lower level of complexity since all of them are 

included the model palette in Aspen Plus. The membrane model was then connected to the two 

biochemical conversion routes to complete cases II and IV. 

 

4.3.3.3 Economics    

The economic evaluation for the pervaporation module required several assumptions. 

Since this is a relatively new type of membrane, not much information around the costs of the 

units at industrial scale can be found in the literature. Another important factor to consider is 

how the membranes would perform when scaling up from a lab scale unit to an industrial one. 

Assuming the membranes would perform the same way to the lab scale unit; the membrane 

surface area required to dehydrate the vapor coming out of the distillation column was 

estimated using the model developed by Motelica et al. 2013 [32]. This model allows to predict 

how many square meters of membranes are required to dehydrate ethanol up to 99.5%. The 

model that shows an asymptotic curve was originally developed for a unit capacity of 5357 

Kg/hr. Therefore, a linear behavior to scale up to 600000 kg/hr was assumed. The cost of the 
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membrane unit was estimated by using the quote provided by the membrane producer 

(PERCATECH) and the unit cost was scaled up to our system capacity.  

         

4.3.4 Feedstock 

Based on the available experimental data potential feedstock were studied in this economic 

analysis: corn stover in the case of dilute acid pretreatment, and birch in the case of EB-SE. 

The chemical composition used for each feedstock is presented in table 4.2. Corn stover is 

defined as all the parts of the corn plant but the kernel. Corn stover is the current feedstock 

being used in the initial commercialization on the DuPont, Abengoa and Poet biorefineries 

coming on line in the US, and has also been the focus for the DOE Biomass program. It is an 

abundant agricultural residue in the U.S and can be utilized as the initial feedstock for 

commercial plants. Conversely, birch is representative of hardwood species in the U.S. and 

Europe. Using different silvicultural methods these hardwoods can intensively cultivated, or 

naturally regenerated. Woody biomass have the distinct advantage of year round support, and 

commercial harvesting and delivery systems, which eliminates storage losses and lowers costs. 

The estimated cost of corn stover is around 59 $ per dry US ton [21] and Birch is 71 $ per dry 

ton [8]. These two feedstocks represent alternative and biomass resources for production of 

liquid biofuels. 
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Table 4.2. Chemical Composition of birch and corn stover. 

Composition Birch1 Corn Stover2 

Glucans 44.2% 35.9% 

Xylans 21.0% 19.5% 

Galactans 0.6% 1.4% 

Mannans 1.8% 0.6% 

Arabinans 0.4% 2.4% 

Lignin 24.7% 15.8% 

Acetyl 3.2% 1.8% 

Extractives 3.0% 14.7% 

Ash + undetermined 1.1% 7.9% 

Source: 1Aizpurua et al. 2015, 2[21] 

 

4.3.5 CAPEX 

Capital expenditure (CAPEX) is shown in table 4.3. The information includes capital costs 

for equipment, installation and structure. Equipment costs provided by the NREL report were 

used as baseline. Since these equipment sizes may vary, the exponential scaling expression 

was used instead of re-costing in detail. In addition, this information have been updated to year 

2012 and is expected to remain similar trough 2017 [21]. The purchase cost of each piece of 

equipment was estimated using current cost-year indices, and following the general formula 

for year-dollar back-casting [33]. The equipment have been sized for the same plant capacity 

to process 771,400 dry U.S. ton per year. Due to the lack of published commercial data for the 

capital cost of electron beam facilities, industrial experts in this field were consulted to help 

estimate the installed costs. Sensitivity analysis was used to estimate the impact of variation in 

the capital costs of the EB pretreatment on the ultimate ethanol selling price.   
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Table 4.3. Capital Expenditure for the Biorefinery. NREL model (Cases I and II) and BioOil 

model (Cases III and IV) with different dehydration pathways. 

 
Case I 

(US $) 

Case II 

(US $) 

Case III 

(US $) 

Case IV 

(US $) 

Technology 
Dilute acid 

(base case) 

Dilute acid 

(membrane) 

EB/SE 

(distillation) 

EB/SE 

(membrane) 

Site preparation 

Land purchase 
1,800,000 1,800,000 1,800,000 1,800,000 

Warehouse 3,500,000 4,300,000 3,250,000 4,700,000 

Site development 7,800,000 9,700,000 6,900,000 9,500,000 

Additional piping 3,800,000 4,900,000 3,400,000 4,700,000 

Feedstock Handling 23,600,000 23,600,000 24,200,000 24,200,000 

Pretreatment     

E-Beam/S-Explosion - - 32,900,000 32,900,000 

Dilute acid 29,900,000 29,900,000 - - 

Conditioning 3,000,000 3,000,000 - - 

Enzymatic Hydrolysis 

and Fermentation 
31,200,000 31,200,000 28,900,000 28,900,000 

Dehydration  

Beer/Rect. Column 22,300,000 - 22,700,000 - 

Vapor Strip. Column - 7,600,000 - 8,200,000 

Membrane set up* - 36,400,000 - 42,600,000 

Product storage 5,000,000 5,000,000 5,000,000 5,000,000 

Recovery and power     

Boiler 66,000,000 62,500,000 64,200,000 63,100,000 

Wastewater 49,300,000 49,300,000 49,300,000 49,300,000 

Utilities 6,400,000 6,900,000 7,800,000 6,900,000 

Total CAPEX 253,600,000 276,100,000 250,350,000 281,800,000 

Source: [21, 32] 

 

4.3.6 General assumptions 

The list of the assumptions used in this analysis can be found in table 4.4. The financial 

evaluations are based on the assumptions used in the NREL report 2011 [21]; e.g., plant life, 

discount rate, general plant depreciation, general plant recovery period, steam plant 

depreciation, federal tax rates, financing, loan terms, construction period, among others. 
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Chemical consumption was determined by the process simulation output, and their cost were 

obtained from the NREL report and from the literature. Different enzymes doses are required 

based on the biomass recalcitrance, and there were differences in sugar recovery and ethanol 

yields. Enzyme cost was estimated at 1$/Kg assuming that in both processes CTEC 2 is used 

although different dosages were modeled.  

 

Table 4.4. Chemical usage and major assumptions used in the economic analysis. 

Plant Life 30 years  

Discount Rate 10 % 

General plant depreciation 200 % declining balance 

General plant recovery period 7 years 

Steam plant depreciation 150 % declining balance 

Steam plant recovery period 20 years 

Federal tax rate 35 % 

Financing 40 % equity 

Loan terms 10 year loan at 8 % APR 

Construction period 3 years 

Year 1 8 % 

Year 2 60 % 

Year 3 32 % 

Working capital 5 % of fixed capital investment 

Startup time 3 months 

Revenue during startup 50 % 

Variable costs incurred during startup 75 % 

Fixed costs incurred during startup 100 % 

Hours per year 8,410 h/year 

Enzyme cost 1 $/Kg 

Enzyme cost Case I and II 0.08 $ per liter of ethanol 

Enzyme cost Case III and IV 0.11 $ per liter of ethanol 

Chemical cost Case I and II 0.05 $ per liter of ethanol 

Chemical cost Case III and IV 0.02 $ per liter of ethanol 
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4.3.7 Reaction yields and conversion factors   

The biomass composition following pretreatment and resulting sugar yields used for the 

process simulation of cases III and IV are shown in table 4.5. In the case of NREL dilute acid 

(cases I and II) the data was taken from the 2011 report.   

 

Table 4.5. Reaction yields and conversion factors 

Process 

Glucan to Xylan to 

DA Pretreatment 

Glucose 9.9 % Xylose 90 % 

Gluc Olig 0.3 % Xyl Olig 2.4 % 

HMF 0.3 % Furfural 5 % 

DA EH Glucose 90% - 

Fermentation Glucose to EtOH 90 % Xylose to EtOH 80 % 

EB/SE Pretreatment 

Glucose 8.1 % Xylose 75 % 

Hex Olig 0.5 % Pen Olig 2.4 % 

HMF 0.4 %1 Furfural 7 %1 

EB/SE EH. 72 %wt total carb. conv. On wood2 

Fermentation Glucose to EtOH 90 %3 Xylose to EtOH 80 %3 

1[34], 2 Aizpurua et al, 2015, 3 [21] 

 

 Results and discussion 

The novel and synergistic combination of electron beam and steam explosion has proven 

to be an attractive option in the field of bioethanol production (see chapter 3). The main reasons 

for this appeal is the lack of chemicals, and their recovery, and high sugar conversion with low 

energy consumption. The combination of electron beam irradiation and steam explosion 

promotes higher yields of monomeric sugars and minimizes the inhibitors to the fermentation 

process (see chapter 3). Based on experimental results, a sugar conversion of 72% based on 
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the original wood can be reached using medium intensities of electron beam, 75 kGy, with the 

high severity steam explosion, 3.72 (200oC/6min.). 

In addition, a novel dehydration pathway is introduced. Current commercial practice for 

bioethanol separation is primarily perform with a set of two distillation columns followed by 

its almost total dehydration (99.5%) using vapor phase molecular sieve adsorption. The first 

distillation column is used to concentrate the ethanol from the initial fermentation process. The 

typical ethanol concentration in the initial broth is 5-7 %wt. and it can be concentrated up to 

40wt.% in this initial step. CO2 and water are the main components removed at this stage. The 

second distillation column is used to obtain an overhead mixture of 92.5%wt ethanol. Then, 

this vapor phase overhead product is sent to a system of columns packed with beds of 

adsorbents that will retain 95% of the remaining water. The high water content and the 

azeotropic point that does not allow the ethanol to be distilled further than 95.5 %wt. make this 

process an extensive energy consumer. During the ethanol processing, distillation and 

dehydration can consume 40 to 55 % of the total process energy. Therefore, developing a new 

separation process with lower production cost and energy consumption is important to make 

the bioethanol from EB-SE competitive against other type of processes.  

This novel proposed process is able to accomplish the separation to product specification 

with a single distillation stage to remove most of the CO2 and water followed by a set of two 

membrane units. The distillation column is operated at 10 bars in order to obtain a relatively 

high pressure vapor in the overhead that will drive the water vapor through the membrane 

removing water and CO2 selectively. Another reason for the operating pressure is that of 

avoiding the incorporation of compressors that will increase energy demand. A very important 
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factor of this process is the recycling of all the streams coming out of the membrane stages 

(permeate) guaranteeing thus, an optimum utilization of the desired product.   

The schematic of this process is shown in figure 4.3. This process was build based on 

experimental data that was obtained by conducting tests in a lab scale set up using hybrid silica 

membranes HybSi® under various operating conditions. This data was further used to provide 

the input for process modeling. The information obtained by the experimental set up shows 

clear trends of flux as a function of feed flow and feed concentration. Also, the effect of 

pressure difference and temperature over the membrane were investigated as well as the 

membrane capability of simultaneous separation of CO2.      

    

 

Figure 4.3. Simplified flow diagram of the dehydration process. 
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Table 4.6 shows the production costs in cents per gallon of ethanol produced for the four 

different cases. Starting from the cost of feedstock and handling, for cases I and II, which 

convert corn stover, it represents 70.93 cents per gallon of ethanol produced. Meanwhile, for 

cases III and IV, the cost associated to feedstock and handling represents 89.20 cents per gallon 

of ethanol. Generally speaking, corn stover is cheaper but requires specific storage conditions 

that are not included in this analysis that would potentially increase its cost. On the other hand, 

wood is more expensive but has no storage cost. Regarding the chemical consumption, cases I 

and II represent approximately 20 cents per gallon of ethanol, while for cases III and IV 

represents only 1.23 cents per gallon. Dilute acid process as presented by NREL, is an intensive 

chemical consumer. The pretreatment section requires sulfuric acid that is then neutralized 

with ammonia. In addition, the fermentation section includes the microorganism production 

by the use of corn step liquor, diammonium phosphate, sorbitol, and so on [21]. EB-SE 

pretreatment does not require chemicals; the only chemical usage is associated to the boiler, 

waste water treatment, the yeast, and make up water. Another important factor is the enzyme 

consumption. The conversion route proposed by NREL uses a small fraction of the glucose to 

induce the cellulase production. In this study, for cases I and II it was assumed that the cellulase 

is purchased but its consumption was calculated under the same principle used by NREL (20 

mg of enzyme protein per gram of cellulose). When compared to the EB-SE route, this process 

requires a lower amount of enzyme (app 15 mg of enzyme per gram of cellulose or 5 FPU per 

gram of substrate). Thus, in terms of cost per gallon are about the same, but the actual enzyme 

consumption is higher for dilute acid; possible due to difference in inhibitors formed during 

the pretreatment.  
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In order to evaluate the impact of the membranes implementation as dehydration route, the 

net electricity was used as indicator. This factor is defined as the credits generated by the 

electricity that is produced in excess by the turbo-generator and can be sold to the grid. Based 

on the process configuration, the solid residue after enzymatic hydrolysis and fermentation are 

separated by a filter press and then are combusted to generate process heat and power. No big 

difference was observed in terms of steam consumption for cases I and III. However, the EB-

SE process does generate a higher amount of solid residue than the dilute acid process. The 

amount of steam generated by the process is a function of the amount of solid residue produced. 

