
ABSTRACT 

HOSSAIN, TASMIN. Mobilizing National Cellulosic Feedstock Supplies for Biofuel 

Production. (Under the direction of Dr. Daniela Jones) 

The sustainability of the biofuel industry depends on the development of a mature conversion 

technology on a national level that can take advantage of the economies of scale: the nth-plant. Due 

to the restriction on conventional biofuel production, the US needs to plan for the development of 

the cellulosic biofuel scenario. Conventional feedstock supply systems will be unable to handle 

cellulosic biomass nationwide, making it essential to expand the industry with an advanced 

feedstock supply system incorporating a distributed network of preprocessing depots and 

conversion plants, or biorefineries. This dissertation addresses the challenge to ensure cost-

effective supply logistics and develop an nth-plant scenario for mobilizing national cellulosic 

feedstock supplies for a sustainable bioenergy industry. A Mixed Integer Linear Programming 

(MILP) model has been developed to deliver on-spec biomass that considers both, a desired 

quantity and quality at the biorefinery. Blended feedstock with Switchgrass (SW) and Corn stover 

(CS) (harvested by either a two- or three-pass method) are considered in the MILP model for a 

network of varying size depots that supply to biorefineries of 725,000 dry tons/year. According to 

the findings, 124 depots and 59 biorefineries could be supplied with 42.8 million dry tons of CS 

and SW in 2022, for a feedstock cost less than $79.07/dry tons (2016$). In 2030 and 2040, the 

total accessible biomass could increase to 215% and 393% respectively when compared to 2022. 

However, an $8/dry tons reduction in targeted delivery cost could reduce total accessible biomass 

by 67%. Kansas, Nebraska, South Dakota and Texas were identified as potential states with a 

strong biofuel economy given that they had six or more biorefineries located in all scenarios. Next, 

the developed MILP model has been modified to consider large-scale biorefineries to analyze 

scenarios with woody feedstock blends including forest residues and short rotation woody crops 



at variable biomass ash contents and cost targets at the biorefinery. When considering a target cost 

of $85.51/dry ton at the biorefinery, the maximum accessible biomass from forest residues in 2040 

remained constant at 106 million dry tons regardless of ash targets. Including short rotation woody 

crops as part of the blend increased the total accessible biomass to 153 and 195 million dry tons at 

ash targets of 1% and 1.75%, respectively. A modified version of the developed MILP model has 

also been used to quantify the national Miscanthus (MS) supplies to create feedstock blends with 

CS and SW within the cost and quality requirements in 2030 and 2040. Adding advanced 

capabilities such as large-scale biorefineries and multi-modal transportation to the conventional 

supply chain structure, a total of 14 million dry tons of MS pellets can be supplied to biorefineries 

within a cost target of $79.07/dt in the year 2030 which can increase up to 54 million dry tons by 

2040. Illinois, Kansas, Missouri, North Carolina, Oklahoma, Georgia and Texas were identified as 

key locations for producing MS. Moreover, the dissertation also tackles the challenge of producing 

densified cellulosic pellets to address feedstock variability, a critical component to an efficient, 

effective and mature bioeconomy through a high-density, uniform-format herbaceous biomass 

feedstock. MS pellets blended with CS and SW have been developed to analyze the chemical 

(proximate/ultimate analyses and heating value), physical (diameter, length, and bulk density), and 

mechanical (durability) properties. The pellet durability index (PDI) of pure MS pellets was less 

than 85%, well below the ISO 17225-6 standard for herbaceous pellets. While increased amount 

of SW and CS increases durability beyond 94%, it also increases ash content from 1.6% to 4.6%, 

a quality that is not favorable for biofuel conversion pathways. The moisture content of the blended 

pellets were low ranging from 7.12% to 12.45% and it had a positive correlation with the durability 

of pellets. Pure MS pellets had the highest bulk density, 633 kg/m3 while pellets containing 75% 

MS and 25% CS had the lowest density, 564 kg/m3.  
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Chapter 1: Introduction 

1.1 Research Background 

Feasibility studies of biomass resources conversion to biofuels, bioproducts, and/or biopower 

are on the rise to mitigate the negative impact of climate change and provide energy security. 

Unlike traditional fossil fuels, biofuels are generated from biomass and waste materials that ensure 

unprecedented energy supply in the future, reduce the concern for oil price fluctuation and 

contribute to lowering carbon emission. Biomass feedstock can be classified into three main 

categories: 1) First generation: consists of edible crops such as corn, sugarcane, and sugar beets; 

2) Second generation: consists of cellulosic feedstock such as corn stover, rice husks, agricultural 

and forest wastes; 3) Third generation: consists of different forms of algae. Currently, the most 

widely produced biofuel is conventional ethanol (derived from first generation biomass) which is 

an effective substitute for fossil fuel in the transportation industry. The US is the largest fuel 

ethanol producer in the world with 197 plants that total a national name plate production capacity 

of over 17.5 billion gallons (US EIA, 2021), 42% of the global biofuel production share (IEA, 

2019). Majority of the ethanol was produced in the Corn Belt region of the US using corn grain 

(Fig. 1).  

To restrict competition of food resources and pressure on arable lands, US has limited the 

production of conventional biofuels to 15 billion gallons and set a target of 21 billion gallons per 

year (BGY) of non-edible feedstock to boost the total renewable fuel production by 2022, from 

which at least 16 BGY should be from cellulosic biofuels (US EPA, 2020).  
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Figure 1. 1. U.S. Fuel ethanol production capacity in 2020. 

 

 

Figure 1. 2. Congressional volume target for biofuel set by Environmental Protection Agency (EPA). 

Unlike the food-based biomass resources, cellulosic biomass are non-edible resources 

including agricultural residues, purpose-grown energy crops, and forest residues. The cellulosic 

plants are further divided into two categories including herbaceous and woody. Woody plants are 

generally perennial plants having wood stems. Whereas herbaceous plants have a soft and green 

flexible stem above the ground, and they are generally biennials or annuals. According to the 2016 

Billion-ton report (Langholtz et al., 2016), more than 700 million dry tons of cellulosic biomass 

can become available by 2040 (Fig. 3). As these resources have abundance in availability, they 

can assure long-term biofuel production maintaining the usage cap on food-based biomass. Due to 

widespread availability and low-cost raw material, cellulosic biomass is a promising alternative 
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for starch-based biomass. However, the shift towards cellulosic biofuel industry is a challenging 

task due to supply uncertainties, dispersed geographic location, competitive payment to growers 

and novel storage & preprocessing capabilities resulting in high production cost for biofuel. Due 

to the bulky and non-flowable nature, transportation costs can be as high as 30% of the total biofuel 

production cost (Golecha 2016). To get an efficient energy conversion from cellulosic biomass, 

the supply challenges need to be addressed while maintaining a required biomass quality such as 

percentage of ash and moisture content. For an optimal and efficient design of biofuel supply chain, 

biomass collection, storage, transportation and production requirements need to be integrated 

while keeping the total production cost competitive with fossil fuels.  

 

Figure 1. 3. Predicted county-based cellulosic biomass availability by 2040.  

Although biomass has the potential to provide approximately 50% of the world’s energy 

demand (Ladanai & Vinterbäck, 2009), currently it supplies only 11% of the total energy 

consumption (C2ES, 2022). This is due to the high cost of biomass supply chain management and 

the uncertainties associated with biomass availability. The reliability of the supply chain is 

dependent on biomass feedstock cost and availability which constitutes 35 to 50% of the total 



   

4 

 

biofuel production cost (Hess et al., 2009b). And so, for the past few decades research has been 

going on to minimize the biomass supply chain and logistics cost as well as to predict the 

uncertainties of biomass availability. Feedstock supply systems have been developed to 

incorporate existing technologies and equipment. Researchers are also trying to employ advanced 

technologies to pre-process biomass feedstock, develop optimum storage facilities and efficient 

transportation system to minimize the production cost of biofuel. For example, biomass can be 

dried to remove the moisture content which will reduce the cost of transportations (Flisberg et al., 

2012). Studies have been going on to develop advanced modeling techniques and to analyze the 

feedstock supply chain cost under realistic conditions for the economic feasibility of the biofuel 

industry. 

1.1.1 Biomass Supply Chain Stages 

Cellulosic feedstock mainly consists of forest residues, agricultural residues (e.g., corn stover 

and rice husk) and energy crops (e.g. miscanthus and switchgrass). One of the major determining 

factors in preprocessing and transportation cost of the feedstock is its moisture content. Handling 

feedstock with high moisture content leads to increased complexities within the different stages of 

the supply chain. Based on the moisture content, there are three different types of cellulosic 

feedstock including dry herbaceous which has less than 15% moisture, wet herbaceous which has 

less than 50% moisture and woody which are mainly forest residues. As a result, supply chain 

operations are determined depending on the type of feedstock. 
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Figure 1. 4. Biomass supply chain stages. 

Converting loose biomass into biofuel involves several stages (Fig. 4). The upstream section 

handles the collection, baling, preprocessing, transportation, and storage of the biomass before it 

arrives to the biorefinery (Sambra et al., 2008). The midstream consists of the activities inside the 

biorefinery facility and any additional preprocessing of the feedstock. Finally, the downstream 

section handles the supply of the biomass from the biorefinery to the demand point. Most of the 

supply chain studies focus on modeling the upstream section of the biomass supply chain, as this 

section handles the biomass in its bulky form with several uncertainties and challenges that are 

harder to predict.  

Harvesting operations can act as a key contributor to lowering ash content (Bonner et al., 2014). 

Ash content is one of the major factors to determine feedstock quality (Li et al., 2016). Lower ash 

content helps decrease equipment ware, as well as transportation and handling costs. It also 

increases the feedstock conversion efficiency and yield (U.S. DOE 2011). Identifying the proper 

harvesting method for a specific feedstock is beneficial to control optimum quality and increase 

the efficiency of conversion process. Several harvesting methods are used including three-pass 
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harvest and two-pass harvest (Sambra et al., 2008; Langholtz et al., 2019). The three-pass system 

consists of a separate grain harvester along with a windrower and a baler combined. The two-pass 

system does not use the windrower operation. In this case, the harvester and baler are combined. 

