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Committee Chair: John W. Sutherland 

 

In the U.S., bioenergy accounts for about 50% of the total renewable energy that is generated. 

Every stage in the life cycle of using bioenergy (e.g., growing biomass, harvesting biomass, 

transporting biomass, and converting to fuels or materials) has consequences in terms of the three 

dimensions of sustainability: economy, environment, and society. An integrated sustainability 

model (ISM) using system dynamics is developed for a bioenergy system to understand how 

changes in a bioenergy system influence environmental measures, economic development, and 

social impacts. 

 

Biomass may be used as a source of energy in a variety of ways. The U.S. corn ethanol system 

forest residue system for electricity generation, and cellulosic ethanol system have been 

investigated. Predictions, such as greenhouse gas (GHG) savings, soil carbon sequestration, 

monetary gain, employment, and social cost of carbon are made for a given temporal scale. For 

the corn ethanol system, the annual tax revenue created by the ethanol industry can offer a 

significant benefit to society. For the forest residue system for electricity generation, different 

policy scenarios varying the bioenergy share of the total electricity generation were identified and 

examined via the ISM. The results of the scenario analysis indicate that an increase in the 

bioenergy contribution toward meeting the total electricity demand will stimulate the bioenergy 

market for electricity generation. For the cellulosic ethanol system, the compliance of cellulosic 

ethanol can be achieved under the advanced bioconversion technologies and the expansion of 

energy crops. However, nitrate leaching and biodiversity change should be considered when 

expanding energy crops on marginal land, pasture, and cropland. Moreover, three bioenergy 

systems reduce GHG emissions significantly, relative to fossil fuel sources that are displaced, and 

create economic benefits (e.g., GDP and employment). Additionally, a spatial agent-based 
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modeling is developed to understand farmers’ behaviors of energy crop adoption and the viability 

of cellulosic biofuel commercialization.  
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CHAPTER 1. INTRODUCTION 

 Global Bioenergy Development 

Recently, there has been increased interest in more sustainable resource management and the use 

of renewable energy sources. Biomass has been identified as a carbon-neutral alternative energy 

source for heating, electricity, and transportation fuel, which can help reduce greenhouse gas 

(GHG) emissions. The growing interest in bioenergy is also driven by the fact that it can help 

restore unproductive and degraded lands, while increasing biodiversity, soil fertility and water 

retention [1]. 

 

Bioenergy is mainly used for three energy uses: heating, electricity, and transport. Smeets et al. [2] 

estimated the global potential of bioenergy production from agricultural and forestry residues and 

wastes as 76–96 EJ/year, and the total technical potential for biomass could be as high as 1500 

EJ/year by 2050. According to the International Energy Agency (IEA) statistics [3], 10% of the 

global energy demand is provided by bioenergy and 3% of the global road transport fuel is 

provided by biofuels. Figure 1.1 shows the global ethanol production from 2007 to 2015 and 

indicates that the United States has the largest annual ethanol production in the world. Global 

biofuel production has grown from 16 billion liters in 2000 to more than 133 billion liters in 2015. 

Bio-power capacity increased by an estimated 5% in 2015, to 106.4 GW, and generation rose by 

8% to 464 TWh (1.67 ×1011 MJ) (see Figure 1.2). In the globe, bioenergy industry provided the 

largest numbers of employment (2,882,000 jobs) including indirect and direct jobs compared to 

the other renewable energy sectors in 2015 [4]. Challenges to bioenergy deployment include low 

fossil fuel prices and rapidly falling energy prices of some other renewable energy sources, 

especially wind and solar PV. Ongoing debate about the sustainability of bioenergy, including 

indirect land-use change and carbon balance, has also affected development in the sector. 
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Figure 1.1. Global ethanol production [5] 

 

 

Figure 1.2. Global bio-power generation [4] 

 Current Bioenergy Development Status in the United States 

The U.S. Department of Energy reports that nearly 10% of energy consumption in the U.S. is 

derived from renewable energy sources and in 2014, biomass accounted for 50% of the renewable 

energy portfolio [6]. It also concludes that the total projected consumption of biomass feedstocks 
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may be roughly 330 million dry tons per year by 2030, a 54% increase over today [7]. The main 

reason for more biomass feedstock use is the increasing demand associated with biofuel production. 

The Renewables 2016 Global Status Report points out that the United States ranked first in 

biodiesel production, fuel ethanol production, and bio-power generation in 2015 [4]. 

1.2.1 Biomass resources 

Biomass can be derived from forest, agriculture, and municipal waste. The biomass sources could 

be woody biomass, agricultural crops and wastes, municipal solid wastes, food wastes, and aquatic 

plants. Fuelwood (e.g., poplar, willow, and eucalyptus) and waste wood from the forest products 

industry (e.g., logging residue, bark, sawdust, and board ends) are widely used for heating, 

electricity, and biofuels production. Agricultural crops (e.g., corn, soybean, and sugar cane) and 

residues (e.g., corn stover, cotton stalks and wheat straw) are usually used as feedstocks for 

bioethanol and biodiesel production. In 2012, more than 42% of corn production was used as a 

feedstock for ethanol production. In 2013, 54% of biodiesel was produced from soybeans [8]. The 

2011 U.S. Billion-Ton Update reported by the U.S. Department of Energy concluded that the 

available amount of logging residues for bioenergy will be 47 million dry tonnes per year at a 

roadside price of $40 per dry tonne [7]. 

1.2.2 Biofuels 

The most common biomass-based energy is from liquid transportation fuels, which includes 

bioethanol and biodiesel. The U.S. Energy Independence and Security Act of 2007 expanded the 

mandated use of biofuels based on the first Renewable Fuel Standard (RFS) established by EPA 

that required the annual use of 9 billion gallons of biofuels in 2008, rising to 36 billion gallons in 

2022 [9]. The RFS has capped the conventional ethanol production (corn starch ethanol) at 15 

billion gallons per year starting at 2015 and enhance the development of cellulosic ethanol 

production in the future years (see Figure 1.3). In the United States, the share of biofuels was 4% 

for road transport fuel and in the European Union (EU) around 3% in 2008 [3]. The U.S. ethanol 

production has increased to 14,806 million gallons, which is equivalent to 10.5 times of the ethanol 

production in 1998 (see Figure 1.4). The annual ethanol consumption was tied up with the 

production. Compared to the ethanol production, the biodiesel production has a smaller market. 

The annual biodiesel production and consumption in 2015 were 1,556 million gallons (5.89 billion 
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liters) and 2,060 million gallons (7.8 billion liters), respectively (see Figure 1.5). The use of food 

crops for biofuels on a large scale is controversial due to the impacts on food and energy security. 

Therefore, cellulosic biomass has been found to be the most promising feedstock for producing 

biofuels due to its availability, low cost, and the absence of competition with food production. 

 

 

Figure 1.3. Renewable fuel standard volumes by Year [10] 

 

 

Figure 1.4. U.S. ethanol production and consumption [10] 
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Figure 1.5. U.S. biodiesel production and consumption [10] 

 

1.2.3 Heat and bio-power 

Heat and electric power generation (bio-electricity) from biomass accounted for 7% of $38 billion 

invested in new renewable energy capacity worldwide in 2005 (excluding large hydro). A bio-

electricity production chain starts with cultivation of the biomass fuel or its collection as residues 

or waste products from other operations [1]. Fuel storage, transport and pre-treatment are usually 

significant logistical and cost components of bio-electricity production. 

 

Biomass co-firing is an attractive option of converting biomass into power and heat. According to 

the U.S. Energy Information Administration (EIA) [11], biomass and biomass-derived gases 

produced nearly 1,400 billion MJ, and provided nearly 226 billion MJ of electricity across all 

sectors. Types of biomass fuel and associated logistics can significantly affect the performance of 

biomass co-firing. According to Galik et al. [12], forest biomass including marketable and non-

marketable wood, is a potential source of biomass supply for electricity generation. Moreover, 

woody biomass such as forest residues is favorable for co-firing with coal owing to its low ash, 

sulfur and nitrogen content [13]. In both North American and Europe, many power plants have 

successfully used woody biomass in co-firing applications with coal [14] . In 2015, US bio-power 

capacity in operation increased by 4% to 16.7 GW and bio-power generation was close to the 2014 
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level of 69.3 TWh (2.5 × 1011 MJ) [4]. However, some existing bio-power in the United States is 

not financially competitive with low-cost generation from natural gas and with generation from 

other lower-cost renewables. 

1.2.4 Sustainability of bioenergy development 

The sustainability of a bioenergy system is evaluated by three dimensions: environment, economy, 

and society. For example, one environmental advantage of using forest biomass for electricity 

generation is that it can enhance the soil carbon sink process when agricultural land is converted 

to forest land (afforestation). Post and Kwon [15] observed that the average accumulation rates of 

soil carbon were 33.8 g C m-2 yr-1 and 33.2 g C m-2 yr-1 in re-established forest land and grassland 

after agricultural use, respectively. Afforestation of former cropland was reported to increase total 

soil carbon stocks by 18% [16]. Moreover, substitution of forest biomass for coal contributes to 

the reduction of the greenhouse gas (GHG) emissions in the co-firing system. The U.S. Forest 

Service also indicated that co-firing biomass with coal is the best short-term strategy for reducing 

GHG emissions in the electric power sector [17] . For example, Loeffler and Anderson [18] 

estimated that a co-firing system at a 20% displacement rate (20% of the coal is replaced with 

biomass), could decrease CO2 emissions by 15%, CH4 emissions by 95%, NOx emissions by 18%, 

and SOx emissions by 27% in southwest Colorado. Corn ethanol produced by a natural gas 

biorefinery can have a 38.9% reduction of GHG emissions relative to gasoline production and the 

reduction in GHG emissions could vary from 39.6–57.7% by integrating biomass to produce heat 

[19]. 

 

Some negative environmental impacts of bioenergy development have been examined as well, 

broadly considering such issues as water, soil, and biodiversity. The land-use change from forestry 

to agriculture can lead to a decrease in soil carbon stock, and harvesting whole trees (including 

branches and residues) can reduce soil nutrients. Water availability is a possible constraint for 

large-scale biomass cultivation in several countries facing water scarcity. Moreover, monocultures 

should be avoided to prevent pests and disease spreading into surrounding areas. 

 

Use of bioenergy is increasingly viewed as an opportunity, not only to enhance energy security 

and provide environmental benefits, but also to accelerate economic development, particularly in 
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rural areas [20]. Socio-economic aspects of bioenergy systems have also been discussed as drivers 

for bioenergy development [21]. For example, potential economic impacts of forest biomass 

production have been analyzed in terms of regional job growth and economic development. 

Solomon [20] found that existing biofuels industries have been a major contributor to rural 

economies and small farmers in several countries. Neuwahl et al. [22] also explored the 

employment impacts of biofuels development in the context of the Renewable Energy Roadmap 

for the European Union market and found that the biofuel industry has a positive impact on 

employment. Timmons et al. [23] estimated a total annual revenue of $57 million and 440 jobs 

created through the operation of biomass co-firing energy facilities with a total energy generating 

capacity of 165 MW in Massachusetts over a five-year period. English et al. [24] ascertained that 

the total economic impact of co-firing bio-residues for electricity generation would be more than 

$7 million per year, and nearly 100 additional jobs would be created based on a demand of 0.51 

million tonnes of mixed biomass residues for producing 2,478 kWh (8920.8 MJ) electricity in the 

Southeastern United States. Perez-Verdin et al. [25] used an economic input-output model to 

estimate economic impacts of logging residues recovery and bio-power operation of a 100MW 

power plant in Mississippi, and the authors concluded that the bio-power industry could generate 

total gross output of $386 million and 2,343 jobs annually.  

 

On the other hand, there may be socio-economic concerns associated with bioenergy development, 

e.g., competition with food production, land ownership changes, low wages, and child labor [26]. 

Very often, a bioenergy system can be beneficial to the environment, economy and society if 

sustainably managed. Considering these potential sustainability issues, a proposal for a sustainable 

bioenergy policy in the EU sets up several criterion for ensuring the bioenergy sustainability: 1) 

limit the amount of bioenergy use; 2) Avoid producing bioenergy from high risk sources of 

biomass; 3) Protect soil, water and biodiversity during harvesting biomass; 4) Respect rights to 

land tenure, food security and human and labor rights; 5) Cause no displacement of other use of 

biomass; 6) Produce bioenergy in the most efficient applications [27]. 

 

To better understand the potential consequences of establishing bioenergy system, it is necessary 

to adopt an integrative perspective that considers all three sustainability dimensions. This proposal 

presents an integrated sustainability model (ISM) for a bioenergy system that aims to predict its 
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comprehensive performance. The objective of the ISM is to understand whether the use of 

bioenergy improves the environmental, economic and societal dimensions of sustainability 

through metrics such as CO2 emissions, soil carbon sequestration, monetary gain (gross output and 

value-added), and employment. These metrics are used to determine if the current markets for, and 

implementations of, bioenergy are favorable for the sustainability of the local environment, 

economy, and society. System dynamics will be used to provide causal linkages between variables 

associated with the bioenergy system established that addresses the environmental and socio-

economic impacts. 

 

In order to promote the development of bioenergy, it is desired to have an understanding of the 

sustainability of a bioenergy system across all three dimensions of sustainability: environment, 

economy, and society. Chapter 2 will discuss the state of the art in sustainability assessment for 

bioenergy systems and identify the knowledge gap of the integrated sustainability assessment for 

bioenergy development in the literature. The existing approaches for sustainability assessment of 

a bioenergy system often do not consider all three dimensions. Moreover, existing approaches do 

not adequately address future behavior of metrics associated with the three sustainability 

dimensions. Given the goal of this research, and the gaps in the research literature, the following 

research objectives are proposed: 

1. Create an integrated sustainability model framework that incorporates knowledge of 

environment, economy, and society relating to bioenergy systems. 

2. Develop sub-models that can evaluate the environmental, economic, and social impacts 

generated by a bioenergy system. 

3. Predict the sustainability performance of bioenergy systems by quantifying key 

indicators, such as GHG emissions, biodiversity, money gain, employment, etc. 

4. Provide useful insights to develop bioenergy production more sustainably. 

 

In addition, this study will employ the approach of agent-based modeling to understand how the 

decisions of farmers and biorefinery investors on the expansion of new energy crops affect the 

commercialization of cellulosic biofuels. The implementation of agent-based modeling can 

explore the effect of social interactions between individual agents on their decision making 
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processes and provide useful insights for the sustainable development of bioenergy from a more 

practical perspective.  
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CHAPTER 2. LITERATURE REVIEW 

A bioenergy system is a complex system of interactions between the environment, the economy, 

and society. It is essential to understand how changes in key variables affect the environmental, 

economic, and social behaviors of the system. In this literature review, key factors such as biomass 

feedstock, biorefinery technologies, and bioenergy policy are examined in order to identify the 

structure of a bioenergy system. All these variables play a substantial role in the sustainability 

performance of the system. This chapter also discusses some key environmental and socio-

economic issues associated with bioenergy development. The state of the art in the sustainability 

assessment of bioenergy systems is discussed and the gaps between the current analysis 

methodologies and the integrated sustainability model are identified in this study. 

 Key Factors Affecting Bioenergy Development 

The most effective ways to accelerate the commercialization of bioenergy production are to i) 

improve the efficiency of biorefinery technologies and ii) reduce the bioenergy production cost. 

Kim and Kim [28] concluded that technical challenges in bioconversion were one of barriers in 

the advanced biofuels industry. The technical challenges exist in various processes regarding 

different conversion technologies. For example, the pretreatment of lignocellulosic biomass is one 

of the key elements in the bioconversion for ethanol. Purification of the output gases from the 

gasification is the major step to improve the yield of biogas. A recent study indicated that the 

various bioenergy pathways using different biomass feedstocks can result in huge ranges of GHG 

emissions of heat generation in the U.K. [29]. The bioenergy production cost can briefly break 

down into feedstock cost (36-38%) and bioconversion cost (62-64%) [30]. Therefore, choosing 

the optimal feedstock and biorefinery technology are the key ways to reduce the bioenergy 

production cost. Moreover, bioenergy policy plays a key role in the implementation of bioenergy 

in transportation and electric power sectors. 

2.1.1 Biomass feedstock type 

Raw materials that can be used to produce bioenergy are widely available in the U.S. and come 

from a large number of different sources, and in a wide variety of forms. These include food crops, 
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energy crops, herbaceous plants/grasses and woody plants, and residues from timber processing, 

agriculture or forestry. The supply of these biomass resources mainly comes from traditional 

plantation, natural forests, forest plantation, home gardens, and other agricultural lands [31]. In 

addition, oil-rich algae, animal wastes and the organic component of municipal and industrial 

wastes account for important biomass resources [31]. A general classification of biomass 

according to the origin is presented in Table 2.1. According to the Billion-Ton Update released by 

the U.S. Department of Energy, logging thinnings, logging residues, and pulpwood are considered 

primary woody sources for biofuels and corn stover is the largest fraction of collectible agricultural 

residue [32]. 

Table 2.1. General classification of biomass according to the origin [31] 

Biomass category Biomass varieties 

Woody biomass Soft or hard; Stems, branches, foliage, bark, chips, lumps, 

pellets, briquettes, sawdust, sawmill and others from various 

wood species 

Energy crops Annual or perennial grasses and flowers (alfalfa, arundo, 

bamboo, bana, brassica, sugar cane, miscanthus, switchgrass, 

timothy, etc.) 

Agricultural residues Straws (barley, rice, wheat, sunflower, oat, rape, rye, bean, 

etc.) Other residues (fruits, shells, husks, hulls, pits, grains, 

seeds, coir, stalks, cobs, kernels, bagasse, food, fodder, pulps, 

etc.) 

Municipal solid waste Putrescible/organic matter, glass, paper, plastic, textiles, 

metal, rubber, yard trimmings etc. 

 

2.1.1.1 Wood and Wood Processing Residues 

The use of wood for electricity generation and heat has grown rapidly in recent years. Wood fuels 

consists of woody biomass, e.g., stems, branches, twigs, and sawdust and other residues from 

logging and wood processing activities (such as saw-milling, manufacturing of pulpwood and 

particle board), as well as charcoal from these sources [31]. The primary sources of wood fuels are 
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derived from forest land including natural forests, scrub lands, wood and timber plantations, 

woodlots and dedicated fuel wood plantations. Non-forest land including agricultural land, agro-

forestry systems, and wasteland can also produce woody biomass. In the Midwest United States, 

the woody biomass production from forests and short rotation woody crops was estimated to be 

19.9-47.6 million tonnes per year [33]. Primary forest residue biomass consists of a composite 

estimate from two sources—removal of a portion of what is called logging residue that is currently 

generated during the harvesting of timberlands for sawlogs and pulpwood and removal of excess 

biomass from fuel treatment thinning operations [34]. The wood processing residues are 

considered as the secondary forest residues including bark, coarse and shavings. The secondary 

forest residues are mainly used for heat and power in the forest products industry. 

2.1.1.2 Energy Crops 

Energy crops are grown specifically for the use as fuel. Classes of energy crops include short 

rotation energy crops (e.g., willow, eucalyptus, poplar, and pine), grasses and non-woody energy 

crops, agricultural energy crops and aquatic biomass. The first generation biofuel feedstocks are 

some food crops containing starch and sugar, such as corn, sugar cane, and soybean. The second 

generation biofuel feedstocks mainly refer to the lignocellulosic feedstocks such as perennial grass 

and forest residues. The main disadvantage of first generation biofuels is the food-versus-fuel 

debate, one of the reasons for rising food prices is due to the increase in the production of these 

fuels [35]. The second generation energy crops can be planted on the marginal lands while 

improving the ecosystem services, and help to minimize the competition between food and energy 

production. In general, the second generation energy crops require fewer herbicide and fertilizer 

inputs and produce larger quantities of biomass compared to the first generation [36]. For instance, 

the average yield of Napier grass has been reported to be over 100 dry tons/ha/yr. An assessment 

of 10 managed farms produced switchgrass yields between 5.2 and 11.1 t ha−1 sustainably on 

marginal cropland in the upper Midwest [36]. 

2.1.1.3 Agricultural Residues 

Agricultural crop residues are abundant, diverse, and widely distributed across the United States. 

These potential biomass supplies can play an important role in a national biofuel 

commercialization strategy. Crop residues require no additional cultivation or dedicated land and 
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are considered potentially available in the near term [37]. Crop residues briefly include residues 

from the production of corn stover, wheat straw, oat straw, barley straw, and sorghum stubble, etc. 

Some residues (e.g., corn stalks, rice straw, and sugar cane tops) are generated on the agricultural 

farm or field and others (e.g., rice husk and peanuts shell) are generated during processing of 

agricultural products. The field-based residues protect arable land against soil and water and wind 

erosion, nutrient loss, and provide soil organic carbon. Removals of agricultural residues for 

energy recovery is a promising way to manage the waste. However, determining harvestable 

amounts of crop residues without causing negative impacts on the soil resource and subsequent 

yields should be concerned [35]. 

2.1.1.4 Municipal Solid Waste 

The utilization of municipal solid waste (MSW) for energy recovery is a promising alternative to 

traditional waste management. The majority of substances composing MSW include 

putrescible/organic matter, glass, paper, plastic, textiles, metal, rubber, yard trimmings, etc. The 

U.S. Environmental Protection Agency (EPA) has reported that over 33 million tonnes (12.8%) of 

the 258 million tonnes MSW generated in 2014 were combusted for energy recovery [38]. Waste 

to energy option is thus considered to be one of the most effective ways of final disposal. State-of-

the-art MSW-to-energy (MSWTE) technologies including incineration, gasification, and 

anaerobic digestion can convert MSW into heat, electricity, and biofuels. The major barriers of 

waste to energy option are the feasibility of the waste collection, scavenging and waste disposal 

practices in that city and by the composition of residential wastes. 

2.1.2 Bioconversion technologies 

There are a number of different technologies for converting biomass into heat, power, and fuels 

with specific pros and cons. Different biorefinery technologies can achieve different conversion 

efficiencies, costs and commercial scales with suitable biomass feedstock.  The most common 

biorefinery technologies includes combustion, pyrolysis, gasification, torrefaction, and 

fermentation. The bioconversion technologies are summarized in Figure 2.1. 
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Figure 2.1. Biomass conversion processes [35] 

2.1.2.1 Combustion 

Technologies of thermal conversion are commonly classified as combustion (direct combustion 

and co-combustion), gasification, pyrolysis, carbonization, etc. [39].  

 

Biomass co-firing is co-firing the coal partially with biomass in the combustion process [39]. Co-

firing can be applied in existing coal firing systems (e.g., pulverized coal firing systems and 

fluidized bed combustion systems) where the proportion of biomass is up to 20% of the total fuel 

weight or energy content [39]. Co-firing technologies used in coal-fired power plants can be 

classified with three different ways, which are shown as following [14]: 

 Direct co-firing: Direct co-firing is the cheapest and the most common approach. Biomass and 

coal can be either milled separately or together before they are fed into the furnace. The fuel 
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mixture is then burned in the burner. The direct co-firing rate can be in the range of 3%- 20% 

on a mass basis [14].  

 Indirect co-firing: Biomass is gasified and the product gas is then fired together with either 

natural gas or gasified coal in the main boiler. In a gasifier, the solid biomass is converted into 

a fuel gas and burned in the coal boiler [39]. The product gas is called syngas which is rich in 

CO, CO2, H2, H2O, N2, CH4, and some light hydrocarbons. Indirect co-firing technology allows 

biomass to be co-fired in an oil- or gas-fired system. Gases generated from indirect co-firing 

technology has higher operation cost due to gas cleaning process, while it offers more flexible 

ways to use the fuel [39].  

 Parallel co-firing: In this co-firing approach, biomass is pre-processed, fed, and combusted 

separately in a dedicated biomass burner [14]. Parallel co-firing involves the installation of a 

separate external biomass-fired boiler in order to produce steam used to generate electricity in 

the power plant. This technology also offers lower operational risk and greater reliability due 

to the availability of separate and dedicated biomass burners running in parallel to the existing 

boiler unit. Parallel co-firing is very common in the pulp and paper industries as dedicated 

biomass boilers are used for the utilization of by-products like bark and waste wood [39].  

 

Co-firing in large-scale power plants can lead to an overall saving of fuels compared to 

conventional coal-fired plants [39]. Comparing with coal, biomass is a less carbon-intensive 

energy with lower emissions of SO2, NOx, heavy metals. On the other hand, co-firing of coal and 

biomass has some shortcomings. For direct co-firing, depending on the type of biomass feedstock 

used, some challenges may be encountered when biomass is directly blended on the coal pile. 