The higher the solid residue and higher lignin content the higher the amount of steam that can 

be produced. In table 4.6, it can be observed that for case II the credit generated by the extra 

electricity is a bit lower than the one for case I. This is because of the power demand by the 

membrane section and the less amount steam required by the process which leads lower power 

generation. It is important to highlight that the membrane set up is operated at elevated pressure 

(10 bars) which involve a higher power demand to operate the pumps. For cases III and IV, 

results present the same trend; the electricity to the grid for case IV is a lower than for case III.  
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Table 4.6. Production costs per gallon of ethanol for the four scenarios.  

Manufacturing costs (cents/gallon) Case I Case II Case III Case IV 

Feedstock & Handling 70.93 70.93 89.20 89.20 

Sulfuric Acid 2.40 2.40 - - 

Ammonia 6.37 6.37 - - 

Other Raw Material 11.12 11.12 1.23 1.23 

Enzyme 44.07 44.06 44.40 44.40 

Waste Disposal 2.28 2.28 2.87 2.87 

Net Electricity -10.77 -10.06 -13.54 -12.66 

Fixed Costs (labor and OH) 16.12 17.61 19.27 21.82 

Capital depreciation 20 22 18 27 

Average Income Tax 11.33 12.40 29.10 30.19 

Average Return on Investment 54.2 59.1 100.9 105.2 

Total ($/gallon) 2.28 2.35 2.91 3.09 

 

Figure 4.4 illustrates the cost breakdown for the four different cases. The figure shows the 

main differences in costs for the alternative pretreatments, and for the different ethanol 

recovery methods. Starting from cases I and II and going throug cases III and IV, it can be 

observed the mayor contributors to the MESP are feedstock, and the enzymatic hydrolysis and 

fermentation sections. Feedstock represents aproximately 30% of the ethanol production costs 

in cases I and II and around 35% for cases III and IV since the hardwood is more expensive. 

Enzymatic hydrolysis and fermententation represent 28 and 27% for cases I and II respectively 

and up to 30% for case III, being the enzyme cost the mayor contributor (figure 4.5). When 

membranes are incorporated into the process (case II and IV), it can be observed that that the 

dehydration area goes from a 6 up to 10% of the production costs in cases I and II; and from 5 

to 11% for cases III and IV, twice its contribution when comparing to the conventional 

dehydration pathway. This increment is associated to the higher capital investment that the 

membranes require. Another significant factor is the pretreatment section. It can be observed 
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that for cases I and II the fraction of the cost associated to the pretreatment is higher than the 

ones for cases III and IV. The relatively small difference (around 3%) can be explained by the 

chemical usage associated to the dilute acid pretreatment.        

Figure 4.4. Cost breakdown for the four different cases 
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Figure 4.5. Cost contribution from each process area (per gallon of ethanol) for case IV. 
 

 

The financial performance for the two pretreatments, two feedstocks and the two different 

dehydration pathways are shown in figure 4.6. CAPEX per annual gallon, minimum ethanol 

selling price calculated using 10% of internal rate of return, and the ethanol yield are presented 

to show the differences and potential combinations that may generate economic appeal. As 

expected the two scenarios with the highest CAPEX per annual gallon are the ones with the 

membranes systems. Incorporation of membranes increased CAPEX between 0.65 and 0.90 

$/ann.gal. Conversely, membranes lower the operating costs, in particular the steam 

consumption, which leads to lower power generator, decreasing thus the capital investment in 

this area. However, this novel dehydration system represents a significant capital risk two 

reasons; 1) the technology has not been proven at commercial scale, so these costs and 

performance are not demonstrated and 2) the type of membranes selected are a novel hybrid 

type, which are potentially to be more expensive than conventional silica membranes.  
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Figure 4.6. Ethanol yield, CAPEX per gallon ethanol and MESP for each case. 

 

In order to understand the underlying economic drivers it is important analyze and 

determine high cost steps. A sensitivity analysis (figure 4.7) was conducted using case IV since 

this is the scenario that incorporated the new processes, e.g., EB-SE and membranes. This 

sensitivity analysis evaluated the impact of CAPEX, ethanol yield, biomass cost, and enzyme 

cost on the final minimum ethanol selling price. These results are shown in Figure 4.6. 

The sensitivity analysis assumed a variation of +/- 25% from the central assumption and 

then recalculated the MESP. Increasing the ethanol yield by 25 % the MESP can decrease to 

less than 2.5 $/gallon or almost 20%. The biomass costs had a moderate impact, with a 25% 

decrease in biomass costs providing a 13 % decrease in MESP. Conversely, CAPEX for either 
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membranes or pretreatment, and the enzyme costs seemed to the least significant impact on the 

overall process economics.  

        

Figure 4.7. Sensitivity analysis showing the impacts of variation in costs, and ethanol yield on 

the MESP.  
 
 

 Conclusions 

The novel, synergistic combination of electron beam and steam explosion shows potential 

as pretreatment for the conversion of lignocellulosic biomass to ethanol. However, the current 

process configuration shows that it is not competitive with similar processes like dilute acid 

pretreatment. Even though similar ethanol yields can be obtained regardless the pretreatment 

method (81 gal/bdton), the overall economics shows that the cost of biomass, in particular 

hardwoods, drives the MESP. This is because the hardwood biomass directly impacts the 

feedstocks, it also has an impact on the sugar and subsequent ethanol yield. Additional CAPEX 

is required for incorporation of the membranes into the process, which also contributes to the 
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incremental in the MESP relative to distillation. However, based on the sensitivity analysis this 

contribution is not as important as the cost of the raw material and the enzyme. Further analyses 

needs to focus on process alternatives for the use of EB-SE that could increase the sugar and 

ethanol yield. It would also be interesting to obtain experimental data on the effectiveness of 

the EB-SE pretreatment on less recalcitrant biomass feedstocks such as of perennial grass or 

corn stover.  
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5 Ethanol Extraction of Non-structural Components of Switchgrass as 

Potential Co-product to Add Value to a Dilute Acid Biorefinery 

 

 Abstract 

A new biorefinery concept involving the ethanol extraction of the non-structural 

components from switchgrass, followed by the subsequent dilute acid pretreatment of the 

residue for further processing into ethanol was subjected to techno-economic evaluation. This 

biorefinery process allows for the isolation and recovery of the non-structural components of 

switchgrass as a value-added product, along with the more common production of ethanol via 

the extensively studied dilute acid process. Dilute acid pretreatment of corn stover as proposed 

by NREL was used as the base case scenario. Techno-economic analyses were performed on 

both the standard dilute acid based process with switchgrass as a feedstock, and also on the 

integrated biorefinery process that included both ethanol extraction and dilute acid 

pretreatment of switchgrass residues. This analysis estimated ethanol production from the 

dilute acid pretreatment of switchgrass generates 87 gal/bdton, while the co-product scenario 

generates 71 gal/bdton. In addition, the switchgrass extraction loop generates 97 Kg/bdton of 

nonstructural products. Based on the techno-economic model, an additional 10 % in total 

capital expenditure is required for the proposed extraction unit. The discount cash flow rate of 

return estimates a minimum ethanol selling price of 2.52 $ per gallon of ethanol with an IRR 

of 10% and an assumed co-product selling price of 0.50 $ per kilogram. If the co-product 

selling price increases to 1 $/Kg the minimum ethanol selling price (MESP) can decrease to 

1.82 $/gal. While calculated costs of the ethanol produced are comparable and competitive 
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with the one obtained from the conversion of corn stover, further research is required to 

characterize and determine the actual value of the switchgrass co-product stream.  Nonetheless, 

with some medicinal plant extractives selling for 55$ per kg [1] this work highlights the 

potential benefits of an integrated, multiproduct biorefinery. 

 

 Introduction 

A biorefinery is generally defined as a facility that converts lignocellulosic biomass into 

chemicals, fuels, and electricity either by a thermochemical or biochemical pathway [2]. This 

concept is analogous to the oil refinery, where multiple products can be obtained from the 

processing of petroleum, and the product mix can be changed, within limits, to respond to 

market opportunities. Similar approach is needed to enhance the commercial potential for 

conversion of lignocellulosic feedstocks. A very wide variety of different biomass 

fractionation processes have been proposed, each of which allow for a greater or lesser degree 

of separation of biomass into its constituents depending on the desired application [3, 4]. If the 

biorefinery is focused on the biochemical route and the production of bioethanol; complete 

separation of lignin, cellulose, and hemicellulose is not required [5]. In this case, the goal is to 

pretreat the material to provide the necessary disruption in the biomass structure in order to 

increase the accessibility to the carbohydrates and improve the enzymatic reactivity of biomass 

to increase hydrolysis and subsequent biofuel production [6]. However, when the commercial 

facility is focused on the production of a single product, especially a commodity product like 

ethanol, the economic feasibility and long-term profitability can be challenging [7]. Therefore, 

there is an ongoing interest in biorefineries that could also produce value-added chemicals that 
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will generate extra revenues improving thus the economics of the conversion processes [8-10]. 

But the increase in the overall value of the product suite needs to be balanced with the increased 

capital investment required for the additional production systems, and the additional operating 

costs. This leads to a focus on processes that are simple and use solvents/chemicals already 

common to the biochemical pathway. 

Many biorefinery concepts have focused on the potential for using lignin as precursor for 

multiple chemicals [8]. An example of this type of technologies is the organosolv pretreatment 

[11] or more recently lignin recovery and upgrading schemes [12]. In the organosolv 

pretreatment process the lignin is extracted from the lignocellulosic feedstock with organic 

solvents, and recovered in relatively unmodified form, and with very low levels of ash. Lower 

alcohols, ketone and acetic acid have all been proposed for these types of pretreatments. In 

many cases the solvent is mixed with different acids or alkalis that act as catalyst to increase 

the rate of delignification [13]. Many of these organosolv routes require relatively complex 

solvent recovery schemes. 

Alternative approaches include room temperature ionic liquids (IL) [14, 15]. This approach 

has shown some success treating woody and non-woody biomass, and enabling the 

fractionation of lignin from the polysaccharides and at the same time enhancing the enzymatic 

hydrolysis of cellulose into monomeric sugars. The high purity lignin obtained offers the 

potential of becoming a high value co-product [16]. Again, these IL routes require relatively 

complex solvent recovery schemes, which due to the high cost of the IL must also be very 

effective at recovering the IL. 
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This study takes a fundamentally different approach to the production of value-added 

chemicals. In this work, the attention is centered in using ethanol, the main biorefinery product, 

to isolate the non-cell wall components of the biomass instead of focusing on the lignin residue. 

This ethanol extraction is incorporated as a prior step to a dilute acid biorefinery.  

Switchgrass has been selected as the feedstock for this biorefinery concept because it has 

a relatively large fraction of extractives that may be useful for value-added applications [1, 17, 

18]. Switchgrass has additional attractive properties including, high yield across a wide 

geographic range, although it requires a warm season for optimum growth [19], ease of 

establishment and harvesting, and it is well accepted by landowners [20, 21]. Switchgrass has 

also been extensively studied by the US Department of Energy (DOE) and US Department of 

Agriculture (USDA) as a potential feedstock for biofuels [22].  

Depending on the species, age, and location, the amount of extractable, non-structural 

components in switchgrass will range between 6 to up to 20% of the dry weight [23]. Among 

these non-structural components it can be found terpenes and terpenoids, fatty acids, free 

sugars, and different phenolic compounds [24]. These compounds, individually or in mixtures, 

have potential applications including: switchgrass flavonoids are known to have antioxidant 

activity, antibacterial, and anti-inflammatory activity [1, 17, 18, 25, 26]. 