From an economic point of view, the two-pass harvesting gives lower costs on a per ton basis compared 

to the other two methods (Langholtz et al., 2019). However, per acre yield for a three-pass harvest is 

higher (Langholtz et al., 2019). Another major operation in this stage is biomass baling. Harvested 

biomass is primarily densified in the form of bales at fields and shipped to conversion facilities 

known as biorefineries.  

Cellulosic biomass is bulky in nature, has low energy density and poor flowability. Even after 

baling, the bulk density is approximately 150 kg/m3 (Sokhansanj and Turhollow 2006). It is very 

low compared to fossil fuel such as coal (800 kg/m3) and first-generation feedstocks such as corn 

(716.8 kg/m3) (Lin et al., 2016). Moreover, baled biomass is heterogeneous in nature due to the 

variability in their source requiring further pre-treatment such as densification before conversion. 

Grinding, briquetting and pelletizing are some of the major densification processes alongside with 

drying and mixing to improve the moisture content and obtain a homogeneous form (Eranki et al., 

2011). For the cellulosic feedstock additional chemical pretreatment is required to convert 

cellulose and hemicellulose into fermentable sugars to be converted into biofuels (Kim et al., 

2014). Such chemical processes include ammonia fiber expansion (AFEX) (Balan et al., 2009), 

dilute acid (Humbrid et al., 2011), hot water (Kim et al., 2009) and steam explosion (Tao et al., 

2011).  

Eranki et al. (2011) proposed Regional Biomass Processing Depots (RBPDs) which are 

separated pre-processing centers to improve the feedstock characteristics. These centers use 
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pelletization, mixing, drying and chemical pretreatment to produce a uniform commodity-like 

product giving better conversion efficiency. However, RBPDs will increase the economic risk of 

the supply chain as they result in higher energy costs, additional equipment handling and increased 

storage costs. Life-cycle assessment and further economic analysis can help to determine a balance 

between cost and feedstock quality. Jacobson et al. (2014a) developed Biomass Pelletization 

Strategy Simulator (BPSS) to analyze different pelletization strategies for reducing biomass supply 

risk. Lower cost storage options should be considered when dealing with pellets as storage cost for 

pellets are five times higher than field storage (Jacobson et al., 2014a). 

Biorefineries need a consistent supply of feedstock throughout the whole year, whereas 

biomass availability depends on the harvest season. Therefore, feedstocks need to be stored for 

long periods due to the short harvest season (Epplin et al., 2007). Storage sites can bridge between 

the time gap and ensure a uniform supply. They also contribute to overcome one of the major 

constraints of feedstock supply in terms of decomposition, also known as feedstock shrinkage or 

dry matter loss (DML). Feedstock shrinkage can be caused by several reasons such as damaged 

bales, grinding, wet storage conditions, high moisture content, variability in weather and 

temperature (Jannassch et al., 2011; Eranki et al., 2011; Kenney et al., 2013). DML can be low 

such as 1% or it can be high such as 25% (Smith et al., 2013). Determining the optimum location 

and size of the storage sites can greatly impact the economic feasibility of the biomass supply 

chain. Storage can be located at field site, at the biorefinery or at an intermediate location in 

between. Determining the optimum location and size of the storage sites can greatly impact the 

economic feasibility of the biomass supply chain. Ebadian et al. (2013) introduced a unique 

modeling technique to determine the impact of three different storage systems: 1) Roadside storage 

(RS); 2) Satellite storage (SS) with fixed hauling distance (SF) and 3) SS with variable hauling 
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distance (SV). As RS has the shortest hauling distance, it would be convenient for the framers and 

offered the lowest in-field moving cost (Ebadian et al., 2013). On the contrary, SS and SV would 

be preferable by the contractors as more biomass would be available in each storage locations 

which in terms would reduce transportation cost (Ebadian et al., 2013). 

Transportation is a significant cost contributor to the supply chain design of cellulosic biofuel. 

Approximately 15 to 30% of the total delivery cost of cellulosic biofuel is associated with 

transportation cost (Golecha 2016). Variability of the transportation cost among different stages 

occurs due to the type of feedstock format (e.g. bales, pellets, and loose biomass), traveling 

distance and transportation mode (truck, rail, barge and/or ship). Either single-mode or multi-

modal transport can be selected depending on the supply radius, bulk density, customer demand, 

feedstock type and biomass availability (Axelsson et al., 2012). Transportation costs are divided 

into fixed cost (FC), which is constant regardless of the distance, and variable cost (VC), which 

depends on the distance travelled. 

1.1.2 Feedstock Supply System: Centralized & Distributed  

Each of the supply stages require unique equipment and involves real-time decision making. 

The flow of biomass from fields to biorefineries needs to be handled efficiently to minimize the 

production cost of biofuel. Biomass supply chain is involved with managing and organizing the 

flow of biomass among all these supply stages. A cost-competitive and efficient design of the 

biofuels supply chain will require the integration of these interdependencies and complexities of 

all the different stages.  
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Currently, two types of feedstock supply systems are being considered (Fig. 2). The most widely 

used is the Centralized Feedstock Supply System (Hess et al., 2009b). Within this system, investors 

make contracts with local farmers to harvest, bale and store the baled biomass close to their farms. 

Bales are then collected form the farms and directly transferred to the biorefinery. Although, this 

supply structure is simple in nature, but it only works for high yield regions where the farms and 

biorefineries are closely located. The biorefinery can collect feedstock within a short supply radius, 

approximately only 50 miles (Jacobson et al., 2014b).  

For the last decade, research has been going on to implement a more complex yet efficient 

supply system known as Distributed Feedstock Supply System, also reffered to as the Advanced 

System (Lamers et al., 2015a). In this system, a network of distributed preprocessing Depots are 

established to store, preprocess and supply the preprocessed biomass to the biorefinery (Fig.2). 

The depots can be located at an intermediate location between farms and biorefineries or they can 

also be co-located with a biorefinery depending on the supply density. While the centralized 

system shows better economic performance for small scale biorefineries, the distributed system is 

Figure 1. 5. Feedstock supply systems. 
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efficient in case of large biorefineries as they can handle large and scattered supply regions (Kim 

et al. 2015, 2016). In some cases where the supply radius is small and feedstock needs to be stored 

for a limited time, minor preprocessing is done such as densification and dry matter removal. But, 

for longer storage time and large supply radius, chemical and thermal pretreatment along with 

densification is done. Jacobson et al. (2014b) has classified two types of depots such as Standard 

depot and Quality depot. The major task of the Standard depot is to improve the bulk density and 

flowability for storage and transportation. Drying and pelletization are also done to prevent DML 

(Lamers et al., 2015b). On the other hand, Quality depots primarily target to improve feedstock 

quality depending on the type of the demand point such as animal-feed, cellulosic biofuel and heat 

generation for electricity. Hess et al. (2009b) introduced an upgraded version of the advanced 

system known as Uniform Format Feedstock System (UFFS). Within this system, depots receive 

feedstock from different sources with variable qualities. It blends and pre-process the heterogenous 

feedstock supply and convert them into a homogeneous commodity level product. Annual 

production cost as well as annual profit from using depot facilities highly depend on the type of 

feedstock and preprocessing techniques (Bals et al., 2012). 

1.1.3 Supply chain decision levels 

To handle the biomass supply chain challenges, effective decisions need to be taken at each stage. 

These decisions are connected to each other and proper coordination among them can lead to a 

sustainable future for the biofuel production. Dividing these decisions according to time horizon and 

selecting the best alternative for each case will make the supply chain stable as well as cost-effective. 

Generally, supply chain modeling considers three types of decision variables including Strategic, 

Tactical and Operational (Atashbar et al., 2018). 
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Strategic decisions are taken for a long period of time e.g. once every year, once every five 

years (Atashbar et al., 2018). Most of these decisions need to be made before the biorefinery plant 

is established. It includes the location and size of the biorefinery, type of feedstock, location and 

type of the depots, transportation mode and biomass allocation between facilities. Several studies 

have tried to optimize the strategic level decisions. Marvin et al. (2012) developed a MILP model 

to determine optimal location and size of biorefineries to convert five different type of agricultural 

residues into ethanol. The study was conducted in a 9-state region in Midwestern US. 

Tactical decisions are midlevel decision which are generally taken every month. These decisions 

are related to inventory and fleet management. They include harvest size, storage amount, harvest 

time, transportation route, scheduling, required number of vehicles and order quantity. Shabani 

and Sowlati (2016) have developed a hybrid stochastic programming model to develop a tactical 

supply chain planning for a power plant using forest residues. Biomass qualities such as moisture 

content and higher heating value were two major affecting parameters for production cost. Besides, 

monthly supply of biomass from farmers greatly impacted the economies of the power plant.  

Operational decisions are short term decisions generally taken daily, weekly, or monthly. 

These decisions are related to the day-to-day activity of the inventory and fleet management. They 

include vehicle planning and daily inventory control. Han et al. (2012) developed a travel time 

prediction model to estimate daily truck travelling time for transporting woody biomass to 

conversion facilities in Western Oregon. Ekşioğlu et al. (2009) used a mathematical model to 

determine strategic, tactical and operational decisions. Cellulosic ethanol was produced using corn 

stover and woody biomass in Mississippi State. Location, size and number of biorefineries were 
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identified in terms of long-term or strategic decisions, while average travel distance and 

transportation costs were determined in terms of medium and short-term decisions. 