Biomass feedstock with large particle size after milled and high ash concentration may cause 

plugging, slagging and fouling issues, and corrosion of the boiler heat transfer surfaces. For 

indirect co-firing, the biomass feedstock with high moisture content can consumes more energy to 

convert the biomass into syngas, and lead to higher vapor content. For parallel co-firing, it needs 

higher capital investment than direct co-firing due to the external biomass boiler system. In 

general, operating costs are typically higher for biomass than for coal [39]. 
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2.1.2.2 Pyrolysis 

Pyrolysis is a thermochemical decomposition of biomass in the absence of oxygen and produces a 

wide range of useful products [40]. The major products of biomass pyrolysis are charcoal, syngas 

and vapors/liquids (bio-oil). Depending on the operation conditions (e.g., temperature and vapors 

residence time), pyrolysis can be classified into three modes: slow, intermediate and fast pyrolysis 

(see Table 2.2).  

Table 2.2. Typical operating conditions and product yields for biomass pyrolysis [40] 

Pyrolysis 

mode 

Temperature 

(°C) 

Vapors 

residence time 

Liquid yield 

(%wt) 

Gas yield 

(%wt) 

Char yield 

(%wt) 

Fast 500 1-2 s 60-75 13-20 12-20 

Intermediate 500 5-30 s 40-50 25 25-30 

Slow 400 hours-days 25-30 25-35 30-40 

 

Fast pyrolysis is the most promising process for the production of fuel oil for power generation, 

production of fuels, chemicals and polymers [40]. Bio-oil can be used for heat and power in boilers 

and gas turbines, and can be combined with diesel as a transport fuel. Char can be used as a heat 

supply for the pyrolysis process and also can be used as a fertilizer alone or mixed with soil 

providing recycling of valuable minerals to the soil. Moreover, char from biomass pyrolysis can 

be used for activated carbon production increasing the added value of the material [40]. The main 

challenge of biomass fast pyrolysis is to improve the quality of the bio-oil for fuel and chemical 

production and to reduce the overall cost through lower biomass cost and longer catalyst lifetime 

[41]. 

2.1.2.3 Gasification 

Gasification, one of thermo-chemical conversion routes, is widely recognized at present because 

its end product gas can find flexible application by industries or by home users, particularly in 

decentralized energy production coupled with micro turbine/gas, turbine/engine, boiler, and even 

fuel cell [42]. The gasification of biomass is a thermal treatment, which results in a high production 

of gaseous products and small quantities of char and ash. At temperatures of approximately 875–

1275 K, solid biomass undergoes thermal decomposition to form gas-phase products that typically 
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include H2, CO, CO2, CH4, and water. In most cases, solid char plus tars that would be liquids 

under ambient conditions are also formed [43]. The product distribution and gas composition 

depend on many factors including the gasification temperature and the reactor type. Gasification 

processes provide the opportunity to convert renewable biomass feedstocks into clean fuel gases 

or synthesis gases. The advantages of gasification to produce syngas includes low capital 

investment, low heating cost, and low equipment maintenance cost. It should note that producing 

bio-syngas from gasification the following procedures are necessary: (a) gasification of the fuel, 

(b) cleaning of the product gas, (c) usage of the synthesis gas to produce chemicals, and (d) usage 

of the synthesis gas as energy carrier in fuel cells [42]. 

2.1.2.4 Fermentation and Anaerobic Digestion Process 

Biological conversion of biomass is completed through alcoholic fermentation to produce liquid 

fuels and anaerobic digestion or fermentation, resulting in biogas. Fermentation is a natural process 

initiated by microorganisms of the saccharomyces type, similar to common yeast cultures under 

anaerobic conditions [31]. The reaction in the fermentation process is basically that hexose/pentose 

sugars such as glucose, fructose and sucrose are converted into ethanol and carbon dioxide as 

metabolic waste products [31]. The raw materials used in the production of ethanol via 

fermentation are mainly classified into three types as sugars, starches, and cellulose materials [31]. 

Ethanol fermentation from carbohydrates is widely regarded as an important potential alternative 

source of liquid fuels for the transport sector. Production of ethanol is mainly depending on the 

rate of growth of microorganisms. Temperature, water amount, pH and nutrients are the key factors 

that can influence the microbial growth [31]. 

 

The whole process of biogas production from anaerobic digestion using organic wastes occurs in 

main three steps namely hydrolysis, acidification, and methane formation. Factors that influence 

the biogas production include substrate temperature, changes in temperature, available nutrient, 

retention time, pH value, nitrogen inhibition, C/N ratio, substrate solids content, and agitation [31]. 

Production technology from these sugar/starch containing crops is relatively mature and most 

likely will not be improved to decrease production costs. However, production cost from cellulosic 

materials can be lower that the production cost from sugar and starch materials. 
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2.1.3 Bioenergy policy 

2.1.3.1 Green Electricity Policy 

The renewable portfolio standard (RPS) is one of the most prevalent and innovative policy 

instruments for states to adopt to reduce future emissions in the electricity market. The United 

State Department of Energy defines an RPS as “a policy that obligates each retail seller of 

electricity to include in its resource portfolio a certain amount of electricity from renewable energy 

resources, such as wind, solar, geothermal, hydropower, and various forms of biomass and ocean 

energy” [44]. Under an RPS program, utilities are required to invest in renewable energy systems 

in order to meet their percentage requirement. In1998 only three states had adopted an RPS policy. 

By 2001, nine states (18%) had adopted an RPS and by May of 2017, 27 states (54%), plus the 

District of Columbia, had adopted RPS programs [45]. An additional 9 states (Alaska, North 

Dakota, South Dakota, Utah, Kansas, Oklahoma, Virginia, South Carolina, and Vermont) have set 

voluntary targets for the adoption of renewable energy instead of an RPS. 

 

The majority of policy objectives aim to facilitate the diversity of electricity generation mixes, 

increase renewable energy deployment, reduce state reliance on fossil fuels, help renewable energy 

sources become cost-effectively on a large scale, reduce carbon emissions, or various 

environmental benefits [46]. Eligible technologies in most programs include wind, solar, landfill 

gas, and biomass, but hydropower also qualifies in several states [47]. 

 

There are various policy instruments to be implemented to promote renewable energy in the 

electric power sector. State and local policy instruments are categorized as financial incentives, 

rules and regulations, and voluntary measures [47]. Financial incentives include various subsidies 

and funding in direct support of green electricity projects, tax incentives (credits, deductions, or 

exemptions), and provisions for low-interest loans [47]. For example, state income tax can be 

deducted for customers to purchase the electricity from renewable energy systems. The sales taxes 

of renewable energy equipment such as solar photovoltaic, wind turbine can be exempted in some 

states. Some states provide research and development grants to support and facilitate 

commercialization of new renewable technologies [47].  
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The state rules and regulations (e.g., RPS) are widely used to promote electricity from renewable 

energy systems. Renewable electricity funds are from the collection of surcharges from electricity 

customers and these funds have been used to stimulate renewable technologies, especially effective 

in wind energy [48]. Although RPS programs had been adopted by many states the RPS can be 

met only through investments in new renewable sources. Five states (Iowa, Minnesota, Montana, 

New Mexico, and Washington) have recently adopted mandatory green power options that require 

electricity providers to offer customers the option to purchase electricity from renewable sources 

[47]. 

 

State voluntary measures include some market-based measures and educational programs for 

commercial and residential electricity customers. For example, green-pricing programs give utility 

customers the option to pay a premium on their electric bull to cover the incremental cost of 

producing electricity from renewable energy systems [47]. The tradeable renewable energy 

certificates give the holder contractual rights to the value of the non-electrical benefits of using a 

renewable energy resource, and can be priced and traded separately from the electricity [49]. 

Educational and outreach programs include renewable energy awareness campaigns, workshops, 

technical assistance, and demonstration projects [47]. The function of these program aims to 

remove market barriers to renewable energy use and improve local demand for electricity from 

renewable sources. 

2.1.3.2 Biofuels Target 

Renewable energy policy has played a key role in the development of the U.S. bioenergy industry. 

The Renewable Fuel Standard (RFS) was established to mandate minimum usage requirements of 

biofuels used in the national transportation fuel supply each year [9]. The initial RFS (referred to 

as RFS1) mandated that a minimum of 4 billion gallons biofuels be used in 2006, and that this 

minimum usage volume rose to 7.5 billion gallons (28 billion liters) by 2012 [9]. The expanded 

RFS (referred to as RFS2) established in the Energy Independence and Security Act of 2007 

(EISA) required the annual use of 9 billion gallons (34 billion liters) of biofuels in 2008 and 

expanded the mandate to 36 billion gallons (136 billion liters) annually in 2022, of which no more 

than 15 billion gallons (57 billion liters) can be ethanol from corn starch, and no less than 16 billion 

must be from cellulosic biofuels [9].  
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The total renewable fuel requirement is divided into four nested categories (see Figure 2.2): total 

renewable fuels (136 billion liters), advanced biofuels 79.5 billion liters), biomass-based biodiesel 

(3.8 billion liters), and cellulosic and agricultural waste-based biofuel (60.6 billion liters). Figure 

2.3 shows that the volume of corn-starch ethanol is capped at 15 billion gallons (57 billion liters) 

by 2015 and it is fixed thereafter. The RFS2 is likely to be a major driver in the development of 

the U.S. biofuels sector in a long term.  

 

 

Figure 2.2. RFS fuel nesting scheme [50] 
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Figure 2.3. RFS2 vs. U.S. ethanol production since 1995 [9] 

 

In addition to volume mandates, EISA specified that the lifecycle GHG emissions of a qualifying 

renewable fuel must be less than the lifecycle GHG emissions of the 2005 baseline average 

gasoline or diesel fuel that it replaces. Conventional biofuels (e.g., corn ethanol) must achieve a 

20% reduction in life-cycle greenhouse gas (GHG) emissions, relative to petroleum fuels, on an 

energy-equivalent basis [50]. For an advanced biofuel, the fuel must achieve at least a 50% 

lifecycle GHG reduction—60% in case of cellulosic fuels—relative to the gasoline or diesel fuel 

that it replaces [50].  

 

The RFS2 also contains protections to prevent land-use change and its associated greenhouse gas 

emissions. The RFS2 explicitly excludes from accounting for renewable credits of any feedstocks 

produced from land converted to cropland after 2007 [51]. To monitor this regulation, the U.S. 

Environmental Protection Agency (EPA) relies on nationally aggregated measures of total 

cropland from the Department of Agriculture’s Farm Service Agency and National Agricultural 

Statistics Service [51]. However, it is not possible to identify the land sources being converted or 

types of cropland expanding because these data are not spatially explicit [51]. The implementation 

of RFS2 will ensure the demand for biofuels and accelerate the market penetration of biofuels in 

the transportation sector while achieving the goals of greenhouse gas mitigation and atmospheric 

pollution reduction. 
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 Environmental Issues of Bioenergy Development 

Biomass can have positive and negative impacts on soil, water, and biodiversity resources through 

direct and indirect land-use change. At the global scale, a common controversy is that if biofuel is 

good for slowing climate change via international indirect land-use change [52]. Melillo et al. [53] 

implied that the expanded use of bioenergy could lead to land conversion worldwide – from forest 

and grassland to cropland – that would lead to the release of carbon from indirect land-use. While 

global-level analyses have focused on broad climate impacts, other environmental and ecosystem 

impacts from developing bioenergy have been paid more attention. These impacts include soil 

erosion, nitrate and phosphorus loss, and air quality degradation, biodiversity loss, etc. 

 

Water consumption for biofuel production is much higher than that for petroleum production on a 

life cycle scope due to the crop irrigation [54]. Expansion of biofuels on a large scale may cause 

water scarcity and groundwater salinization [55]. 

 

Intensive harvest in agricultural management has the potential to lead to soil degradation and 

nutrient depletion. For instance, the removal of large amounts of crop residues for co-firing may 

cause loss in soil nutrition and productivity. Chemical inputs (e.g., fertilizers and pesticides) can 

pollute the soils and lead to soil erosion [55]. On the other hand, planting suitable biomass on 

marginal and degraded lands can improve soil quality. 

 

A loss of biodiversity can happen when a monoculture replaces a natural area. The magnitude of 

biodiversity loss depends on the type of land-use that is changed and the energy crop that is planted. 

For instance, converting tropical forest into cropland is more likely to cause a critical loss of 

biodiversity. Agroforestry and intercropping systems can mitigate biodiversity loss in a certain 

degree for small-scale plantations [55]. 

 

For assessing the sustainability of bioenergy development on the environmental perspective, other 

environmental impacts rather than GHG emissions should be incorporated associated with 

different bioenergy systems. 
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 Socio-economic Issues of Bioenergy Development 

Since food crops are used for biofuels, the food security is one of the social concerns with 

bioenergy development. The impact of biofuels on global food prices is highly variable. It depends 

on the feedstock used and whether agricultural land is diverted for production. With the growing 

use of agricultural commodities for bioenergy production, energy prices and feedstock prices are 

increasingly being linked [56]. The poor communities are more vulnerable to high prices of key 

commodities. In developing countries, urban and rural landless households, wage-earning 

households, rural households that are net purchasers of food, and urban consumers suffer most 

from high food prices [56]. Food security may be compromised if high-quality agricultural lands 

are used for energy crops, and planting energy crop on the marginal land.  

 

Rising demand for bioenergy may lead to rapid expansion of large plantations. This expansion 

may happen through the force from government to plant energy crop on the land owned by privates 

or states. In addition, landowners may be mandated to sell the land at low prices [55]. For instance, 

smallholders in Indonesia and Colombia have been forced from their land. In 2000 land disputes 

with local communities were reported by each of the 81 oil palm plantation companies in Sumatra, 

Indonesia [57]. 

 

The most common benefits of developing bioenergy are the contribution to the labor income and 

employment. When the food price is low, making biofuels from crops is a better option. Growing 

global demand for biofuels raises feedstock prices, which in turn raises producer income and land 

value. Higher feedstock prices and higher volumes of marketable produce can supplement rural 

producer income and create jobs. For example, ethanol industry employees in São Paulo received 

wages 25.6 percent higher than the average Brazilian; wages of workers who worked directly on 

the sugarcane crop were 16.5 percent above average in 2005 [55]. Jobs associated with bioenergy 

production tend to provide more stability and better benefits than other rural jobs. However, there 

are some concerns regarding the quality and safety of these jobs, especially for child labor issues.  

 

To assess the social impacts of the bioenergy development, it is applicable to choose some key 

indicators, such as jobs and tax revenues, which can be quantified in order to provide useful 

insights for stakeholders. 
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 State of The Art in Sustainability Assessment of Bioenergy System 

2.4.1 Environmental and socio-economic indicators 

The metrics and indicators of sustainability assessment used in contemporary research on 

bioenergy systems have a huge diversity. There is only limited agreement among scientists and 

stakeholders about the indicators needed to measure the sustainability of a bioenergy system [58]. 

Researchers can develop new sustainability indicators based on their own interested in the three 

principal pillars of sustainability. Rasmussen et al. [58] found that the most common indicators for 

assessing the sustainability of agricultural commodities include soil fertility, GHG emissions, soil 

erosion, land cover composition, nitrogen balance, crop yield, and farm net income. The GHG 

emissions and nitrogen balance were identified as indicators that have characters including cost-

effective, comparable across countries, and comparable across commodities. Biodiversity, soil 

carbon, and water quality appear to be more discussed as environmental indicators for the 

sustainable agriculture analysis [59]. Mcbride et al. defined several categories of environmental 

indicators for the sustainability of bioenergy systems, which includes soil quality, water quality 

and quantity, GHG emissions, biodiversity, air quality, and productivity of biomass [60]. 

Similarly, Dale et al. [61] recommended some categories of socio-economic indicators for 

bioenergy sustainability that includes social well-being, energy security, external trade, 

profitability, resource conservation, and social acceptability. In general, the sets of indicators 

should be adapted to the different local concerns and purposes for measurement, the varied 

characteristics of biofuel and alternative energy systems, the range of stakeholders and their 

priorities, diverse regional environments, and differing scales of application [62]. 

2.4.2 Life cycle assessment 

Life cycle assessment (LCA) is a widely used methodology for evaluating environmental impacts 

of a bioenergy system from “cradle to grave”. GHG emissions and energy use are two of the most 

common impact categories that are compared with the impacts of the conventional fuels (e.g., coal 

and gasoline). Other results of impacts, such as eutrophication acidification, and biodiversity, are 

also quantified. Other environmental impacts apply particularly to bioenergy crops, where 

intensive agricultural practices coupled with use of fertilizers (especially nitrogen based) can cause 

environmental concerns in soils, water bodies and atmosphere [63]. However, the variations in 

input data, functional units, allocation methods, reference systems and other assumptions cause a 
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wide range of final results of LCA bioenergy studies [63]. Cherubini and Strømman [63] found 

that the functional unit, reference system, and allocation play key roles in the estimation of the 

environmental impact savings of the bioenergy system. In addition, including the effect of land-

use change can significantly change the results of environmental impacts, especially for the GHG 

emissions. Gnansounou et al. [64] also concluded that the results of the reduction in the GHG 

emissions are highly sensitive to the following factors: the method used to allocate the impacts 

between the co-products, the type of reference systems, the choice of the functional unit and the 

type of blend. For example, the GHG emissions of producing ethanol by sugarcane in Brazil ranges 

from 36 g CO2 eq/MJ to 48 g CO2 eq/MJ, the GHG emissions of producing ethanol by corn in the 

U.S. ranges from 72 g CO2 eq/MJ to 129 g CO2 eq/MJ, and the GHG emissions of producing ethanol 

by wheat in the EU ranges from 77 g CO2 eq/MJ to 144 g CO2 eq/MJ [65]. A comprehensive LCA 

conducted by Murphy and Kendall (2015) estimated that the GHG emissions from cellulosic 

biofuel production ranges from 20 to 60 g CO2-eq MJ-1 under conservative scenarios, which means 

that cellulosic biofuel production can reduce GHG emissions by 34.8% - 78.3% compared to 

gasoline. 

2.4.3 Economic analysis 

Techno-economic analysis is a fundamental method to evaluate the production cost of bioenergy 

based on the process simulation, and it is commonly used to identify the economic feasibility of a 

new bioprocess technology. This economic evaluation can determine the minimum selling price 

and the net present value of producing bioenergy production in a specific technology. The cash 

flow of a bioenergy production generally includes the total capital investment, fixed operation 

costs and variable costs [67]. The key factors that can influence the production cost are the 

feedstock cost, productivity, conversion efficiency and the capacity of bioenergy facility [30], [67]. 

In recent years, techno-economic analysis has been applied to the lignocellulosic ethanol since it 

is expected to become an alternative transportation fuel. Similar to the LCA studies, the results of 

production cost give a wide range from $0.59 gal-1 to 1.76 gal-1 ($0.16 L-1 to $0.47 L-1) [30]. 

 

The Impact Analysis for Planning (IMPLAN) method, designed by the USDA Forest Service, is 

another economic related modeling to assess the economic impacts of a bioenergy industry. The 

method employs a linear input-output model (I-O model). In an IMPLAN I-O model, commodity 
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flows from producers to intermediate and final consumers across all economic sectors in the United 

States are captured [25]. For example, the forest industry purchases $10 worth of commodities 

(such as capital equipment) from the manufacturing sector and sells $6 worth of forest products 

(such as timber) to the manufacturing sector. The IMPLAN model estimates the economic impacts 

in terms of gross output, value-added, and employment. Gross output means the total value of 

production. Value-added is the net benefit available for disbursement in the form of wages, owner 

compensation, and taxes [25]. Employment represents the number of full jobs created in the sector. 

The IMPLAN model also provides multipliers that estimate economy-wide effects, i.e., changes 

in final demand impacts on the entire economy [68]. Total economic impacts include direct, 

indirect, and induced impacts that are caused by a one dollar ($1) change in the final demand. 

Various multipliers generated in IMPLAN can be used to estimate economic activities, such as 

output, value-added, employment, and labor income. It was reported that the financial output effect 

of corn ethanol production was $4,994 million in 2014, and the total employment effects varied 

between 3,900 and 4,900 jobs for a five-year period in Nebraska (according to IMPLAN) [69]. A 

recent study estimated the economic impacts of woody biomass utilization on bioenergy 

development, and revealed the direct economic impacts and multipliers related to logging residues 

recovery, bio-power generation, and biofuels production [25]. 

2.4.4 Integrated models 

To better understand the potential consequences of establishing bioenergy system, it is necessary 

to adopt an integrative perspective that considers all three sustainability dimensions. Onat et al. 

[70] proposed the life cycle sustainability assessment (LCSA) framework using system dynamics 

to deep and broad the concept and capability of traditional life cycle assessment. The LCSA model 

was employed in an electric vehicle case study to evaluate the environmental, economic and social 

impacts in terms of atmospheric pollution, gross domestic product (GDP), employment public 

welfare and human health. Several studies [71]–[73] proposed a sustainability assessment 

framework for bioenergy systems that employed a multi-criteria decision analysis. These 

frameworks sought to make sustainable decisions for bioenergy development by optimizing the 

performance in terms of environment, economy, and society. These efforts did not, however, 

endeavor to predict these impacts. Thus, a limitation of studies using this approach is that they 

focus only on the present situation and do not consider potential future impacts or changes that 
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may occur within one of the three sustainability dimensions. MILESTONES,  an integrated 

modeling framework for bioenergy strategies, incorporated three sub-models that focus on the 

global agricultural products market, global land-use change, and bioenergy provision and demand 

[74]. Two coupled sub-models manually exchanged data so the output from the source model must 

be adapted before it is input in the target model over multiple steps. While this approach is effective, 

these data exchange and feedback loops can be performed using system dynamics modelling 

without iterative simulation steps. Moreover, the MILESTONES modeling framework has not 

included the assessments of economic and social impacts. 

 

System dynamics is a comprehensive methodology that can analyze the dynamic behaviors of 

economic, environmental and social aspects in a complex system. Peterson et al. [75] developed a 

system dynamics-based Biomass Scenario Model (BSM) to better understand the impacts of 

biofuel policy on the biofuel supply chain in the United States. Barisa et al. [76] used a system 

dynamics model to analyze the biodiesel market behavior associated with various policy 

instruments on increasing the proportion of biofuel in Latvia. Blumberga et al. [77] employed 

system dynamics modeling to understand how policy instruments can facilitate the bioeconomy in 

the forest industry. However, no model considered sustainability performance of the associated 

bioenergy system. Musango et al. [78] developed a system dynamics-based model to assess the 

effects of biodiesel development on selected sustainability indicators for the Eastern Cape 

Province of South Africa. The indicators focused on the biodiesel production and profitability, 

biodiesel crop land, and avoided CO2 emissions. Similarly, the economic and social impacts were 

not addressed in this study. 

 Summary 

A bioenergy system includes sequential processes which are biomass cultivation, harvest, 

transportation, conversion to fuels, and the end use. All of these processes can vary depending on 

the bioenergy system. Based on the literature review, the type of biomass feedstock, biorefinery 

technologies, and bioenergy policy are identified to be key factors that can significantly affect the 

sustainability performance of a bioenergy system. For example, forest crops can sequestrate more 

carbon in the soil than agricultural crops. Biofuels generated from second generation biomass (e.g., 

switchgrass) can reduce food security issues when food crops (e.g., corn) are used for biofuels. 
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Using lignocellulosic biomass as a feedstock to produce biofuels through pyrolysis is more 

expensive than other biomass to pretreat. The bioenergy policy can influence the magnitude of the 

impacts of bioenergy systems on the environment, the economy, and society. 

 

Life cycle assessment, techno-economic analysis, and the economic input-output model can each 

only address one dimension of sustainability. Other integrated models from the literature do not 

predict the dynamic changes in system behaviors well. In summary, the literature of the integrated 

models provides little insights on the sustainability performance of a bioenergy system and cannot 

incorporate all the three dimensions. The ISM proposed in this research will try to fill the research 

gaps by integrating all the pillars of sustainability. 

  



42 

 

CHAPTER 3. ISM FOR U.S. CORN ETHANOL SYSTEM 

Reprinted with permission ((portions enhanced/adapted) from. Jin, E., & Sutherland, J. W. (2016). 

A proposed integrated sustainability model for a bioenergy system. Procedia CIRP, 48, 358-363. 

https://doi.org/10.1016/j.procir.2016.03.159. Published by Elsevier Ltd. 