This paper presents the techno-economic analysis of the biochemical conversion of 

switchgrass into ethanol and co-product stream with potential for value-added markets. This 

evaluation includes a fully integrated process design (mass and heat balanced) for the ethanol 

extraction, and recovery of the plant extractives and solvent, and an analysis of the capital and 

operational expenditure (CAPEX and OPEX) for including these additional operations into a 
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standard dilute acid pretreatment/fermentation process for production of ethanol. The techno-

economic analysis also identifies key unit operations that impact the overall economics of this 

biorefinery process.    

 

 Materials and methods 

 

5.3.1 Feedstock 

Due to the potential value of its nonstructural components and other useful properties 

switchgrass was used as the feedstock for this techno-economic analysis. Relative to corn 

stover, which is currently used as the feedstock for three commercial scale biorefineries, 

switchgrass has potential advantages in terms of fewer agricultural inputs, and an extended 

window for harvesting, both of which should improve the overall economics of the ethanol 

production process [27, 28].  

The chemical composition of the switchgrass used for our analysis is presented in table 1. 

Detailed analytical methods for biomass compositional analysis followed the protocol 

proposed by Min et al., 2012 [29] 
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Table 5.1. Chemical composition of untreated switchgrass. (Values were normalized to 

provide 100% mass closure required for the process modeling).   

Component Wt. % 

Glucan 37.4 

Xylan 25.9 

Galactan 1.1 

Arabinan 2.7 

Mannan 0.1 

Lignin 19.5 

Acid Soluble Lignin 2.0 

Ash 1.9 

Extractives 9.4 

 

 

5.3.2 Experimental data 

Table 5.2 summarizes the experimental conditions used to construct the process simulation. 

Extraction time, ethanol to feed ratio, substrate weight loss, and extractives chemical 

characterization are measured in this study. Chemical composition of the extracted non-

structural components were determined following the methodology proposed by Kline et al. 

2013 [30]. Literature data [31, 32] was used to model the pretreatment, hydrolysis and 

fermentation of the switchgrass. 
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Table 5.2. Summary of conversion conditions used to model the switchgrass biorefinery. 

Extraction time (min) 60 

Extraction temperature ( ºC) 100 

Extraction solvent %wt. (ethanol) 95 

Extractives recovered (%) 59 

Solvent to feed ratio 4 

Chemical composition of extractives (%wt.)* 

Phenols  48.8 

Hydroxycinnamic derivatives 9.4 

Flavonols 4.4 

Glucose 5.0 

Sucrose 26.2 

Fructose 6.2 

Dilute acid conversion yields (%wt)+ 

Glucan to glucose 24.4 

Glucan to oligomers 0.3 

Glucan to furfurals 0.3 

Xylan to xylose 80.0 

Xylan to oligomer 2.4 

Xylan to furfural 5.0 

Acetate to acetic acid 100 

Lignin to soluble lignin 5.0 

Sucrose to glucose 100 

C6 to ethanol 95 

C5 to ethanol 85 

*assumed to quantify 100%, + [31, 32] 

 

5.3.3 Aspen Plus simulation  

A complete engineering process model for the conversion of switchgrass to ethanol using 

the standard dilute acid pretreatment biorefinery was developed using the approach reported 

by NREL 2011. For ease of use and modification, this NREL model was replicated at NCSU 

for this work using Aspen Plus® version 8.0. The Aspen Plus platform was adapted to simulate 

lignocellulosic biomass conversion process by the incorporation and proper definition of the 
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biomass constituents and the generated conversion products (glucan, xylan, lignin, oligomers, 

degradation products, and so on). Molecular weight, heat capacities, enthalpies of formation, 

and other physical chemical properties, are all required to generate accurate mass and energy 

balances. The experimentally derived data for the switchgrass chemical composition and the 

extraction conditions, and the literature data for chemical consumption, conversion yields, 

fluxes, and energy demand were then used to perform the overall techno-economic analysis.  

The Aspen Plus® dilute acid pretreatment model that converts corn stover into ethanol was 

downloaded from the NREL Biorefinery Analysis Process Model website. The mass and 

energy balance from this base case NREL model, run with corn stover, was compared to our 

simulation results in order to verify the simulation performance of the NCSU model run with 

corn stover. With the very similar results between the NREL and NCSU similar Aspen Plus® 

dilute acid pretreatment models, the NCSU model was used throughout this work.  

The ethanol extraction block, and the required solvent and product recovery blocks were 

also incorporated to the NCSU dilute acid model. The effects on CAPEX, OPEX, ethanol yield, 

and minimum ethanol selling price were investigated. Figure 5.1 shows a simplified block 

diagram of the proposed biorefinery conversion pathway. 

 

 

Figure 5.1. Block diagram for the switchgrass extraction, and biorefinery conversion plant.  
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In this works three cases were evaluated: 1) corn stover subjected to dilute acid 

pretreatment (case I), 2) switchgrass subjected to the same dilute acid pretreatment (case II), 

and 3) switchgrass with the ethanol extraction loop followed by dilute acid pretreatment of the 

residual biomass (case III). In all cases the analysis were performed for the same plant size, 

and with the same assumptions on costs and financing.  

 

5.3.4 Dilute acid pretreatment 

Dilute acid is a well-known chemical pretreatment technique where the biomass is 

subjected to dilute sulfuric acid at high temperatures and with short retention time. This 

pretreatment has shown potential for breaking down the lignocellulosic structure allowing for 

improved sugar conversion [4]. The process that has been extensively studied by NREL 2011 

uses dilute acid pretreatment of corn stover, followed by enzymatic hydrolysis of the 

carbohydrates remaining in the solid biomass into simple sugars, where the simple sugars are 

then fermented into ethanol [31]. Figure 5.2 shows the process layout and different conversion 

steps of the dilute acid process; from raw biomass to final ethanol product. 
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Figure 5.2. Simplified flow diagram of the overall dilute acid process. 

 

 

5.3.5 Ethanol extraction and solvent/product recovery 

The ethanol extraction, and solvent and product recovery process was designed to recover 

the non-structural components, also known as extractives, in their original form and high yield. 

In the process model the extraction step was coupled to the dilute acid pretreatment and ethanol 

production systems to give a complete biorefinery. The biorefinery was designed to process 

2,200 bdton/day of biomass feedstocks. The ethanol extraction process is divided into three 

sections; (1) solvent extraction, (2) solvent recovery, and (3) product purification (solids and 

organic mixture). Figure 5.3 shows the schematic of the proposed biorefinery section.  
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Figure 5.3. Schematic of the proposed solvent extraction and product recovery loop.   

 

The first section of this process involves the ethanol extraction of switchgrass. The 

switchgrass is received at approximately 7 to 10% moisture content. The switchgrass is 

chopped and conveyed to the digester. The 95%wt. ethanol solution is pumped into the reactor 

at a solvent to feed mass ratio of 4 to 1. The based on the screening work conducted at the 

University of Tennessee the reaction conditions are 100 °C, 2 atm with a residence time of one 

hour. Medium pressure steam is used to maintain the reactor temperature. During this time, the 

extractives and other non-structural sugars components, are dissolved in the solvent. After the 

retention time has been reached, the reactor is depressurized (flashed) to atmospheric pressure. 

One stream exits the reactor. This stream contains three phases: 1) the vapor phase that includes 

most of the ethanol, water, and some organic components, 2) the liquid that includes a small 
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fraction of ethanol, water, and the dissolved organic matter,  (the composition is driven by the 

thermodynamic equilibrium estimated by Aspen Plus®) and 3) the wet solids. 

The vapor phase, which contains ethanol and water, but not at the desired 95 %wt. ethanol 

is passed over a molecular sieve column, which will selectively adsorb water from the vapors. 

The amount of water adsorbed, and the composition of the vapors exiting the column are 

controlled by the design and dimensions of the unit. In this work the column is designed to 

adsorb approximately 30% of water contained in the stream with minor ethanol losses (~1%). 

The exiting stream is cooled and condensed by a heat exchanger (HX). Approximately 98% of 

the ethanol is recovered in this loop. The remaining ethanol goes either with the solids or with 

the liquid fraction sent to the evaporation train. In order to keep the process running at the 

desired solvent to solid ratio, make-up ethanol and make-up water are added into the process. 

The make-up ethanol is a fraction taken from the ethanol produced by fermentation of the 

monosaccharides after distillation. Given the relatively low solids content of the original 

extraction the make-up ethanol represents 18% of the final ethanol product (87 gal/bdton) 

being produced by the plant. The mass and energy flows associated with the make-up ethanol 

and water, as well as the water adsorbed by the molecular sieve are tracked in Aspen Plus®, 

which makes easier to manipulate the model when varying parameters such plant capacity or 

solvent to feed ratio.     

The solids and liquid fraction flow to the bottom of the flash. This stream contains the 

soluble extractive organic fraction, the extracted solids, ethanol and water. In order to 

maximize separation of the liquid fraction from the solids; a pneumapress pressure filter is 

included in the model. This unit provides separation by flowing compressed air (125 psig) 
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through the press as the wet solids are passing over the press [33]. This unit operates in a cyclic 

manner. The slurry is conveyed from the flash to a mixing tank (mixer) where the consistency 

is taken to 10% in order to make the mixture pumpable. The diluted slurry is then fed to the 

pneumapress washer. Water is pumped to the washer at a 0.58 water to feed mass ratio. The 

pressure at this stage of the process pushes the filtrate through the filter and the cake is ejected 

at a 55% insoluble solids that are then sent to the conditioning steps for the dilute acid 

pretreatment reactor (see figure 5.2). This unit was simulated in Aspen Plus® by connecting a 

series of blocks (mixers and splitters) that, in combination with design specifications, provides 

an accurate mass balance that corresponds to previous data showed by Aden et al. 2002 [33].  

The liquid stream that contains the organic matter, simulated as dissolved solids, has a 

concentration of around 4%. An evaporation train (3 effects) connected after the pneumapress 

unit is proposed to concentrate the “extractive solution” from 4 to around 40 to 50% dissolved 

solids depending on the desired product specifications. At this step the temperature is not 

higher than 103 ºC, still in the range were minimum product degradation is obtained [34]. A 

series of heat exchangers with flash vessels blocks were connected in order to simulate the 

separation units in Aspen Plus®. Low pressure steam is used as the heat source for the first 

evaporation effect and the steam generated from the first evaporation stage will then be used 

as the heat source for the subsequent effects. Based on experimental work 55% of the organic 

mixture extracted is recovered in this process. The remaining 45% is not recovered, this 

fraction is carried out either with the vapors after flashing or during the washing steps.   

Recovering a higher percentage of the extractions is clearly an opportunity to improve the 

overall process economics. 
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Current analysis does not include further purification stages for the extractives since this 

study is not seeking a specific final product but only the production of an organic co-product 

mixture that can be sold to another facility that is designed for a specific product(s) and 

application(s). Detailed analysis of the switchgrass co-product and its potential applications 

are subject of a current study.  

 

5.3.6 Economics 

Capital expenditure (CAPEX) was calculated using the equipment costs provided by the 

NREL report in combination with equipment size-cost correlations provided by Peters and 

Timmerhaus [31, 35]. Since these equipment sizes varied, the exponential scaling expression 

was used instead of re-costing in detail. In addition, this information have been updated to year 

2012 and is expected to remain similar through 2017. The purchase cost of each piece of 

equipment was estimated using current cost-year indices, and following the general formula 

for year-dollar back-casting. A list of the assumptions used in this analysis can be found in 

table 3.  

The financial evaluations are based on the assumptions used in the NREL report 2011 [31]; 

e.g., plant life, discount rate, general plant depreciation, general plant recovery period, steam 

plant depreciation, federal tax rates, financing, loan terms, construction period, among others. 

Chemical consumption (OPEX) was determined by the process simulation output, and their 

cost were obtained from the NREL report and from the literature. Enzyme cost was estimated 

at 1$/Kg assuming that in all cases CTEC 2 is used. Feedstock cost is assumed to be 58.5 and 

82 $/bdton for corn stover [31] and switchgrass [36] respectively. 
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Table 5.3. Major assumptions used in the economic analysis 

Plant Life 30 years  

Discount Rate 10 % 

General plant depreciation 200 % declining balance 

General plant recovery period 7 years 

Steam plant depreciation 150 % declining balance 

Steam plant recovery period 20 years 

Federal tax rate 35 % 

Financing 40 % equity 

Loan terms 10 year loan at 8 % APR 

Construction period 3 years 

Year 1 8 % 

Year 2 60 % 

Year 3 32 % 

Working capital 5 % of fixed capital investment 

Startup time 3 months 

Revenue during startup 50 % 

Variable costs incurred during startup 75 % 

Fixed costs incurred during startup 100 % 

Hours per year 8,410 h/year 

Enzyme cost 1 $/Kg 

Assumed organic mixture selling price 0.5 $/Kg 

 

 Results and discussion 

Table 5.4 shows a summary comparison of key results from the technical and economic 

analysis. The comparison includes the conversion of corn stover into ethanol (I), the conversion 

of switchgrass into ethanol using the same process (II), and the pre-extraction of switchgrass 

with production of ethanol using dilute acid pretreatment on the solid residues (III).  