1.1.4 Biomass Supply Chain Modeling 

Optimization modeling is used as a key tool to determine mainly the strategic or long-term 

decisions of the biofuel supply chain. For example, it can identify the optimum location and size 

of biorefineries and depots. It includes objective functions, decision variables, and constraints. The 

program attempts to solve for values of decision variables which eventually optimizes the objective 

function while maintaining the pre-set constraints of the system. The objective function is 

minimized for cost evaluation while it is maximized for profit. Mixed-Integer Linear Programming 

(MILP) is the most widely used mathematical program for optimization. MILP can be single-

objective or multi-objective (Kanzian et al., 2013), single-period or multi-period (Ng et al., 2016). 

Alongside of the strategic decisions, MILP can also determine the medium-term or tactical 

decisions such as transportation logistics and pre-processing costs (Xie et al., 2014). 

Multiple complexities need to be considered while modeling a supply chain scenario such as 

handling large-scale supply region, multiple forms of feedstock, variability in biomass price levels 

or grower payement and feedstock quality specifications. Marvin et al. (2012) developed an MILP 

model which can handle five different types of ag residues to determine the optimal location and 

size of biorefineries for a nine-state region in Midwestern US. Point to point Euclidian distance 

was used to calculate transportation cost instead of the actual road network. Lin et al. (2013) 

developed a GIS (Graphic Information System) based optimization model BioScope which 

calculated the transportation distance between facilities using existing road network. However, the 

model was not able to handle large-scale supply structures. Later, Lin et al. (2016) developed a 
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modified BioScope optimization model to compare the cost of three types of pre-processing 

methods such as pelletizing, briquetting and grinding as well as two modes of transportation such 

as truck and railway to produce cellulosic ethanol. The model also suggested the least-cost 

combination of the pre-processing and transportation modes using several scenarios. But the model 

did not consider the variation in conversion rates for different forms of feedstock. Ng et al. (2017) 

developed an MILP model to handle large-scale supply regions with distributed depot system. 

Corn stover and switchgrass was considered to use the model in Southern Wisconsin.  

1.2 Research Motivation 

The major market of biofuel is in transportation industry. Global biofuel production was 154 

billion litres in 2018 with a 7% growth from 2107 (IEA 2019a). As biofuels do not burn as 

efficiently as gasoline, they are blended with gasoline to be used in vehicles and machinery, 

lowering the GHG emission. Emission is estimated to be approximately 6-11 times lower than 

conventional fossil fuels (Fig. 5). So, the sustainability of biofuel industry will lead towards 

mitigating the world environmental crisis.  

 

Figure 1. 6. Comparing GHG emission (World Nuclear assoc. 2018). 

Currently, the increase in global biofuel production is not on track to meet the Sustainable 

Development Scenario (SDS) by 2030. Production grew 6% year-on-year in 2019 to reach 161 
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billion litres (96 Mtoe) and expected to increase 3% on average over the next 5 years (IEA 2019b). 

Whereas the annual growth requirement by SDS is 10% to triple the total production to 298 Mtoe 

by 2030 (Fig. 6). Although, US has the largest biofuel market in the world, a major shortfall is 

predicted to meet the requirement of SDS by 2030. This is due to several reasons including 

logistical challenges, novel technology requirements and lack of private investments. Cellulosic 

biofuel industry has to be proven sustainable in US alongside with conventional biofuel to meet 

the target set by SDS. According to EPA data, the cellulosic ethanol plants that were in production 

until 2015 had a nameplate capacity of 88 million gallons (Rapier, 2018). However, in 2015 the 

cellulosic ethanol production was only 2.2 million gallons, around 2.5% of the nameplate capacity 

(Rapier, 2018). Even though the production increased to 3.8 and 10 million gallons in 2016 and 

2017 respectively, it was surprisingly low compared to the nameplate capacity (Rapier, 2018). The 

primary reason was the economic shortfall that the companies were experiencing to produce 

cellulosic ethanol. As the cellulosic industry is still in its infancy, investors need to be assured 

towards the longevity of the industry. Cellulosic Supply chain modeling can provide a detailed and 

accurate prediction of the potential locations in the US for the establishment of biorefineries and 

investors can get a sense of long-term financial security through analyzing the estimated 

mobilization of the cellulosic feedstock.  
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Figure 1. 7. Global biofuel production scenario in Megaton of oil equivalent (Mtoe) 2010-2025 (IEA, 

2019b). 

According to the Renewable Fuel Standard (RFS) mandate, cellulosic biofuel is targeted to 

comprise approximately 44% of the total renewable fuel in 2022 in the US (Bracmort 2018). Since 

the cellulosic biofuel production in the US was unable to meet the predictions for year to date, the 

Environmental Protection Agency (EPA) reduced the volume required to comply with RFS2 (US 

EPA, 2020). EPA had previously demanded 10.5 billion gallons of cellulosic biofuel production 

for year 2020, but had to reduce their targets to 590 million gallons (Bracmort, 2018). This 

deficiency leads to insufficient demand for cellulosic biomass (e.g., agricultural residues, woody 

resources and energy crops) in the market which imposes financial risk on the farmers to produce 

it. Farmers are prone to producing food-based crops to ensure financial stability as they collect 

revenue from both the main crop and their respective agricultural residues. But agricultural residue 

quantities collected are bounded by the probability of soil erosion and loss of nutrients. Therefore, 

woody biomass and energy crops production are required in the nation alongside agricultural 

residues to achieve the mandate of cellulosic biofuel. This can be achieved through incentivizing 

a new market for cellulosic crops which will need delivering information to decision-makers about 

profit opportunities on these resources while continuing to take care of major crops.  
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1.3 Research Objective 

Designing an efficient and cost-effective supply chain for the cellulosic biomass is mandatory 

to boost the total production of the renewable biofuel. Since required feedstock quality depends 

on the type of conversion technique at the biorefinery (Table 1), supplying the feedstock with the 

specific requirements is necessary for an efficient conversion. Furthermore, biomass blending can 

help to achieve specific feedstock qualities by mixing different forms/types of feedstock in a 

certain ratio (Roni et al., 2020). Least-cost blend formulation of the MILP can work towards 

obtaining a minimum cost blend while maintaining quality specifications.  

Table 1. 1. Delivered feedstock composition requirements for dilute-acid pretreatment and enzymatic hydrolysis 

(Humbird et al. 2011). 

 

Current studies are limited to designing region-based supply chain models targeting to 

maximize biomass quantity only. This dissertation aims to design a supply chain model for 

cellulosic biomass mobilization considering not only quantity but also required quality or 

specifications (On-spec) for biomass conversion. This will be accomplished through optimization 

modeling to locate the biomass conversion facilities (Biorefineries) and preprocessing facilities 

(Depots) throughout the entire United States using varying harvest method at the fields and 
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biomass blending technique at the depots with multiple cellulosic feedstock. This dissertation will 

use the “nth plant” economics to model the biomass supply scenarios which assumes a mature 

conversion technology where an industry of n plants has already been successfully established 

(Davis et al., 2013). Moreover, the dissertation also focuses on the production of densified 

cellulosic pellets to address feedstock variability, a critical component to an efficient, effective, 

and mature bioeconomy through a high-density, uniform-format herbaceous biomass feedstock. 

The major research objectives of this dissertation can be stated as follows – 

1. Develop a nationwide nth plant scenario for delivering blended herbaceous feedstock at the 

biorefinery gate using advanced feedstock supply system 

2. Develop a nationwide nth plant scenario for delivering woody biomass to large-scale 

biorefineries using advanced feedstock supply system 

3. Predict the nationwide accessible herbaceous biomass using large-scale biorefineries with 

multi-modal transportation.   

4. Development of national database with potential locations for depots and biorefineries 

5. Production and quality assessment of herbaceous blended pellets 

1.4 Dissertation Outline 

In Chapter 2, an MILP model has been developed to design the supply chain for herbaceous 

biomass such as corn stover and switchgrass considering advanced feedstock supply system with 

depots and biorefineries. The model solves for scenarios within a specific cost and quality 

requirements to mobilize herbaceous feedstock nationwide to fixed size biorefineries. The details 

of the model formulation are explained and the dataset as well as results are discussed. To 
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elaborate the impact of a nationwide consideration, the findings were compared with existing 

literature for different US regions.  

In Chapter 3, a modified version of the developed MILP model in chapter 2 has been 

developed to mobilize woody biomass such as forest residues and short rotation woody crops 

nationwide. The model decides for both the depot and biorefinery capacities as opposed to fixed-

size biorefineries in chapter 2. The quality requirements have also been adjusted in the model 

according to the conversion requirements of the woody feedstock. Updated model formulation, 

dataset development and results are discussed. Validation of obtained results with previously 

published studies has also been done.  

In Chapter 4, the MILP model was modified to use multi-modal transportation instead of 

single-mode and large-scale biorefineries were considered to handle higher supply curve. The 

major focus of this chapter was the mobilization of national miscanthus supplies alongside with 

corn stover and switchgass. This chapter also describes the experimental process of developing 

miscanthus pellets blended with corn stover and switchgrass. Chemical, physical and mechanical 

qualities of the developed pellets are analyzed and results are compared to the existing standards 

of pellet market.  