 Overview of the ISM 

A bioenergy system is a complex system that involves multi-disciplinary interactions among 

human, natural and technical factors. The bioenergy system includes such activities as cultivation 

of biomass, harvest and pretreatment, transportation, conversion to fuels and end use of bioenergy 

[79]. The structure of the proposed integrated sustainability model incorporates exogenous factors, 

the bioenergy life cycle, and measures related to the three sustainability dimensions into a dynamic 

system. A variety of exogenous factors (e.g., population demographics, feedstock type, renewable 

fuel standard, land use policy, price of fossil fuel) are selected due to the fact that they play a highly 

important role in the dynamic behaviors of system indicators. For instance, the changes in 

population and price of fossil fuel can affect the demand of bioenergy use, different feedstock 

types result in different costs of bioenergy production, and incentives or tax deductions regulated 

by renewable energy policy can impact the structure of the bioenergy market. Several studies [76], 

[80], [81] also considered the exogenous factors, such as policy, population growth, and fossil fuel 

price, as important drivers for bioenergy development. Environmental, economic, and social 

impacts that are generated both upstream and downstream of a bioenergy system can be addressed 

via key indicators associated with major concerns. 

 

A conceptual view of the model is shown in Fig. 3.1. Math-based sub-models focusing on 

environmental and socio-economic effects have been developed to describe the dynamic character 

of the system, and aim to anticipate such consequences as GHG emissions, soil carbon 

sequestration, monetary gain, and employment. Through the ISM for a bioenergy system there are 

two key questions that can be answered: 1) what are the potential environmental and socio-

economic impacts that can be generated by the bioenergy development? 2) how do changes in the 

demand of bioenergy affect bioenergy market and the economics of bioenergy industry? 

https://doi.org/10.1016/j.procir.2016.03.159
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Figure 3.1. Integrated sustainability model concept for a bioenergy system. 

 ISM for Corn Ethanol System 

The field of system dynamics emerged in the late 1950s and was led by Forrester [82] . System 

dynamics is a modeling method that can be utilized to characterize the behavior of complex, often 

nonlinear, systems and may include feedback loops, feedforward loops, time delays, and other 

dynamic elements. System dynamics modeling is viewed as a powerful method to provide useful 

insights into situations of dynamic complexity and policy intervention [83]. 

 

The first step in developing a system dynamics model is to construct a causal loop diagram (CLD). 

A CLD helps to visualize the interrelationships among the different elements in the system. A CLD 

for the biofuel system is shown in Fig. 3.2. The CLD shows the causal linkages and key variables, 

and reflects consideration of environmental, economic, and social performances. Within a CLD, 

factors connected by arrows indicate causal relationships. If the sign on an arrow is a “+”, then 

when the variable at the start of the arrow (driving variable) increases, the variable at the tip of the 

arrow (driven variable) increases as well. If the driving variable decreases, so does the driven 

variable. If the sign on an arrow is a “-” sign, then when the driving variable increases, the driven 
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variable decreases and vice versa. For example, one of the arrows in Fig. 3.2 relates “Demand for 

biofuel production” to “Biofuel price.” Since the indicated sign is “+”, this means that when the 

demand for biofuel production increases, there will be an increase in biofuel price. 

 

As the CLD of a biofuel system shown in Fig. 3.2, the key factor relevant to the reduction in GHG 

emissions is the biofuel production which is influenced by the demand for biofuel production. The 

level of demand for biofuel production is influenced by the economic and population growth. An 

increase in the demand for biofuel production leads to an increase in biofuel price in a large market. 

However, an increase in biofuel price negatively affects the demand for biofuel production. Such 

a relationship could attenuate the growth in the demand of biofuel production and make the biofuel 

price stable over time. Land-use change effect plays a negative role in the reduction in GHG 

emissions of biofuel production. The amount of biofuel sales depends on the biofuel price and 

production. The biofuel price is also affected by the feedstock price which is negatively influenced 

by feedstock production. The economic impacts of biofuel production, such as GDP, labor income, 

and employment, are positively related to biofuel sales. On the other hand, the tax paid by the 

biofuel industry will be increased by an increase in biofuel sales. Additionally, with an increase in 

tax revenue, more funds will be spent on social welfare, and will increase the quality of life. 

 

 

Figure 3.2. Causal loop diagram for a biofuel system 
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 Corn Ethanol System 

In 2012, corn ethanol production represented 94% of all biofuel in the United States. For this work, 

the corn ethanol life cycle was selected as the bioenergy system of interest. In 2003, corn ethanol 

was only used as an alternative to methyl tertiary butyl ether (MTBE) to be blended with gasoline. 

Today, the major use of corn ethanol is blending into gasoline to create E10 (10% ethanol/90% 

gasoline) or E85 (85% ethanol/15% gasoline). In 2004, 12.9 billion liters of ethanol were blended 

with gasoline (about 2% ethanol by volume) and sold as a fuel in the U.S. The mix is 1.3% ethanol 

(2.5 × 1011 MJ) in terms of the energy content [84]. 

 Sub-models for Corn Ethanol System 

The sub-models for the case study of corn ethanol system includes the corn ethanol market, the 

GHG reduction of corn ethanol production, the socio-economic benefits of GDP, labor income, 

employment and tax revenue created by corn ethanol industry. 

3.4.1 Corn ethanol market 

Bioenergy demand is largely driven by total energy demand, which in turn is driven by population 

and economic growth. From 2000 to 2014, the U.S. bioenergy consumption per capita increased 

by 38.7%, and the percentage of bioenergy relative to total energy use has increased from 3.37 to 

4.63%. Although in reality there could be a slight gap between biomass energy production and 

actual consumption. As is often theoretically assumed, the demand and the supply are virtually the 

same. Based on the IEA’s historical data, the biomass energy production and consumption were 

the same during these fifteen years, so the biomass supply satisfies the demand for bioenergy. 

Therefore, any gap between supply and demand is neglected in this study. In the U.S., ethanol 

demand is expected to be proportional to population and GDP. Based on examining the U.S. 

population and GDP from 2010 to 2014, the population has a constant growth rate of 3.106 million 

people per year and a GDP growth of $1,056.8 billion per year. A regression analysis was 

performed with ethanol consumption as the response, and population and GDP as independent 

variables. The resulting linear model fit was R2 = 0.97. 

 

Supply and demand curves (see Fig. 3.3) are used to estimate the equilibrium corn ethanol price. 

The supply for corn ethanol is based on the data for U.S. corn ethanol production and price from 



46 

 

2000 to 2014 [10], [85]. The demand for corn ethanol is based on two values. The first value is for 

5 billion gallons (19 billion liters) – when ethanol was introduced as an alternative to MTBE – and 

the corn ethanol price was 1.1 times the gasoline price. The second value is for the most recent 

corn ethanol demand (corresponds to E10 blend) and the current ethanol price. 

 

 

Figure 3.3. Supply and demand curves for ethanol 

 

The prices of corn production and crude oil can influence the corn ethanol price. To be more 

specific, an increase in crude oil prices leads to higher ethanol prices and therefore higher corn 

prices [86], [87]. However, the commercial market of the corn ethanol in the U.S. has been stable 

since 2015 and the relationship between corn ethanol price and production can be simply estimated 

based on the available historical data. Therefore, the corn price and crude oil price are not included 

in this study. 

3.4.2 GHG emission model 

The GHG emissions of corn ethanol were examined using the GREET (Greenhouse Gases, 

Regulated Emissions, and Energy Use in Transportation) model. The GREET model was used to 

calculate the total energy consumption and GHG emissions including carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O) for a given fuel system [88]. For corn ethanol, the system 
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boundary of the GREET model covers the life cycle GHG emissions of corn ethanol production 

and use, including corn farming, transport to the ethanol facility, fermentation, and ethanol 

delivery. The land-use change effects that may increase GHG emissions directly or indirectly are 

also included in GREET. Co-products of corn ethanol, such as distiller grains with solubles (DGS) 

and corn oil, are considered as credits for GHG emissions. For this case study, the values of GHG 

emissions of corn ethanol production were obtained from the literature (papers that used the 

GREET model) to estimate the GHG emission reduction compared to gasoline. The data used to 

explore the trend of average GHG emissions of corn ethanol by year is shown in Table A1 in 

Appendix. Based on Table A1, the average rate of reduction in GHG emissions from corn ethanol 

is 1.34% per year. One reason why the GHG emissions for ethanol (relative to gasoline) continue 

to reduce is an increasing utilization of natural gas (in place of coal) as a heat source. In addition, 

allocating credits for co-products, such as wet or dry DGS, corn syrup, and corn oil, can lower the 

GHG emissions profile for ethanol production. 

3.4.3 Socio-economic model 

To assess the economic impacts of the corn ethanol system, the multipliers for corn ethanol 

industry generated from IMPLAN model were used. The economic impacts of corn ethanol are 

based on the data from Renewable Fuel Association (RFA) reports [89]. The RFA carried out the 

reports of the contribution of the ethanol industry to the U.S. economy from 2009 to 2014 (see 

Table A2) by applying expenditures of the relevant supplying industry to the appropriate final 

demand multipliers for value added output, earnings, and employment. The annual corn ethanol 

sales is dependent on the annual corn ethanol production and price. In 2010, the total corn ethanol 

production was 13.3 billion gallons (50.3 billion liters), a 21.6% increase compared to 2009, 

exceeding the renewable fuel standard made by U.S. Environmental Protection Agency (EPA) of 

12 billion gallons (45.4 billion liters) corn starch-derived ethanol in 2010. Therefore, the highest 

GDP, labor income and employment created by the corn ethanol industry occurred in 2010 due to 

large corn ethanol output and expansion of additional 12 corn milling plants [90]. The economy 

of corn ethanol industry did not fluctuate too much after 2010. The multipliers of the three 

economic impact categories are calculated by dividing the total economic impacts by the annual 

ethanol sales. For example, the multiplier of labor income in 2014 was a labor income of $79,000 

per one million dollars corn ethanol sales. Between 2011 and 2014, there was an increasing trend 
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in multiplier of GDP, whose annual rate is estimated to be 11%. The average multipliers of labor 

income and employment are estimated to be $0.9 per dollar of ethanol sales and 11.5 jobs per 

million dollars of ethanol sales, respectively. The multipliers used for estimating the socio-

economic impacts of the corn ethanol system are provided in Table A3. 

 

Taxes provide revenue to governments that financially support a variety of services, e.g., 

education, police, defense, and health care. In fiscal year of 2015, Federal spent 28.8% of the 

budget on health, 24.1% on social security and 3.3% on education. The annual tax revenue is 

estimated to be 11.5% of the combination of GDP and household income supported by the ethanol 

industry. The federal tax revenue accounts for 6.2%, and the state tax revenue accounts for the 

remaining 5.3%. 

 

The simulation model developed using STELLA™ is shown in Fig. 3.4. The variables and 

parameters used in this model are based on the results of the GREET and IMPLAN models. In this 

scenario, corn ethanol demand and the corresponding impacts are projected from 2015 to 2020. 

 

 

Figure 3.4. STELLA™ model of corn ethanol system 
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 Results and Discussion 

The projected corn ethanol demand and price are shown in Fig. 3.3(a). The demand for corn 

ethanol was approximately 14 billion gallons (53 billion liters) in 2015 and is expected to be about 

16 billion gallons (60 billion liters) by 2020. These results are consistent with RFS targets set in 

2012, which set a goal for conventional ethanol produced from corn starch at 15 billion gallons 

(58 billion liters) for 2015, maintenance of this level of corn ethanol production into the future, 

and an increasing amount of advanced biofuels beyond 2015 [90]. The corn ethanol price is 

expected to be $2.38 gal-1 ($0.63 L-1) by 2020, an increase of 1.7% over the 2014 level. The 

demand for corn ethanol is expected to be stable due to the increased availability of advanced 

biofuels from 2015-2020. Therefore, the corn ethanol price is projected to change only slightly 

based on the supply and demand of corn ethanol. 

 

As shown in Fig. 3.3(b), the reduction in GHG emissions due to the use of corn ethanol (as opposed 

to gasoline) is expected to continue to grow, and be 43.62 million tonne by 2020. The Global 

Renewable Fuels Alliance [91] reported that the United States experienced a 51.9 million tonne 

decrease in GHG emissions by displacing gasoline with ethanol in 2014. These predictions are 

likely conservative since only corn ethanol processing by natural gas was considered. 

 

 

Figure 3.5. Behavior of ISM for corn ethanol bioenergy system (a) demand and price; (b) 

calculated GHG reduction 
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The economic impact of the corn ethanol industry cascades effects across the economy (e.g., corn 

seed providers, R&D services, and machinery). The economic impacts of the corn ethanol industry 

are shown in Fig. 3.4(a) and (b). The GDP created by the corn ethanol industry is projected to be 

over $82 billion by 2020, which is more than a 40% increase compared to 2010. In 2010, the 

ethanol industry had a high level of GDP due to the demand for ethanol as a gasoline-blending 

agent. The labor income is predicted to increase slightly from 2015 to 2020. Although the 

employment in 2020 is projected to be 15.5% larger than the 2014 employment, it is just 9% larger 

than it was in 2010. The employment during 2010 to 2013 decreased corresponding to a decrease 

in GDP associated with corn ethanol sales. The increasing employment evident may be attributed 

to the anticipated growth of corn ethanol sales and GDP that should directly and indirectly create 

job opportunities in agriculture, manufacturing, transportation, and service sectors. Therefore, the 

labor income and employment is fairly stable, and will not grow fast unless a significant expansion 

occurs in the corn ethanol industry. The estimated average income for the corn ethanol industry is 

roughly 49% higher than the U.S. average of $52,250 in 2015. 

 

 

Figure 3.6. Behavior of ISM for corn ethanol system (a) GDP and labor income; (b) employment 

across all sectors 
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In addition to the positive direct impacts on the local economy through expenditures and society 

through employment, local governments also benefit from increased tax revenues. Such revenues 

can support increased spending on education and other activities that benefit society. The total tax 

received by the federal and state governments is projected to increase by 63% between 2011 and 

2020 (see Fig. 3.5). The federal and state tax revenues are estimated to increase by 68% and 57% 

by 2020 (over the 2010 level). 

 

 

Figure 3.7. Tax revenue behavior of ISM for corn ethanol system 
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CHAPTER 4. ISM FOR FOREST RESIDUE SYSTEM FOR U.S. 

ELECTRICITY GENERATION 

Reprinted with permission (portions enhanced/adapted) from Jin, E., & Sutherland, J. W. (2018). 

An integrated sustainability model for a bioenergy system: Forest residues for electricity 

generation. Biomass and Bioenergy, 119, 10-21. https://doi.org/10.1016/j.biombioe.2018.09.005. 

Published by Elsevier Ltd 

 ISM for Forest Residue System 

The CLD of the forest residue system for electricity generation is shown in Fig. 4.1. The system 

boundary indicates that the system includes sections for the forest residue supply from timberland, 

and for the demand for electricity generation in the residential sector. The supply of forest residues 

is mainly affected by the harvested forest biomass. Either an increase in forest biomass planted or 

an expansion in the timberland causes an increase in harvested forest biomass production. The 

harvest ratio (percentage of timber removals relative to total growing stock) of forest biomass 

determines the amount of available forest biomass for use as feedstock. The harvest ratio can also 

be influenced by the demand in the timber product market. Thus, the availability of forest residues 

depends upon the forest biomass harvest and the ratio of logging residues to timber harvest. A 

change in land-use occurs when there is a higher benefit for timberland relative to crop land, i.e., 

a higher price for timber than agricultural crop price (e.g., corn and soybeans). Land-use may 

change the other way when crop price is higher than timber price. On the demand side of biomass 

energy, forest residue demand for co-firing with coal depends on total electricity consumption in 

the residential sector, which, in turn, is affected by population growth and electricity consumption 

per capita. Forest biomass prices vary based on dynamic changes in forest biomass supply and 

demand. 

 

Variables outside the system boundary are exogenous factors and sustainability indicators. An 

exogenous factor example is bioenergy policy; demand for biomass energy changes when there 

are regulations related to bioenergy use, e.g., a Renewable Portfolio Standard (RPS). LUC when 

crop lands are transferred to timberland serves to increase soil carbon sequestration. Co-firing 

https://doi.org/10.1016/j.biombioe.2018.09.005
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biomass with coal reduces CO2 (GHG) emissions when compared to coal firing only. Socio-

economic impacts in terms of gross output, value-added impact on the economy, and employment 

are generated by revenues in both forest residue recovery and the bio-power operation sectors. 

 

 

Figure 4.1. CLD for forest residue system for electricity generation 

 Forest Residue System for Electricity Generation 

Logging residues, a byproduct of timber harvesting operations, includes tree tops, branches, small 

stems, and deadwood, are one of the major sources of forest biomass. Logging residues are usually 

left onsite for maintaining forest ecosystem functions, but have also been considered waste 

materials [92]. The emerging bioenergy industry and advancement of technologies opens a 

potential market for wood residues as an energy source. Gan and Smith [93] estimated, for the 

1997 Forest Inventory and Analysis data [94], that the amount of recoverable logging residues in 

the U.S. were 36.2 million dry tonnes per year from both growing stock and other sources. The 

demand for wood residues is likely to increase with increasing fossil fuel prices and government 

policies seeking reduced environmental impacts via low carbon emission energy sources [92]. Coal 

is still the largest fuel used for electricity generation in the U.S., and the forecast of coal’s share in 

electricity is expected to rise in 2018 due to an expected increase in the price of natural gas [95]. 

Direct co-firing is the most common and least costly technology for converting forest residues to 
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power. Typically, biomass is co-fired with coal in a pulverized coal boiler. However, due to logistic, 

economic and technological challenges, only 5–10% of biomass can be viably co-fired with  coal 

in commercial applications [14]. Moreover, the cost of retrofitting an existing coal power plant to 

co-fire biomass is significantly lower than the cost of building new systems dedicated only to 

biomass power [14]. Since coal combustion is the most widespread energy generation technology, 

it is practical to compare the impacts of biomass co-firing with conventional coal combustion. In 

this study, the electricity generated from co-firing power plants is assumed to be delivered to the 

utility grid for residential use. The forest residues can also be used for heat production in the 

industrial boiler, but the goal of this study is to understand how the behaviors of consumer 

electricity consumption affect the forest residue demand for electricity generation. 

 

4.2.1  Forest residue supply 

Many researchers have investigated regional forest residue availability and developed supply 

curves associated with delivered biomass price. Logging residues are similar to pulpwood in that 

collection and transportation accounts for a high proportion of the delivered cost even though 

logging residues are low cost. To estimate the supply curve of logging residues, the pulpwood 

market is introduced to understand the general wood production supply, and then the difference 

between pulpwood stumpage price and delivered price was used to adjust the supply curve for 

logging residues. The pulpwood supply curve is assumed to be of the form [12]: 

 

 𝑙𝑛𝑃𝑝 = 𝛼 + 𝜀𝑙𝑛𝑄𝑝 → 𝑃𝑝 = 𝑒𝑥𝑝𝛼𝑄𝑝
𝜀 (4.1) 

 

where: 

Pp: price of pulpwood production ($ t-1); 

Qp: quantity of pulpwood production (Mt); 

: elasticity coefficient; 

α: coefficient. 

 

In a forest, logging residues may be collected at no cost or at a comparable stumpage price to 

pulpwood (the act of collection will incur a cost). This analysis performed herein assumes that the 
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stumpage price of pulpwood has the same function of pulpwood supply curve. Once the elasticity 

coefficient of stumpage price is estimated, the stumpage supply curve is generated based on a 

reference stumpage price (Pp0) and quantity of logging residue (Qp0) associated with the elasticity 

coefficient. Then, the difference between delivered pulpwood price and stumpage price was added 

to the stumpage supply curve to generate the new delivered biomass price. 

 

The U.S. timber market is closely related to the housing market and GDP. Due to the Great 

Recession in 2007 and over-built housing market from 2000 to 2005, sawtimber market that affects 

the pulpwood supply were depressed [96]. After the recession in 2009, the housing market and 

GDP improved gradually, and the timber market was back to the normal track. Therefore, the 

elasticity coefficient () of the pulpwood stumpage price was estimated to be 4.6, which is based 

on pulpwood production and stumpage price from 2010 to 2014 in the U.S. Gulf Region [96]. 

While the forest biomass system in this study does not explicitly include the effects of timber use 

in the construction market, the impact of the timber market on the availability of forest residues is 

indirectly included through the harvest ratio factor. The harvest ratio of timber is assumed to 

increase as a constant rate based on the recovering housing market. The stumpage price and 

available logging residues are related to the values from 2012, which are 10.49 $ t-1 in 2015 dollar 

and 5.64 million tonnes, respectively. The difference between pulpwood stumpage price and 

delivered price was estimated to increase 0.6 $ t-1 annually based on the pulpwood stumpage price 

and delivered price from 2000 to 2013 in the Louisiana, U.S. [97]. The delivered biomass supply 

curve is shown in Eq. (4.2): 

 

 𝑃𝑟 = 0.0036𝑄𝑟
4.6038 + 𝑑0 + 0.6𝑘 (4.2) 

 

where: 

Pr: price of logging residues ($ t-1) in kth year since 2012; 

Qr: quantity of logging residues (Mt) in kth year since 2012; 

d0: difference price ($ t-1) between pulpwood stumpage price and delivered price in 2012. 



56 

 

4.2.2 Demand of forest residues for co-firing 

As has been noted, biomass may provide a portion of the fuel needed for electricity generation via 

co-firing. The demand for wood residues for co-firing is driven by the total electricity demand for 

the residential sector. Demand for biomass will likely continue to increase as the energy sector 

becomes more environmentally conscious. Annual electricity demand may be expressed as a 

function of population growth and electricity consumption per capita as shown in Eq. (4.3): 

 

 𝐷𝑒 = 𝑄0 ∙ (1 + 𝜌)𝑘 ∙ 𝐸𝐶𝑐𝑎𝑝 (4.3) 

 

where: 

De: annual electricity demand (million MJ) in the kth year since 2012; 

Q0: population (in millions) for the reference year of 2012; 

ρ: population growth rate (million yr-1); 

ECcap: electricity consumption per capita (MJ per capita). 

 

The U.S. National Renewable Energy Laboratory (NREL) found that residential electricity 

demand depends significantly on population, electricity price, past electricity consumption, 

personal income, and climate [98]. To estimate the annual electricity demand, the present study 

followed the approach proposed by NREL, and developed a regression model (R2= 0.95) of the 

personal electricity consumption as a function of personal income, electricity price, and the 

previous year’s electricity consumption per capita as shown in Eq. (4.4): 

 

 𝐸𝐶𝑐𝑎𝑝 = −0.05 ∙ 𝑃𝑒 + 0.53 ∙ 𝐿𝑒 + 0.0000476 ∙ 𝐼 (4.4) 

 

where: 

Pe: electricity price (cent MJ-1); 

Le: electricity consumption per capita in previous year (MJ per capita); 

I: personal income ($). 

 

The data for Pe, Le and I are based on historical electricity consumption in the residential sector 

and demographic information from the International Energy Agency Statistics [99]. In recent years, 
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the electricity generation from woody biomass has accounted for an average of 0.26% of the total 

electricity generation in the U.S. The recent utilization of woody biomass in electricity generation 

is consistent with the projection made in EIA Annual Energy Outlook 2002 that 0.3% of the total 

electricity generation would be provided by woody biomass in 2020 [100]. The woody biomass 

demand will vary based on the requirements and characteristics of extant renewable energy 

policies. The EIA has projected various biomass demands for electricity generation based on 

different renewable energy policy scenarios within an RPS framework. According to the 2017 EIA 

Electric Power Monthly report [10], the net electricity generation from wood and wood-derived 

fuels accounts for 0.9% of the total electricity generation in all sectors. White et al. [101] projected 

and compared biomass production from the U.S. forest and agriculture sectors by examining 

different national-level Renewable Electricity Standard (RES) scenarios. Based on all these 

considerations, it will be assumed that the forest residue demand for co-firing will be at a level to 

meet 0.3% of the total electricity consumption in the residential sector as a base case. Owing to 

the uncertainty in the biomass demand, Section 4.5 will explore different scenarios to identify how 

changes in key variables, such as biomass demand and delivered biomass price influence the 

system cost. 