As expected, the scenario that includes the ethanol extraction loop (III) has higher capital 

investment costs (~10% higher) when comparing to cases I and II due to the additional 

equipment required for the solvent extraction, solvent recovery and partial dehydration of the 
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final organic mixture. Variable operating costs are higher for the scenario where switchgrass 

is converted only into ethanol (case II) due to the higher costs associated with the biomass and 

chemicals. The primarily due to the higher cost of switchgrass relative to corn stover (82 vs. 

58.5 $/bdton) [31, 36].  

The variable operating costs also includes all the credits generated from the production of 

co-products, e.g., electricity and the organic mixture. In case III, it was assumed that the 

extracted co-product mixture could be sold for 50 cents per kilogram of solution at 50% 

concentration. Since almost 215 tons per day of switchgrass extract is generated, the credits 

from this stream translate into a 13% reduction in the variable operating cost for case III. It is 

important to notice the significant contribution that the generation of a co-product could offer 

to the economics of the process. Case I and II the co-product is electricity sold to the grid and 

only accounts for 10 to 13 cents per gallon of ethanol, respectively. On the other hand, for case 

III the co-product credits for the extractives and electricity could be up to 80 cents. These 

differences are shown in Figure 5.4.  

Comparing the conversion of corn stover and switchgrass into ethanol using the dilute acid 

pathway as proposed by NREL shows two major differences in the economics; 1) cost of the 

biomass, and 2) the ethanol production yield. This two major differences have a significant 

impact on the MESP, 2.37 and 2.48 $/gal for cases I and II respectively. Even though the 

ethanol yield is higher when switchgrass is processed (87 gal/bdton), this increased yield and 

revenue are not sufficient to compensate the large difference in the biomass cost. The 

difference in biomass costs represents an 11 cents addition to the MESP. This result is in 



 

100 

agreement with several studies that show biomass cost as one of the main MESP driving factors 

[37]. 

 

Table 5.4. Summary of key results 

 DA of corn  

Stover (I) 

DA of switchgrass 

(II) 

DA of switchgrass 

with extraction loop (III) 

Total capital 

investment ($) 
423,300,000 425,500,000 467,000,000 

Variable operating 

cost (c$/gal) 
127.9 149.64 122.3 

TCI per annual 

gallon ($/gal) 
6.94 6.20 8.49 

Fuel yield (gal/bdton) 79 87 71 

MESP ($/gal) 2.37 2.48 2.52 

 

The revenue generated from the extracted organics has also implications on the MESP. 

Based on the results in table 5.4, it appears that a selling price of 50 cents per kilogram for 

these organics is able to compensate the higher capital investment required by extraction loop 

and maintain the MESP at 2.52 $/gal for case III. An additional analysis shows that increasing 

the sales price of the organic mixture from 0.50 $/kg to 1 $/kg, the minimum ethanol selling 

price can be reduced to 1.84 $ per gallon which would increase the economic appealing of the 

dilute acid biorefinery. In addition, if keeping the MESP fixed at 2.5 $/gal of ethanol and 1 

$/Kg of organic mixture, the IRR would increase up to 18% showing an even more positive 

return.   

In addition, this extraction process requires the use of a relatively large amount of the total 

ethanol production (18%) as make-up solvent in the extraction loop, which were estimated to 

be 2% of the total ethanol in the loop (see section 5.3.5). Therefore, production of the extracted 
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organics must compensate the increment in CAPEX but also the reduction in the ethanol 

production yield. If the ethanol make-up is reduced to 9% of the total ethanol production the 

MESP will decrease to 2.27 $/gal.  

 

 

Figure 5.4. Operating costs for dilute acid pretreatment of corn stover and switchgrass. 

 

Figure 5.4 summarizes the manufacturing costs in cents per gallon of ethanol produced. 

Consistent with all these analyses the most significant contribution to the MESP is the 

feedstock, contributing 70.9, 111.5, and 139.1 cents per gallon of ethanol for cases I, II, and 

III, respectively. Case III shows the greatest impact of feedstock price since it is the process 

with the lowest ethanol yield. Another significant contributor to the ethanol selling price is the 

enzyme usage. In this analysis we have assumed a price of 1 $ per kilogram of enzyme solution 

 $(1.00)

 $(0.50)

 $-

 $0.50

 $1.00

 $1.50

 $2.00

 $2.50

 $3.00

 $3.50

Case I Case II Case III

M
in

im
u

m
 e

th
a

n
o

l 
se

ll
in

g
 p

ri
ce

 (
$

/g
a

l)

average return of investment

average income tax

capital depreciation

fixed costs

co-products credits

other raw material

enzyme

ammonia

sulfuric acid

feedstock and hadling



 

102 

for all three cases. Enzyme consumption for all three processes was calculated based on the 

amount of cellulose available in the substrate, in this case 20 mg of protein per gram of 

cellulose. Therefore, due to differences in cellulose content all three process vary slightly in 

their enzyme use. Other chemicals like sulfuric acid and ammonia for acid neutralization 

represent a minor contribution on the overall economics. Operating costs were assumed to 

remain the same in all three cases. Even though additional unit operations were included with 

the solvent extraction the base case personnel were consider sufficient.  

 

 
Figure 5.5. Sensitivity analysis for switchgrass solvent extraction and dilute acid conversion.  

 

Results from the sensitivity analysis performed on case III (figure 5.5) suggest this case is 

more sensitive to downside risks than case II. A variation of +/– 25% from the central 

assumptions and the recalculation of the MESP was used to evaluate the impact of key 

variables on the overall process economics. Key variables include product yields, biomass cost, 
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and enzyme cost, and how much of the ethanol can be recovered in the process. As expected 

these results indicate that an increase in the ethanol yield will reduce the MESP whereas, based 

on the line slope, a reduction in the ethanol yield would result in a significant increase in the 

MESP. This implies that a decrease in the ethanol yield will have more negative impact on the 

economics than improvements that increase the production. Biomass cost is also very 

important, and represents the second most significant factor for the MESP. Biomass costs 

directly impact the MESP through the variable operating costs. The sales price of the organic 

mixture, costs of enzyme, and capital investments also have the expected impact on the MSEP. 

From figure 5 it can also be clear that the amount of ethanol recovered in the extraction loop 

plays an important role on the overall economics. This factor is associated to the ethanol yield, 

a higher amount of ethanol recovered would increase the overall ethanol production and would 

reduce the MESP which opens the opportunity for further process improvements.     

        

 Conclusions   

The techno-economic analysis presented in this paper explored the cost of producing a co-

product generated from the ethanol extraction of switchgrass, and its implications on the 

economics of a dilute acid biorefinery. Based on this economic analysis the co-production of 

bioethanol and a mixture of non-structural switchgrass components can potentially be 

produced at a competitive 2.52 $/gal of ethanol, assuming a co-product selling price of 0.50 

$/kg. The production scenario with the extracted co-product produces less ethanol (71 

gal/bdton) compared to the two base case scenarios, e.g., 79 and 87 gal of ethanol/bdton for 

cases I and II, respectively. The co-product extraction also required a higher capital 
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investments. The techno-economic model also allows us to predict a MESP of 1.84 $/gal if the 

sales price of the switchgrass extractives is 1 $/Kg. In addition, an IRR of 18% can be reached 

when MESP is set in 2.52 $gal/bdton and the sales price of the switchgrass extractive are 

estimated to be 1 $/Kg. Sensitivity analysis of key process variables found ethanol conversion 

yields to have significant impact on the final MESP. A reduction of 25 % in the ethanol yield 

could result in a MESP close to the 4 $/ gal of ethanol. As common for these processes the 

MESP is very sensitive to the cost of biomass.  

Future work includes the need for a more detailed characterization of the co-product 

switchgrass extractives in order to better determine the value of the mixture, and/or its 

individual fractions. Since this process is in a very early stage of development, before this 

process can attract commercial interests the impacts of different technologies for ethanol 

recovery, higher recovery of the switchgrass extractives, along with experimental validation 

of the hydrolysis and fermentation performance of the ethanol extracted switchgrass residues. 

Other conversion routes or the processing a different feedstock may also provide other 

promising pathways for the product diversification of a biorefinery.     
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6 Simulating the Conversion of Biomass to Transportation Fuels. 

Predicting the Impacts of Feedstock Chemical Composition on Product 

Yields Using Aspen Plus®. 

 

 Abstract 

Engineering process simulations can be used to evaluate the impacts of different 

technologies and pathways for the conversion of biomass feedstocks into a liquid 

transportation fuels. Previous work has centered on techno-economic analysis of alternative 

technologies that can be used to improve the economics and life cycle impacts of the 

conversion process. This study examines the impacts of variations in chemical composition of 

different biomass feedstocks on the biofuel product. The pyrolysis coversion process is 

simulated in Aspen Plus® and integrated with a FORTRAN subroutine that contains an 

empirical model using bench scale data, that predicts pyrolysis product yields as function of 

carbon and ash content in biomass. This empirical model is developed using experimental data 

collected from 10 different biomass feedstocks. The simulation includes the fast pyrolysis 

reactor, bio-oil fractionation units, steam refoming, and hydrocracking used for bio-oil 

upgrading. Four different feedstock, pine, red maple, switchgrass and acacia bark are selected 

for detailed evaluation using this process model. Model results show that the species that 

provided the highest biofuel yield were red maple and switchgrass with ~180 l/bdton of 

biomass, while loblolly pine produced 173 l/bdton and acacia bark, the feedstock with the 

highest ash content, only yielded 147 l/bdton. This work also dicusses other important factors 
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like carbon efficiency, and the implications on the process conversion when a high ash content 

biomass is processed. 

 

 Introduction 

Concerns over climate change and a desire for an economy with reduced dependence on 

petroleum fuels has led to investments in new technologies for conversion of biomass into 

liquid fuels and other bioproducts. The US DOE has expanded its focus to include production 

of “drop-in” hydrocarbons useful to replace gasoline, diesel and jet fuels. The Energy 

Independence and Security Act of 2007 (EISA) passed by Congress has a 2022 production 

goal of 136 billion liters of liquid fuels produced from renewable sources [1]. The global 

production of biofuels by 2008 was of 83 billion liters (including first and second generation 

biofuels) but still represents a small share of the transportation fuel market [2]. Nearly a billion 

dollars in private capital has been invested in a series of commercial scale lignocellulose 

biofuels processes. Currently a series of projects are viewed as commercial successes, DuPont 

[3], Abengoa [4], Beta Renewables [5], Poet-DSM [6], but also some high profile commercial 

failures, Kior [7] and Range Fuels [8]. These success, and failures, highlight the need for robust 

technology, and a sound business plan.  

Both biochemical and thermochemical production pathways for biofuels have been 

developed and operated at commercial scale. The biochemical route typically produces ethanol 

from mixed sugars released from lignocellulosic biomass, [9, 10], although butanol, 

hydrocarbons and chemical intermediates can all be produced from these mixed sugar streams 

[11]. The lignin rich residues can be used for process heat and power, or potentially for value-
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added products. The thermochemical route uses the entire biomass feedstock to produce an 

array of hydrocarbon products using gasification and gas-to-liquids, or one of many alternative 

pyrolysis and upgrading technologies [12]. The thermochemical routes have a fundamental 

advantage in that they use the entire biomass feedstock and they can directly produce an array 

of hydrocarbons useful as drop-in fuels. [13].  But the thermochemical route also has the 

challenge of producing an oxygen-free fuel product from an oxygen-rich biomass feedstock. 

Fast pyrolysis has attracted attention since it uses a variety of biomass feedstocks to 

produce gas, liquid and solid products [2, 12, 14]. However, direct utilization of the bio-oil is 

not possible due to its acidic, complex nature and its high oxygen content [15, 16]. Raw bio-

oil has a high oxygen content/high polarity, is acidic (pH between 2.5-3.4), and a high water 

content makes it corrosive and thermally unstable, and gives poor miscibility with conventional 

fuels [17, 18]. These limitations highlight the need for upgrading the bio-oil, using catalysts, 

high temperatures and elevated pressures, with their associated capital and operating costs. 