In Chapter 5, the key contributes are stated alongside with the concluding remarks.  
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Chapter 2: The nth-Plant Scenario for Blended Feedstock 

Conversion and Processing Nationwide: Biorefineries and Depots 

 

2.1 Introduction 

The cost of production of biofuels from cellulosic biomass is unclear due to the complex 

preprocessing operations, transportation, and storage conditions (Limayem & Ricke, 2012). An 

advanced feedstock supply system that ensures the delivery of on-spec biomass at the gate of 

biorefinery would reduce production costs and ultimately accelerate the national biofuel industry 

(Hess et al., 2009b; Lamers et al., 2015b). The idea is to move biomass-preprocessing operations 

from the biorefinery closer to the farmgate and into preprocessing depots. And, because these 

smaller facilities, when compared to biorefineries, could be built in the lower yielding regions not 

accessible by conventional biorefineries (Argo et al., 2013), depots will help increase the supply 

region of the supply chain system. These depots would receive biomass with heterogeneous 

characteristics and provenance from nearby supply regions for drying, grinding, and densification 

to a uniform format feedstock (Hess et al., 2009b). Pellets shipments to biorefineries would be 

based on a biomass blend/ratio with specified qualities including ash, moisture and carbohydrate 

content. Because the focus has been to design a cellulosic biofuel supply chain that maximizes 

quantities delivered at a biorefinery, very few studies have used the concept of biomass blending 

for on-spec deliveries (Campbell et al., 2013; Shi et al., 2013; Roni et al., 2018; Ekşioğlu et al., 

2020; Narani et al., 2019). Blending cost will depend on quality targets for different conversion 

pathways. Feedstock blend that meets target carbohydrate and ash content costs 12.12% higher 

than feedstock blend that meets only carbohydrate requirement (Roni et al., 2018). 
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When dealing with an advanced feedstock supply system, finding the location and size of the 

depots and biorefineries alongside with identifying the optimum feedstock blend and logistics cost, 

can ensure a long-term financial stability of the cellulosic biofuel production. Converting raw 

biomass into biofuel involves several stages including harvesting, baling, preprocessing, storage, 

and transportation. A cost-competitive and efficient design of the biofuels supply chain requires 

the integration of the interdependencies and complexities of all the different stages. Numerous 

studies have been found in literature to model and optimize the cellulosic biofuel supply chain 

stages. Some of these studies considered a single feedstock (Kim & Dale, 2016; Lin et al., 2016) 

while others considered multiple feedstocks (Zhu et al., 2011; Marvin et al., 2012). Almost all of 

the studies have considered a regional supply area instead of nationwide scenario. Gonzales et al. 

(2017) developed a GIS-based heuristic to identify the depots and biorefineries throughout the US 

to locate the stranded and accessible herbaceous biomass. But the study did not consider the on-

spec delivery within target cost. Ekşioğlu et al. (2009) used a mathematical model to identify the 

location, size and number of biorefineries as well as average travel distance and transportation 

costs to produce cellulosic ethanol from corn stover in Mississippi. Bai et al. (2011) proposed 

Lagrangian Relaxation (LR) based heuristics to predict biorefinery locations in Illinois for 

optimum biorefinery investment, feedstock, and transportation cost. Marvin et al. (2012) 

developed a mixed-integer linear programming (MILP) model which can handle five different 

types of agricultural residues to determine the optimal location and size of biorefineries for a nine-

state region in Midwestern US. Ng et al. (2017) developed an MILP model with multi-year horizon 

to minimize total annual cost determining the optimal number, capacity and location of depots and 

biorefineries, the production inventory and shipment profiles. Corn stover and switchgrass was 

considered to use the model in Southern Wisconsin.  
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The feedstock cost can be divided into three groups, (1) grower payment, (2) logistics cost, 

and (3) quality costs. Most of the studies found in literature have tried to optimize the logistics 

cost while maximizing the supply. Delivering the optimal feedstock blend to the biorefinery 

considering both quality and quantity of feedstock, is still in its infancy in terms of research. Roni 

et al. (2019) developed an MILP model to optimize feedstock sourcing decisions and depot 

locations while considering a least-cost blend formulation for multiple feedstock (agricultural 

residues, energy and municipal solid waste). The quality biomass parameters considered by Roni 

et al. were carbohydrate, ash, and moisture content to identify the optimum feedstock blend to feed 

biorefinery in Kansas. Roni et al. only considered the supply chain for a single biorefinery while 

identifying the depot locations. Since cellulosic biomass is costly to handle and transport, higher 

production cost puts another limitation to the advancement of this industry alongside with the 

quality constraints. The Department of Energy’s (DOE) goal is to achieve a near-term $3/GGE by 

2022 or a long-term goal of $2.5/GGE by 2030, where feedstock handling and delivery costs are 

$71.26/dry tons and $79.07/dry tons respectively at the biorefinery gate (Davis et al., 2013).  

The authors identified a knowledge gap in the literature that no other studies have considered 

a nationwide delivery of on-spec biomass to biorefineries while meeting a target minimum fuel-

selling price (MFSP) of $3/GGE by 2022 and $2.5/GGE by 2030. This study aims to fill in that 

research gap by optimizing both the logistics cost as well as the quality costs at the same time 

while handling the complexities of nationwide delivery under a target biofuel price. The novelty 

in this study is that we provide an economically and technically viable industry path to the 

development of a national biofuel industry by answering some of the key questions: (i) How much 

biomass can be delivered nationwide under the quality and cost target? (ii) What is the logistics 

cost required for delivery? (iii)What are the optimum locations and capacities of depots and 
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biorefineries nationwide? And (iv)What are the possible scenarios for various states in a depot-

based system? To answer these questions, we developed a modified version of the least-cost 

formulation model (Roni et al., 2020) to deliver on-spec biomass while simultaneously optimizing 

the biorefinery and depot locations and nameplate capacities nationwide to meet the national 

MFSP target set by DOE. Contributions from this study can be summarized as followed:  

(i) Validation that a larger supply radius and a higher quantity of biomass can be accessed 

using the advanced feedstock supply system with distributed depots to meet competitive biofuel 

prices.  

(ii) Exemplary scenarios with a national mature conversion technology that takes advantage of 

economies of scale, the nth-plant scenario.  

(iii) Finally, this study contributes to the literature with a nationwide database of field-depot 

and depot-biorefinery location and allocation considering multiple scenarios to meet DOE near- 

and long-term cost targets. The dataset will be available to other researchers for further analysis 

and decision-making purpose.  
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2.2 Model approach  

 

Figure 2. 1. Schematic representation of the decision network analyzed where CS2P is two-pass corn stover, CS3P is 

three-pass corn stover, and SW is switchgrass. 

The mixed-integer linear program (MILP) model presented was developed using the 

OPTMODEL procedure in SAS Institute Inc. 9.4M4 and the branch and bound algorithm was used 

to solve the model. Figure 2.1 represents the decision network used to formulate the advanced 

supply system and includes different farmgate price levels, feedstock types, field locations, depot 

locations, and biorefinery locations. The MILP analyzes the different biomass feedstock quantities 

available at various farmgate prices as well as routes from fields to candidate depot sites where it 

goes through pretreatment and blending with other types of biomasses. The routes from depots to 

biorefineries are also analyzed to ship a blend of different feedstock types. The MILP solves for 

the maximum amount of biomass feedstock shipped nationwide while meeting a set of biomass 

characteristics or quality specifications, cost and capacity constraints. In the solution, all 

biorefineries are co-located with a depot to minimize the transportation cost. Depots at higher yield 

regions will have capacity as large as a biorefinery and those will be in the same location with a 

biorefinery. Not all depots have biorefineries at that same location. Smaller depots help collect 

biomass from lower yielding regions and ship the preprocessed feedstock to biorefineries in higher 
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yielding regions. Inputs to the model included: the resource quantities presented in the BT16 by 

Oak Ridge National Laboratory (Langholtz et al., 2016), the targeted delivery feedstock cost to the 

reactor throat presented by the National Renewable Energy Laboratory for biochemical conversion 

(Davis et al., 2013), and logistics costs presented by Idaho National Laboratory (INL) (Roni et al., 

2018).  

2.3 Model Inputs 

2.3.1 Available biomass 

The base-case scenario county-level feedstock values reported in the BT16 for years 2022, 

2030 and 2040 at farmgate prices between $30 and $50 (Table 2.1) were inputs to the model 

(Langholtz et al., 2016). Note that the BT16 supply curves are developed by multiple iterations of 

different price runs and should be interpreted as either a total of available feedstock x at $30, $40 

or $50, and not a cumulative total at all farmgate prices. For example, in 2022, there is 29.5 million 

dry tons of corn stover at $40/ dry tons or 89.9 million dry tons of corn stover at $50/ dry tons. We 

assumed that a biorefinery will accept a feedstock blend of switchgrass and corn stover. The blend 

will contribute towards achieving quality specifications at the biorefinery. Delivering on-spec 

biomass, includes feedstock with ash content less than or equal to 5% (dry basis), moisture content 

greater than or equal to 20% and carbohydrate content greater than or equal to 59% (dry basis-

including total anhydro-C6 and C5) (Davis et al., 2013; Davis et al., 2018). A key approach in 

obtaining the quality requirements of a feedstock is to modify the harvest operation (Langholtz et 

al., 2019). Two-pass corn stover has around 4% less ash content and higher carbohydrate content 

than three-pass (Shinners et al., 2012). However, the per acre yield of two-pass is lower compared 

to three-pass. The decrease in yield is compensated using a corn stover factor (CS Factor) which 
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assumes that two-pass harvest yield is 49% less than three-pass (Langholtz et al., 2016). Both corn 

stover harvesting operations are choices for the model. Moreover, to accommodate for biomass 

loss/dry matter loss during storage and transportation, the supply curve from BT16 is decreased 

by 9% (Roni et al., 2020). 

Table 2. 1. Nationwide supply curves for corn stover (CS) and switchgrass (SW) for years 2022, 2030, and 2040.  

Year Feedstock Available biomass (million dry tons) based on farmgate prices ($/dry tons) 

$30 $40 $50 

2022 CS 0 29.5 89.9 

SW 0 0.12 13.2 

2030 CS 16.7 36.1 116 

SW 0 4.05 59.1 

2040 CS 32.7 44.5 144 

SW 0 27 142 

 

2.3.2 Field locations  

US counties were considered fields in our model. Given that cropland is not equally distributed 

through counties, the spatial location of cropland in the 2018 CDL (land classified as corn, cotton, 

rice, sorghum, soybeans, barley, durum wheat, spring wheat, winter wheat, oats, and fallow/idle) 

was used to geo-reference available biomass at each county. This approach was an alternative to 

using county centroids and was best illustrated in Ashley, AR and Washakie, WY Counties (Figure 

2.2). On average, the difference in centroids was 0.074° (8.2 km) with the highest change been 

0.8° (89 km) in San Miguel County, NM. 
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Figure 2. 2. Cropland centroids vs county centroids.  