 

Several studies [102]–[106] estimated the delivered cost of biomass for electricity generation 

based on the case of a co-firing power plant. The delivered cost of forest residue is mainly 

comprised of harvesting, transportation, and storage costs, and has a large range of 7.50-80.00 $ t-

1 due to differing study assumptions (e.g., transport distance, biomass availability, and fuel cost). 

In this work, a relationship between the delivered price and available wood residue production is 

developed based on historical data on logging residues and pulpwood prices [97], [107] in the 

United States. The delivered biomass price will be determined by the equilibrium point where the 

forest residue supply and demand are equal. 

 Sub-models for Forest Residue System 

4.3.1 Soil carbon sequestration & GHG emission change due to LUC 

One of the environmental impacts of using forest biomass is the reduction in the net greenhouse 

gases emissions caused by the sequestration in soil organic carbon (SOC) and carbon in vegetation 
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biomass due to land-use change (LUC). The effect of land-use change from natural forest to 

cropland can increase the net emission of GHG by 7.3 t CO2 eq ha-1 yr-1, while conversion of 

cropland to secondary forest can reduce total GHG emissions by 5.3 t CO2 eq ha-1 yr-1 [108]. The 

key environmental impacts from a forest biomass system are the soil carbon sequestration, the 

corresponding avoided CO2 emission, and the total GHG emissions change resulting from land-

use modifications between forest land and crop land. Reduced contributions of CO2 to the 

atmosphere from LUC (crop land to forest land) is owed to the gain in SOC stock and the total 

GHG emission change is the combined emission difference in biomass carbon, SOC, and CH4 and 

N2O emissions in soil processes. The sub-models of soil carbon sequestration and GHG emissions 

change are based on the change rates in soil organic carbon, associated CO2 flux, and the net GHG 

emissions (Table 4.1) were estimated by Kim and Kirschbaum [108]. Their research also reported 

on the calculations of soil carbon sequestration and all the net GHG exchange were expressed in 

units of CO2 eq through multiplication by the respective 100-year global warming potentials of 

different GHGs [108]. The numbers given in Table 1 represent the average change rates over 100 

years. 

 

Table 4.1. Change rate of soil carbon stock (∆S), corresponding contribution to atmospheric CO2 

and net GHG emissions from LUC between forest and cropland over 100 years (adapted from 

Kim and Kirschbaum [108]). 

Land use type ∆S over 100 years  Contribution to the 

atmosphere  

Net GHG emission to 

the atmosphere  

Pre Post (tonne C ha-1 yr-1) (tonne CO2 ha-1 yr-1) (tonne CO2 eq ha-1 yr-1) 

Natural 

forest  

Cropland -0.33 1.2 7.3 

Cropland Secondary 

forest 

0.59 -2.2 -5.3 

 

4.3.2 Cost savings and CO2 savings for a co-firing system 

There are few studies focusing specifically on the estimation of GHG emissions from a biomass 

co-firing system due to the fact that U.S. electric utilities are not employing biomass feedstock for 
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co-firing on a large scale [109]. Therefore, the GHG reductions predicted in this sub-model focus 

on the potential GHG emissions that could be saved through co-firing compared to a 100% coal-

fired plant. The reduction in equivalent CO2 emissions is evaluated based on the amount of coal 

displaced by forest biomass. The reduction of CO2 per year is calculated as [7]: 

 ∆𝐶𝑂2 = 3.67 × (∆𝑀𝑐𝑜𝑎𝑙 × 𝑓𝑐) (4.5) 

 

where: 

∆CO2: CO2 reduction from a co-firing system (Mt); 

fc: mass fraction of carbon in coal; 

∆Mcoal: annual mass of coal replaced by biomass in the boiler (Mt). 

 

The annual forest biomass needed for electricity generation at a national scale is determined by the 

proportional energy content (Pb) provided by the biomass. The annual biomass requirement is 

determined through the equations below [110]: 

 

 𝐴𝐵𝑈 =
𝐴𝑇𝐷×𝑃𝑏

𝜂𝑜×𝐿𝐻𝑉𝑏
 (4.6) 

 𝜂𝑜 = 𝜂𝑏 × 𝜂𝑟𝑝 (4.7) 

 ∆𝑀𝑐𝑜𝑎𝑙 =
𝐴𝐵𝑈×𝐿𝐻𝑉𝑏

𝐿𝐻𝑉𝑐
 (4.8) 

 

where: 

ABU: annual biomass use (Mt); 

ATD: annual total electricity demand (million MJ); 

Pb: ratio of biomass-based electricity to the total electricity demand; 

𝜂o: overall power efficiency; 

𝜂b: boiler efficiency of biomass co-firing; 

𝜂rp: remaining power efficiency excluding the boiler; 

LHVc: lower heating value of coal (MJ kg-1); 

LHVb: lower heating value of forest biomass (MJ kg-1). 

 

The values of the variables assumed for the biomass co-firing are listed in Table 4.2.  
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Table 4.2. Assumed variable values for a biomass co-firing system 

Variable Coal (US anthracite) Forest biomass 

Carbon content (% wt) 83.7  52.3  

Lower heating value (MJ/kg) 29.94  19.19  

Pb (%) N/A 0.3 

𝜂b (%) 90  90 

𝜂rp (%) 43  43 

Cost ($/tonne) 45  Calculated using Eq. (4.2) 

Density (kg/m3) N/A 608.12  

In this study, the cost change from a biomass co-firing system only considers the cost savings from 

reduced coal consumption, and the incremental cost of consuming biomass. This is expressed by: 

 

 𝐶𝑆 = ∆𝑀𝑐𝑜𝑎𝑙 × 𝑈𝐶𝑐𝑜𝑎𝑙 − 𝐴𝐵𝑈 × 𝑈𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (4.9) 

 

where:  

CS: annual cost savings in the biomass co-firing system (million $); 

UCcoal: unit cost of coal ($ t-1); 

UCbiomass: unit cost of biomass ($ t-1). 

4.3.3 Land-use change mechanism 

The amount of available timber is likely to increase as land dedicated to other activities (e.g., crop 

land and pasture) is transferred to timberland. From 2007 to 2012, U.S. national forests increased 

by roughly 7 million acres or 1% of the 2007 estimated forest area [107]. Based on the 2007 

estimation of major land use in the United States [111], forest land increased by 4.5% from 1997 

to 2007. In particular, the timberland area increased by 29 million acres between 1987-2007, as 

more available forest land and marginal farm land were classified to timberland [111]. In contrast, 

the trend of cropland use generally has declined in recent decades. Total cropland dropped roughly 

10% between 1997 and 2007 [111]. A variety of factors can affect land-use change. Land-use 

shifts may happen due to changes in commodity prices, land-use policies, and subsidy policies for 

bioenergy [112]. Farmers or landowners are sensitive to changes in price and policy, and 

maximizing net profits from owned land has caused changes in land-use. In this study, the land-
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use change mechanism aims to address the impact of changes in commodity prices on the 

collective choices that landowners make about their production (e.g., wood or crops). Planting 

trees or energy crops on marginal land is a potentially attractive way for bioenergy production. 

However, the low productivity of biomass production and high production cost are concerns for 

economic viability [113]. Moreover, the ownership of marginal land is unclear [113]. 

 

To predictively describe land-use change, it is assumed that a landowner will endeavor to 

maximize land-use efficiency. The land-use efficiency metric employed in this paper is a modified 

form of the proposed land-use efficiency indicator introduced by Papachristos and Adamides [114]. 

In the present case, land-use efficiency is defined as the economic performance of a unit land-use 

area. In this sub-model, land-use efficiency is used to explore the land-change pattern instead of 

developing the relationship among land area, production, and price. It assumes that land transitions 

only occur between forest land and agricultural land. The efficiencies of each land-use are: 

 

 Forest land-use efficiency: 𝜂𝑡𝑖𝑚𝑏𝑒𝑟 = 𝑃𝑡𝑖𝑚𝑏𝑒𝑟 ∙ 𝑌𝑡𝑖𝑚𝑏𝑒𝑟 (4.10) 

 Agricultural land-use efficiency: 𝜂𝑐𝑟𝑜𝑝 = 𝑃𝑐𝑟𝑜𝑝 ∙ 𝑌𝑐𝑟𝑜𝑝 (4.11) 

 

where: 

𝜂: land-use efficiency ($ m-2); 

Pcrop: crop price (corn price, $ kg-1); 

Ptimber: timber price (pulpwood price, $ kg-1); 

Ycrop: yield of crop production (kg m-2); 

Ytimber: yield of timber production (kg m-2). 

 

As is evident, timber and crop production are the forest and agricultural commodities, respectively. 

In the land-use change mechanism, it is assumed that a landowner will change the land-use if 

another land-use is more economically efficient than the current land-use. For instance, if 𝜂timber > 

𝜂crop, crop land will be transferred to timberland (a landowner is unlikely to change all their land 

during a single year). On the other hand, if 𝜂timber < 𝜂crop, crop land will not be transferred to 

timberland (it is unlikely that timberland will be transferred to crop land in the short term). The 

amount of timberland change is assumed to be 0.904 million acres per year, based on the historical 
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trend of timberland area. A 28- to 35-year harvesting rotation is typical for softwood sawtimber 

like pines. Thinning promotes the growth of individual trees within a stand by removing 

surrounding trees [115]. The first commercial thinning can happen between stand ages of 10 and 

20 years depending on the rotation length [116]. If markets for pulpwood are favorable, pines can 

be harvested within 15 to 20 years [117], [118]. For this model, pines, such as loblolly pine (Pinus 

taeda), are selected as an example of trees because they have a short afforestation time and will 

generate revenue faster. It is hypothesized that pines planted on the transferred timberland are 

available to be either thinned or harvested for pulpwood at an average age of 20 years, when they 

are mature and the net growth rate is stable. Pulpwood and corn prices are selected to reflect timber 

price and crop price changes, respectively. The reason for choosing pulpwood and corn is that they 

are the major component in wood and crop production in the U.S., respectively, and the 

corresponding data of land area and price are readily accessible. Timber and crop prices are also 

influenced by the planted land, market demand, and government policies. To simplify the land-use 

change sub-model, the timber and crop prices are considered as exogenous variables that will 

change independently based on time.  

4.3.4 Socio-economic implications 

To assess the economic impacts of forest biomass used in electricity generation, the Impact 

Analysis for Planning (IMPLAN) method, designed by the USDA Forest Service, was used. The 

method employs a linear input-output model (I-O model). In an IMPLAN I-O model, commodity 

flows from producers to intermediate and final consumers across all economic sectors in the United 

States are captured [25]. For example, the forest industry purchases $10 worth of commodities 

(such as capital equipment) from the manufacturing sector and sells $6 worth of forest products 

(such as timber) to the manufacturing sector. The IMPLAN model estimates the economic impacts 

in terms of gross output, value-added, and employment. Gross output means the total value of 

production. Value-added is the net benefit available for disbursement in the form of wages, owner 

compensation, and taxes [25]. Employment represents the number of full jobs created in the sector. 

The IMPLAN model also provides multipliers that estimate economy-wide effects, i.e., changes 

in final demand impacts on the entire economy [68]. Total economic impacts include direct, 

indirect, and induced impacts that are caused by a one dollar ($1) change in the final demand. 

Various multipliers generated in IMPLAN can be used to estimate economic activities, such as 
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output, value-added, employment, and labor income. A recent study estimated the economic 

impacts of woody biomass utilization on bioenergy development, and revealed the direct economic 

impacts and multipliers related to logging residues recovery, bio-power generation, and biofuels 

production [25]. The economic sub-model employs the estimated multipliers of gross output, total 

value-added, and employment in the processes of logging residue recovery and electricity 

generation from a co-firing system. The values of multipliers are listed in Table 4.3. 
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Table 4.3. Multipliers of economic impacts 

Sector 

Multipliers* 

Gross output 

(M$/M$) 

Total value-added 

(M$/M$) 

Employment 

(jobs/M$) 

Recovery of logging residues 1.86 0.64 11.28 

Biopower 1.6 0.54 9.79 

*Each multiplier is adjusted to be the ratio of the corresponding total economic impact to direct 

gross output 

 Integrated System Dynamics Model 

A model following the logic of the constructed CLD (of Fig. 4.2) was implemented in Vensim® 

[119] and is presented in Fig. 4.3. Key elements of a forest biomass system for electricity 

generation are categorized as stocks and convertors. Stocks that can be calculated with a time-

based function are represented as rectangular boxes. Corresponding flows are drawn as pipes with 

arrows and the rate of the flows as valves on the pipes. Cloud symbols are the sources of stocks 

outside of the system boundary. Other factors that are related to the stocks and flows are 

represented as convertors. The interrelationships among key elements are represented as arrows 

between stocks, flows and convertors. The input parameters are in black and the output parameters 

are in colors.  The basic scenario of this model is to estimate forest residue supply and demand, 

and to project the corresponding impacts from 2017 to 2042 based on the reference year of 2012. 

The projected behaviors of sustainable metrics are expressed in an annual basis. Initial inputs of 

stocks used in the integrated system dynamics model are given in Table 4.4. 
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Figure 4.2. Vensim® model of forest biomass system in electricity generation 

 

Table 4.4. Initial inputs of stocks in the ISM 

Stock Initial value 

Growing stock density 0.013 m3 m-2 

Growing stock biomass 2.75×1010 m3 

Harvest ratio 1.50% 

Ratio of logging residue to timber harvest 9.58% 

Timberland 2.11×1012 m2 

Corn land 3.52×1011 m2 

Timber production 2.75×1010 m3 

Corn production 2.74×1011 kg 

Pulpwood price 0.05 $ kg-1 

Corn price 0.18 $ kg-1 

U.S. population 3.14×108 

Personal income 37,166 $ 

Electricity price 0.033 $ MJ-1 

Coal cost 0.045 $ kg-1 
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 Results and Discussion 

The amount of wood residue available for harvesting and the demand for wood residue are shown 

in Figs. 4.3 and 4.4. The available harvested wood residue is estimated to be 371 million tonnes 

by 2042, resulting from slow growth in stock biomass. The total biomass growing stock includes 

the existing forest biomass and the woody biomass grown on lands that have been transferred to 

timberland. Therefore, there is a jump in the amount of growing stock biomass in 2032 because 

the newly grown forest biomass planted on the transferred timberland is available to be harvested 

(see Fig. 4.3). Land-use change between timberland and crop land plays an important role in the 

availability of forest residue, and the decision on whether to change how land is used depends on 

the performance of the markets for forest and agricultural products. However, forest residue supply 

is also affected by the harvest management that determines the ratio of logging residues to timber 

harvest. It turns out that the growth in the supply of forest residue will reduce over time due to a 

decreasing ratio of logging residues to timber harvest. 

 

In summary, the amount of available forest residue projected by the ISM is much higher than the 

demand for forest residue in electricity generation over a 25-year period. Meanwhile, the available 

forest residue is sufficient for feedstock, fuels, and heat generation in biomass processing and other 

industries. The predicted delivered price of wood residues is within the reasonable range of 

delivered biomass price and relatively high in this study compared to past estimates. It should be 

noted that the prediction of delivered biomass price consider the market price that reflects both 

supply and demand situations. 
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Figure 4.3. Projected growing stock biomass and available forest residue 

 

 

Figure 4.4. Projected forest residue demand and delivered biomass price 

 

The accumulated changes in soil carbon sequestration and CO2 savings caused by conversion of 

crop land to timberland are shown in Fig. 4.5. The sequestered soil carbon associated with cropland 

transferred to timberland will be 58.2 million tonnes by 2042, while the corresponding CO2 

avoided in the atmosphere is projected to be 213.3 million tonnes. Based on the proposed land-use 

change mechanism, timberland use is more efficient than crop land use in the years 2012-2022. 
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Crop land-use is predicted to become more efficient in 2023, and crop land stops being transferred 

to timberland. During 2012-2022, 9.04 million acres of crop land will be transferred into 

timberland, resulting in a steep increase in soil carbon sequestration and CO2 savings. After 2022, 

the increasing rate of soil carbon sequestration and CO2 savings is relatively stable owing to no 

land-use change between crop land and timberland. The total contribution to GHG emissions 

reduction by various changes in biomass carbon, soil organic carbon, CH4 emissions, and soil N2O 

emissions in the LUC process is estimated to be 522.5 million tonnes of CO2 eq by 2042. The GHG 

reduction rate also becomes constant in 2027 owing to the projection that crop land will stop 

transferring to timberland.  

 

The annual savings in CO2 from co-firing systems (using a 0.3% bioenergy share) related to the 

use of “pure” coal is evaluated to be 6.3 million tonnes in 2042. The U.S. EIA reported that the 

CO2 emissions from coal firing in the electric power sector totaled 1,350 million tonnes in 2015. 

Because only 0.3% of total electricity demand is assumed to be provided by forest biomass, the 

projected CO2 savings from biomass co-firing in electric utilities accounts for less than 0.5% of 

the total emission amount in 2015. Therefore, there is great potential in terms of utilizing forest 

biomass to reduce the total CO2 emissions in the electric power sector. 

 

 

Figure 4.5. Changes in soil carbon sequestration and CO2 savings 
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Economic impacts of using forest biomass for electricity generation are shown in Fig. 4.6. The 

gross output and value-added associated with harvested wood residues are projected to be $30.26 

billion and $10.41 billion in 2042, respectively. The employment created in the United States for 

the recovery of wood residues is projected to be 183,538 jobs by 2042. The economic contribution 

of the forestry industry decreased from 2006 to 2009, and the gross output in 2015 is still lower 

than its peak in 2006 even with recent increases. In addition, the forestry industry in the United 

States has had a dramatic decrease in employment from 2000 to 2013 owing to the financial crisis 

of the late 2000s and the emerging use of digital media that has decreased the demand for printed 

materials, such as newspapers [120], [121]. Therefore, the utilization of wood residues for 

electricity generation can be a potential way to accelerate the growth in gross output and provide 

more jobs in the forest products industry. Moreover, bio-power generated by forest biomass can 

contribute more value to the economy in the electric power sector. Co-firing power plants will 

generate $1.86 billion in gross output, $0.63 billion in value-added activity in 2042, and 11,390 

jobs across the country by 2042.  

 

 

Figure 4.6. Economic impacts of forest biomass for electricity generation 
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Although bioenergy has advantages in reducing environmental impacts, it is still less competitive 

and accounts for a small portion of total energy consumption when compared to conventional 

(fossil fuel) energy in the electric power sector. Moreover, bioenergy has been policy-driven (as 

opposed to market-driven), and its growth, including new applications and improved cost-

effectiveness, depends heavily on the advancement of existing and new technologies. In the 

scenario analysis of this section, future regulatory requirements for bioenergy use for electricity 

generation are assumed at four different levels: 0.3% (base case), 0.5%, 0.8% and 1% of the total 

electricity generation. 

 

Since the projected supply of wood residue is much higher than the demand based on the current 

consumption of biomass for electricity generation, scenario analysis is carried out to explore 

dynamic changes in delivered price as it is affected by different levels of demand. Figure 4.7 shows 

the demand of wood residue for different levels of RPS or RES. The coal cost in the scenario 

analysis is assumed to be dynamic with an annual increase of $1.38 tonne-1 yr-1. Assuming other 

conditions remain the same, for a 0.5%, 0.8%, and 1% bioenergy portion of the total electricity 

consumption the delivered biomass prices are projected (in 2042) to be $51.11 tonne-1, $112.86 

tonne-1, and $237.98 tonne-1, respectively. According to the estimated delivery cost range of wood 

residue ($7.50-$80 tonne-1) from the literature [103]–[106] and the average coal cost for electric 

utilities ($45 tonne-1) [11] , for RPS/RES between 0.5% and 0.8%, the market for forest residue in 

electricity generation will be expanded. 
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Figure 4.7. Scenario analysis of delivered biomass prices varied by different bioenergy shares 

 

A requirement on bioenergy consumption for electricity generation can affect the cost of co-firing 

systems through changes in the delivered biomass cost. As is evident from Fig. 4.8, for several 

bioenergy scenarios (0.3% and 0.5% share), the biomass price is always less than the price of coal. 

For the 1% share scenario, the biomass price is always greater than the coal price. For the 0.8% 

share, the biomass price is initially less, but then in 2031 becomes greater than the coal price. 

Figure 20 shows the amount of annual savings a power plant could achieve (for 0.3% and 0.5% 

bioenergy share) for a co-firing system. Annual cost savings from reduced coal consumption in 

the co-firing system are estimated to increase to $36.9 million in 2042 under a 0.3% bioenergy 

share. For the 0.5% bioenergy share scenario, the highest annual cost savings is projected to be 

$24.8 million in 2036, but this will decrease to $22.8 million in 2042. 
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Figure 4.8. Scenario analysis of cost savings of co-firing systems by different bioenergy shares 

 

Forest biomass for bioenergy electricity generation can be adjusted through market-based efforts 

versus regulatory initiatives, and can increase the demand for bioenergy in electricity generation, 

which serves to create environmental and socio-economic benefits. Moreover, increasing the 

demand for forest biomass for electricity generation can increase the price of delivered biomass 

and create a commercial market for forest residue. However, co-firing with high levels of forest 

biomass (e.g., biomass that results in more than 0.8% of the total electricity generation) may lead 

to less cost savings to a co-firing power plant (or even no cost savings) due to the long-term 

increase in delivered biomass price. The disproportionate increase in the delivered biomass price 

may increase the cost of bio-electricity, and the adoption of forest biomass for electricity 

generation will decrease in the co-firing system. This is an important consideration for a power 

plant; clearly, investing in a co-firing retrofit must provide suitable financial return or it will not 

be completed. 

 Model Limitation 

The simulation of the ISM only provides a basic estimate of the sustainability performance of the 

bioenergy system.  ISM is limited in its predictive capacity because it does not capture all the 

inherent aspects of reality. Model validation is one challenge for system dynamics problems. The 
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field of system dynamics lacks formalized methodologies and tools for model validation [78]. Due 

to different system scopes relevant to the purpose and available information about the state of a 

system, it is hard to capture all key factors to reflect structure of a real system. For instance, the 

structure of the supply of forest residues is composite of the timberland area, forest biomass planted, 

growth rate of forest biomass, and the harvest ratio. All parameters included in the structure 

represent the real system of the supply of forest residues. The demand for forest residues is 

dedicated to local electricity generation. The utilization of forest residues for other biofuels may 

have influences on the supply of forest residue for bio-power. However, it was not taken into 

account in this study because of the uncertain economic feasibility of the technologies that convert 

forest residues into biofuels on a large scale. In addition, it is challenging to quantify and 

incorporate certain system behaviors, such as community perception, health impact, and 

biodiversity.  

 

The output behaviors can either be validated based on available time-series data or the correlation 

of proposed models with reference models. For instance, in this study, the supply of forest residues 

and demand for electricity generation are conducted based on statistical analysis of the historical 

data of pulpwood production and the total residential electricity consumption, respectively. 

Unfortunately, there is no specific historical data for forest residue production for bio-power 

because a commercial market does not yet exist for forest residues. To address the uncertainties in 

quantifying the CO2 savings from the utilization of forest residues in a co-firing system, the outputs 

are compared with other published results and were found to be in line with the previously 

published data. However, there exists lots of uncertainties for forecasting the behavior of CO2 

emissions associated with these assumed situations.  

 

Another major limitation is the established land-use mechanism in this study. The land-use 

mechanism only considers the transition between forest land and crop land. Other land-use types, 

such as grass land, pasture and marginal land, can also be converted to forest land. In this land-use 

mechanism, the land-use change pattern is driven by the prices of timber and crop products. 

However, in reality, the adoption of biomass is also related to the familiarity to the biomass and 

the risk-aversion of a landowner, etc. [122]. Since the land-use change plays an important role in 
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the supply of any biomass, it should consider some key social attributes of landowners to simulate 

how they make decisions on which products to grow. 

 

Regardless of the limitations, the ISM does provide sustainability implications of the utilization of 

forest residues for electricity generation and opportunities to expand bioenergy market for 

electricity generation. The ISM method can inform business and policy decisions by capturing the 

decision tradeoffs of different parties in the utilization of forest residues for bio-power applications. 
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CHAPTER 5. ISM FOR CELLULOSIC ETHANOL SYSTEM IN THE U.S. 

MIDWEST 

Jin, E., Sutherland, J. W. (2019). Integrated sustainability assessment for a bioenergy system: a 

system dynamics model of switchgrass for cellulosic ethanol production in the U.S. Midwest. in 

review for Journal of Cleaner Production. 