Thus, optimization of the integrated pyrolysis and upgrading process are critical for the overall 

economic feasibility of these processes [19, 20].  

Over the past 20 years a variety of different technologies and pathways for bio-oil 

upgrading have been proposed [21]. Most of these processes are modeled after technologies 

used in oil refineries. The vast majority of these processes include fluid catalytic crackers, 

reformers, and a variety of hydrotreaters [22]. UOP (Universal Oil Products), NREL (National 

Renewable Energy Laboratory), and PNNL (Pacific North West Laboratory) have presented 

several pathways for bio-oil upgrading [19-21]. UOP in 2005 [21] proposed that the bio-oil 

upgrading could be performed by a single stage hydrocracking of the organic phase of the bio-
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oil. As mentioned before, the crude bio-oil is composed of water, water-soluble molecules, and 

water immiscible organic compounds. Thus, by inducing a phase separation, the aqueous phase 

can be separated from the heavy organic phase allowing for hydrocracking of the organic 

phase, which can be optimized for the organic phase alone that generates the fuel products. 

The aqueous phase, e.g., water and water solubles, which may represents around 65-70% of 

the crude bio-oil, can be sent to a steam reformer to produce the hydrogen required to upgrade 

the remaining 30% of the bio-oil (also termed the “pyrolytic lignin”). However, this upgrading 

pathway provides a relative low overall biofuel yield. An alternative route is to upgrade all the 

bio-oil and generate the hydrogen from natural gas [23].  These different routes have very 

different economics and GHG emissions, and the “preferred” route would heavily depend on 

the bio-oil yield, natural gas prices, and the value of the fuel products.  

In 2010 NREL proposed a similar upgrading pathway to the one developed by UOP in 

2005. They proposed a modification where the crude bio-oil was split before entering the single 

stage hydrocracker, with 38% of the bio-oil used to generate the hydrogen and 62% of the bio-

oil flowing to the hydrotreater [19]. In 2013 PNNL proposed the bio-oil upgrading through a 

several hydrotreating stages, from mild to more severe conditions. The hydrogen generation 

came from the reforming a combination of the non-condensable gases and natural gas. This 

approach avoids the generation of a heavy tar product common to single stage hydrotreaters. 

PNNL proposed a first stage stabilizer with mild temperatures of around 180 °C, then two 

additional hydrotreating reactors, one at 250 °C and the second at 425°C. Finally, by using two 

distillation columns they obtain gasoline and diesel separately, and the bottom product is sent 

to a hydrocracker for production of additional fuel [20].  
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It is important to mention that limited data around bio-oil upgrading is available and the 

detailed kinetics of this complex process are not fully understood yet. The lack of knowledge 

about the actual compounds in the bio-oil, what compounds are being formed and which are 

reacting during upgrading, the differences between the produced hydrocarbon with petroleum 

derived fuels, and the amount of aromatics that appear in the upgraded bio-oil, are some of the 

factors that make the upgrading process more complicated than just the removal of the oxygen 

[24]. Therefore, the process simulation of these stages requires several assumptions that will 

impact alternative process configurations.             

The approach taken in this study was to develop an Aspen Plus® pyrolysis and upgrading 

model that could predict changes in the fast pyrolysis product yields (organic liquids, water, 

char and non-condensable gases) using biomass chemical with varying composition; ultimate 

and proximate analysis. The principle or design basis of the entire biorefinery; from feedstock 

handling, through fast pyrolysis to the bio-oil upgrading, was supported by process flow 

diagrams proposed by NREL and PNNL [19, 20, 25] with some variations based on our own 

engineering insights and experimental data. The heat and material balances from the simulation 

were then used to estimate the impacts of variations in the moisture content, chemical and ash 

composition of the biomass on the performance pyrolysis biorefinery.  
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 MATERIALS AND METHODS 

6.3.1 Empirical model development  

Total carbon and ash content were identified as the key factors that impact the pyrolysis 

product distribution. These two factors were selected as they provided the best correlation 

between the chemical composition of the biomass and the experimentally derived yield of 

pyrolysis products obtained from a lab scale pyrolysis system [26]. Total carbon and ash 

content of 10 different feedstocks; six hardwoods, two hardwood barks, one softwood, and 

switchgrass were acquired. Table 6.1 shows the ultimate and proximate composition of the ten 

different biomass species selected for this study. These correlations are not unexpected as 

carbon is critical for the carbon balance [27] and ash is well-known to effect the decomposition 

of biomass carbohydrates [28-30].  

 

Table 6.1. Thermochemical properties of selected biomass. 

Sample 
Ultimate composition (wt. %) Proximate composition (wt. %) 

C H N O Volatile matter Fixed carbon Ash 

loblolly pine 48.4 4.7 0.09 46.3 86.1 13.3 0.6 

switchgrass 46.6 5.1 0.29 46.6 82.6 15.9 1.4 

acacia 48.4 4.9 0.22 45.9 80.6 18.8 0.6 

beech 48.2 5.4 0.12 45.8 84.1 15.3 0.5 

red maple 47.4 5.0 0.09 47.2 87.7 12.0 0.3 

sourwood 46.9 5.0 0.08 47.5 89.2 10.3 0.5 

sweetgum 46.4 5.1 0.10 47.7 87.2 12.1 0.8 

poplar 47.1 5.0 0.14 47.2 85.5 13.9 0.6 

acacia bark 49.9 4.8 1.35 40.7 74.9 21.9 3.3 

beech bark 44.5 4.9 0.43 42.9 74.3 18.4 7.4 

Note: O%=100%-C%-H%-N%-Ash% 
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Each biomass was then subjected to the pyrolysis reaction, using the reactor and process 

conditions previously described by Meng et al., 2012 [26], and the individual pyrolysis 

fractions were recovered. Figure 6.1 shows the mass fraction for the individual components 

obtained for these selected feedstocks.  

  

 

Figure 6.1. Mass balance of principal fast pyrolysis products. Char, organic liquid, water, and 

non-condensable gases (NCG). (The NCG were determined by difference to close the mass 

balance). 

  

A simple 1st order linear regression (using Excel Data Analysis ToolPack) was used to 

identify relationships between the chemical composition of the biomass and the mass yield of 

the crude pyrolysis products. All the individual components, e.g., wt. % carbon or oxygen, or 

volatile matter or fixed carbon, and binary combinations, e.g., carbon-ash, hydrogen-ash, 
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oxygen-ash, oxygen-carbon, hydrogen-oxygen, and hydrogen-carbon, were tested for their 

correlation to the yield of the different bio-oil fractions. Among these combinations oxygen-

ash and carbon-ash were the ones that showed the highest R2. The carbon-ash combination 

showed the best correlation with R2 of 0.94, 0.55, 0.93, and 0.98 for water, NCG, organics, and 

char respectively. For the oxygen-ash combination the R2 obtained were 0.93, 0.54, 0.91, and 

0.98. The low R2 values for the NCG were expected since these values were not measure 

experimentally but the mass balance was normalized to 100% mass balance carrying thus an 

accumulated error.     

Carbon and oxygen are the dominate components in biomass, and these two features 

contain essentially the same information. Since carbon is the atom of interest in the final fuel 

products the carbon-ash composition were used for all subsequent analyses. Thus, this model 

can predict the pyrolysis products as follow: 

 

Water(%) = −29.84 + 0.82 × Totalcarbon(%) + 2.63 × Ash(%)          (Eq. 6.1) 

Non − condensablegas(%) = 12.97 + 0.33 × Totalcarbon(%) − 1.09 × Ash(%)  (Eq. 6.2) 

Organics(%) = 197.44 − 2.99 × Totalcarbon(%) − 4.69 × Ash(%)        (Eq. 6.3) 

Char(%) = −80.57 + 1.84 × Totalcarbon(%) + 3.15 × Ash(%)         (Eq. 6.4) 

 

Similar to other work in this initial modeling we did not account for the well-known 

changes in the chemical composition of the crude bio-oil and non-condensable gases with 

changes in the biomass source. In other words, the chemical composition of the non-

condensable gases and organic fraction are not correlated with the biomass chemical 
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composition. The assumed pyrolysis bio-oil and non-condensable gases composition was taken 

from the PNNL report 2013 [20].    

 

6.3.2 Process simulation 

The simulation of biomass fast pyrolysis, as well as the other unit operations, e.g., 

hydrotreating, hydrocracking, steam reforming, residue combustion that are required for the 

complete conversion of biomass to biofuels, differ widely from those commonly used in 

conventional petro-chemical processes since they require the addition of complex solid 

materials such biomass, and the reactions of these complex, heavily oxygenated compounds 

are not well-known. The incorporation of these materials to the simulation will modify the heat 

and mass balance of such processes e.g., combustion heat, and the model to determine the 

enthalpy and density of the biomass. Thus, the proper definition of these components is 

imperative. In this case, the INPUT stream that includes the raw and wet biomass was defined 

to contain a non-conventional component with experimental data for the ultimate (H, C, O, N, 

and ash content), and proximate analysis (moisture, fixed carbon, and volatile matter) for each 

of the biomass species.  

The simulation of biomass fast pyrolysis also includes other the reaction products 

generated during the lignocellulosic thermal depolymerization. These reaction products were 

simulated as conventional components in the MIXED stream. Most of these compounds are 

included in the Aspen Plus® database such ethane, propane, the acids, aldehydes, and so on, 

and for those that are not, they were approximated using the Aspen Plus® physical-chemical 

tools. Bio-oils are a complex mixture of hundreds of compounds, and trying to include all of 
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these compounds makes the simulation unnecessarily complex, Following the approach taken 

by PNNL we selected a series of model compounds to represent different classes of chemicals 

identified using standard analytical tools for bio-oil [20]. Table 6.2 shows a list of the different 

functional groups, and compounds that were selected to represent the composition of the bio-

oil mixture in this work.  

The process simulation flowsheet was constructed by arranging different unit operations 

modules provided by the Aspen Plus® simulator; reactors, heat exchangers, pressure changers, 

and so on. However, in the case of biomass drying and pyrolysis reaction, the simulator does 

not provide built-in blocks that allow us to predict products based on the software models. 

Thus, it was also necessary to write our own FORTRAN subroutines that would predict product 

yields (the empirical model) in combination with the proper offered blocks.  
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Table 6.2. Model compounds selected that represent bio-oil chemistry in the process. 

Compounds that are not included in the software databases are noted as User defined. 

Functional group Model compound Formula 
Aspen Plus 

databases 

Acids Crotonic acid C4H6O2 ✓ 

Alcohols 1,4-Benzenediol C6H6O2 ✓ 

Ketones Hydroxyacetone C3H6O2 ✓ 

Aldehydes 3-methoxy-4-hydroxybenzaldehyde C8H8O3 ✓ 

Guaiacols Guaiacol C7H8O2 ✓ 

Low MW sugars Levoglucosan C6H10O5 User defined 

High MW sugars Cellobiose C12H22O11 User defined 

Low MW lignin A Dimethoxy stilbene C16H16O2 User defined 

Low MW lignin B Dibenzofuran C12H8O User defined 

High MW lignin A Lignin derived C20H26O8 User defined 

High MW lignin B Phenyl-coumaran C21H26O8 User defined 

Extractives Dehydroabietic acid C20H28O2 ✓ 

Ash Silicon dioxide SiO2 ✓ 

Char As defined by NREL 2006 C6.76H3.56O User defined 

  

Four different feedstock were selected for detailed simulation, e.g., a softwood, a 

hardwood, a perennial grass, and bark. They were chosen in order to evaluate the impacts of 

feedstock variations on the final biofuel product. Bark was included to show the influence of 

a high ash content feedstock. These four feedstocks also vary widely in their costs and many 

attributes of their supply chain, which will impact the overall economic and LCA footprint of 

integrated biofuel production process. In particular, bark is potentially attractive since many 

pulp and wood products mills generate large volume of bark, and derive little value from it. 

[31]. Loblolly pine, a softwood, as the most common commercial wood resource in the 

southern U.S. It has also served as the feedstock for several initial commercial biorefinery 

demonstartions [20, 32, 33]. Switchgrass, a non-woody biomass, was selected since it has been 

identified as a potential feedstock for bioenergy with a high productivity, and at only required 
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3 years to reach this high annual productivity [34]. Finally, red maple was selected as 

representative, medium density hardwood with potential for bioenergy production [33].  