2.3.3 Logistic costs 

Table 2.1 presents the logistics costs used in this study based on Roni et al. (2018). The fixed 

transportation cost for bales is almost four times higher than the cost for pellets. Storage for bales 

is almost 11 times greater than that of pellets. The ash dockage and moisture dockage cost were 

considered when the feedstock failed to meet the ash and moisture specifications. 

2.3.4 Candidate depot and biorefinery locations 

Given the computational complexities of an uncapacitated facility location problem with a 

nationwide scope (2,082 possible locations for depots and biorefineries); we needed to reduce the 

problem size to solve for optimality. Hence, we used a two-step process in our analysis. First, to 

find a subset of candidate locations, we solved to maximize corn stover (three-pass only) and 

switchgrass delivered at $79.07/ dry tons to depots (depots only) using the biomass supply curve 

for year 2040 in the BT16 and relaxed the quality constraints at the biorefinery. This initial solution 

found a total of 98.6 million dry tons delivered to 247 depots with an error gap of 5%. We used 

these 247 depots as candidate locations for depots and/or biorefineries in the MILP model 

presented in this paper, step two. Further analysis using our initial solution (step one) is described 

in the discussion section.  



   

27 

 

Table 2. 2. Costs for Advanced Supply Chain (2016$/ton). 

Cost Description 
Feedstock 

Format 
Location 

Feedstock 

CS3P CS2P SW 

Farmgate Price Bale Field $30-50a 

Storage Bale Field $3.97 $4.10 $3.02 

Storage, Handling and Queuing Bale to pellets Depot $2.09 $2.22 

Storage, Handling and Queuing Pellets Biorefinery $0.34 $0.65 

Processing Cost Bale to pellets Depot $19.47 $18.77 

Ash Dockage Pellets Biorefinery $2.71 $0.98 $0.53 

Moisture Dockageb Pellets Biorefinery $0.03 $0.03 $0.03 

Transportation Fixed Cost or 

Field-side Handling and Queuing 
Bale 

Field to 

Depot 
$3.42 

Transportation Variable Costc Bale 
Field to 

Depot 
$0.114 

Transportation Fixed Cost Pellets 
Depot to 

Biorefinery 
$0.829 $0.792 

Transportation Variable Costc Pellets 
Depot to 

Biorefinery 
$0.082 $0.081 

a 2014$. b Price to increase moisture content of biomass to 20% (wet basis). c $/ton/mile 

 

2.4 Model Formulation  

The MILP model presented in this paper identifies the optimal location and size of an 

undetermined number of biorefineries and depots to maximize total feedstock (X) delivered to 

biorefineries at less than or equal to a specific target price (eq. 2.1). We analyzed two target prices: 

$79.07 and $71.26 per dry tons ($2016) based on the short- and long-term goals presented by a 

DOE techno-economic analysis (Davis et al., 2013). Table 2.3 presents the data sets, parameters, 

and decision variables in our MILP formulation. 
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𝑋 =  max ∑ ∑ ∑ 𝑥𝑗𝑘𝑓

𝑓∈𝐹𝑘∈𝐾𝑗∈𝐽

(2.1) 

Table 2. 3. Data sets, parameters, and decision variables. 

Data sets 

F Set of feedstock types 

P Set of feedstock prices 

I Set of field locations 

J Set of potential depot locations 

K Set of potential biorefinery locations 

Ji Set of potential depot locations within 80 miles of field i 

Kj 
Set of potential biorefinery locations within 400 miles of 

depot j 

𝛼 = {𝛼𝑓 , 𝑓 𝑖𝑛 𝐹} Set of ash content per ton for feedstock f 

𝜇 = {𝜇𝑓 , 𝑓 𝑖𝑛 𝐹} Set of moisture content per ton for feedstock f 

𝛽 = {𝛽𝑓 , 𝑓 𝑖𝑛 𝐹} Set of carbohydrate content per ton for feedstock f 

𝐴 = {𝑎𝑖𝑓𝑝 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹, 𝑝 𝑖𝑛 𝑃} 
Set of available supply for field i of feedstock type f at 

price p 

𝑀 = {𝑚𝑖𝑓 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹} Set of minimum supply for field i of feedstock type f 

𝑉𝐶 =
{𝑉𝐶𝑖𝑗𝑘𝑓𝑝 , 𝑖 𝑖𝑛 𝐼, 𝑗 𝑖𝑛 𝐽, 𝑘 𝑖𝑛 𝐾, 𝑓 𝑖𝑛 𝐹, 𝑝 𝑖𝑛 𝑃}  

Set of total variable cost from field i to depot j to 

biorefinery k: farmgate price (gr), storage (sb, sp), 

transportation (trb, trf), handling and queuing (qh), 

preprocessing costs (pr), ash dockage (ad) and moisture 

dockage (md) 

𝐷𝐹 = {𝑑𝑖𝑗 , 𝑖 𝑖𝑛 𝐼, 𝑗 𝑖𝑛 𝐽} Set of distance between location i and location j 

𝐷𝐵 = {𝑑𝑗𝑘 , 𝑗 𝑖𝑛 𝐽, 𝑘 𝑖𝑛 𝐾} Set of distance between location j to location k 

𝑇 = {𝑡𝑖𝑓 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹}  𝑡𝑖𝑓 = 0 if 𝑚𝑖𝑓 = 0; 1 otherwise 

Parameters 

G Cost target at delivery 
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Table 2.3 Continued 

U Required depot utilization factor (90%) 

R Minimum moisture content at biorefinery 

S Maximum ash content at biorefinery 

H Target carbohydrate content at biorefinery 

D Demand of a biorefinery at 725,000 dry tons/year 

E Constant multiplier for depot capacity 

Integer Decision Variables 

𝐶𝑗 Factor for depot capacity at location j 

𝑋𝑖𝑓𝑝 Amount of feedstock f purchased at price p from location i 

𝑋𝑖𝑗𝑓 Amount of feedstock f shipped from location i to location j 

𝑋𝑗𝑘𝑓 
Amount of feedstock f shipped from location j to location 

k 

Binary Decision Variables 

𝑍𝑖𝑓𝑝 
1 if feedstock f is purchased at price p from location i; 0 

otherwise 

𝐿𝑗 1 if depot is built in location j; 0 otherwise 

𝐿𝑘 1 if biorefinery is built in location k; 0 otherwise 

 

The demand assumed at each biorefinery was constant at 725,000 dry tons /year (D). The depot 

capacities were determined by the model using the product of a constant multiplier 25,000 (E) and 

an integer decision variable (𝐶𝑗). We found that the depot construction costs presented by Roni et 

al. (2019) fitted a linear equation with an adjusted R-square of 0.998. Hence, we used the following 

fitted regression equation (eq. 2.2) in our model to estimate the building cost for each depot (𝐵𝐶𝑗): 

𝐵𝐶𝑗 = 132,717 ∗ 𝐿𝑗 + 2.297 ∗ (𝐸 ∗ 𝐶𝑗) (2.2) 
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The total fixed cost (FC) is then calculated using the summation of all the depot building 

costs (eq. 2.3). 

𝐹𝐶 = ∑ 𝐵𝐶𝑗

𝑗∈𝐽

(2.3) 

 The total variable cost (VC) to deliver biomass included farmgate price, storage, handling, 

transportation, and preprocessing costs (eq. 2.4). Since the BT16 supply curve was in $2014 

values, the farmgate price (grp) was multiplied with 0.997 to convert it into $2016. When needed, 

a cost to reduce ash or increase moisture was incurred at the biorefinery to meet quality 

specifications. Table 2.4 lists the model constraints.  

𝑉𝐶 =  ∑ ∑ ∑(0.997 ∗ 𝑔𝑟𝑝 ∗ 𝑋𝑖𝑓𝑝)

𝑝∈𝑃𝑓∈𝐹𝑖∈𝐼

+ ∑ ∑ ∑(𝑠𝑏𝑓 + 𝑞ℎ𝑓 + 𝑝𝑟𝑓 + 𝑡𝑟𝑏𝑖𝑗𝑓 + 𝑠𝑝𝑓) ∗ 𝑋𝑖𝑗𝑓

𝑗∈𝐽𝑓∈𝐹𝑖∈𝐼

+

 ∑ ∑ ∑(𝑡𝑟𝑝𝑗𝑘𝑓 + (𝛼𝑓 − 𝑆) ∗ 𝑎𝑑𝑓 + (𝑅 − 𝜇𝑓) ∗ 𝑚𝑑𝑓) ∗ 𝑋𝑗𝑘𝑓

𝑓∈𝐹𝑘∈𝐾𝑗∈𝐽

(2.4)
 

Table 2. 4. Model constraints. 