 Introduction 

Dedicated energy crops including perennial grasses and woody crops have been identified as 

promising alternatives for conventional biomass (e.g., corn and soybean) to produce biofuels in 

the U.S. The revised Renewable Fuel Standard (RFS2) mandate under the Energy Independence 

and Security Act (EISA) requires that 16 billion gallons of cellulosic biofuels will be used for 

transportation fuel by 2022 [123]. Cellulosic biofuel has the potential to reduce 60% of the 

greenhouse gas (GHG) emissions including direct and indirect emissions compared to the 2005 

baseline of petroleum products [123]. Furthermore, GHG emissions of cellulosic biofuels are also 

lower than the emissions of conventional biofuels [124]. Ethanol produced from corn starch still 

dominates the U.S. biofuel market, and commercial ethanol plant capacity reached 15.5 billion 

gallons per year in 2017. The U.S. Environmental Protection Agency (EPA) capped the annual 

conventional biofuel (e.g., corn ethanol) production at 15 billion gallons in 2015 and promoted the 

utilization of advanced and cellulosic biofuels. 

 

Under EISA, the EPA mandates that obligated parties, such as gasoline and diesel producers, must 

demonstrate that they have met an annual Renewable Volume Obligation (RVO) for each 

renewable fuel category (conventional biofuel, advanced biofuel, cellulosic biofuel, and biomass-

based diesel) [125]. To track compliance, Renewable Identification Numbers (RINs) are created 

by biofuel producers when the biofuel is produced. When the biofuel is purchased and blended 

into gasoline by the obligated parties, these RINs can be reported to the EPA to achieve compliance 

or can be sold to other companies to meet compliance needs. 
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In 2017, the EPA identified that the production of cellulosic biofuels was only 251 million gallons, 

which was only 4% of the annual mandated target (5.5 billion gallons) [125]. This shortfall was 

caused by the delayed commercialization of cellulosic biofuels, on account of costly and immature 

bioconversion technologies. Fuel blending requirements further limit the demand for biofuels, 

resulting in significantly slowed adoption of biofuel technologies. These technical and economic 

barriers to cellulosic biofuel commercialization can be addressed with emerging advanced 

technologies in the pretreatment process (e.g., two-stage dilute acid [126], ammonia fiber 

explosion [127], biological pretreatment by fungi, bacteria and enzymes [128]). While these 

technologies may be implemented in time, the commercialization of cellulosic biofuels may have 

other social or environmental benefits which warrant more rapid commercialization than would be 

driven by the market. 

 ISM for Cellulosic Ethanol System 

Figure 5.1 provides the structure of the ISM and the interrelationships among sub-models. 

Cellulosic biofuel production depends on the biorefinery expansion and feedstock supply. The 

biorefinery expansion is determined by the economic viability for operating a biorefinery, which 

is related to the market prices of cellulosic biofuel and feedstock. LUC for energy crops is driven 

by the feedstock demand for cellulosic biofuels and is also affected by the profitability of growing 

energy crops. Feedstock supply relies on the land acreage for energy crops and the demand is 

driven by both the cellulosic biofuel industry and compliance with the regulatory mandate. 

Environmental impacts are assessed based on the LUC for energy crops and production of 

cellulosic biofuel. Economic impacts are calculated based on the economics of the industry. Finally, 

social impacts are related to GHG emissions and the revenues of the cellulosic biofuel industry. 

Details for each sub-model are discussed in Section 2.2. 
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Figure 5.1. Structure of the integrated sustainability model 

 Cellulosic Ethanol System 

The U.S. biofuels market is dominated by conventional starch-based ethanol. Corn grain accounts 

for more than 90% of the total feedstock for corn ethanol. According to the recent estimates from 

the Energy Information Administration (EIA) state energy data system [129], the 10 states (IL, IN, 

IA, MI, MN, NE, ND, OH, SD, WI) in the U.S. Midwest accounted for 84.2% of U.S. fuel ethanol 

production in 2016. 168 out of the 214 U.S. ethanol plants are located in these states [130]. 

Therefore, this study investigates these regions where energy crops and cellulosic biofuel facilities 

will expand. It is assumed that the cellulosic biofuel production generated in these states will meet 

84.2% of the demand for cellulosic biofuels. Switchgrass (Panicum virgatum L.) and cellulosic 

ethanol are selected as the feedstock and biofuel product of interest, respectively, owing to the 

availability of data and the viability of widespread use. There were five commercial-scale 

cellulosic ethanol plants with a total production capacity of 61.6 million gallons in the U.S. by the 

end of 2016 [130]. The feedstock for cellulosic ethanol in these biorefineries was corn stover. 

However, the domestic generated volume of cellulosic ethanol was 6.4 million gallons in 2018 
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[131]. The remaining compliance of cellulosic biofuel was from renewable compressed and 

liquefied natural gas.  

 

Other key information includes that the life span of a cellulosic ethanol biorefinery is assumed to 

be 15 years. It is assumed that switchgrass requires 1 year to become productive and will remain 

productive for 15 years before replanting is required [132]. In this study, the increasing demand 

for cellulosic biofuel is assumed to be met by cellulosic ethanol from switchgrass from 2015 to 

2030. The sub-models used historical data based on the Midwest region of the U.S. in their 

assumptions. 

 Sub-models for Cellulosic Ethanol System 

The cellulosic biofuel system develops sub-models for cellulosic biofuel market, feedstock market, 

land-use change for energy crops, and biorefinery economic performance. The ISM also predicts 

several environmental impacts and socio-economic measures. 

5.4.1 Cellulosic biofuel and feedstock markets  

The sub-model for cellulosic biofuel market imposes a compliance mechanism used by the RFS2 

program to regulate the requirement for cellulosic biofuels. According to the annual compliance 

data between 2013 and 2017 for obligated parties [131], the annual RVOs and the projected volume 

obligations are increasing by 78.7 million gallons and 81.7 million gallons, respectively. The 

annual RVOs for obligated refiners is the sum of renewable fuel production in the current year and 

the deficit from the previous year.  

 

In the sub-model for the cellulosic biofuel market, the demand for RVOs in the cellulosic biofuel 

system is investigated using two scenarios based on the current trends (baseline) and the RFS2 

mandate (see more details in Section 5.6.2). The interrelationships among key variables in the sub-

model of cellulosic biofuel supply and demand are presented in Fig. 5.2. The expansion rate of 

biorefineries is determined by the annual demand for cellulosic biofuels and the deficit of RVOs 

in the previous year. The internal rate of return (IRR) is used commonly as a metric for investors 

to estimate the profitability of a project. This study assumes that a cellulosic ethanol biorefinery 

will be built if the interval rate of return over a 15-year investment period is greater than the 
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discount rate (10%). The annual RINs of cellulosic ethanol are set equal to the annual volume of 

cellulosic ethanol. The biorefinery expansion rate is the amount of new biorefineries that can meet 

the annual increase in demand for cellulosic ethanol. The available cellulosic ethanol production 

is determined by either the annual feedstock provision or the consumption, whichever value is 

lower. For example, if the supply of feedstock is less than the consumption, the cellulosic ethanol 

is limited by the available feedstock. The feedstock provision is related to the land acreage of 

switchgrass and the productivity of switchgrass. The annual consumption of feedstock depends on 

the total capacity of operating biorefineries. 

 

 

Figure 5.2. Stock and flow diagram for the cellulosic biofuel and feedstock markets sub-model 

 

5.4.2 Cellulosic biofuel price and biorefinery economic performance 

Since cellulosic biofuels have not yet been fully commercialized, the price of cellulosic biofuel is 

uncertain and may fluctuate due to several factors. In general, the price of cellulosic biofuel will 

change according to the gasoline price and the upper bound of the cellulosic biofuel price is equal 

to the gasoline blend value (GBV), which is the adjusted price for mileage and blending properties 

[133]. For example, use of blended fuel (E10) with a 10% ethanol blend causes a 3% mileage loss 

in typical flex-fuel vehicles. The GBV of cellulosic biofuel is the sum of adjusted price for mileage, 

RIN price, and the blender’s tax credit (see Eq. (1)). When the supply of cellulosic biofuel is less 
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than the demand, the price of cellulosic biofuel approaches the gasoline price. Conversely, when 

the supply exceeds the demand, the price of cellulosic biofuel approaches the marginal cost of 

cellulosic biofuel. The blenders and producers are assumed to share the difference between the 

GBV ceiling and the marginal cost floor that reflects the marginal gain available for blenders and 

producers to capture. The price of cellulosic biofuel (Pc) is calculated as Eq. (5.2). 

 

𝐺𝐵𝑉 = 𝑃𝑔 ⋅ (1 − 𝜀) + 𝑅𝐼𝑁𝐶 + 𝑡        (5.1) 

𝑃𝑐 = 𝐺𝐵𝑉 −  𝜌𝑏 ⋅ (𝐺𝐵𝑉 − 𝑀𝐶𝑐)        (5.2) 

 

where Pg is the price of gasoline ($ gal-1); ε is the mileage loss of the blend fuel in a typical flex-

fuel vehicle; RINc is the RIN price of cellulosic biofuel ($ gal-1); t is the tax credit ($ gal-1); ρb is 

the capture of blenders (assumed value is 20%); and MCc is the marginal cost of cellulosic ethanol 

production ($ gal-1). 

 

A cellulosic waiver credit (CWC) is a credit that blenders can purchase to comply with the current 

year’s EPA requirement. CWC price is set to be the greater value of $0.25 or $3.00 minus the 

wholesale price of gasoline, where both $0.25 and $3.00 are adjusted for inflation [134]. The RIN 

price of cellulosic biofuel production is affected by the dynamic changes of the RIN price of 

advanced biofuels and CWC. The RIN price of cellulosic biofuel production is the sum of the RIN 

price of advanced biofuels and CWC [133]. The RIN price of advanced biofuels is estimated by 

following a distribution of N (0.68, 0.2) within the range from 0.15 to 1.50. 

 

In the sub-model for cellulosic biofuel price and profit, the key variables in the feedstock supply 

chain and technological process are incorporated as shown in Fig. 5.3. The unit cost of cellulosic 

biofuel is comprised of the feedstock cost, transportation cost, fixed cost, and variable operating 

cost. The feedstock price of the energy crop is uncertain since there is no large-scale commercial 

market for cellulosic biomass. The feedstock price of the energy crop must be able to compete 

with other crops in order for land owners to be willing to produce an energy crop. Therefore, the 

minimum feedstock farm gate price is the price where the profit of growing the energy crop is 

equal to the maximum value between the profit of growing a food crop and the cash rent of 

cropland. The feedstock cost includes grower payments, harvest costs, and storage and handling 
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costs. Corn is used as the comparison food crop in this study. The calculation of corn profit is 

based on the historical data of the corn cost, yield, and price. 

 

The biorefinery is set to produce cellulosic ethanol via biochemical conversion associated with a 

feedstock processing capacity of 2000 dry tonnes per day [135]. The capital investment for 

construction and equipment installation is obtained from the Jobs and Economic Development 

Impact (JEDI) models developed by the NREL (National Renewable Energy Laboratory, 2015). 

Net cash flow is calculated (see Eq. (3)) to provide the annual net present value (NPV) for the 

cellulosic ethanol facility and the internal rate of return (IRR). The revenue of a cellulosic ethanol 

facility includes the sale of cellulosic ethanol and byproducts (e.g., electricity and biochemicals) 

[137]. Policy incentives, such as government subsidies, can also contribute to the revenue. The 

NPV is a net cash return of a biofuel facility (see Eq. (4)) and the IRR is usually a metric for 

investors to estimate the profitability of potential investments (calculated as Eq. (5.5)). 

 

𝑁𝐶𝐹𝑡 = 𝐶𝑎𝑝 ⋅ (𝑃𝑐 − 𝑀𝐶𝑐)         (5.3) 

𝑁𝑃𝑉 = −𝐼0 + ∑
𝑁𝐶𝐹𝑡

(1+𝑟)𝑡
𝑁
𝑡=1          (5.4) 

0 = 𝑁𝑃𝑉 = −𝐼0 + ∑
𝑁𝐶𝐹𝑡

(1+𝐼𝑅𝑅)𝑡
𝑁
𝑡=1         (5.5) 

 

where Cap is the biofuel capacity of a facility (Million gallons), I0 is the capital investment 

(Million dollars), and r is the discount rate (10%). 
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Figure 5.3. Stock and flow diagram of the cellulosic biofuel price and biorefinery economic 

performance sub-models 

 

5.4.3 Land-use change for energy crops 

A sub-model is developed for land use change between marginal land, pasture, and cropland (see 

Fig. 5.4). Land-use change plays a key role in the supply of cellulosic feedstock for biofuels, and 

uncertain land availability for growing energy crops is a critical issue for cellulosic biofuel 

development.  

 

In this study, marginal land, pasture, and cropland are potential alternatives for land dedicated to 

energy crops. In the U.S. Midwest, cropland accounts for 52% of the total rural land, while the 

remaining 48% of rural lands include forest land, rangeland, and pasture. According to historical 

LUC trend, 77% of all new croplands were converted from pasture from 2008 to 2012 in the 

U.S.[138]. Table 5.1 shows the net average change rate for the U.S. Midwest cropland and pasture 

in 1982 and 2015. The acreage of marginal lands was estimated to be 11.36 million hectares in 10 

states of the U.S. Midwest by Environmental Policy Integrated Climate (EPIC) model [139]. 
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Table 5.1. Annual net change rate for each type of land in the U.S. Midwest [140] 

 Cropland 

(Mha) 

Pasture 

(Mha) 

1982 75.1 11.6 

2015 71.8 10.1 

Annual net change rate (Mha yr-1) -0.1 -0.05 

 

To mitigate land competition between food crops and energy crops, it is assumed that converting 

marginal land to energy crop land is the preferred option. Pasture and cropland will be converted 

to energy crop land after all available marginal lands are converted. The marginal land change rate 

depends on the feedstock demand for cellulosic ethanol and energy crop productivity. In addition, 

cropland and pastureland will be converted to energy crop land only if the land profit for growing 

an energy crop is higher than profits for growing agricultural crops or rent value for other land-

uses. This assumption indicates that the land owners are profit driven when deciding whether 

pasture, marginal land, or cropland is converted to energy crop land. The rent value of marginal 

land is neglected in this study due to the lack of available information. The maximum change rates 

for lands (excluding marginal land) are based on the data in Table 2 in order to reflect practical 

land change behaviors. Annual desired energy crop land is mathematically expressed as Eq. (5.6): 

 

𝐿𝐷 =
𝐷𝑒

𝑌𝐸
− 𝐿𝐸           (5.6) 

 

where De is the feedstock demand for biofuels (Mha); YE is the yield of switchgrass (t ha-1); and 

LE is the existing land dedicated to switchgrass (Mha). 
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Figure 5.4. Stock and flow diagram for the land-use change for energy crop sub-model 

 

5.4.4 Environmental impact assessments  

The sub-models of cellulosic biofuel production and land-use change can be used as inputs to 

quantify the environmental impacts. The predicted environmental impacts are GHG emissions, 

soil carbon storage, nitrate leaching, water consumption, and biodiversity change (see Fig. 5.5). 

The GHG emission of cellulosic biofuel is estimated based on a life cycle analysis of cellulosic 

ethanol using feedstock to fuel product as system boundaries. The scenario of a biorefinery with 

an annual capacity of 60 million gallon analyzed in Murphy and Kendall (2015) is practical for 

producing cellulosic biofuels using a dilute acid pretreatment with the bioconversion technologies, 

where cellulosic ethanol production has a GHG emission of 46.3 g CO2-eq MJ-1 [66]. 

 

GHG emissions from LUC for energy crops are considered in this system. Besides cropland, 

marginal lands or poor grasslands are potential lands for cultivating energy crops with GHG 

benefits through soil carbon sequestration. However, direct and indirect changes of land can lead 

to nitrous oxide (N2O) emissions from the use of nitrogen-based fertilizers for energy crops. 

Nocentini et al. (2018) analyzed the soil GHG emissions including soil organic carbon (SOC) 
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change and N2O emissions caused by the conversion of different land types to switchgrass land. 

This study uses the results estimated in Nocentini et al. (2018) to calculate the GHG emissions 

from SOC storage and N2O emissions (see Table 5.2). As shown in Table 5.2, an increase of soil 

carbon storage will occur when cropland is converted to switchgrass land. In contrast, converting 

pasture to switchgrass land will result in a loss of SOC. Converting land into energy crop lands 

can cause an increase in N2O emissions due to the use of nitrogen fertilizer. In general, the GHG 

emissions from direct and indirect LUC cannot be ignored. 

 

Table 5.2. Mean SOC change and mean N2O emissions for different LUC scenarios [132] 

LUC scenarios 
Mean SOC change 

(Mg ha-1 year-1) 

Mean N2O emissions 

(kg ha-1 year-1) 

Marginal land to switchgrass 0.014 1.94 

Cropland to switchgrass 0.27 1.7 

Pasture to switchgrass -0.23* 1.9 

*Negative value indicates a loss of SOC 

 

Nitrate leaching can be reduced by converting cropland to switchgrass land. Preventing nutrient 

loss from soil to water can also reduce the cost of crop production. However, growing switchgrass 

on other types of land leads to nitrate leaching due to the use of fertilizers. The nitrate leaching of 

LUC for switchgrass is taken into account for GHG emissions (see Eq. (5.7)). The total reduction 

in GHG emissions of cellulosic biofuel is calculated by comparison with the GHG emissions of 

gasoline [132]. 

 

△ 𝐶𝑂2 = (𝐸𝑔 − 𝐸𝑐) ⋅ 𝑅𝑐 ⋅ 𝐻𝑐 +△ 𝑆𝑂𝐶 ⋅ 3.67 +△ 𝑁𝑖𝑡𝑟𝑎𝑡𝑒 ⋅ 0.0075 ⋅ 298 −△ 𝑁2𝑂 ⋅ 298 (5.7) 

 

where Eg and Ec are the GHG emissions of gasoline and cellulosic ethanol (gCO2 MJ-1), 

respectively. Rc is the annual RINs of cellulosic ethanol (Million gallons) and Hc is the energy 

content of cellulosic ethanol (MJ gal-1). 
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The water consumption of cellulosic biofuels is caused by the irrigation of the feedstock crops and 

the water used in the bioconversion process. Energy crops such as switchgrass require much less 

water to grow and are more tolerant to water shortage compared to food crops [141]. The 

estimations of water use in the production of cellulosic ethanol, conventional ethanol, and gasoline 

are derived from the study conducted by Argonne National Laboratory [142]. 

 

A sub-model is developed to estimate the impacts of cellulosic biofuels on biodiversity. 

Biodiversity change is mainly affected by LUC. Bird species richness is widely used as a proxy 

for biodiversity and is used here to of biodiversity change. The bird species richness is related to 

the acreage converted from cropland and encountered at-risk species are related to the acreage 

converted from cropland and pastureland. The calculations of bird species richness and 

encountered at-risk species are expressed as Eq. (5.8) and Eq. (5.9), respectively. 

 

𝐵𝑆𝑅(𝑡) = 𝐵𝑆𝑅(0) + ∫ 𝑟𝑏𝑠 𝑑𝑡         (5.8) 

𝐸𝑅𝑆(𝑡) = 𝐸𝑅𝑆(0) + ∫[𝑟𝐶𝐿 ⋅ 𝑙𝐶𝐿 + 𝑟𝑃𝐿 ⋅ 𝑙𝑃𝐿 + 𝑟𝐶𝑃𝐿 ⋅ (𝑙𝐶𝐿 + 𝑙𝑃𝐿)]𝑑𝑡    (5.9) 

 

where BSR is bird species richness and ERS is the encountered at-risk species; rbs is the bird species 

increase when cropland is converted to energy crop land; rCL and rPL are the at-risk species that 

can be affected by LUC in cropland only and pasture only, respectively (species Mha-1), and rCPL 

is the at-risk species encountered by LUC in either cropland or pasture (species Mha-1); lCL and lPL 

are the annual acreage change in cropland and pasture, respectively (Mha yr-1). 

5.4.5 Social benefits 

The sub-model of social benefits is developed to measure the SCC savings from reductions in 

GHG emissions (see Fig. 5.5). The average SCC of the U.S. were estimated by the EPA from 

2010-2050 (see Table 5.3). These SCCs are estimated based on different discount rates at 2%, 3%, 

and 5%. The sub-model of the SCC uses the value of the SCC at a 3% discount rate to predict the 

potential economic benefits from CO2 reduction caused by the utilization of cellulosic biofuels. 

The savings of SCC is calculated as Eq. (5.10). 

 

△ 𝑆𝐶𝐶𝑡 = 𝑆𝐶𝐶𝑡 ⋅△ 𝐶𝑂2         (5.10) 
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Table 5.3. Social cost of CO2 in the U.S., 2010-2030 ($ tCO2
-1) [143] 

Year 5% Average 3% Average 2% Average 

2010 10 31 50 

2015 11 36 56 

2020 12 42 62 

2025 14 46 68 

2030 16 50 73 

 

 

Figure 5.5. Stock and flow diagram of environmental and social impact sub-models 

 

5.4.6 Economic analysis 

The sub-model for economic analysis is shown in Fig. 5.6. The economic contribution of the 

cellulosic biofuel system is related to the cellulosic biofuel industry and market. The increasing 

demand for cellulosic biofuel drives the expansion of biorefineries with an economically viable 

production capacity. The construction and operation of a biorefinery can offer job opportunities 

for local people and the sale of cellulosic biofuel can increase the gross domestic product. The 

economic impact of a cellulosic ethanol biorefinery is analyzed by using an economic input-output 

(EIO) model created by NREL (National Renewable Energy Laboratory, 2015). The EIO model 

can estimate the economic impacts associated with the construction and operating expenditures of 
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a new cellulosic ethanol facility. Table 5.4 quantifies the economic impacts of a cellulosic ethanol 

biorefinery with two different plant sizes during the construction and operation periods. The 

economic impact indicators include employment, gross output, and earnings. The multiplier of 

each economic impact indicator is provided to estimate the total changes in that economic impact 

due to an additional final demand. 

 

 

Figure 5.6. Stock and flow diagram of economic impact sub-model 

 

Table 5.4. Economic impacts for a cellulosic ethanol biorefinery 

 Plant capacity (million gallons) 

54  75.6  

Construction Gross output (M$) 1,878.57 2,629.99 

Earnings (M$) 619.97 876.97 

Employment (jobs) 8,261 11,566 

Multipliers for 

operation 

Gross output (M$/M$) 2.34 2.34 

Earnings (M$/M$) 0.49 0.47 

Employment (jobs/M$) 7.74 7.27 
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The timeline of the simulation is from 2015 to 2030. The key simulation parameters are listed in 

Table A4 in the Appendix and the data are derived from relevant pilot-scale studies. 2015 data is 

used for the initial values. Both current and future bioconversion technologies are examined in the 

base scenario and make projections using the current trends in annual cellulosic biofuel production 

and compliance rates. The RFS2 scenario is conducted based on the requirement of cellulosic 

biofuel in the RFS2 program. 

 Model Validation 

Validation of the system dynamics model aims to assess divergence between the dynamic model 

prediction and actual behaviors [77]. The validation includes structural and behavioral tests. The 

structural test verified the relationship among parameters and the consistency of units. The 

behavioral test was performed by comparing the projected behaviors with historical data and 

sensitivity analysis. The historical data of cellulosic biofuel RIN price (C-RIN) is used to validate 

the model’s behavior. Figure 5.7 shows the comparison between predicted C-RIN and its historical 

data. The projected C-RIN has a similar behavior with the historical data. The sensitivity analyses 

for key uncertain parameters have been conducted in Section 5.6.1. 