     

6.3.3 Conversion process overview  

This biorefinery was designed to produce a both diesel and gasoline cuts from different 

lignocellulosic feedstock using fast pyrolysis for the initial biomass conversion. This model 

biorefinery was “designed” to processes 500 dry tons per day, which is a relatively small 

amount of feedstock compared to a modern pulp mill. The biorefinery is divided into three 

sections; (1) biomass preparation/drying, (2) the pyrolysis reaction and subsequent 

fractionation of the primary products; biochar, bio-oil and non-condensable gases, and (3) the 

catalytic upgrading of the bio-oil into a biofuel blend. Figure 6.2, shows a simplified flowsheet 

of the biorefinery facility. 
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Figure 6.2. Aspen Plus® flowsheet of the fast pyrolysis biorefinery. A simplified version for 

better understanding. INPUT: feedstock, DRYR: dryer, D-FEED: dried feed, GDR: grinder, 

SCRN: screener, PY-FEED: fast pyrolysis incoming input, REACTR: fluidized bed reactor, 

PY-PROD: fast pyrolysis products, CAR-G: carrier gas, CYCLNS: cyclones, CHAR: char/ash 

product, COMBTR: combustor, COMB-GAS: combustion gas, CND: condenser, ESP: 

electrostatic precipitator, NCG: non-condensable gases, BIO-OIL: bio-oil product, FSPLIT: 

bio-oil splitter, TO-STREF: fraction of bio-oil to steam reformer (38% of bio-oil), REFMR: 

steam reformer, STEAM: steam to reformer, S-GAS: syn-gas, PSA: pressure swing absorber, 

GAS: off gases, HYDROGEN: hydrogen generated, HYD-CRCK: hydrocracker, WAT-GAS: 

off gasses from hydrocracker, FUELS: fuel blend, CWIN: cold water input, STM: steam, HOT-

AG: hot air and gas, EXH-AG: exhausted air and gas. 

  

The first section of the facility includes all the feedstock preparation and drying steps that 

will make the feedstock suitable for feeding into the pyrolysis reactor2. The feedstock is 

received and chopped to a particle size of 10 mm in order to improve the drying step (DRYR). 

The second step involves the drying and moisture control. This step was designed to take the 

moisture content to a final 7% in all cases of study [19]. The initial moisture value varied 

depending on the feedstock. The simulation of the dryer (DRYR) was performed using a 

                                                 
2 Size reduction; in order to facilitate heat transfer rates with a high surface area per unit volume of particle, and 

drying; in order to avoid the evaporation of the water to consume the heat available for pyrolysis and also to 

maximize the quality of the bio-oil (low water content). For simulation purposes we assumed no problems with 

bridging and lock hoppers. 
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reaction block connected to a calculator block that would calculate based on initial 

specifications (INPUT) the amount of water evaporated, required air, and also the energy 

demand. The theoretical minimum drying energy demand is often presented as 2,442 kJ per 

Kg of moisture evaporated [35]. To maximize the overall efficiency of the biorefinery the drier 

is designed to use high temperature combustion gases (COMB-GAS) from the char combustor 

(COMBTR) in combination with make-up air at 25 ºC. This combination of hot flue gas and 

air (HOT-AG) is fed to the dryer at 307 ºC in order to avoid unintended combustion of the 

biomass [20]. The amount of air mixed with the gases from the combustor is controlled by a 

design specification to control the desired temperature. After the dryer the biomass is feed (D-

FEED) to a grinder (GRD) in order to reduce the particle size to around 3-5 mm in order to 

meet the requirements of the fluidized bed reactor [19, 36].  

In the second major Aspen Plus® block the dried biomass (PY-FEED) is fed to the 

pyrolysis reactor (REACTR). Consistent with numerous experimental and demonstration 

projects [19, 20, 37] the reactor is designed to produce four fractions, bio-oil (organic liquid + 

water), gases, and char. The reactor conditions selected for this work include a fluidized bed 

reactor set at 550 °C, with an oxygen free atmosphere, with a residence time of approximately 

0.5 sec. [38]. These conditions are reported to be effective for the production of high grade 

hydrocarbons from biomass [39]. A fraction of the non-condensable gases (CAR-G) are 

recirculated to the reactor to serve as the fluidizing gases at a gas-to-feed ratio of 2.5 on a 

weight basis [36]. The reaction and product formation was simulated in detail in Aspen Plus® 

through the integration of an R-Yield reactor block, provided by the software, and a calculator 

block that would include the empirical equations mentioned in section 6.3.1. The heat required 
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by the reactor is provided by the combustion reaction of the char and the remaining fraction of 

NCG.     

After the reactor a series of cyclones (CYCLNS) are connected in series in order to separate 

first the solid particles such char and ash from the vapors and NCG, and produce a high purity 

bio-oil. The solid particles separated in the cyclones, are sent to a combustor (COMBTR). This 

unit will burn the char produced and also 10% of the non-condensable gases while the 

remaining 90% of the gases are used as carrier gas in the fluidized bed reactor. This combustor 

will generate the heat required by the steam reforming stage, and will also generate a fraction 

of the required power.  

The “clean” stream that contains the organic vapors and the non-condensable gases is then 

sent to a two-stage quench or rapid cooling in order to minimize secondary condensation 

reactions (CND) [40]. The condensation stage includes an electrostatic precipitator (ESP) that 

will allow a maximum recovery of the liquid fraction and a cold water heat exchanger 

connected to a cooling service (CWIN) that generates extra steam (STM). The two fractions 

of condensate are collected and combined while the non-condensable fraction is recirculated 

back to the process for the fluidizing medium for the reactor, and a portion is sent to the 

combustor. 

Finally, in the third block the large bio-oil molecules are deoxygenated and cracked into 

smaller hydrocarbons. Similar to the technology used for conventional hydrocarbon fuels, this 

work uses a single stage hydrocracker (HYD-CRCK). This model assume the upgrading of 

62% of the clean bio-oil product [19]. The hydrocracker unit was modeled as a RYield reactor 

where conversion yields were taken from literature data [20]. The reaction was modeled at 450 
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°C with pressures of 14 MPa. This reaction typically requires a nickel-molybdenum catalyst. 

This process model does not include catalyst consumption but it has been estimated to be 

between 0.05-0.15 kg per metric ton of feedstock, based on information taken from petroleum 

refineries [41]. During the hydrocracking treatment, the bio-oil contacts with a large excess of 

hydrogen. The hydrogen required by the process is generated by the steam reforming 

(REFMR) from the other 38% of the total bio-oil liquid stream (BIO-OIL stream). The steam 

reformer is simulated using an RGibbs reactor block. This block operates at 700 °C and Aspen 

Plus® is able to predict H2, CO, CO2, and H2O from the multiple components participating in 

the reactions. The hydrogen is then purified through a pressure swing absorber and the rest of 

the gasses are combined with the off-gasses after hydrocracking.        

 

 Results and discussion  

 

6.4.1 Empirical equations 

Figures 6.3 and 6.4 show the calculated yields of pyrolysis products, e.g., char, organic 

liquid, water, and non-condensable gases obtained using the empirical equations developed 

from experimental data and the Aspen Plus® model. Figure 6.3 shows how the different 

product fractions correlate linearly with the amount of carbon in the biomass for an ash content 

fixed at 1% (representative of the average value in woody biomass) [42]. Figure 6.3 shows that 

the organic liquid yields decrease as the carbon content of the biomass increases, for this range 

of materials. This unexpected result is due to an increase in the char faction that increases as 

the carbon content increase. These results are consistent with the work of Oasmaa et al. 2010. 

They showed that when the O/C molar ratio increases, the yield of organic liquid tend to 



 

126 

increase proportionally. They attribute this results to the ratio of lignin and hemicelluloses in 

the feedstocks [32].  

The yields of the individual pyrolysis fractions are significantly impacted by the ash 

content. Figure 6.4 shows how the Aspen Plus® model predicts that an increase ash content 

from 0.5 up to 4.5%, decreases the yield of the organic fraction from 55% to 36%. There is a 

corresponding increase in the water yield, a doubling of the water produced at 0.5% ash, while 

char content increases. From the experimental data (Figure 6.1), it can be observed that total 

char and water produced in our pyrolysis system are significantly higher for the feedstocks 

with elevated ash content; in this case beech and acacia bark. The impacts of ash on the yield 

and composition of pyrolysis fractions have been well-documented. Increases in ash produces 

more water and leads to more char formation during pyrolysis [17, 43]. This is due in large 

part to the interaction between the ash and the carbohydrate fraction. 
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Figure 6.3. Product yields from biomass fast pyrolysis as function of carbon content. Ash 

content is fixed at 1%. 
 

 

 

Figure 6.4. Product yields from biomass fast pyrolysis as function of ash content. Carbon 

content is fixed at 47%. 
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6.4.2 Process simulation 

Figure 6.5 compares the Aspen Plus® simulation results for the bio-oil production and 

upgrading for the four selected feedstocks. Based on this modeling work the hardwood and 

SWG are expected to produce the highest bio-oil yields (organic liquid plus water); 63 and 

65% of OD biomass feedstock, respectively. Loblolly pine yields are essentially the same at  

61%, but the acacia bark is significnatly lower with only 52% conversion. Considering both 

the carbon content and the ash content that the amount of water in bio-oil is dominated by the 

high ash content in switchgrass and bark, with 14 and 19% water, respectively. The effects of 

ash are even more complex when one considers the effects of specific elements such as alkali 

metals, specifically potassium, that interact specifically with carbohydrates to generate 

relatively higher amounts of water thus decreasing the yield of the organic fraction [32, 44].  

 

 
Figure 6.5. Biomass fast pyrolysis and bio-oil upgrading yields. Biomass to bio-oil and 

biomass to fuel yields wt.% based on dry feed. 
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It is also important to emphasize that this work uses the same assumptions of the prior 

modeling where the yields obtained for the bio-oil upgrading to biofuel is held contant and 

shows no relationship to ash and carbon content in the feedstock [20]. Regardless of the 

composition of the organic fraction feed into the hydrocracking, the ratio between bio-oil to 

biofuel produced will be constant [19]. This is due to the focus on the modeling which was 

designed only predict the pyrolysis product yields. These Aspen Plus® simulations need to be 

updated to include compositional details and compound specific yeilds for the hydrotreating 

step. Downstream in the process, as shown in figure 6.2, the bio-oil stream is split into two 

fractions; 38% of the bio-oil is sent to steam refoming in order to generate the hydrogen to 

upgrade the remainig 62% that is sent to the hydrocracking unit. The splitting of the bio-oil 

stream will lead to a lower overall biofuel yield (~40% less fuel product) but at the same time 

it will be a stand-alone process with no dependancy on natural gas or another hydrogen source, 

thus improving the greenhouse gas (GHG) footprint of the resulting fuel product. More 

research is required to determine the relationship between specific bio-oil chemistry and the 

resulting biofuel chemical composition, and the associated hydrogen demand and reaction 

kinetics.  Clearly, some combination of reforming the bio-oil and reformign natural gas could 

be used to balance the capital and operating costs, and also the GHG footprint 

Regarding the overal yield, biomass to biofuel, the Aspen Plus® simulation suggests that 

the hardwood provided the highest biofuel yield (15% of the original biomass). This yield is 

only about 1 to 1.5% higher compared to the yields of switchgrass and pine. These values can 

be also presented as 180, 181, 173, and 147 liters per dry ton of swithgrass, hardwood, 

softwood, and bark respectively.  
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6.4.3 Process Economics 

These feedstock specific varitions in fuel yield highlight the important of looking at an 

integrated process when evaluating the overall techno-economic potential. The work here was 

simulated in Aspen Plus®, which also generates information on capital and operating costs. 

Table 6.3 shows important parameters to be used to evaluate the economic perfomance of the 

biorefinary facility using different biomass feedstocks. 

 

Table 6.3. Summary of key data and results obtained from the mass and energy balance 

provided by the process simulation. Chilled water sevice (ChW), cold water (CW), make up 

water (M-upW).    

Biomass 
Moisture  

content (%) 

Power def.  

kWh 

ChW  

(l/l fuel) 

CW  

(l/l fuel) 

M-upW  

(l/l fuel) 

H
2
 

(MMscfd) 

L. Pine 30 1630 40.9 291 1.4 3.5 

SWG 10-20 1470 38.7 265 1.4 3.6 

R. Maple 45 1680 40.1 265 1.4 3.6 

A. Bark 45 1100 42.6 320 1.4 3.1 

 

From Table 6.3, it is clear that the electricity or power deficit is different for the four 

feedstocks. This is a result of differences in the amount of char produced during the pyrolysis. 