No. Constraint Name Mathematical Formulation 

1 Feedstock purchase  ∑ 𝑍𝑖𝑓𝑝

𝑝∈𝑃

≤  𝑡𝑖𝑓;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹 

2 Maximum supply  𝑋𝑖𝑓𝑝 ≤  𝑎𝑖𝑓𝑝 ∗ 𝑍𝑖𝑓𝑝;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃 

3 Three pass & Two pass 𝑋𝑖,𝑓∗,𝑝 + (𝑋𝑖,𝑓∗∗,𝑝 𝐶𝑆 𝐹𝑎𝑐𝑡𝑜𝑟⁄ ) ≤ 𝑎𝑖,𝑓∗,𝑝;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∗= 𝐶𝑆3𝑃, 𝑓 ∗∗=

𝐶𝑆2𝑃, 𝑝 ∈ 𝑃  

4 Depot Capacity ∑ ∑ 𝑋𝑖𝑗𝑓 ≤ 𝐸 ∗ 𝐶𝑗;

𝑓∈𝐹𝑖∈𝐼

 ∀  𝑗 𝑖𝑛 𝐽 

5 Flow balance for field-

depot 

∑ 𝑋𝑖𝑓𝑝

𝑝∈𝑃

= ∑ 𝑋𝑖𝑗𝑓

𝑗∈𝐽𝑖

;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹 
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Table 2.4 Continued 

6 Depot Utilization ∑ ∑ 𝑋𝑖𝑗𝑓 ≥ 𝑈 ∗ 𝐸 ∗ 𝐶𝑗;

𝑓∈𝐹𝑖∈𝐼

 𝑗 ∈ 𝐽 

7 Flow balance for depot-

biorefinery 

∑ 𝑋𝑖𝑗𝑓

𝑖∈𝐼

= ∑ 𝑋𝑗𝑘𝑓

𝑘∈𝐾𝑗

;  ∀ 𝑗 ∈ 𝐽, 𝑓 ∈ 𝐹 

8 Biorefinery Demand ∑ ∑ 𝑋𝑗𝑘𝑓 = 𝐷 ∗ 𝐿𝑘

𝑓∈𝐹𝑗∈𝐽

;  ∀ 𝑘 ∈ 𝐾 

9 Carbohydrate quality 

constraint 

∑ ∑ 𝑋𝑗𝑘𝑓 ∗ 𝛽𝑓 ≥ 𝐻 ∗ ∑ ∑ 𝑋𝑗𝑘𝑓

𝑓∈𝐹𝑗∈𝐽𝑓∈𝐹𝑗∈𝐽

;  ∀ 𝑘 ∈ 𝐾 

10 Cost target 𝐹𝐶 +  𝑉𝐶 ≤ 𝐺 ∗  𝑋  

11 Integer constraints 𝑋𝑖𝑓𝑝 ≥ 0;  ∀ 𝑖 ∈ 𝐼,  𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃 

𝑋𝑖𝑗𝑓 ≥ 0; ∀ 𝑖 ∈ 𝐼,  𝑗 ∈ 𝐽,  𝑓 ∈ 𝐹    

𝑋𝑗𝑘𝑓 ≥ 0; ∀ 𝑗 ∈ 𝐽,  𝑘 ∈ 𝐾,  𝑓 ∈ 𝐹  

𝐶𝑗 ≥ 0; ∀ 𝑗 ∈ 𝐽      

12 Binary constraints 𝑍𝑖𝑓𝑝 ∈ {0,1};    ∀ 𝑖 ∈ 𝐼,  𝑓 ∈ 𝐹,  𝑝 ∈ 𝑃 

𝐿𝑗      ∈ {0,1};  ∀  𝑗 ∈ 𝐽 

𝐿𝑘     ∈ {0,1};  ∀ 𝑘 ∈ 𝐾 

 

Constraint (1) ensures that each feedstock is purchased only at a single price from each field 

location. Constraint (2) puts a maximum limit to the amount of feedstock purchased from a field 

location so that it does not exceed the total amount available at that field. Constraint (3) ensures 

that the total amount of corn stover harvested from a location using three-pass and two-pass is not 

more than the available corn stover in that field. Constraint (4) decides on the capacity of the depot 

depending on the total supply to that depot. Constraint (5) is the flow balance between field and 
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depot. Constraint (6) sets a minimum utilization to the depot capacity. Constraint (7) is the flow 

balance between depot and biorefinery. Constraint (8) ensures that the total supply to a biorefinery 

meets the required demand. Constraint (9) requires that the total carbohydrate content of all the 

different feedstocks supplied to a biorefinery meets the minimum carbohydrate requirement. The 

cost target is maintained using constraint (10) combining the total fixed as well as variable costs. 

The constraints in (11) ensures non-negativity of the integer decision variables. The set of 

constraints in (12) are the constraints for binary decision variables. 

2.5 Results  

2.5.1 Scenarios 

Four different scenario runs were performed considering the year and cost target, namely (S1) 

2022 at $79.07/dry tons, (S2) 2030 at $79.07/dry tons, (S3) 2040 at $79.07/dry tons and (S4) 2030 

at $71.26/ dry tons. Even after decreasing the set of depot and biorefinery candidates, the problem 

had around 43,000 variables, 5,500 constraints and 16,000 constraint coefficients. We ran each 

scenario for 3 hours and obtained an error gap between 0.17-17%. The results for the different 

years and targeted prices analyzed in this study are presented in Table 2.5. When targets for 

delivery to the reactor throat are at $79.07/ dry tons, the total viable biomass collected has above 

a two-fold increase (215%) from 2022 to 2030 and almost a four-fold increase (393%) from 2022 

to 2040. The increase in total collected biomass could be explained by the increase in biomass 

availability and inherent higher geographical concentration within regions, making it cost efficient 

to collect more biomass within the same cost target. While we see a significant increase in potential 

biomass delivered to biorefineries with respect to time, DOE has lower long-term cost targets for 

2030 ($71.26/ dry tons). Based on our analysis, a lower delivering cost target would decrease the 
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total available biomass in 2030 by 68% and 69% when comparing years 2030 and 2022 

respectively.  

2.5.2 Summary Statistics 

To further reduce our problem complexity, the cost constraint at the reactor throat was applied 

as an average for a nationwide system. As a result, the solution located biorefineries with less 

than or equal (blue triangles) and greater than (yellow triangles) the target delivery cost (Figure 

2.5). However, for an ideal scenario, all the biorefineries would meet the cost target. To observe 

the deviation from the cost target, the average cost for each individual biorefinery was calculated. 

The summary statistics for the average biorefinery costs were analyzed to determine how far off 

a biorefinery was from the cost target. While calculating the standard error, the cost target was 

used as the mean for each scenario. The highest error was found in scenario S4 where we could 

expect the average cost of 95% of the biorefineries within +/- $1.44 (=2*0.722) of the cost target 

$71.26/dry tons. This is due to the limited supply of the scenario which makes it complex to build 

biorefineries at that lower cost target. For all the other scenarios, the deviation was within +/- $1.  
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Table 2. 5. Analyzed scenarios 

Scenario   Feedstock 

Million dry tons / year  

Number of Facilities 

Summary 

Statistics for 

Biorefinery costs 

($/dry ton) 

$30 $40 $50 Total 

S1: 2022   

$79.07/dt 

SWa 0 0.01 5.31 5.32  124 Depots 

59 Biorefineries 

42.8 M dry tons collected 

 

 

Min: $71.36 

Max: $87.91 

Standard dev.: 3.92 

Standard error: 

0.51 

CS2Pb 0 7.83 17.6 25.5  

CS3Pc 0 9.14 2.85 12.0  

S2: 2030 

$79.07/dt 

SWa 0 3 35.4 38.4   

204 Depots 

127 Biorefineries 

92.1 M dry tons collected 

Min: $63.61 

Max: $87.76 

Standard dev.: 5.31 

Standard error: 

0.47 

CS2Pb 2.16 9.21 21.8 33.2  

CS3Pc 10.3 4.18 6 20.5  

S3: 2040 

$79.07/dt 

SWa 0 17.8 60.6 78.4   

305 Depots 

231 Biorefineries 

168 M dry tons collected 

Min: $63.64 

Max: $101.72 

Standard dev.: 6.13 

Standard error: 

0.403 

CS2Pb 2.54 13.4 30.9 46.9  

CS3Pc 24.1 4.22 13.9 42.2  

S4: 2030 

$71.26/dt 

    SWa 0 2.11 4.68 6.79   

80 Depots 

41 Biorefineries 

29.7 M dry tons collected 

 

Min: $63.44 

Max: $80.59 

 Standard dev.: 4.62 

Standard error: 0.722 

 

CS2Pb 3.5 9.05 0.79 13.3  

CS3Pc 7.41 2.13 0.05 9.5

9 
a SW: Switchgrass, b CS2P: Corn stover two-pass, c CS3P: Corn stover three-pass 

The distribution of the biorefinery cost can be further visualized in Figure 2.3 which identifies 

the minimum, maximum, median and standard deviation for the four scenarios. Out of all the 

biorefineries 46%, 39%, 48% and 54% were within the cost target for scenarios S1, S2, S3 and S4 

respectively.  



   

35 

 

 

Figure 2. 3. Distribution of the average biorefinery costs for the four scenarios. 

2.5.3 Biomass Accessibility 

The BT16 data predicted that the availability of herbaceous biomass supply within the US 

would be enough to develop a sustainable biofuel economy. However, availability does not 

guarantee accessibility of those biomass resources. Resources would be accessible only if they 

could be collected and shipped to the gate of the biorefinery within a feasible cost. In Figure 2.4(a) 

we identified the total percentage of stranded and accessible biomass based on the BT16 supply 

curve at the $50 farmgate price and the total feedstock collected by the developed model in this 

study. A large portion of the feedstock remained stranded or inaccessible when compared to the 

BT16 supply curve [Fig. 2.4(a)]. For the short-term cost target, 45-60% of the available biomass 

were collected by the depots. But using the long-term target, only 20% was accessible biomass 

with an advanced supply system, hence the goal of $71.26/dt or $2.5/GGE by 2030 might only be 

achieved for 30 million dt or 1.3 billion GGE (at 44.8 GGE/dt -Davis et al., 2013).  
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Figure 2. 4. (a) Comparison of total available and collected feedstock by the model. (b) Percentage of feedstock 

collection for the four scenarios (e.g., S1, S2, S3 and S4).  

2.5.4 Feedstock Ratio 

Figure 2.4(b) illustrates the estimated proportions of total feedstock type collected to maintain 

the on-spec delivery. When the delivered target price is fixed, almost 50% of the total collected 

biomass is estimated to be switchgrass in the later years (S2 and S3). From the scenarios presented, 

corn stover two-pass represented most of the selected feedstock in the earliest year and at the 

lowest price (S1 and S4). In S1 the model was restricted by the input supply curve of year 2022. 

Whereas in S4, the model had to satisfy a lower cost target of $71.26/dt. This resulted in the 

collection of biomass mostly from the Corn Belt region. For the other two scenarios (S2 and S3), 

the input supply curve from BT16 at 2030 and 2040 was high enough to expand the selected 

regions by the model outside of the Corn Belt and collect a higher percentage of switchgrass. 