 

 

Figure 5.7. Comparison of the projected and historical C-RIN prices 
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 Results and Discussion 

There will be a huge demand for cellulosic biofuel due to the RFS2 mandate. However, the 

expansion of cellulosic biofuel use is determined by the economic viability of cellulosic biofuel 

commercialization. One of the key factors in the commercialization of cellulosic biofuel is the 

market price of cellulosic biomass, which affects the decision of investors to produce cellulosic 

biofuel. The biorefineries utilizing current and future bioconversion technologies are assumed to 

have an annual production capacity of 54 and 75.6 million gallons, respectively. Figure 5.8 

includes the projected prices of cellulosic ethanol, the annual IRRs, and the net present value of 

return for two biorefineries with different capacities. The average biofuel price ($3.22 gal-1) for a 

biorefinery with an annual capacity of 75.6 million gallons is lower than the price ($3.35 gal-1) for 

a biorefinery with an annual capacity of 54 million gallons. When the gasoline price is consistent 

for both cases, the biorefinery with a lower marginal cost of cellulosic ethanol production has a 

lower selling price of cellulosic ethanol. Biorefineries utilizing more efficient bioconversion 

technologies can increase capacity with the same feedstock inputs. The IRR for a biorefinery with 

a 75.6 million gallon capacity is 13.5% and the IRR for a biorefinery with a 54 million gallon 

capacity is 8.1% for a 15-year investment period. Therefore, a biorefinery with a 54 million gallon 

capacity is not a strong investment opportunity since it has an IRR that is lower than 10%. A 

simulation is used to identify that for an IRR of 10%, the minimum viable capacity of a biorefinery 

is 60 million gallons with a bioconversion efficiency of 83 gallons t-1. These values indicate the 

efficiency required for the biorefinery to be a cost-effective investment. Moreover, the payback 

period for a large capacity biorefinery is 10 years and a relatively small sized biorefinery will not 

be profitable by the end of 2030 (see Figure 5.8c). Since a biorefinery with a 54 million gallon 

capacity is not worth the investment, the rest of the discussion will focus on the results from a 

biorefinery with a 75 million gallon capacity. 
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Figure 5.8. Projected behaviors of (a) cellulosic ethanol price (b) IRR of investment on a 

biorefinery (c) NPV of a biorefinery  
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The supply and demand for cellulosic ethanol are shown in Figure 5.9(a). The production of 

cellulosic ethanol will exceed the demand for complying with the projected RVOs in 2023. There 

will need to be 11 additional operating cellulosic ethanol biorefineries to meet the demand for 

cellulosic ethanol in that year. The annual production of cellulosic ethanol can meet demand from 

2023 to 2030. The annual production of cellulosic ethanol is projected to be 1.36 billion gallons in 

2030. The results shown in Figure 5.9(b) indicate that the feedstock supply is lower than the 

demand based on the expansion of cellulosic ethanol use before 2023. As annual cellulosic ethanol 

demand increases, the demand for switchgrass increases. Prior to 2023, the demand for switchgrass 

is driven by the cumulative deficit of RINs. After 2023, when the supply of cellulosic ethanol can 

meet demand, the demand for switchgrass is driven by the consumption of operating cellulosic 

ethanol biorefineries. The feedstock supply mainly depends on the land area for switchgrass and 

the yield of switchgrass. Land dedicated to energy crops is estimated to be 1.54 million hectares 

in order to meet the demand in 2030. The available marginal land in the Midwest can be used to 

grow switchgrass without LUC in other lands. Annual switchgrass production with a yield of 9 t 

ha-1 is projected to be 13.88 million tonnes in 2030. Under the conditions of the basic scenario, 

cellulosic ethanol can be produced stably from switchgrass grown on marginal land in order to 

meet the slowly increasing demand for cellulosic biofuels. 
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Figure 5.9. Projections of (a) cellulosic ethanol supply and demand (b) feedstock supply and 

demand 

 

The soil carbon storage and nitrate leaching for switchgrass cultivation are shown in Figure 5.10. 

In this case, the soil carbon storage and nitrate leaching are caused by the LUC in marginal land 

for growing switchgrass. There will be an annual increase of 21.6 thousand tonnes of soil organic 

carbon sequestered in 2030. However, the total amount of nitrate leaching caused by growing 

switchgrass on marginal land will increase to 3,239 tonnes by the end of 2030. Meanwhile, the 
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annual water use savings for cellulosic ethanol are estimated to be 8.85 and 1.13 billion gallons 

compared to the use of convention ethanol and gasoline, respectively. The GHG emissions will 

increase in the first two years due to the direct LUC for planting switchgrass. From the third year 

onward, the reduction in GHG emissions of cellulosic ethanol production can offset the increased 

GHG emissions from the LUC in marginal land. The total reduction in CO2 emissions for cellulosic 

ethanol and LUC is projected to be 4.69 million tonnes (see Figure 5.10(a)) in 2030. Biodiversity 

in birds and other at-risk species will not change because no cropland and pasture will be converted 

to switchgrass land in the basic case. 

 

 

Figure 5.10. Projected environmental impacts of cellulosic ethanol system. (a) GHG reduction 

and SOC storage (b) Nitrate leaching and water use savings 
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Economic impacts for cellulosic ethanol production are simulated in terms of gross output and 

employment. The economic impacts are created during the facility construction period and during 

the sale of cellulosic ethanol. Figure 5.11(a) shows that the annual gross output and earnings are 

projected to be more than $113 billion and $2.9 billion in 2030, respectively. Moreover, the 

cellulosic ethanol industry can provide 44,099 jobs in the Midwest, especially for people living in 

rural areas. The average earnings per job is calculated to be $67,375 in 2030. The GHG reduction 

of cellulosic the ethanol system will generate a total saving of SCC by $234 million in 2030 (see 

Fig. 5.11(b)). 

 

 

Figure 5.11. Projected (a) economic and (b) social impacts of the cellulosic ethanol system 
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5.6.1 Sensitivity analysis 

Since cellulosic biofuel is not yet commercialized and all the related work is performed at pilot 

scale, there are many uncertainties in the cellulosic biomass supply chain and cellulosic biofuel 

production process. In this section, sensitivity analyses are conducted to examine the effects of 

uncertainties in several key variables on the cellulosic biofuel economics and environmental 

performance. The switchgrass productivity depends on the type of cultivator, fertilizer use, and 

location. The yield of switchgrass on marginal land ranges from 7.5 to 12 Mg ha-1 [132], [144], 

[145] and the bioconversion rate for cellulosic ethanol ranges from 289 to 399 L t-1 [127], [146]. 

The GHG emissions of the cellulosic ethanol system are also uncertain owing to a variety of 

bioconversion rates and switchgrass productivities. Table 5.5 shows the variation in life cycle 

GHG emissions of cellulosic ethanol production from different combinations of bioconversion 

rates and the yields of switchgrass. The results in Fig. 5.12(a) show that the changes in 

bioconversion rate and the yield of switchgrass can adjust the IRR of a biorefinery from 4.3% to 

15.2% for a 15-year investment period. A high switchgrass yield enables a biorefinery using 

current bioconversion technology to be economically viable, because it increases the 15-year IRR 

to 11%. Figure 5.12(b) depicts the differences in total GHG reduction of the cellulosic ethanol 

system under different combinations. Under high yield conditions and high bioconversion rates 

for switchgrass, the cellulosic ethanol system has 16% more GHG savings than the baseline case 

by the end of 2030. Improving the efficiency of bioconversion technology and the productivity of 

switchgrass can make significant contributions to the growth of the cellulosic biofuel industry and 

the environmental performance of cellulosic biofuel production. 

Table 5.5. GHG emissions of cellulosic ethanol under various conditions [66] 

 GHG emission of cellulosic ethanol (t CO2-eq MJ-1) 

High yield of switchgrass 

(12 t ha-1)  

Low yield of switchgrass 

(7.5 t ha-1)  

High bioconversion rate (399 L t-1) 41.8 46.6 

Low bioconversion rate (289 L t-1) 50.8 61.2 
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Figure 5.12. Sensitivity analysis for bioconversion rate and the yield of switchgrass (a) the IRR 

of a biorefinery and (b) GHG reduction of cellulosic ethanol system with different bioconversion 

rates and switchgrass yields 
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5.6.2 Scenario analysis 

In the scenario analysis, various scenarios with different levels of subsidies are examined to 

understand how the governmental financial support affect the cellulosic biofuel industry. In 

addition, the cellulosic biofuel system is simulated using a scenario in which compliance with the 

RFS2 mandate is strictly achieved. 

5.6.2.1 Subsidy scenarios 

Policy incentives can significantly facilitate the commercialization of cellulosic biofuels [147]. A 

fixed subsidy of $0.50 gal-1 to the cellulosic ethanol production is incorporated in the baseline as 

suggested by Clark et al. (2013). The scenarios of no economic support and higher subsidy ($1.00 

gal-1) for cellulosic ethanol are also analyzed in this section. The IRRs under different subsidy 

scenarios are shown in Fig. 5.13. The IRR of a biorefinery in the baseline with no economic support 

is reduced to less than 10%. In contrast, a higher subsidy scenario can create an IRR above the 

expected level so that the cellulosic biorefinery is worth investment. In the high subsidy scenario, 

the IRR of a biorefinery with low efficient biotechnologies (289 L t-1) increases to 13.4%. In 

general, biorefineries with low efficiency biotechnology or a small capacity may become viable 

for production of cellulosic biofuels with favorable economic support. 

 

 

Figure 5.13. Variation in IRR under different subsidy scenarios 
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5.6.2.2 Compliance scenarios 

In the basic scenario, the demand for cellulosic biofuels is assumed to grow linearly, in accordance 

with EPA projections, which is far behind the required volume of cellulosic biofuel in RFS2 

mandate. The RFS2 scenario simulates the behavior of a system in which obligated refiners strictly 

comply with the cellulosic biofuel consumption requirements in the RFS2 program. The details of 

RFS2 program are listed in Table 5.6. It is assumed that the annual requirement of cellulosic 

biofuel from 2023 to 2030 remains the same as the volume in 2022. 

 

Table 5.6. Volume standards for cellulosic biofuel as set forth in RFS2 mandate [123] 

Year Cellulosic Biofuel (billion gallons) 

2015 3.0 

2016 4.25 

2017 5.5 

2018 7.0 

2019 8.5 

2020 10.5 

2021 13.5 

2022 16.0 

 

Figure 5.14 depicts the behaviors of cellulosic ethanol supply and demand under the compliance 

for RFS2. Due to increased demand for cellulosic ethanol, a shortage of cellulosic ethanol will 

emerge by 2022. The supply of feedstock is constrained by limited land-use changes in pasture 

and cropland. The RIN deficit under RFS2 scenario will be 32 billion gallons in 2030, which is 

caused by a low switchgrass expansion rate. To prevent this shortage, it is essential to improve the 

availability of feedstock in order to meet the required volume of cellulosic biofuels in the RFS2 

scenario. This may require a large conversion of cropland and pastureland to energy crop land. 

Due to the expansion of energy crops on pasture and cropland, the plantation of switchgrass will 

increase number of bird species by 36 by 2030. It is should be noted that 23 at-risk species may be 

encountered and their living habitats could be disturbed by the expansion of switchgrass as shown 
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in Fig. 5.14(e). The expansion of switchgrass cropland will be necessary for the improved 

commercialization of cellulosic biofuels, but some environmental damages may be incurred. 

  



 

 

1
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Figure 5.14. Projected behaviors of cellulosic ethanol systems under the RFS2 scenario. (a) Cellulosic ethanol supply and demand (b) 

RIN deficit (c) Land allocation for switchgrass (d) Feedstock supply and demand (e) Biodiversity change
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The basic and RFS2 scenarios are associated with the constraints of practical LUC rates for 

different types of land. Figure 5.15 shows the supply and demand for cellulosic ethanol and the 

acreage of land dedicated to switchgrass without LUC constraints. The production of cellulosic 

ethanol will be sufficient for demand and remain at a stable level from 2026 to 2030. The total 

acreage of switchgrass land is projected to reach 21 million hectares by 2030. During the first ten 

years, all available marginal lands will be converted to switchgrass land and the remaining 

switchgrass land will be converted from pasture. After 2024, no croplands will be converted to 

energy crop land and SOC will be lost during the conversion from pasture to switchgrass land. 

Overall, the total savings of CO2 emissions will increase since more cellulosic ethanol will be 

produced to achieve compliance with the RFS2 mandate. Nitrate leaching will increase to 44 

thousand tonnes N in 2030, which is 13.6 times as much as the amount of nitrate leaching in the 

basic scenario. When land use constraints are not imposed in the RFS2 scenario, increased 

cellulosic ethanol production will result in 12 times greater water use savings (when compared to 

gasoline) than the basic scenario. The RFS2 scenario without land-use constraints leads to 

significantly lowered water use and GHG emissions than the basic scenario, but may cause higher 

nitrate leaching.
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Figure 5.15. Projected behaviors of cellulosic ethanol systems under the RFS2 scenario without LUC constraints. (a) Cellulosic 

ethanol supply and demand and (b) Land allocation for switchgrass (c) GHG reduction and SOC storage (d) Nitrate leaching and water 

use
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Generally, the viability of producing cellulosic ethanol at a large-scale significantly relies on 

advanced bioconversion technologies. More efficient bioconversion technologies enable 

biorefineries to expand the capacity of cellulosic biofuel production. Although a biorefinery with 

larger capacity needs higher initial capital investment, it provides an attractive investment with a 

higher IRR and shorter payback period. Moreover, a larger scale biorefinery can produce cellulosic 

biofuels with a lower cost, which results in a lower market price. The projected price of cellulosic 

ethanol from switchgrass is in line with the estimated selling price of cellulosic ethanol by NREL 

[148]. However, the projected price of cellulosic ethanol may not be competitive with conventional 

ethanol ($1.39 gal-1 in 2018) [149]. Therefore, more advanced bioconversion technologies for 

cellulosic ethanol need to be developed to support the commercialization of cellulosic biofuels on 

a large scale. Cellulosic ethanol biorefineries need policy incentives to maintain the operation, 

especially for plants with small capacities. Dumortier (2016) argued that cellulosic ethanol may 

not be competitive with conventional ethanol without government subsidies. This study also finds 

that appropriate economic supports (e.g., a fixed subsidy of $1.00 gal-1) for cellulosic ethanol 

production can encourage stakeholders to invest in biorefineries and facilitate the 

commercialization of cellulosic biofuels. 

 

In the baseline case, the annual required volume of cellulosic biofuel is assumed to follow the slow 

growth rate of cellulosic biofuel production instead of the required volume in the RFS2 program. 

The biorefineries in the Midwest can generate enough RINs of cellulosic biofuels for obligated 

parties to comply with these current low volume requirements. The available marginal land is 

sufficient for meeting the switchgrass feedstock needs for cellulosic ethanol based on projected 

demands. However, marginal lands are not sufficient to grow energy crops for cellulosic biofuels 

to achieve the compliance with the RFS2 mandate. An alternative solution could be to utilize other 

cellulosic biomass, such as corn stover and woody crops. Although the land area is sufficient for 

energy crops without the land-use change constraints, it is still unclear whether this LUC pattern 

is practical and efficient. It is difficult to predict whether landowners will adopt energy crops or 

whether a robust feedstock market will emerge. Furthermore, the EPA has adjusted the total 

cellulosic biofuel mandate (8.5 billion gallons) down to 418 million gallons for compliance year 

2019 since the RFS2 implementation experienced slower development of cellulosic biofuels than 
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what was expected [151]. The CWC will continue to be used to comply with the mandate facing a 

shortfall in cellulosic biofuels.  

 

The utilization of cellulosic biofuels can significantly reduce GHG emissions even when including 

the indirect LUC effects. The most significant environmental concern is that growing energy crops 

on marginal land will lead to nitrate runoff due to the use of fertilizers. LUC of pastures for energy 

crops may have negative impacts on the at-risk species living in the pasture. However, the 

cellulosic biofuel industry can increase economic output and job opportunities, especially in rural 

areas. The earnings from the cellulosic biofuel industry can increase the income level of people 

living in the Midwest. The cellulosic biofuel system can avoid significant costs of damages 

associated with increased GHG emissions. 

  



106 

 

CHAPTER 6. AGENT-BASED MODELING FOR ENERGY CROP 

ADOPTION AND CELLULOSIC BIOFUEL COMMERCIALIZATION 

Reprinted with permission (portions enhanced/adapted) from Jin, E., Mendis, G. P., & Sutherland, 

J. W. (2019) Spatial agent‐based modeling for dedicated energy crop adoption and cellulosic 

biofuel commercialization. Biofuels, Bioproducts and Biorefining. 

https://doi.org/10.1002/bbb.1973. Copyright 2019 Society of Chemical Industry and John Wiley 

& Sons, Ltd. 

 Introduction 

The utilization of dedicated energy crops for cellulosic biofuels is still in the early stage or pilot 

scale, and cellulosic biofuel production has yet to be widely commercialized. There were only 5 

commercial-scale cellulosic ethanol plants in operation in the U.S. by the end of 2016, with a total 

capacity of 61.6 million gallons per year [130]. However, only two cellulosic ethanol biorefineries 

in Iowa are still operating in 2018. There are many economic risks in the biofuel supply chain and 

many technical barriers to efficient biological conversion which limit the commercial development 

of cellulosic biofuels. The risks in the biofuel supply chain include feedstock availability, 

collectability, and high capital investment in new technologies [152]. Kim and Kim [28] indicated 

that the main technical issues in the bioconversion process occurred in the pretreatment process, 

and high costs of pretreatment and enzymes can increase the price of cellulosic ethanol. Therefore, 

to facilitate the commercialization of cellulosic biofuels, it is essential to ensure the stable 

availability of feedstock and to determine the conditions under which cellulosic biofuel production 

is economically viable. Farmers and biorefineries play important roles in overcoming these 

challenges in the biofuel supply chain. Since the dedicated energy crops and conversion 

technologies for cellulosic biofuel have many associated uncertainties, understanding the 

behaviors of farmers and biorefineries is crucial to assess the stability of the cellulosic biofuel 

market. 

 

Several studies have investigated the patterns of land-use change and the potential supply of 

dedicated energy crops based on the adoption behavior of farmers. Many studies have used agent-

https://doi.org/10.1002/bbb.1973
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based modeling (ABM) to analyze how farmers make decisions about their land management and 

to indicate which factors affect the adoption of bioenergy crops of farmers. Agent-based modeling 

is an approach that has been utilized in recent years for land-use modeling because it offers a 

method to model an individual farmer’s behavior by incorporating social interactions and the 

influences of economic and environmental factors on human decision making. Agent-based 

modeling can identify the heterogeneity of agents in different spatial regions. Brown et al. [153] 

integrated socio-economic rationalization to indicate that the willingness of Scottish farmers to 

adopt dedicated energy crops is associated with their willingness to compromise their profits. 

Bichraoui-Draper et al. [122] employed ABM to estimate the adoption rate of dedicated energy 

crops based on the levels of familiarity and risk-aversion of individual farmers. Alexander et al. 

[154] applied ABM to understand the spatial dynamic adoption rate of dedicated energy crops in 

the UK, based on the feedstock market price as determined by feedstock supply and demand. 

 

Other efforts combined agent-based modeling with economic return optimization to simulate the 

decision-making of farmers. Huang et al. [155] conducted an agent-based simulation to analyze 

the decision-making of farmers in switchgrass adoption scenarios in Iowa. The authors used 

tradeoff optimization and incorporated neighborhood influences on the behaviors of individual 

farmers as constraints to quantify the amount of land area that was changed to grow switchgrass. 

Li and Ross [156] utilized ABM to determine the optimal contract configuration between farmers 

and a single biorefinery and considered the risks in farming and contract hold-up. However, the 

previous studies assumed that the biorefineries were inherently willing to contract with farmers in 

order to reduce the risks for farmers who adopted the dedicated energy crops. A major risk in 

investing in a biorefinery is feedstock supply uncertainty, which can lead to a biorefinery making 

contracts which secure more feedstock than is demanded by the biorefinery [157]. It is not clear 

what biorefineries will pay for switchgrass as a cellulosic feedstock. Paying higher prices due to 

contractual obligations may lead an economic loss for a biorefinery and this risk has not been 

considered in other literature. The biorefinery does not necessarily need to make contracts with 

farmers if the potential supply of feedstock is sufficient for the demand for biofuel production. In 

addition, the spatial pattern of adopting the dedicated energy crops is not discussed and the spatial 

heterogeneity of each agent (e.g., cost of crop production and transportation cost of feedstock) is 

neglected in most previous studies. 
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This work uses spatial agent-based modeling of switchgrass adoption by farmers to understand the 

farmers’ willingness to adopt dedicated energy crops and the potential supply of feedstock for 

cellulosic ethanol. A case study of this system is presented using Indiana as an example. A 

geographic information system (GIS), including data from the Indiana agricultural census and from 

biofuel facilities, is inserted into the ABM to simulate the spatial diffusion of switchgrass adoption. 

In addition, this study identifies the viability of commercialization of cellulosic biofuels in Indiana 

by assessing whether biorefineries can produce cellulosic ethanol without a supply shortage and/or 

an economic loss. The model incorporates economic return optimization and the influence of 

neighbors on the diffusion of switchgrass adoption to simulate the decision-making of farmers. 

Governmental subsidies for cellulosic biofuel production are introduced to the agent-based system 

to understand how policy implementation can facilitate the commercialization of cellulosic 

biofuels. 

 Agent-based Modeling for Energy Crop Adoption 

In the ABM of cellulosic biofuel systems, biorefineries and farmers are two agent groups. Figure 

6.1 shows the decision-making processes of two agents and their interactions. Biorefineries 

generally acquire cellulosic feedstocks from farmers and produce cellulosic biofuels. A biorefinery 

needs to make sure that its operation is profitable based on capital investment, variable operating 

cost, transport cost, feedstock cost, and biofuel production capacity. In addition, the demand for 

biofuels should be satisfied by a stable feedstock supply. Farmers that own cropland need to decide 

which crops to grow to maximize the profit of their land, based on different crop market conditions. 

When allocating crops to land, farmers are likely to consider the cost of environmental damages, 

such as soil erosion and fertilizer leaching. A farmer will only adopt a dedicated energy crop if it 

is more profitable than conventional crops, based on the maximum farm gate price of feedstock 

offered by a biorefinery. If the price is too low, this farmer will not switch from the current crop 

to the dedicated energy crops. Adopters will transition back to a conventional crop and will not 

adopt a dedicated energy crop, if they perceive that growing a dedicated energy crop is less 

profitable than growing a conventional crop in the coming year. Farmers that have a history of not 

adopting energy crops may be willing to shift to energy crops, based on the influence of neighbors 

that have adopted dedicated energy crops. It should be noted that for the purpose of this paper, the 



109 

 

dedicated energy crop is assumed to be switchgrass, but this approach could be used for other 

energy crops, such as miscanthus. 

 

Once farmers adopt and allocate land for the dedicated energy crop, a biorefinery will have a 

feedstock supply for producing biofuels. If the amount of harvested feedstock can meet the demand 

for generating biofuels, it is viable to operate a biorefinery to produce biofuels. Otherwise, a 

biorefinery needs to make contracts with farmers that are willing to adopt the dedicated energy 

crops to close the gap between feedstock supply and demand. A biorefinery with a supply shortage 

will incur an economic loss by paying higher prices for the contract than what it can afford. It is 

still possible that the harvested feedstock from adopters and contracts cannot meet the demand for 

biofuel production. In both situations, it is not economically viable to produce cellulosic biofuels 

at a biorefinery with a supply shortage. 

 

 

Figure 6.1. Decision-making processes of the agents 
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6.2.1 Agents 

The biorefinery agents were assumed to be profit driven, meaning that they pursue a positive net 

present value of cash flows for a given interest rate. The net present value depends on the capital 

investment cost, operational cost, feedstock cost, and biofuel revenues. The total capital 

investment varies based on conversion processes and capacities for utilized for the biorefinery. 

The U.S. National Renewable Energy Laboratory (NREL) used techno-economic analysis to 

estimate the economics of biofuel production using various pretreatment technologies. A 

pretreatment with dilute acid was identified to have the lowest production cost [158]. In this study, 

biorefineries with a dilute acid pretreatment are used as the base case. Besides biofuel, a 

biorefinery can generate electricity from biological conversion processes. Therefore, the revenue 

of a biorefinery includes the sales of biofuels and electricity. 

 

Biorefinery revenues can be combined with its fixed and variable operating costs to estimate the 

minimum selling price of a biofuel; this is commonly done using a zero net present value 

calculation. Therefore, given the selling price of biofuels, the maximum delivered feedstock price 

that is paid by a biorefinery can be estimated. Biorefineries can either obtain the dedicated energy 

crops from the open market or can secure the supply of feedstock through contracts with farmers. 

In the open market for dedicated energy crops, the feedstock price offered by a biorefinery to a 

farmer is determined by the breakeven cost of biofuel production and transportation cost; the 

transportation cost varies according to different transport distances. When the supply of 

switchgrass on the open market cannot meet demand, a biorefinery needs to make contracts with 

farmers to sustain the production of feedstock for cellulosic biofuels. Farmers that are willing to 

adopt switchgrass will make contracts with a biorefinery only if the expected profit of the contract 

is higher than the expected profit from growing corn. However, the payments of the contract are 

higher than the maximum feedstock prices that biorefineries can afford. Therefore, a biorefinery 

will incur a loss due to contract payments. 