With an increase in char, there is an increase in the output of combustion products and the 

subsequent generation of process heat and power. In turn char production is a function of the 

biomass source, e.g.,  chemical and ash composition.  

These differences in pyrolysis product distribution will also have an impact on capital 

investment (size of combuster) and operational costs (purchased electricity or natural gas). 

Since bark is the feedstock with the highest ash content, it would also be the one that generates 

the highest amount of char, and produce the most heat and electricity.  
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The Aspen Plus® simulation can also be used to model water use and consumption. Water 

use in pyrolysis is related to the utilities (cooling systems) that is recirculated but also includes 

the make-up water that replaces the losses during conditioning, and the steam consumed by 

the steam reforming system. Approximately 40% of the water used by the boiler to generate 

steam and power is consumed by the reformer and water gas shift reactions for hydrogen 

production. Another factor to consider is the initial moisture content in the biomass. This value 

will vary depending on the biomass feedstock requiring the use of different size drying 

equipment and also difference in the amount of off-gass to be mixed with air in order to meet 

the heat demands. Therefore, a slight difference in the overall biofuel yield might be 

compensated for other important factors in this complex, integrated conversion process. 

Besides biofuel yield, biomass carbon-to-biofuel efficiency is an important measure of the 

overall sustainability of the conversion process. Figure 6.6 shows the carbon efficiency yields 

for different conversion steps; biomass to bio-oil and biomass to final fuel. Carbon yields are 

reported in terms of molar carbon. The moles of carbon in the final fuel are divided by the 

moles of carbon either in the biomass or in the bio-oil to be upgraded.  

Biomass and the resulting intermediates contain far more oxygen than their petroleum 

counterparts. Thus, for biomass to be converted into hydrocarbon fuels, all of this oxygen must 

be lost during the process. This limits overall efficiencies of biomass to hydrocarbon processes. 

Figure 6 shows the relatively small differences in carbon efficiency between switchgrass, 

maple and pine,  25.5%, 25.3 %. and 23.6%, respectively. Due to its carbon and ash content 

bark has a much lower carbon efficiency, 19.6%, but it is also a much lower cost feedstock.  
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These carbon efficiency values are 50% lower than the estimates from PNNL 2013 [20]. 

However, this is due to fundamental differences in the underlaying assumptions. The PNNL 

assumes they upgrade the entire bio-oil stream and hydrogen is produced with “imported” 

natural gas. In our work we have assumed that the biorefinery uses a fraction of the bio-oil for 

production of hydrogen, with a corresonding decrease in the biofuel production. 

 

Figure 6.6. Carbon efficiencies per conversion steps. From biomass to biofuels (C in fuel/C in 

biomass). 

 

These different assumptions have profound implications for the economics and the LCA 

footprint for the biorefinery. One additional example of this trade-off is the relationship 

between biofuel yield and GHG emissions as a function of ash content, Figure 6.7. This Aspen 

Plus® simulation was configured to include five gas streams exiting the conversion process; 

however only two streams would significantly contribute to GHG emissions; the off-gasses 

(from COMBTR) after biomass drying, and the CO2 produced during steam reforming and 
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hydrocracking of bio-oil; 75 wt% and 25 wt% respectively, for the 1% ash case. But as the ash 

content increases to 4%, the fuel yield decreases by about 10% as compared with the low ash 

content. If the carbon content is set at 47% and the ash content is increased, from 1 to 4 wt%, 

the amount GHG emissions tend to increase from 5 to 7 kg of CO2 per liter of produced biofuel, 

or 40%. This is similar to the results reported by Daystar et al. 2013, for a gasification to liquids 

process [45]. When comparing details in the process, the amount of GHG (kg of CO2 per liter 

of biofuel) emissions from the off-gasses after drying tend to increase from 3.8 to 5.7 kg of 

CO2 per liter of biofuel (50%) for higher ash content and the ones from bio-oil upgrading tend 

to decrease from 1.3 to 1.2 kg of CO2 per liter of biofuel (8%). In general, there is more 

generation of GHG in the combuster than in the upgrading blocks since the ash content will 

drive to a higher char formation for combustion and at the same time will promote lower 

organic liquid yields thus, lower biofuel yields.  
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Figure 6.7. Effects of biomass ash content on GHG emission and biofuel yields.  

 

 

 Conclusions 

The Aspen Plus® empirical model was used to predict the relationship between biomass 

feedstock composition and the yield of biofuels produced by a pyrolysis based process. Key 

intermediate pyrolysis products were also tracked, e.g., organic bio-oil, water, non-

condensable gases, and char. Carbon content in biomass between 46 and 47% will render the 

highest organic fraction yields. In addition, results from this work show that a high ash content 

in biomass will generate the lowest organic fraction yield and highest char fraction. Based on 

the Aspen Plus simulation, biofuel yields from hardwood, in this case red maple, and the grass 

generate relatively the same but the highest yields with 181 and 180 liters per dry ton, while 

pine and the bark generate 173 and 147 liters per dry ton. Only 11.5% of the biomass is 

converted to biofuel when the feedstock has a high ash content.    

The modeling of the upgrading of bio-oil is in an early stage of development, and therefore, 

more work is needed to determine the optimum hydrotreating conditions for a specific 

pyrolysis conversion pathway and the relations between the chemical composition of the 

intermediate bio-oil and the ultimate hydrocarbon biofuel product.  

This additional modeling work will require detailed characterization of the composition of 

bio-oil produced from the different feedstock in order to correlate the chemical composition of 

the organic liquid fraction to the quality and value of the final fuel product.  

This work also shows that carbon, moisture content and ash content of the biomass can 

have a significant impact on the GHG footprint of the final biofuel product, being ash the most 
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significant one. This impact is due to the heat demands for drying the biomass, and also the 

impact of ash on the final yield of biofuel. 

 

 References           

[1] One Hundred Tenth Congress of the United States of America 2007. 

(http://www.energy.gov/sites/prod/files/2014/03/f11/hr6.pdf). Accessed on September 2015.  

[2] Butler E, Devlin G, Meier D, McDonnell K. A review of recent laboratory research and 

commercial developments in fast pyrolysis and upgrading. Renewable and Sustainable Energy 

Reviews 2011; 15: 4171-86.  

[3] DuPont. (http://www.energy.gov/sites/prod/files/2014/03/f11/hr6.pdf). Accessed on 

September 2015.  

[4] Abengoa. (http://www.abengoa.com/web/en/innovacion/casos_exito/). Accessed on 

September 2015.  

[5] Beta Renewables. (http://www.betarenewables.com/). Accessed on September 2015.  

[6] Poet-DSM. (http://www.betarenewables.com/). Accessed on September 2015.  

[7] Kior. (http://www.kior.com/). Accessed on 2015.  

[8] Range Fuels. (http://www.biofuelsdigest.com/bdigest/2011/12/05/the-range-fuels-

failure/). Accessed on 2015.  

[9] Eggeman T, Elander RT. Process and economic analysis of pretreatment technologies. 

Bioresour Technol 2005; 96: 2019-25.  

[10] Goldemberg J. Ethanol for a sustainable energy future. Science 2007; 315: 808-10.  

http://www.abengoa.com/
http://www.betarenewables.com/
http://www.betarenewables.com/
http://www.kior.com/
http://www.biofuelsdigest.com/bdigest/2011/12/05/the-range-fuels-failure/
http://www.biofuelsdigest.com/bdigest/2011/12/05/the-range-fuels-failure/


 

136 

[11] Ramey D, Yang S. Production of butyric acid and butanol from biomass. Final report 

to the US Department of Energy, Contract No.: DE-F-G02-00ER86106 2004.  

[12] Goyal H, Seal D, Saxena R. Bio-fuels from thermochemical conversion of renewable 

resources: a review. Renewable and Sustainable Energy Reviews 2008; 12: 504-17.  

[13] Sims RE, Mabee W, Saddler JN, Taylor M. An overview of second generation biofuel 

technologies. Bioresour Technol 2010; 101: 1570-80.  

[14] Mohan D, Pittman CU, Steele PH. Pyrolysis of wood/biomass for bio-oil: a critical 

review. Energy Fuels 2006; 20: 848-89.  

[15] Ikura M, Stanciulescu M, Hogan E. Emulsification of pyrolysis derived bio-oil in 

diesel fuel. Biomass Bioenergy 2003; 24: 221-32.  

[16] Rioche C, Kulkarni S, Meunier FC, Breen JP, Burch R. Steam reforming of model 

compounds and fast pyrolysis bio-oil on supported noble metal catalysts. Applied Catalysis B: 

Environmental 2005; 61: 130-9.  

[17] Agblevor F, Besler S. Inorganic compounds in biomass feedstocks. 1. Effect on the 

quality of fast pyrolysis oils. Energy Fuels 1996; 10: 293-8.  

[18] Adjaye JD, Bakhshi NN. Production of hydrocarbons by catalytic upgrading of a fast 

pyrolysis bio-oil. Part I: Conversion over various catalysts. Fuel Process Technol 1995; 45: 

161-83.  

[19] Wright MM, Daugaard DE, Satrio JA, Brown RC. Techno-economic analysis of 

biomass fast pyrolysis to transportation fuels. Fuel 2010; 89: S2-S10.  

[20] Jones S, Meyer P, Snowden-Swan L, Padmaperuma A. Process Design and economics 

for the conversion of lignocellulosic biomass to hydrocarbon fuels. Fast pyrolysis and 



 

137 

hydrotreating bio-oil pathway, Report number PNNL-23053. United States Department of 

Energy, Pacific Northwest National Laboratory, 2013.  

[21] Marker TL. Opportunities for biorenewables in oil refineries. Final technical report. 

Report number DE-FG36-05GO15085. Department of Energy, Petroleum Industry Company, 

2005.  

[22] Huber GW, Corma A. Synergies between bio‐and oil refineries for the production of 

fuels from biomass. Angewandte Chemie International Edition 2007; 46: 7184-201.  

[23] Holmgren J, Nair P, Elliot D, Bain R, Marinangeli R. Converting pyrolysis oils to 

renewable transport fuels: processing challenges & opportunities 2008: 9-11.  

[24] Zacher AH, Olarte MV, Santosa DM, Elliott DC, Jones SB. A review and perspective 

of recent bio-oil hydrotreating research. Green Chem 2014; 16: 491-515.  

[25] Jones S, Meyer P, Snowden-Swan L, Padmaperuma A, Tan E, Dutta A. Process design 

and economics for the conversion of lignocellulosic biomass to hydrocarbon fuels: fast 

pyrolysis and hydrotreating bio-oil pathway 2013.  

[26] Meng J, Park J, Tilotta D, Park S. The effect of torrefaction on the chemistry of fast-

pyrolysis bio-oil. Bioresour Technol 2012; 111: 439-46.  

[27] Hillier J, Whittaker C, Dailey G, Aylott M, Casella E, Richter GM, et al. Greenhouse 

gas emissions from four bioenergy crops in England and Wales: Integrating spatial estimates 

of yield and soil carbon balance in life cycle analyses. GCB Bioenergy 2009; 1: 267-81.  

[28] Yildiz G, Ronsse F, Venderbosch R, Duren RV, Kersten SRA, Prins W. Effect of 

biomass ash in catalytic fast pyrolysis of pine wood. Applied Catalysis B: Environmental 2015; 

168–169: 203-11.  



 

138 

[29] Gray MR, Corcoran WH, Gavalas GR. Pyrolysis of a wood-derived material. Effects 

of moisture and ash content. Industrial & Engineering Chemistry Process Design and 

Development 1985; 24: 646-51.  

[30] Aho A, DeMartini N, Pranovich A, Krogell J, Kumar N, Eränen K, et al. Pyrolysis of 

pine and gasification of pine chars–Influence of organically bound metals. Bioresour Technol 

2013; 128: 22-9.  

[31] Pan S, Pu Y, Foston M, Ragauskas A.J. Compositional characterization and pyrolysis 

of loblolly pine and Douglas-fir bark. BioEnergy Research 2013; 6: 24-34.  

[32] Oasmaa A, Solantausta Y, Arpiainen V, Kuoppala E, Sipilä K. Fast pyrolysis bio-oils 
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7 An Economic Evaluation of Producing Transportation Fuels using Fast 

Pyrolysis of Biomass.  

 

A complete process model was developed using Aspen Plus® V. 8.3, which is widely used 

in the petroleum and chemicals industry for mass and energy balance. The proposed process 

includes the initial pyrolysis, production of hydrogen from a bio-oil stream, hydrotreating of 

the bio-oil to produce a transportation fuels, and the use of secondary streams for production 

of heat and power is illustrated and described in Chapter 6 section 6.3.3.   