2.5.5 Depot and Biorefinery Locations 

Figure 2.5 is an illustration of our nationwide analysis for depot and biorefinery locations. The 

supply curve, represented in shades of green, was estimated using the average supply of corn stover 

and switchgrass at $30, $40, and $50. Counties with an overlapping triangle and circle represent 
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depots co-located with biorefineries. Moreover, the biorefineries that were within the cost target 

are mostly situated in the Corn Belt region and in part of Texas due to the higher biomass supply 

in those regions.  

 

Figure 2. 5. Depot and biorefinery locations in the US for four scenarios: (S1) 2022 @ $79.07/dt, (S2) 2030 @ 

$79.07/dt, (S3) 2040 @ $79.07/dt and (S4) 2030 @ $71.26/dt.  

2.5.6 Depot and Biorefinery Capacity 

The different capacities of depots built for all scenarios were also analyzed to estimate the 

scenario for a conventional supply chain (Table 2.6). The locations with a depot size of 725,000 

dt could be an ideal location for a conventional supply chain for depots co-located with the 

biorefineries with a demand of 725,000 dt/year. For example, in scenario S1, 13 biorefineries could 

be built with a conventional supply chain collecting a total of 9.5 million dt of biomass. Whereas, 
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with an advanced supply chain system we would be able to collect 42.8 million dt taking advantage 

of the multiple depot sizes and intermediate locations. The two most common depot sizes selected 

by the model are 725,000 and 25,000 dt/year (250 and 55 depots found across all the scenarios 

studied respectively). The biggest depot size reflects a co-location of a biorefinery and a depot 

minimizing delivery costs from depots to biorefineries. Interestingly, 114 depots of sizes 625,000-

700,000 dt/year were found across all the scenarios and only 89 depots of sizes 50,000-125,000 

dt/year. 

 

Table 2. 6. Number of Depots for each depot capacity in the scenarios of this study. 

Scenario 

S1: 2022 

$79.07/dt 

S2: 2030 

$79.07/dt 

S3: 2040 

$79.07/dt 

S4: 2030 

$71.26/dt 

Depot 

Capacity 

(dry tons/ 

year) 

Number 

of Depots 

Percent 

(%) 

Number 

of Depots 

Percent 

(%) 

Number 

of Depots 

Percent 

(%) 

Number 

of Depots 

Percent 

(%) 

25,000 20 16% 14 7% 7 2% 14 18% 

50,000 4 3% 11 6% 10 3% 4 5% 

75,000 7 6% 8 4% 4 1% 5 6% 

100,000 3 2% 8 4% 6 2% 3 4% 

125,000 3 2% 5 3% 6 2% 2 3% 

150,000 5 4% 8 4% 4 1% 3 4% 

175,000 2 2% 3 2% 11 4% 1 1% 

200,000 2 2% 3 2% 2 1% 0 0% 

225,000 2 2% 7 4% 4 1% 1 1% 

250,000 3 2% 2 1% 4 1% 3 4% 

275,000 3 2% 4 2% 2 1% 0 0% 
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2.5.7 Statewide Capacity 

Identifying the potential states with high number of depots and biorefineries could benefit the 

economies of scale of the supply chain system for those local regions. Figure 2.6 groups the total 

depot and biorefinery facilities found by states and Table 2.7 specifies the total feedstock supply 

to those depots. Kansas, Nebraska, South Dakota and Texas were identified as potential states with 

a strong biofuel economy given that they had six or more biorefineries located in all scenarios. 

Table 2.6 Continued 

300,000 0 0% 0 0% 3 1% 2 3% 

325,000 1 1% 5 3% 6 2% 0 0% 

350,000 1 1% 1 1% 5 2% 1 1% 

375,000 0 0% 1 1% 8 3% 0 0% 

400,000 0 0% 6 3% 3 1% 1 1% 

425,000 2 2% 4 2% 1 0% 1 1% 

450,000 0 0% 1 1% 3 1% 1 1% 

475,000 1 1% 0 0% 6 2% 2 3% 

500,000 2 2% 1 1% 3 1% 2 3% 

525,000 0 0% 3 2% 5 2% 0 0% 

550,000 4 3% 3 2% 9 3% 1 1% 

575,000 3 2% 5 3% 5 2% 1 1% 

600,000 4 3% 2 1% 4 1% 2 3% 

625,000 12 10% 8 4% 2 1% 4 5% 

650,000 11 9% 7 4% 4 1% 7 9% 

675,000 4 3% 8 4% 10 3% 6 8% 

700,000 12 10% 8 4% 4 1% 7 9% 

725,000 13 10% 68 34% 164 54% 6 8% 

Total 

 

F 

 

124 Depots 240 Depots 305 Depots 80 Depots 
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Nebraska was the only state with more than 10 biorefineries for both, S1 and S4 suggesting that it 

can be a potential biofuel production base for both, the short-term and long-term scenario. A few 

states had a very high number of biorefineries (greater than 10): Nebraska (S1, S2, S3, S4), Kansas 

(S2, S3), Texas (S2, S3), South Dakota (S2, S3) and Oklahoma (S2, S3).  Moreover, there were 

states with multiple depots but zero biorefineries such as Colorado (S1, S4), Alabama (S2), 

Georgia (S4), Minnesota (S4), Mississippi (S4) and South Carolina (S4). Those states would need 

to ship the preprocessed biomass to the biorefinery of a nearby state. In this case, the biorefinery’s 

supply chain will depend on the biomass production of that state as well as the nearby states. The 

number of such cases increased with lower cost target introducing logistical complexities of longer 

haul.  
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Figure 2. 6. Number of depots and biorefineries in each state for the four scenarios, (S1) 2022 at $79.07/dt, (S2) 

2030 at $79.07/dt, (S3) 2040 at $79.07/dt and (S4) 2030 at $71.26/dt. The bubble size indicates the total amount of 

feedstock shipped to depots for each state. Each of the biorefineries have fixed demand of 725,000 dt/year.  

 

Table 2. 7. Feedstock delivered to depots in different states for four scenarios. 

State 
Shipped to Depot (thousand dry tons/ year) 

S1 S2 S3 S4 

Alabama - 100 1,375 - 

Arkansas - 625 2,900 - 

Colorado 125 624 1,367 112 

Florida - 2,975 7,343 - 

Georgia - 574 1,625 75 

Illinois 2,600 4,347 8,300 - 

Indiana 1,025 1,900 3,550 - 

Iowa 5,662 5,626 8,775 1,124 
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Table 2.7 Continued 

Kansas 4,000 7,150 16,000 3,603 

Kentucky - 720 2,975 - 

Louisiana - 1,937 5,792 - 

Maryland - - 747 - 

Michigan - 725 1,625 - 

Minnesota 6,641 6,374 9,225 68 

Mississippi - 2,875 4,465 22 

Missouri - - 975  

Nebraska 10,451 12,963 18,019 12,427 

New York - - 625  

North Carolina - 792 2,217 575 

North Dakota 1,525 1,602 4,500 672 

Ohio - 1,750 4,316 - 

Oklahoma 1,635 9,450 13,075 687 

South Carolina - 657 1,915 75 

South Dakota 4,886 9,182 14,200 5,867 

Tennessee - 707 2,425 - 

Texas 3,441 16,962 26,050 4,414 

Wisconsin 792 1,450 3,575 - 

 

2.6 Discussion 

The main goal of the presented study was to analyze the nationwide scenario for cellulosic 

biofuel production and determine the feasibility of the EPA’s target of 16 billion gallons by year 

2022. Considering a biofuel yield of 44.8 GGE/dt (Davis et al., 2013), around 357 million dt of 

feedstock needs to be delivered at the gate of the biorefinery and a total of 493 biorefineries with 

725,000 dt capacity must be built to meet EPA goals. However, the results of the developed model 
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indicated that only 42.8 million dt of corn stover and switchgrass could be delivered to a total of 

59 biorefineries by year 2022 which is 12% of the total cellulosic feedstock demand. The 

remaining 88% would have to come from other cellulosic resources including miscanthus and 

wheat straw. But, given that corn stover and switchgrass comprise around 70% of the total 

herbaceous supply (Langholtz et al., 2016), herbaceous biomass alone is not a feasible option. 

Even when the supply curve of 2030 and 2040 from the BT16 was considered, the model predicted 

the delivery of 26% and 47% of the EPA’s cellulosic feedstock demand respectively.  

A nationwide analysis helps identify the actual potential for an nth-plant scenario for biofuels, 

regardless of political boundaries, given that some states in the US may have to ship preprocessed 

biomass to the biorefinery of a nearby state. Optimizing part of the nation would have made the 

model computationally more efficient but it would introduce error in terms of boundary scenarios. 

The only previous work found in literature for a nationwide scenario was by Gonzales et al. (2017), 

where a GIS-based heuristic was developed to identify the number and size of the biorefineries 

and depots. The study presented that 183.7 million dt of herbaceous biomass could be collected 

out of the predicted 205 million dt in year 2022 and predicted to meet more than the targeted 

demand of EPA for year 2022. However, our analysis suggested that the target was highly over 

estimated. Gonzales et al. (2017) did not consider on-spec delivery with quality nor specific 

constraints on the cost target.  
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Figure 2. 7. Magnifying on the location of depots and biorefineries in different states. Connecting lines indicate what 

fields are assigned to a depot (red circle) in the solution. The color of these lines represents the type of feedstock 

delivered. 