 

Farmers are agents who decide which crops to grow on their land. The major factor affecting their 

decisions is the profit per unit land area. Land area, crop productivity, and feedstock cost differ 

among farmers located in different regions. Farmers will compare the profit from growing 

conventional crops with the profit from growing dedicated energy crops each year, based on the 
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prices and costs for that year. Then, farmers that are willing to adopt a dedicated energy crop will 

optimize their land area allocation to grow the new adopted crops. 

6.2.2 Feedstock price 

The breakeven feedstock price offered by a biorefinery is estimated by the net present value (NPV), 

which is the present value of t future cash flows (Ct) generated by a capital investment over its life 

(n). The NPV depends on the interest rate (i). The utilization period of a biorefinery (n) is assumed 

to be 20 years and an interest rate of 10% is used in the cash flow analysis. The NPV and cash 

flow are calculated via Eqs. (6.1) and (6.2), respectively.  

 

𝑁𝑃𝑉 = −𝐼0 + ∑
𝐶𝑡

(1+𝑖)𝑡
𝑛
𝑡=1          (6.1) 

𝐶𝑡 = 𝑃𝑒𝐶𝑎𝑝 + 𝑅𝑒𝑙𝑒𝑐 − (𝐶𝑓𝑖𝑥𝑒𝑑 + 𝐶𝑣𝑎𝑟)𝐶𝑎𝑝 − 𝐶𝑓𝑁𝑠      (6.2) 

𝑃𝑔𝑎𝑡𝑒 = 𝐶𝑓 − 𝐶𝑡𝑟𝑎𝑛𝑠           (6.3) 

 

where: 

I0 - total capital investment 

Pe - price of cellulosic ethanol 

Cap – production capacity of a biorefinery 

Relec - revenue from electricity export 

Cfixed - fixed operating cost 

Cvar - variable operating cost 

Cf - cost of delivered feedstock 

Pgate – maximum farm gate price of feedstock 

Ctrans - cost of transportation 

 

The maximum delivered feedstock price (paid by the biorefinery) is equal to the breakeven cost 

(incurred by the farmer) of the delivered feedstock which includes production cost and 

transportation cost of switchgrass. This study assumes that the biorefinery covers the transportation 

cost of feedstock. From the perspective of the biorefinery, the price paid by the biorefinery to a 

farmer is viewed as the production cost of feedstock. The maximum production cost of feedstock 

is calculated based on zero net present value of return. This means that this maximum feedstock 
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cost is the maximum price the biorefinery can afford to purchase the feedstock from farmers. If 

the price of the feedstock paid by the biorefinery is higher, the biorefinery will have a negative net 

present value. Therefore, the maximum farm gate price paid by the biorefinery to a farmer is equal 

to the production cost of the feedstock. The farm gate price of the feedstock is calculated from Eq. 

(3), which is the maximum delivered feedstock price minus the transportation cost. The 

transportation cost is related to the distance between the farm and a biorefinery. 

6.2.3 Profit optimization for the adoption of dedicated energy crops 

A farmer that is willing to adopt a dedicated energy crop will allocate the cropland between 

conventional crops and dedicated energy crops in order to optimize annual profit. The total annual 

profit per unit land area is calculated with Eq. (6.4). Switchgrass is selected as the adopted 

dedicated energy crop and corn is used as the major conventional crop grown by farmers in Indiana. 

Total land area owned by a farmer can be allocated to corn and switchgrass. In reality, it is unlikely 

for farmers to change all conventional cropland to a dedicated energy crop. Therefore, a rational 

constraint for switchgrass land area is imposed on the land profit optimization. The maximum ratio 

of switchgrass area to the total cropland area is assumed to be equal to the historical ratio of corn 

area to the total cropland area. 

 

𝑅𝑇 = 𝑅𝑐𝐴𝑐 + 𝑅𝑠𝐴𝑠          (6.4) 

𝐴𝑇 = 𝐴𝑐 + 𝐴𝑠           (6.5) 

0 ≤ 𝐴𝑐 ≤ 𝐴𝑇           (6.6) 

0 ≤ 𝐴𝑠 ≤ 𝐴𝑇𝑝𝑐          (6.7) 

𝑅𝑐 =  𝑃𝑐𝑌𝑐 − 𝐶𝑐 − 𝐸𝑐          (6.8) 

𝑅𝑠 = 𝑃𝑠𝑌𝑠 − 𝐶𝑠 − 𝐸𝑠          (6.9) 

 

where: 

RT - total profit from adopting switchgrass 

Rc - profit of corn per unit land area 

Rs - profit of switchgrass per unit land area 

Ac - corn land area 

As - switchgrass land area 



113 

 

AT - total land area 

pc - proportion of historical corn land area 

Pc - price of corn 

Ps - price of switchgrass 

Cc - cost of corn production 

Cs - cost of switchgrass production 

Yc - yield of corn 

Ys - yield of switchgrass 

Ec - environmental cost of corn 

Es - environmental cost of switchgrass 

 

The revenue of each crop is related to the farm price of the feedstock and the yield. The farm price 

of corn, as shown in Table A5, is projected by the U.S. Department of Agriculture (USDA) from 

2017 to 2026. The farm prices of corn in 2015 and 2016 are $3.64 per bushel and $3.28 per bushel, 

respectively. The farm price of corn in the previous year is used to estimate the revenue from corn 

products in this year. For this case, the variable cost of corn production is estimated based on costs 

of seed, fertilizer, pesticides, machinery fuel and repair, hauling, and insurance associated with the 

yield of corn in Indiana. The farm gate price of switchgrass is determined by biorefineries. The 

price that a farmer receives for switchgrass depends on the breakeven cost of the biorefinery, which 

includes the cost to transport the switchgrass from a given farmer to the biorefinery. The 

production cost and yield of switchgrass are estimated from other studies. More details of the data 

will be discussed in the case study. 

 

The ‘cost’ of each crop is considered to have economic and environmental costs. Switchgrass has 

a lower environmental cost than corn. The environmental cost for both crops is attributed to the 

damage from soil erosion and nutrient leaching. Soil erosion and water quality are two of the most 

concerning environmental impacts associated with agricultural production. According to a report 

from the USDA [159], each tonne of eroded soil contains 1.05 kg of nitrogen and 0.45 kg of 

phosphorus. The soil erosion rate for cropland in Indiana was estimated by the National Resources 

Inventory [160] to be 7.66 tonnes ha-1 yr-1. The cost of soil erosion for corn land is estimated to be 

$24.50 ha-1 based on the prices of nitrogen and phosphorus fertilizers in Indiana. Switchgrass does 
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not cause significant soil erosion due to its deep-rooted growth form [161]. The amount of nitrogen 

leaching into the groundwater from corn and from switchgrass are reported to be 39.5 kg nitrogen 

ha-1 yr-1 and 2.1 kg nitrogen ha-1 yr-1, respectively [162]. The costs of nutrients leaching from corn 

and switchgrass production are estimated to be $86.90 ha-1 and $5.54 ha-1, respectively. In general, 

the costs of environmental damage from corn production are higher than those for the production 

of switchgrass; these costs directly affect the adoptability of both crops. 

6.2.4 Diffusion of dedicated energy crop adoption 

Adopting dedicated energy crops as feedstocks for cellulosic biofuels is a relatively new 

experience for farmers in the region (Indiana). Therefore, the cumulative adoption of a dedicated 

energy crop is analogous to new technology diffusion, which will empirically follow an S-shaped 

curve [154], [156]. The diffusion rate is slow at early stages, as a small number of risk-tolerant 

innovators adopt the technology. Then, the number of adopters increases as success influences 

neighbors to adopt the technology. Finally, the technology becomes widely used and the number 

of adopters stabilizes. In this study, an adoption threshold approach was implemented to reflect 

the influence of neighbor-adoption on the willingness of farmers to adopt the dedicated energy 

crop [154]. Farmer agents are initially assigned an adoption threshold from a normal distribution 

with a mean adoption rate of 20% and a standard deviation of 10.2% [154]. Farmers will adopt the 

dedicated energy crops if growing dedicated energy crops is more profitable than growing 

conventional crops. Farmers that do not perceive that they will earn more profit from growing 

dedicated energy crops will maintain their decisions to grow conventional crops. However, these 

farmers can be affected by decisions made by their neighbors. If the proportion of neighbors with 

a net positive experience of adoption is greater than their adoption threshold, a farmer will adopt 

the dedicated energy crop. Farmers that continually adopt the dedicated energy crop each year are 

regarded to have had a positive experience of adoption. On the other hand, if farmers change their 

cropland from dedicated energy crop-use to conventional crop-use, based on an economic return 

comparison, they are regarded to have had a negative adoption experience and will not adopt 

dedicated energy crops. The neighbors of a farmer are defined as the other farmers in the same 

county. The adoption rate was set to be the net proportion of positive experiences minus negative 

experiences of the farmers which planted dedicated energy crops in the same neighborhood [154]. 
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 Case Study: Switchgrass Adoption in Indiana 

Indiana is one of the largest corn production states in the U.S., with an annual production of over 

934 million bushels of corn in 2017. Indiana farmers planted 2,442,970 hectares of corn, which 

occupied approximately 47% of the total cropland. According to U.S. bioenergy statistics [163], 

corn production for fuel ethanol use accounts for 37% of the total use under the RFS2 mandate. 

Currently, Indiana has 14 corn-based ethanol plants with a total corn ethanol production of 1.1 

billion gallons (4.2 billion liters) in 2017 [164]. 

 

Indiana has 92 counties and 58,695 farms with an average farm size of 251 acres (101.6 hectares) 

[165]. The farmland in the northern region of the State is more productive than the farmland in the 

south, due to different soil qualities [166]. Therefore, crop productivity varies across the counties. 

In this study, the corn productivity is classified into three yield levels: low, average, and high. Each 

level of productivity is associated with relevant variable costs of corn production. The details of 

the corn yields and variable costs are shown in Table A6. 

 

Switchgrass, which is a warm-season perennial crop that grows across the U.S., is one alternative 

to the use of corn as a dedicated energy crop. Switchgrass has been identified as a second-

generation feedstock that can be used for the production of cellulosic biofuels, given its high 

productivity and low nutrient input requirements. Currently, the use of switchgrass as a bioenergy 

feedstock is only being considered in some pilot scale experiments that are being conducted by 

universities and government agencies. The productivity of switchgrass varies depending on 

nitrogen fertilization, soil type, precipitation, and cultivar. Liu et al. [167] assessed the economic 

and environmental performances of switchgrass utilization for bioenergy products associated with 

a range of yields from 6.6 – 12.6 t ha-1. Wullschleger et al. [168] conducted a statistical analysis 

to identify the switchgrass yield responses to two ecotypes. That study revealed that the upland 

ecotypes had an average yield of 8.7 Mg ha-1 and the lowland ecotypes had an average yield of 

12.9 Mg ha-1. Fike et al. [169] investigated the switchgrass yield responses to nitrogen and the 

estimated production cost on a set of diverse sites over multiple years. This study implied that the 

average yield of switchgrass is 6.3 Mg ha-1, which was lower than the yields reported in other 

research. The authors also found that the addition of nitrogen increased yields significantly in the 

well-drained soils of Iowa, South Dakota, and Virginia. Sanford et al. [170] indicated similar 
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switchgrass yields in southcentral Wisconsin and southwest Michigan, with an average yield rate 

of 6.9 t ha-1 and 6.0 t ha-1, respectively. 

 

In this study, the cost of switchgrass production is based on the Iowa cost estimated by Fike et al. 

[169]. This assumption is realistic since Indiana has similar soil, precipitation, and climate 

conditions to those in Iowa (no switchgrass yield data currently exists for Indiana). The average 

cost of switchgrass production is estimated to be $694.5 ± 48.2 ha-1 at a nitrogen fertilization rate 

of 112 kg ha-1 [169]. The corresponding average yield of switchgrass is calculated to be 9.0 t ha-1. 

[169] The transportation cost for the switchgrass is estimated to be $0.2 t-1 km-1, assuming a 

hauling rate of $2.24 per load-kilometer [171] and 11.8 tonnes per load [172]. In general, 

switchgrass yields are uncertain. Therefore, a sensitivity analysis of various switchgrass yields will 

be performed in this study to understand how switchgrass yield affects the cellulosic biofuel 

market. 

 

The spatial data on the location of cropland and ethanol plants in Indiana are adopted from the GIS 

data of the Indiana agricultural census and Indiana biofuel facilities, respectively. Calculations are 

performed with the GIS data using the ArcGIS® Pro software [173] and the spatial ABM uses these 

data to simulate the model in the Netlogo® software [174]. The ABM was run at least five times 

to observe the influence of parameters for which there is uncertainty (e.g., corn production cost, 

farm size, and adoption threshold) on overall model performance. There were no significant 

differences between results of multiple runs for the same combinations of variables. Simulation 

results are expressed using the average value of multiple runs. 

6.3.1 Biorefinery data 

The number and location of cellulosic biofuel plants are assumed to be the same as the existing 

corn ethanol plants in Indiana. Table A7 shows the location and production capacity of each current 

operating biofuel facility in Indiana. The capacity of each cellulosic biofuel plant is simulated with 

a capacity equal to the capacity of each existing corn ethanol plant (in 2017), and the total capacity 

of cellulosic biofuels is assumed to be 1.1 billion gallons (4.2 billion liters) per year. A biorefinery 

can produce cellulosic ethanol for transport fuels and electricity that is exported to the electric grid. 

Table 6.1 shows the parameters of a cellulosic biorefinery with a capacity of 202.2 million liters 
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per year, considering a capacity factor of 96%, these parameters will be used in the cash flow 

analysis. Since the capacities of the cellulosic biorefineries differ from the reference capacity, this 

study assumes that the installed equipment costs and electricity export revenue scale linearly with 

the capacity, with a scaling coefficient of 1. Other parameters of the cash flow analysis remain the 

same. 

Table 6.1. Biorefinery parameters  

Parameters Value 

Biofuel production capacity (million liters) 202.2 [158] 

Biomass treatment capacity (t) 643,744 

Conversion efficiency (liters t-1) 314.1 [30] 

Total capital investment ($M in 2015) 423 [158] 

Installed equipment cost ($M in 2015) 187 [158] 

Scaling coefficient of equipment cost 1 

Electricity export ($M in 2015) 13.37 [158] 

Discount rate 10% 

Plant life (years) 20 

Fixed operating cost ($ liter-1) 0.05 [30] 

Variable operating cost ($ liter-1) 0.03 [30] 

Transport cost ($ t-1 km-1) 0.2 [171], [172] 

Loading rate ($ t-1) 1.52 [171] 

 

In this study, the price of cellulosic ethanol is assumed to be the same as corn ethanol. The 

projection of corn ethanol prices, shown in Table A8, was published by the U.S. Energy 

Information Administration (EIA) in the Annual Energy Outlook 2017 [175]. Although the price 

projections for cellulosic ethanol and corn are out of the scope of this research, it should be noted 

that the prices of both products of play a significant role in decision making processes of 

biorefineries and farmers. The price of each product is projected based on the rational market 

behaviors and published data sources. The corn market is stable for a long term and it is expected 

no extreme changes in the future price. The fluctuation of ethanol market price could be affected 

by extreme price changes in the gasoline market or consumer perception, either for or against 
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ethanol. The assumption used to determine the cellulosic ethanol price is conservative at the 

current stage, but the farmers and biorefineries are assumed to make decisions rationally based on 

their profits in the open market. 

6.3.2 Farm data 

The number of farms and farm size in each county are based on county level data from the 2012 

Agricultural Census in Indiana [165]. The land acreage of farms is assumed to follow an 

exponential distribution (𝑃 = 𝜆𝑒−𝜆𝑥) with a mean (1/λ) of 251 acres (101.6 hectares). Such a 

distribution well describes the sizes of Indiana farms [165]. The adoption rate of farmers is 

assumed to follow a normal distribution with a mean adoption rate of 20% and a standard deviation 

of 10.2%. The standard deviation was calculated based on the diffusion of innovation theory and 

the number of initial adopters was assumed to be 2.5% of the farmer population [154]. The corn 

productivity of each farm is represented as the average yield from its respective county, as reported 

by the USDA [176]. The variable cost of corn production of each farm is determined by the 

productivity of the farm, as found in Table S2. For instance, the cost of corn production for a farm 

with a corn yield of 400 bushels ha-1 is $1,063 ha-1. The corn production cost was initialized for 

each farmer at the beginning of the simulation and was updated for the next iteration/year based 

on the yield of corn from the past year. 

 Model Initialization 

At the beginning of the simulation, the geographic map of Indiana is loaded into the system. 

Meanwhile, 14 biorefineries are established at the locations of the existing ethanol plants. The 

model initially generates 58,695 farmers with attributes such as the county of origin, farm size, 

corn productivity, proportion of corn land to total land, and adoption rate threshold. These farmers 

in each county are assumed to be evenly distributed in the parts of the county with cropland. The 

model was allowed to simulate the actions of agents from 2015 to 2027. Biorefineries were 

assumed to be under construction for two years, beginning in 2015 and reach 50% of their 

cellulosic biofuel production capacity in 2016 startup year. The key model parameters are listed in 

Table 6.2. 
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Table 6.2. Simulation parameters 

Parameter Value 

Farm size Exponential (0.004) 

Adoption threshold N (0.2, 0.102) 

Corn production cost $959 ha-1(low) 

$1063 ha-1(average) 

$1114 ha-1(high) 

Switchgrass yield 9.0 t ha-1 

Switchgrass production cost N ($694.5 ha-1, 48.2) 

Soil erosion from corn land 7.66 t ha-1 yr-1 

Nitrate leaching from corn land 39.5 kg N ha-1 yr-1 

Nitrate leaching from switchgrass land 2.1 kg N ha-1 yr-1 

Scaling coefficient 1 

 Model Comparison 

It is generally recognized that the validation of ABMs is challenging. Historical data is usually 

used for the model validation. However, the lack of historical production data for switchgrass and 

cellulosic ethanol production makes validation of the developed ABM of switchgrass adoption 

difficult. Model-to-model comparison is a validation technique that compares the outputs between 

two different simulation models with the same input data [177]. In this study, the results were 

compared against projected data for switchgrass adoption in Indiana, as published by the U.S. 

Department of Energy in the 2016 Billion-ton Report. The purpose of model comparison is to 

examine the differences and similarities between two different trends in switchgrass supply. 

 

This study applied the same yields of switchgrass used in the 2016 Billion-ton Report to the ABM 

to simulate the adoption of switchgrass in Indiana. The projected data of the switchgrass acreage 

is based on the baseline scenario associated with a delivered feedstock price of $100 t-1 in the 2016 

Billion-ton Report. Figure 6.2 shows the trends of switchgrass adoption from this model simulation 

and the projected data for the 12 years since the base year in the 2016 Billion-ton Report. Since 

the feedstocks for biofuels in the 2016 Billion-ton Report include a mix of biomass, e.g., 
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miscanthus, energy cane, and agricultural residue, and the constraints of the available cropland 

that can be converted to dedicated energy crops are different [157], the scale of the projected data 

from the Billion-ton Report is significantly smaller than the ABM projection. The major difference 

between the two projected behaviors of switchgrass acreage occurs in the first four years. The 

behavior of switchgrass acreage, as modeled by ABM, shows a huge increase in the second year 

due to the assumption that the biorefineries start to produce cellulosic biofuels at full capacity in 

that year. Then, the acreage of switchgrass decreases in the third year because the yield of 

switchgrass increases, while the demand for switchgrass remains the same. In contrast, the 

behavior of the switchgrass acreage in the Billion-ton Report continues increasing until the fourth 

year. The two projections of switchgrass acreage have similar trends from the fifth year to the 

eighth year. The switchgrass acreage simulated by ABM drops in the ninth year and then rises 

until the end. The different trends between the two projections are mainly due to different 

assumptions and scenarios (e.g., land allocation and yields of bioenergy crops). For example, the 

switchgrass acreage projected by the 2016 Billion-ton Report is driven by an increasing demand 

for switchgrass. The switchgrass acreage, simulated by the ABM, is affected by the switchgrass 

yield under a stable demand projection. 
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Figure 6.2. The 2016 Billion-ton projection of switchgrass acreage in Indiana with a baseline 

year of 2018 is plotted with simulated switchgrass acreage from the ABM in Indiana using a 

baseline year of 2015 

 Results and Discussion 

6.6.1 Potential adopters and supply of cellulosic biofuel 

In the basic case, the total capacity of Indiana cellulosic biofuel production is 4.2 billion liters per 

year. The annual demand for switchgrass in Indiana is estimated to be 13.4 million tonnes, which 

requires at least 1.49 million hectares of switchgrass land with a yield of 9 t ha-1. The estimated 

adopters of switchgrass and the total acreage of switchgrass grown by adopters are shown in Fig. 

3. Given specific farm gate prices, the supply of switchgrass provided by adopters can only meet 

the demand for cellulosic biofuels from 2016 to 2023. During this period, the maximum acreage 

of switchgrass is simulated to be 1.6 million hectares grown by 37,337 farmers, and the minimum 

acreage of switchgrass, as grown by 37,289 farmers, is estimated to be 1.5 million hectares. The 

behavior of the total acreage of switchgrass corresponds to the number of adopters. In 2016, there 

is not a strong demand for switchgrass since there is a small demand for switchgrass. In the 
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subsequent year, the number of adopters doubles and the number of adopters remains stable from 

2017 to 2023 with an average number of 37,330 farmers per year, which accounts 63.6% of the 

total farmers in Indiana.  

 

The supply of switchgrass is not able to meet demand beginning in 2024 due to a decreasing 

number of adopters. The supply shortage is caused by adopters who stop growing switchgrass in 

2024 (see Fig. 6.3). The number of farmers that earned a lower profit from growing switchgrass 

compared to growing corn continues to increase over the simulation period. There are 25,666 

farmers who had negative experiences attributed to their adoption of switchgrass in 2027. As the 

number of farmers with negative experience increases, the positive influence of neighbors on 

farmers with no experience decreases. Therefore, the number of potential adopters that are willing 

to adopt switchgrass decreases to 1,545 farmers in year 12. The average farm gate price of 

switchgrass among adopters is shown in Fig. 4. The maximum average farm gate price of 

switchgrass is observed to be $126.36 t-1 in 2016 and then continues falling to $122.63 t-1 in 2024. 

This is because increasing numbers of farmers close to biorefineries have negative experiences 

when growing switchgrass, and biorefineries need to obtain feedstock from farmers located further 

away. Then, the farm gate price rises to $123.68 t-1 in the final year due to fewer adopters. The 

average annual farm gate price for the period without a supply shortage is estimated to be $124.30 

t-1. 

 

Adopters in Indiana are able to meet the demand for switchgrass, given farm gate prices paid by 

14 biorefineries from 2016 to 2023. With a sufficient supply of switchgrass, no biorefineries have 

economic losses from additional contract payments. This implies that the commercialization of 

cellulosic biofuels is economically viable during this period. 
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Figure 6.3. Switchgrass adopters, potential adopters, negative adopters, and acreage 

 

 

Figure 6.4. Annual farm gate price of switchgrass 

 

6.6.2 Economic loss of biorefineries incurred by contracts 

Although demand for switchgrass is met from 2017-2023, some biorefineries need to make 
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price of a contract is higher than the farm gate price that a biorefinery can afford to profitably pay, 

the biorefinery will incur an economic loss. Figure 6.4 shows that there are 1,385 and 1,545 

contractors in 2024 and 2027, respectively. Table 6.3 gives the estimated economic loss of each 

biorefinery. It is only economically viable for 7 biorefineries to produce cellulosic biofuels from 

2016 to 2027. Biorefinery 3 and 12 (with a supply shortage) have an economic loss of $0.2 million 

and $14.9 million, respectively. Other refineries that operate with a supply shortage cannot secure 

additional supply by making contracts with farmers, since no additional farmers are willing to 

adopt switchgrass. However, this model only considers farmers and cropland in Indiana as 

potential adopters of switchgrass. In reality, some biorefineries can secure feedstock from farmers 

in neighboring states (e.g., Illinois, Michigan, and Ohio), assuming they are close enough to these 

states to keep transportation costs low. 