This economic model is based on the results from the mass and energy balance obtained 

from the process simulation. The assumptions used for the financial analysis are listed in table 

7.1. Most of these assumptions were taken from the NREL 2011 report for a dilute acid 

biorefinery, in combination with assumptions made by NREL 2010 report for the biomass fast 

pyrolysis into transportation fuels biorefinery [1, 2]. Briefly, the plant life was set to 30 years, 

plant capacity was set at 500 dry metric tons per day, and the internal rate of return (IRR) was 

set at 10%. A 10% IRR has been frequently used for economic evaluations of renewable energy 

technologies by DOE. The depreciation method used is the modified accelerated cost recovery 

system (MACRS) since is the one that provides the shortest recovery period (7 years).  
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Table 7.1. Major assumptions used in the economic analysis 

Plant Life 30 years  

Discount Rate 10 % 

General plant depreciation 200 % declining balance 

General plant recovery period 7 years 

Federal tax rate 35 % 

Financing 100 % equity 

Construction period 3 years 

Year 1 8 % 

Year 2 60 % 

Year 3 32 % 

Working capital 5 % of fixed capital investment 

Startup time 3 months 

Revenue during startup 50 % 

Variable costs incurred during startup 75 % 

Fixed costs incurred during startup 100 % 

Hours per year 8,410 h/year 

 

Feedstock specific variations in the carbon and ash content have been found to affect the 

fuel yield, and also other process parameters such make-up water, utilities systems, power to 

purchase, and so on (all of them described in chapter 6, section 6.4.3). The interactions between 

all these factors highlights the important of looking at an integrated process when evaluating 

the techno-economic potential of these new processes. The results from the Aspen Plus® 

simulation generates information that allows to estimate capital and operating costs for specific 

feedstocks with their subtle or significant variations in chemical composition. Table 7.2 

includes a comparison of key results from this feedstock specific economic analysis. In all 

cases this comparison includes the same overall conversion pathway and plant size, but 

includes variations in the yield of specific pyrolysis products that have been experimentally 

observed for these feedstocks. In this case, four different and representative feedstocks were 
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selected; loblolly pine (softwood), red maple (hardwood), switchgrass (grass), and acacia bark 

(high ash content residue). These four different feedstocks we chosen in order to show how the 

chemical composition affects not only the fuel yield but also how the associated delivery cost 

of each feedstock will impact the product selling price. 

 

Table 7.2. Summary of key results. 

 Loblolly pine Red maple Switchgrass Acacia bark 

Total capital investment (mil $) 76.8 76.8 76.8 72.1 

Variable operating cost (c$/gal) 292.2 349.6 403.3 293.4 

TCI per annual gallon ($/gal) 9.5 9.1 9.0 10.5 

Fuel yield (gal/bdton) 46 48 48 39 

Biomass delivery cost ($/bdton) 55a 69a 82a 46b 

MFSP ($/gal) 4.43 4.93 5.47 4.64 
a [3], b assumed based on hog fuel delivery cost [4] 

 

Of the four different feedstocks studied, acacia bark is the feedstock with the lowest biofuel 

yield, and the lowest capital investment (72.1 mil $). The reduction in CAPEX is due to the 

lower hydrocarbon yield from this feedstock which leads to a reduction in the size of 

downstream equipment.  

Conversely, the feedstock with the highest variable operating costs was switchgrass (0.40 

$/gal) which was dominated by the delivery feedstock costs (82 $/bdton) [3]. The capital and 

operating costs to the cost of the biofuel produced from softwood and hardwood feedstocks 

were intermediate between these two extremes. The work of Daystar et al., (2013) highlighted 

the key components for the delivered costs of softwood and hardwood feedstocks at all stages 

of the supply chain; from plantation to the transportation to the biorefinery gate. This Aspen 
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Plus® pyrolysis process model includes the costs (CAPEX and OPEX) associated with 

feedstock size reduction and handling.  

Variable operating costs also includes chemicals used in the process, specifically the 

catalyst. The contribution of the cost for make-up catalyst was 0.22 $/gal estimated on year 

base loss of catalyst. NREL 2010 reports catalyst replacement costs of 1.77 $/year assuming 

similarities with crude oil processing. For this work the catalysts lifetime and replacement was 

assumed to be related with the biofuels production volumes. However, many of these cracking 

and hydrotreating catalysts are known to be sensitive to traces of minerals and the build-up of 

coke. But there is not yet adequate experimental data to accurately model feedstock specific 

differences in catalyst performance and costs. Over time these subtle differences in feedstock 

composition can have a very significant effect on the overall catalyst performance, and thus 

the overall economic viability of a commercial biorefinery.  

OPEX also accounts for the sale of the products. In this process configuration the biofuel 

was the sole product. In this process layout the char was combusted in order to generate process 

heat. Recent work has suggested that char might be an attractive co-product, where the heat 

value has to be replaced by natural gas, but might provide an income stream to improve the 

overall economics of the process [5, 6].   

Highest fuel yields are obtained from the processing of switchgrass and red maple, 48 

gallons per dry ton of feedstock (180 liters/dry ton). However, when comparing the minimum 

fuel selling price (MFSP), the feedstock that generates the lowest MFSP is loblolly pine (4.43 

$/gal) even though it generates 46 gal/bdton of fuel (2 gallons per ton less than the hardwood 

and switchgrass). Difference in the MFSP are due to the cost of the biomass, where the 
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softwood provides a high yield of the biofuel and also has a modest cost. Figure 7.1 shows the 

operating costs components for the four different feedstocks.    

       

 

Figure 7.1. Biomass fast pyrolysis and upgrading operating costs for the four selected 

feedstocks.  

 

Previous work has shown lower MFSP. Wright et al., in 2010 obtained a 3.09 $/gallon by 

converting corn stover into transportation fuel [2], and Jones et al., in 2013 showed a 3.39 

$/gallon by processing loblolly pine [7]. Differences in the financial assumptions and process 

layout may lead to big differences in the economics of the process. The process layout will 

determine the amount of unit operations and equipment required for the conversion process, 

leading the capital expenditure. Number of workers, which drives the operating cost (fixed 
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costs), and biomass cost (variable costs), are only some of the factors that may lead to 

significantly different economics.   

Since the lowest, and relatively competitive MFSP obtained was obtained for the softwood, 

an alternative case with hydrogen purchased from a remote source is modeled for this one 

feedstock. In this case, it is assumed that the hydrogen is purchased from an external source. 

The purchase price of hydrogen is considered in 1.50 $/gallon of gasoline equivalent [2]. This 

new case was compared against the base case which produces the required hydrogen by steam 

reforming 32% of the bio-oil product. Figure 7.2 shows a comparison of the total installed 

equipment costs between the two scenarios; hydrogen production and hydrogen purchase.   

 

Figure 7.2. Installed equipment cost breakdown per area. 

 

As expected, the hydrogen production scenario requires the highest capital investment. The 

difference in CAPEX is due to all the equipment required by the steam reforming of the bio-
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oil fraction that generates the required hydrogen for the hydrocracking step. The hydrogen 

purchase not only accounts a reduction of almost 20% in installed equipment cost, but also 

increases the biofuel yield up to 70 gal/bdton which is approximately 52% higher than fuel 

yield obtained for the hydrogen production scenario. In combination these factors lead to a 

MFSP of 3.30 $ per gallon of fuel which is less than 1.00 $ per liter fuel. Making this process 

more competitive to technologies like the one proposed by PNNL 2013 [7]. PNNL proposes a 

complete different bio-oil upgrading pathway that involves a very high capital expenditure in 

a multistep hydrotreating route that also includes the steam reforming of natural gas to generate 

the required hydrogen. However, this process renders higher biofuel yields of around 92 

gal/bdton.    

 

 Conclusions 

Techno-economic analysis on biomass fast pyrolysis and bio-oil upgrading into 

transportation fuels was performed and the effects of type of feedstock vs. fuel yield were 

understood. 

The minimum fuel selling price (MFSP) at a 10% IRR was determined for the conversion 

of four different feedstocks. Being the conversion of loblolly pine the one with the lowest 

MFSP (4.43$/gal) and switchgrass with the highest product value (5.47 $/gal). The MFSP 

obtained for red maple and acacia bark were 4.93 and 4.64 $/gal respectively.  

Biomass costs is the main driving factor of the MFSP when biofuel are relatively the same, 

like in the case of pine, switchgrass, and red maple.  
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The hydrogen purchase scenario for the conversion of pine improves the overall process 

economics. MFSP can be decrease from 4.43 to 3.30 $/gal with a significant increment in the 

biofuel yield (from 46 to 70 gal/bdton) and a 20% reduction in the total installed equipment 

costs.    
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8 CONCLUDING REMARKS 

 

Engineering process simulation, using Aspen Plus®, was performed and the models were 

used to conduct techno-economic analyses for different lignocellulosic biomass conversion 

processes. Such integrated models allow researchers to understand the impacts of many 

different technical factors such, conversion route, type of feedstock, processing technologies, 

etc., on the overall economic feasibility of each conversion pathway. These type of analysis 

are most useful where they allow researchers to focus on the process steps that have the highest 

impact on the overall economics or when they allow for risk reduction in the process.  

In this work Chapters 3 and 4, focus on the implementation of a novel pretreatment 

technique. This novel technique combines the effects of electron beam irradiation as a 

conditioning step prior to steam explosion in an attempt to improve the biomass reactivity to 

enzymatic hydrolysis. The novel pretreatment combination was demonstrated to improve the 

overall biomass reactivity in both hardwoods and softwoods. However, when evaluating its 

economic feasibility, results showed that the implementation of advance pretreatments and a 

new ethanol dehydration platform do not provide economic improvements to an already 

limited economic feasibility, specifically when compared to a technology such dilute acid. This 

analysis also showed that the pretreatment provided an increase in reactivity for softwoods, 

but the overall effectiveness was still very modest. 

In Chapter 5, an integrated model for a dilute acid biorefinery was developed and used for 

the manufacture of ethanol and also high value co-products from switchgrass. The innovation 

developed in this chapter included an ethanol extraction unit, along with the unit operations 
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required for solvent and soluble extractives recovery. In this case, our results show that 

production of an extractive co-product, valued at 1 $/Kg., increased the internal rate of return 

up to 18% with a competitive MESP like 2.52 $/gal. 

Finally, Chapters 6 and 7 report the impacts of feedstock variations e.g., chemical 

composition, moisture, and ash content, on production of a bio-oil based biofuel. Changes in 

the composition of the feedstock impacted the yield of the pyrolysis products, the process 

energy balance, and the capital and operating costs, and thus the overall techno-economics of 

a biomass fast pyrolysis and the bio-oil upgrading process. The highly integrated model was 

used to evaluate how the processing of different feedstock could generate different biofuel 

rates. In addition, the model also showed that regarding the biofuel yield, the cost of the 

feedstock and its processing implications such utilities, power generation, etc., significantly 

impact the economics.  

These integrated models not only allow for estimates on capital and operating costs. These 

models also serve as basis for life cycle analyses. To perform greenhouse gas emission analyses 

for every process, several different data source are needed, but these Aspen Plus process 

models are required to predict the process data and yield of biofuel, and data related to overall 

process emissions.  

This work highlights the value of process simulation and need for integrated modeling of 

every conversion step.  

Conversely, these models are constructed on a combination of laboratory data and literature 

references. Both sources of data have limitations that can limit the value of these types of 

models. In particular the cost data is based on general specifications not detailed design data. 
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The laboratory data is based on small scale runs, and the lifetimes of catalysts or the losses of 

solvents will be very different in a commercial operation. These two limitations mean that the 

models are best used to compare the impacts of specific changes in the system, but they are 

less useful for estimating the absolute value of the costs or LCA footprint. For instance, the 

modeling highlighted the importance of the catalytic hydrotreating of bio-oil, but additional 

work would require detail chemical analysis of the bio-oil and upgraded biofuel product, also 

detailed studies on the hydrotreating catalyst.  

The models can provide valuable information that can be used as a starting point to lead 

future work in any of the areas covered in this work. The value of these models is based on 

their flexibility, where a single or multiple parameters can be changed, and the resulting 

implications for the mass and energy balance can be observed and understood. In addition, 

every model leaves room for optimization. Different optimization models could be carried out 

to every model in order to analyze optimum yields, minimum energy consumption by 

designing heat exchanger networks, and even for finding the best pathway for generating a 

specific product.  

 

 