 

Table 6.3. Economic losses of biorefineries 

Biorefinery 

ID 

Years without supply 

shortages and contracts 

Years without supply 

shortages 

Maximum economic 

loss (million $) 
1 12 12 0 

2 12 12 0 

3 9 10 0.2 

4 12 12 0 

5 9 9 N/A* 

6 9 9 N/A 

7 11 11 N/A 

8 12 12 0 

9 9 9 N/A 

10 12 12 0 

11 12 12 0 

12 8 9 14.9 

13 11 11 N/A 

14 12 12 0 

*The biorefinery has a supply shortage, but no farmers are willing to make contracts with this 

biorefinery. 
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6.6.3 Sensitivity analyses 

Several sensitivity analyses were conducted to understand the influences of technical and 

economic uncertainties in the production of switchgrass and cellulosic biofuels on the 

commercialization of advanced biofuels. The ABM examines the simulation results, based on 

variabilities in the yield of switchgrass, operating cost of cellulosic biofuel production, and scaling 

coefficient of the equipment cost. 

 

The yield of switchgrass is highly variable between different locations and ecotypes, and large 

uncertainties exist related to the commercialization of cellulosic biofuels. Therefore, 

understanding how the variation in switchgrass yield affects the adoption behaviors of farmers is 

important in the commercialization of cellulosic biofuels. In this sensitivity analysis, the yield of 

switchgrass is varied from 7.5 t ha-1 to 12 t ha-1 and is compared with the baseline of 9 t ha-1. The 

number of adopters and the switchgrass production under different yield scenarios are shown in 

Fig. 6.5 & 6.6, respectively. For switchgrass yields of 10 t ha-1 and 12 t ha-1, adopters are able to 

provide sufficient switchgrass production to biorefineries over the entire simulation period. When 

the minimum yield of switchgrass is set to 7.5 t ha-1, the supply of switchgrass is less than the 

demand for the entire simulation. With a lower switchgrass yield, biorefineries will experience a 

supply shortage earlier. A higher switchgrass yield can maintain the number of adopters at a more 

stable level. In general, increasing the yield of switchgrass can significantly stimulate farmers to 

adopt switchgrass and provide more available cellulosic biomass for biofuels. 
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Figure 6.5. The number of switchgrass adopters under different switchgrass yield scenarios 

 

 

Figure 6.6. Switchgrass production under different switchgrass yield scenarios 
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The variable operating cost of cellulosic biofuel production mainly depends on the pretreatment 

costs and enzyme costs used in the fermentation step. Costs of pretreatment and enzyme materials 

heavily affect the selling price of cellulosic biofuels, reducing pretreatment and enzyme costs 

remains a challenge in developing a cost-effective bioconversion technology. This study assumes 

that the variable operating cost is $0.03 per liter, which is lower than the estimated values ($0.10-

$0.20 per liter) in other studies [135], [158], [178]. Figure 6.7 shows the changes in the amount of 

switchgrass acreage and the farm gate price associated with the variable operating costs of $0.03 

L-1 (base), $0.05 L-1, and $0.10 L-1. For the scenario with a variable operating cost of $0.05 L-1, a 

switchgrass supply shortage occurs in 2021, and the adoption of switchgrass decreases from 2021 

until the end of the simulation. For the scenario with a variable operating cost of $0.10 L-1, the 

supply of switchgrass cannot meet the demand in the first year, which implies that biorefineries 

have to initiate contracts with farmers in order to secure enough feedstock supply. The average 

annual farm gate prices with variable operating costs of $0.05 L-1 and $0.10 L-1 are 5% and 17.7% 

lower than the price in the basic case, respectively. Given a constant breakeven price for cellulosic 

ethanol, higher variable operating costs limit the price that a biorefinery can afford to pay for 

feedstock. As a result, farmers will not adopt switchgrass at the lower price. It turns out that the 

variable operating cost of cellulosic biofuel production has a significant influence on the viability 

of cellulosic biofuel commercialization. 
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Figure 6.7. Comparisons of switchgrass acreage and farm gate price for different variable 

operating cost scenarios 
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basic case. When scaling coefficients increase over the basic case, the farm gate price for feedstock 

offered by the biorefineries decreases significantly, so it is unlikely that farmers would adopt 

dedicated energy crops in these circumstances.  

 

Figure 6.8. Comparisons of switchgrass acreage and farm gate price for different scaling 

coefficient scenarios 

6.6.4 Subsidy for cellulosic biofuel production 

Bioenergy policy is one of the most important drivers that can expand the market for second 

generation biofuels. Besides the RFS2 mandates, governmental subsidies or federal tax incentives 
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biofuels. The additional subsidy will be a part of the revenue generated from cellulosic biofuel 

production. A comparison between subsidized and un-subsidized biofuel production scenarios are 

shown for both switchgrass adopters and switchgrass acreage in Fig. 6.9 (a) and (b), respectively. 

In the subsidy scenario, the supply of switchgrass is stable and sufficient for the required amount 

of cellulosic biofuels over the entire simulation period. In addition, the average annual farm gate 

price of switchgrass production increases to $207.63 t-1 (see Fig. 6.10) and the subsidy is paid to 

the cellulosic biofuel plants. 

 

 

Figure 6.9. Comparisons of switchgrass adopters (a) and switchgrass acreage (b) between basic 

and subsidy scenarios 
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This study further examines different values of the subsidy at $0.01, $0.10, and $0.50 to identify 

the optimal magnitude of the subsidy to boost the commercialization of cellulosic biofuels. As the 

results show in Fig. 6.11, a subsidy below $0.10 per gallon cannot stabilize the supply of 

switchgrass and biorefineries will have a supply shortage in the last three years of the simulation. 

Therefore, a minimum subsidy of $0.10 per gallon is the optimal support strategy for facilitating 

the commercialization of cellulosic biofuels in Indiana. 

 

 

Figure 6.10. Comparisons of switchgrass farm gate price under different subsidy scenarios 
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Figure 6.11. Comparisons of switchgrass acreage under different subsidy scenarios 
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more adoption occurs in Pulaski County, and Tippecanoe County, rather than other nearby counties, 

such as White County, Carroll County, and Fulton County, with relatively high corn yields. This 

implies that farmers in a lower corn-yield county are more likely to adopt switchgrass than farmers 

in a higher corn-yield county. 
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Figure 6.12. The number of switchgrass adopters in 2017(a) and in 2023 (b) and corn yields of the county (c).
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6.6.6 Viability of cellulosic biofuel commercialization in Indiana 

The viability of cellulosic biofuel commercialization in Indiana is simply identified by comparing 

the potential supply of switchgrass with the demand for cellulosic biofuels. Based on the simulated 

results, the commercialization of cellulosic biofuels has not proved to be viable in Indiana under 

the current situation. From the perspective of biorefineries, producing cellulosic biofuels from 

switchgrass is not economically viable when the supply of feedstock does not meet the demand 

for cellulosic biofuels. From the perspective of farmers, adopting switchgrass is not profitable 

compared to producing corn for a large range of farm gate prices. Biorefineries can secure a 

sufficient supply of feedstock by making contracts with farmers but it is likely that only a small 

proportion of farmers are willing to accept the contracts. The commercialization of cellulosic 

biofuels is likely to be economically viable at a higher price point than that used in this study for 

cellulosic ethanol. Gnansounou and Dauriat [30] concluded that the minimum selling price of 

cellulosic ethanol ranged from $1.23 gal-1 ($0.32 L-1) to $3.50 gal-1 ($0.92 L-1)based on different 

feedstocks and the minimum selling price of cellulosic biofuel from corn stover was estimated to 

be $3.40 gal-1 ($0.90 L-1) in the NREL technical report. [158] However, cellulosic biofuels with a 

higher selling price will not be competitive with conventional biofuels in the biofuel market and 

this issue will inhibit the commercialization of cellulosic biofuels. 

 

The commercialization of cellulosic biofuels can be achieved by improving the yield of 

switchgrass production and reducing the production costs of cellulosic biofuels. Adopting high 

productivity strains of switchgrass generates higher profits for farmers, especially for locations 

with low production costs. A switchgrass yield of 10 t ha-1 or higher can provide a stable supply 

of switchgrass for cellulosic biofuels from Indiana farmers. Evidence has shown that yields of 

switchgrass can be as high as 10.7 t ha-1 in Indiana. [181] Higher yields of switchgrass also require 

lower land area conversion from cropland or marginal land. Reducing the variable operating cost 

of cellulosic biofuel production enables biorefineries to pay higher prices for feedstock and 

enhances the willingness of farmers to adopt switchgrass. In addition, a low variable operating 

cost can improve the competitiveness of cellulosic biofuels over conventional biofuels. 

Biorefineries may utilize new technologies to improve the conversion efficiency of cellulosic 

biomass into biofuels to reduce the variable operating cost. It is not economically viable to scale 

up the production capacity of a biorefinery if the cost to scale up the equipment is too high (e.g., 



136 

 

the scaling coefficient of the equipment cost is more than 1). Investors are suggested to assess the 

optimal production capacity of a biorefinery in order to avoid economic losses. Government 

subsidies for bioenergy products are effective strategies to promote switchgrass adoption. A 

subsidy for cellulosic biofuel production will reduce economic risks for biorefineries to a certain 

degree and help secure a stable supply of feedstock. 

6.6.7 Social attributes related to the willingness of farmers 

In this model, the adoption threshold is employed as a social factor which influences whether 

farmers are willing to adopt the dedicated energy crops based on the average adoption rate of their 

neighbors. The distribution of the adoption threshold is assumed to follow the theory of innovation 

diffusion as mentioned in Section 6.2.4. Alexander et al. [154] found that the estimated total 

dedicated energy crop area was much higher when farmers had a high initial willingness (25% 

initial innovators) to adopt energy crops than the basic case (2.5% initial innovators). Brown et al. 

[153] incorporated mitigation willingness factors that represent the willingness of farmers to 

compromise revenue in order to reduce environmental impacts into an ABM to model bioenergy 

crop adoption. Risk aversion, education level, and familiarity with bioenergy crops were utilized 

as social attributes to reflect the willingness of farmers to adopt energy crops in the previous studies. 

For example, the risk of adopting energy crops could be alleviated by establishing contracts 

between farmers and biorefinery [156]. In reality, contracts are commonly used in existing 

biorefineries to procure switchgrass from farmers. However, biorefineries may experience an 

economic loss when offering a high contract payment for farmers. Due to the lack of survey data 

and limited information about the willingness of farmer to adopt dedicated energy crops in Indiana, 

other social attributes are not investigated in this study. Understanding the opinions and 

perceptions of farmers about dedicated energy crops is useful to predict their adoption behaviors 

more accurately.  

6.6.8 Influences of spatial heterogeneity on the diffusion of switchgrass adoption 

The effects of the spatial heterogeneity of farmers is included in the transportation distance to 

biorefineries, corn yield and production cost parameters. For instance, farm gate prices paid by 

biorefineries for feedstock are different for farmers due to different transportation distances of the 

feedstock. Farmers make different switchgrass adoption decisions based on their corresponding 
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spatial attributes. Incorporating the spatial heterogeneity of farmers into the ABM enables an 

understanding of how switchgrass adoption can diffuse spatially. This study finds that the 

geographic location of switchgrass cultivation diffuses from counties with high corn productivity 

to counties with low corn productivity, because farmers in lower corn-yield counties may be able 

to realize higher profits by growing switchgrass rather than corn. Farmers that have a lower corn 

productivity are more likely to earn more money by adopting switchgrass than farmers that have a 

higher corn productivity. Biorefineries located near the counties with higher corn productivity can 

be provided feedstock by adopters from counties farther away with lower corn productivity. The 

diffusion pattern of switchgrass adoption could be an important factor for identifying the optimal 

location of a cellulosic biofuel facility. To ensure a stable supply of feedstock, biorefineries are 

suggested to be built in the center of a lower corn-productivity region. Moreover, cellulosic biofuel 

facilities must be located near switchgrass farms to reduce the cost of transportation and offer an 

acceptable price for farmers to adopt switchgrass. 

  



138 

 

CHAPTER 7. SUMMARY AND CONCLUSION 

This dissertation developed an integrated sustainability model for assessing the sustainability 

performance regarding the expansion of bioenergy production. The ISM can simulate the dynamic 

behaviors of the bioenergy market so that it can capture the changes in environmental and socio-

economic impacts caused by the bioenergy production in a given temporal and spatial scale. First, 

the ISM has been applied to the corn ethanol system. The demand for corn ethanol production is 

projected to increase in the short-term to meet the growing need for fuel (gasoline blended with 

ethanol), which is in turn driven by the economic and population growth in the U.S. It should be 

noted that the projected supply and demand of corn ethanol is based on recent historical data and 

the fuel ethanol price could be influenced by other factors such as feedstock price and regulatory 

incentives. In spite of the increased demand, the price of corn ethanol is expected to increase only 

slightly, with advanced biofuels addressing some portion of future needs. The reduction in GHG 

emissions due to biofuels (relative to gasoline) will continue owing to advancements in corn 

ethanol (and other biofuels) processing technology. The corn ethanol industry adds to the U.S. 

economy and it can create additional employment opportunities for involved sectors with stable 

labor income, especially when the demand for biofuels continues to rise. Tax revenue generated 

by the biofuel industry should serve to increase societal benefit. 

 

Second, the ISM has been used for a forest biomass system for electricity generation to forecast 

environmental and socio-economic impacts. The model addresses dynamic changes in forest 

residue supply and demand. The projected results reveal that the available amount of forest residue 

can completely satisfy the demand for forest biomass for electricity generation associated with the 

current consumption level of bioenergy. The projected market price of forest residue production is 

consistent with the delivered cost estimated by others in the literature. An increase from 0.3% to 

0.5% in the bioenergy share level of the total electricity demand will stimulate the bioenergy 

market for electricity generation. The utilization of forest residues can enhance soil carbon 

sequestration due to LUC from cropland to timberland; the consequence of this change is the 

avoidance of substantial GHG emissions, and a reduction of CO2 emissions in the biomass co-

firing system. The gross output and employment generated by the logging residue recovery and 

bio-power operation sectors have a significant contribution to the regional economy and society, 
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especially for rural areas. In conclusion, forest residues are a promising alternative biomass for 

displacing coal in a co-firing system while reducing GHG emissions and generating socio-

economic benefits in local communities. 

 

Finally, this study has investigated a cellulosic biofuel system that produces cellulosic ethanol 

from switchgrass to achieve compliance with the RFS2 mandate. The results show that the demand 

for cellulosic biofuels in the lower volume requirement scenario can be met with the expansion of 

energy crops on marginal land and the development of biorefineries with advanced bioconversion 

technologies. Moreover, the growth of the cellulosic biofuel industry is expected to create 

significant benefits for the environment, the economy, and society, by increasing soil carbon 

storage, reducing GHG emissions, creating water use savings, improving gross economic output 

and job opportunities from cellulosic biofuel production, and reducing the social cost of carbon. 

However, the environmental damage from energy crop land expansion on marginal land (e.g., 

nitrate leaching) cannot be ignored. Given the land expansion constraints, the RFS2 volumetric 

requirements for cellulosic biofuels cannot be met when supply of energy crops is constrained by 

LUC. More lands need to be converted from cropland or pasture into energy crop land in order to 

comply with the RFS2 mandate. Governments should provide supportive policies for landowners 

and investors to improve the LUC for energy crops and the growth of the cellulosic biofuel industry. 

Developing more efficient bioconversion technologies of cellulosic biofuels and improving the 

productivity of energy crops can not only increase the profits for biorefineries but also reduce the 

GHG emissions in the life cycle of cellulosic biofuel production. However, a large expansion in 

energy crop land may increase nitrate leaching and affect the habitat of at-risk species living in 

cropland and pasture. 

 

In addition, this study developed a spatial agent-based model to determine how decision-making 

processes of farmers effect the adoption of dedicated energy crops. The model is compared with 

the projection of switchgrass production from the 2016 Billion-ton Report. The simulation results 

indicate that the commercialization of cellulosic biofuels is not viable in Indiana in the long term, 

based on an expected demand for cellulosic biofuels of 1,115 million gallons. In the basic case, 

the supply of switchgrass provided by adopters can only meet the demand for cellulosic biofuels 

from 2016 to 2023. The maximum total supply of switchgrass as a feedstock for cellulosic biofuels 
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is estimated to be 13.9 million tonnes with a yield of 9 t ha-1. Only 7 biorefineries can produce 

cellulosic biofuels under current economic conditions in the long term. The ABM simulation 

indicates that increasing numbers of adopters in the counties with a high corn yield stop growing 

switchgrass and that the adoption of switchgrass diffuses to counties with a low corn yield. 

Improving the productivity of the switchgrass strain is an effective way to increase the adoption 

of dedicated energy crops. The high scaling equipment cost and variable operating cost for 

cellulosic biofuel production can dramatically reduce the market potential of cellulosic biofuels.  

In addition, governments can implement some supportive policies such as subsidies or tax credits 

for bioenergy producers to facilitate the commercialization of advanced biofuels. Some other 

actions, such as educational programs provided by universities and non-profit organizations will 

also increase the willingness of farmers to adopt dedicated energy crops. The approach of this 

study is intended to be informative rather than predictive, since only limited information about the 

perceptions of farmers for dedicated energy crops are included. To make the ABM more 

comprehensive and empirical, land allocation of a variety of crops and the availability of other 

land types (e.g., pasture and marginal land) can be included into the decision-making mechanisms 

of farmers. 

 

In terms of future work, the developed ISM may be extended to include more advanced and 

complex sub-models to minimize the uncertainty in model projections. It should be noted that the 

model projections provide an informative implication (e.g., the trend of cellulosic ethanol 

production) rather than a deterministic solution, because external factors that can significantly alter 

the results are difficult to be controlled or prevented. While environmental and economic impacts 

are addressed in the current version of the ISM, additional social impacts and other performance 

measures may be added to the ISM in future research. The ISM is applicable for other complex 

bioenergy systems as an overall sustainability assessment tool. Both the ISM and agent-based 

modeling can provide comprehensive insights for stakeholders and policy makers to establish and 

implement favorable strategies for facilitating bioenergy sustainability development. The agent-

based modeling can be incorporated into the ISM to understand how individual stakeholder’s 

behaviors affect the sustainability performance of bioenergy systems. 
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APPENDIX 

Table A1. GHG emissions of corn ethanol production by year 

Year GHG emissions (g CO2 eq MJ-1) Reduction relative to gasoline* Source 

2005 76.34 17% [182] 

2006 74.52 19% [88] 

2009 70.00 24% [183] 

2012 65.57 29% [182] 

2022 55.20 40% [182] 

*GHG emissions of gasoline is 92 g CO2 eq MJ-1 [88] 

Table A2. Economic impacts of corn ethanol industry by year 

Year 2009 2010 2011 2012 2013 2014 

GDP (bil $) 36.4 58.4 44.5 44.7 44.9 52.7 

Labor income (bil $) 17.6 39.2 31.4 31.2 31.3 26.7 

Employment (k jobs) 399 401 402 383 387 379 

Federal tax (bil $) 8.4 8.6 4.3 4.6 4.5 5.7 

State tax (bil $) 7.5 4.8 3.9 3.9 3.8 4.6 

 

Table A3. Input-output multipliers of corn ethanol industry 

Year 2009 2010 2011 2012 2013 2014 

Ethanol revenue (bil $) 19.6 25.6 37.6 31.3 32.8 33.6 

Multiplier of GDP 1.9 2.3 1.2 1.4 1.4 1.6 

Multiplier of labor income 0.9 1.5 0.8 1.0 1.0 0.8 

Multiplier of employment 20.4 15.6 10.7 12.2 11.8 11.3 
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Table A4. Simulation parameters for base scenario 

Parameter Value 

Food crop (corn) cost 824.8 $ ha-1 [184] 

Crop cost increase rate 9.64 $ ha-1 yr-1 [184] 

Food crop (corn) yield 413 bushels ha-1 [184] 

Crop yield increase rate 5 bushels ha-1 yr-1 [184] 

Food crop price 3.64 $ bushel-1/143.30 $ t-1 [184] 

Food crop price growth rate 0.05 $ bushel-1 yr-1/1.97 $ t-1 yr-1 [184] 

Cropland 71.85 Mha [140] 

Cropland change rate 0.0475 Mha yr-1   

Pasture land 10.07 Mha [140] 

Pasture land change rate 0.0216 Mha yr-1 

Marginal land 11.36 Mha [139] 

Grower payment 36 $ t-1 [135] 

Harvest cost 17.4 $ t-1 [135] 

Storage and handling cost 6.8 $ t-1 [135] 

Transportation cost 9.5 $ t-1 [135], [185] 

Cash rent of farmland 499.2 $ ha-1 [186] 

Cash rent of pasture land 76.6 $ ha-1 [186] 

Switchgrass yield 9 t ha-1 [169] 

Variable operating cost 0.35 $ gal-1 [136] 

Unit fixed cost 0.23 $ gal-1 [136] 

Feedstock capacity 0.72 million t yr-1 [135] 

Conversion rate of current technology 289 L t-1 (76 gallons t-1)[127] 

Conversion rate of future technology 399 L t-1 (105 gallons t-1)[146] 

Plant capacity for current technology 54 million gallons 

Plant capacity for future technology 75.6 million gallons 

Capital investment for current technology 520.9 million $ 

Capital investment for future technology 729.3 million $ 

GHG emissions of cellulosic ethanol 46.3 g CO2-eq MJ-1 [66] 
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Table A4 continued 

GHG emissions of gasoline 92 g CO2-eq MJ-1 [183] 

Heat content (HHV) of cellulosic ethanol 88.62 MJ gal-1 [187] 

Nitrate leaching for corn  40 kg ha-1 [162] 

Nitrate leaching for switchgrass 2.1 kg ha-1 [162] 

Water use in cellulosic ethanol 4.5 gal gal-1 [142] 

Water use in corn ethanol 11 gal gal-1 [142] 

Water use in gasoline 8 gal gal-1 [142] 

Bird species richness increase for switchgrass land 6 bird species [188] 

At-risk species encountered in cropland only 57 species Mha-1 [189] 

At-risk species encountered in pasture only 6 species Mha-1 [189] 

At-risk species encountered in either cropland or 

pasture 

14 species Mha-1 [189] 

 

Table A5. U.S. corn price projections [190] 

Year 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 

Farm price 

($ bushel-1) 
3.30 3.35 3.35 3.45 3.50 3.55 3.60 3.65 3.65 3.70 

 

Table A6. Estimated corn variable cost for different levels of productivity [191]  

 Corn productivity levels 

Low Average High 

Expected yield* (bushels ha-1) 316 395 474 

Total variable cost ($ ha-1) 959 1063 1114 

Yield improvement rate (bushels ha-1 year-1) 7 8 10 

* The expected yield is based on the yield of continuous corn system. 
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Table A7. Capacity and location of the corn ethanol plants in Indiana 

Biorefinery 

ID 
Facility County 

Production capacity, 

Mgal in 2017 (ML) 

1 New Energy Corporation Saint Joseph 65 (246) 

2 Iroquois Bio-Energy Company, LLC Jasper 40 (151) 

3 The Andersons Clymers Ethanol, LLC Cass 110 (416) 

4 Central Indiana Ethanol, LLC Grant 50 (189) 

5 VeraSun Energy Corporation Montgomery 110 (416) 

6 POET Biorefining Jay 73 (276) 

7 POET Biorefining Madison 65 (246) 

8 POET Biorefining Putnam 90 (341) 

9 Cardinal Ethanol Randolph 110 9416) 

10 Indiana Bio-Energy, LLC Wells 101 (382) 

11 POET Biorefining Wabash 68 (257) 

12 Aventine Renewable Energy Posey 110 (416) 

13 Abengoa Bioenergy Posey 110 (416) 

14 Grain Processing Corporation Daviess 35 (132) 

 

Table A8. Projection of Ethanol Price 

Year 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 

Ethanol 

price, 

$/gal 

($/L) 

2.22 

(0.59) 

2.22 

(0.59) 

2.91 

(0.77) 

2.90 

(0.77) 

2.93 

(0.77) 

2.95 

(0.78) 

2.94 

(0.78) 

2.88 

(0.76) 

2.85 

(0.75) 

2.83 

(0.75) 

Year 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 

Ethanol 

price, 

$/gal 

($/L)  

2.73 

(0.72) 

2.72 

(0.72) 

2.68 

(0.71) 

2.66 

(0.70) 

2.61 

(0.69) 

2.48 

(0.66) 

2.50 

(0.66) 

2.50 

(0.66) 

2.51 

(0.66) 

2.51 

(0.66) 
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