Roni et al. (2018) considered delivery to a single biorefinery and the biorefinery location was 

fixed at Seridan County of Kansas, USA. The decision variables in the model were the location 

and size of the depots as well as the least-cost blend of the feedstocks. Four depots were identified 

in Nebraska, Kansas, and Colorado to supply a total of 725,600 dt to one biorefinery. In our study, 

we identified 37 depots and 20 biorefineries in Nebraska, Kansas, and Colorado to supply a total 

of 14.5 million dt of feedstock [Fig. 2.7(a)]. It can be implied that, deciding on the biorefinery and 

depot locations simultaneously increased the supply 20 times than what was predicted by Roni et 

al. (2018). In both cases, supply curves from the BT16 for 2022 was used. Moreover, Caffrey et 

al. (2015) used a simplified heuristic to analyze the biomass supply chain management in North 

Carolina using Switchgrass and Sorghum with different harvest methods (e.g., forage and bales). 

The storage location and biorefineries were determined using a conventional supply system. The 

authors suggested that a biorefinery in the Coastal Plain region of NC would be beneficiary due to 

the higher availability and productivity of agricultural feedstock in the region. The model results 

from the presented study also suggested one biorefinery in NC close to the coastal region. 
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Although, for year 2022, the available feedstock was not enough to meet the target cost of 79.07 

$/dt. Hence, no depots and biorefineries were established in NC for that scenario. In our analysis, 

the costal biorefinery in NC was built only for the 2030 and 2040 scenarios [Fig. 2.7(b)]. 

Given that we had access to the POLYSYS model, also used in the BT16 (Langholtz et al., 

2016), we used our initial solution (98.6 million dt in step one) to perform demand runs in 

POLYSYS to be able to verify how supply curves change once facility locations are established. 

These demand runs are publicly available in the Bioenergy Knowledge Discovery Framework 

(Davis, 2020). With the demand runs, about 2.4 million more biomass becomes available, but this 

total decreases by 11 million dt when the quality constraints are introduced. 

While we are reporting results with an assumption that 725,000 dry tons per year is the 

maximum size for a depot, our model was setup to locate depots of sizes that are multiples of 

25,000 dry tons per year. In high yielding regions where the model located a depot bigger than 

725,000 dry tons per year, we reported these as two or three depots created in that county. For 

example, in S2 Fillmore County, NE had 1.65 million dry tons of biomass delivered to depots, 

which we presented as two depots with a capacity of 725,000 dry tons per year each, and one depot 

of 200,000 dry tons per year. Three was the maximum number of depots created in one county in 

all our scenarios. 40 counties in IA, IL, KS, MN, NE, OK, SD, and TX had the resources to locate 

more than one depot in scenarios S1, S2, and S4. The increase in biomass availability in year 2040 

leads to 87 counties locating more than one depot in S3. The reader can identify specific quantities 

and locations in our published dataset. We acknowledge the limitation of considering only one 

biorefinery size of 725,000 dry tons per year. A distributed depot-based system can certainly take 

advantage of economies of scale up to sizes as large as 30,000 dry tons per day (Kim & Dale 2015). 
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To analyze the impact of large-scale biorefineries in our study, we increased the capacity of the 

biorefineries for different scenarios. Unfortunately, increasing this capacity by two-, three-, and 

four- folds, also increases the computational complexity of our model resulting in an error gap 

near 100% after running the model for 3 hours. To get a better insight of a national analysis with 

different biorefinery sizes, we used the 87 high yielding counties identified in S3 as candidate 

locations for biorefineries that are two-, three-, and four- folds bigger than our original biorefinery 

size. Figure 2.8 illustrates the fluctuation of collected biomass with different biorefinery sizes for 

year 2030 (scenarios 2 and 4). Total biomass increased when the biorefinery size was doubled to 

1.45 M dry tons/year but started decreasing as the biorefinery size was further increased. This trend 

is explained given the supply curves of different regions. While high supply regions will benefit 

from larger size biorefineries, the low supply regions might not have enough biomass to meet the 

demand of such large-scale facilities. To take advantage of both low and high supply regions with 

large scale biorefineries, we will introduce a decision variable to represent varying sizes for 

biorefineries in our future work. Rail and barge transportation will also be considered for pellet 

shipments.  
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Figure 2. 8. Difference in collected biomass compared to the 725,000 dry tons per year biorefinery for scenario S2 

and S4.  

To overcome our error gaps and model limitations, our future research will also be focused on 

running the model on a supercomputer including all the field locations as potential depot and 

biorefinery candidates. The model results were highly dependent on the cost parameters and the 

BT16 supply curve. Any alteration in these parameters would lead to major changes in the depot 

and biorefinery locations as well as the feedstock allocation. As we continue to expand our research 

direction, we will be sure to examine and identify situations where stochastic optimization is the 

appropriate method to better represent the uncertainties of biological systems.  Additionally, a 

winding factor of 1.2 was included in the model for estimating the road distance. However, the 

existing road network could be incorporated in the model to get real distances for an improved 

better estimate on the transportation and overall logistics cost.  
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Chapter 3: nth-Plant Scenario for Forest Resources and Short 

Rotation Woody Crops: Biorefineries and Depots in The Contiguous 

US  

3.1. Introduction 

Renewable energy can provide a sustainable solution to a changing climate with frequent 

extreme weather, decreasing soil and water quality, increasing pest outbreaks and resistance, and 

water scarcity while also meeting food, feed and energy demands of a growing population (Foley 

et al., 2011; Liu et al., 2013; Rockström et al., 2009; Schmidhuber and Tubiello, 2007; Tilman et 

al., 2002). Bioenergy is currently the largest renewable energy source worldwide supplying 

approximately 13% of energy demand (WBA, 2019). Resources such as agriculture, forestry, and 

waste materials have the potential to be a major contributor in future global energy paradigms that 

emphasize renewable energy over fossil-based energy. Hossain et al. (2021) predicted that 168 

million dry tons (7.4 million GGE) could be accessible to biorefineries in the US by 2040 where 

corn stover and Panicum virgatum L. (hereafter “switchgrass”) feedstocks could meet specific cost 

and quality parameters at the biorefinery. The study presented herein quantifies the potential of 

forest resources and short rotation woody crops (SRWCs) to complement the ambitious EPA 

targets while also meeting quality expectations at the refinery. In this study we consider: 1) forest 

residues from trees, tops and limbs produced from conventional thinning and timber harvesting 

operations and from non-timber tree removal, and 2) SRWCs such as Poplar x Populus (hereafter 

“poplar”), Willow x Salix (hereafter “willow”), Pine x Pinus (hereafter “pine”), and Eucalyptus x 

Eucalyptus Globulus (hereafter “eucalyptus”). For simplicity, we refer to these two types of 

resources as woody biomass.  
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The US has the potential to produce 290 million tons of woody biomass by 2040 (US DOE, 

2016). Protection of agricultural and forest lands from degradation, urbanization, and 

desertification as well as sustainable innovation in crop yields will contribute to ensure the 

anticipated potential of the woody biomass. Approximately 5% of the agricultural land (240 

million hectares) could be used for growing dedicated energy crops (e.g., SRWCs) by 2035 (Sheet, 

2012). The environmental impacts of using forest resources are low compared to fossil fuels due 

to its lower energy requirements and inherent CO2 storage during photosynthesis. However, only 

2% of the current US energy production comes from wood-based resources (Zhu, 2011). 

Sustainable forest management is one of the concerns contributing to current low utilization of 

wood-based resources for energy (Bioenergy IEA, 2018). One example of sustainable forest 

management is to balance carbon losses in forest stands with carbon growth in other forest stands 

through coordinated harvest activities and utilization of thinned trees or forest by-products as 

bioenergy. Other major contributors towards stranded woody resources are high costs of 

collecting, transporting, and storing woody biomass. Processes include harvesting, felling, 

extraction, chipping, and loading (US DOE, 2011; Rummer & Darren, 2013). Tree felling is done 

using forage harvesters and feller-bunchers. Grapple skidders, forwarders or cable-yarding are 

used for extraction- the process of transporting large timbers from their origin to a loading zone. 

Processing generally consists of removing limbs and tops from felled trees using chainsaws, 

delimbers and buckers. Log sections are then loaded onto trailers. Grinders, hogs, and chippers are 

used for complex processing operations after log removal. Harvest operations and weather 

conditions impact the quality of woody biomass extracted.  
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Conversion facilities require low moisture content (<10%), low ash content (<1%) and small 

particle sizes (2mm chips) (Hartley et al., 2021). Kizha et al. (2018) found a drop of moisture 

content from 52% to less than 20% over a 12-month study period for timber operations. However, 

ash content tends to increase during piling and handling of logging residues due to soil impurities 

(Mcdonald et al., 2001). Heterogeneous feedstock quality such as varying ash, moisture and carbon 

content contribute to high operational costs at the biorefinery due to operational instability. This 

in turn, leads to system downtime, variable conversion yields, and challenges to process robustness 

(Hartley et al., 2020; Lin et al., 2016). Thus, transporting woody materials from loading zones near 

harvesting sites to facilities for conversion to fuel accounts for 47-50% of the total cost (Pan et al., 

2008; Mcdonald et al., 2001). Considering coordinated decision-making strategies, i.e., 

coordinated transport, supply chain integration, and higher truck payload can achieve cost savings 

of up to 3%, 24%, and 40% respectively (Kogler et al., 2021). Moreover, multimodal transport 

using both truck and rail terminals could increase the resiliency of the supply chain addressing 

supply uncertainties due to natural calamities, and equipment breakdown (Kogler & Rauch, 2018; 

Kogler & Rauch, 2019). A resilient biorefinery should have a large supply radius and unit trains 

are the least expensive transportation mode for distances longer than 240 miles when barge is not 

an option (Gonzales et al., 2013).  

Considering the complexities of harvesting, preprocessing, and transporting woody materials, 

an efficient supply chain is imperative for our future bioeconomy. Acharya et al. (2014) and 

Mitchell (2000) developed a decision support system to estimate the delivery cost of wood fuel 

from forest resources in the state of Mississippi in the US and the UK respectively. Frombo et al. 

(2009) developed a strategic decision model for woody biomass considering different conversion 
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technologies. The model determined how much biomass needed to be harvested in forest sites of 

Savona province in Italy and what plant capacity would be optimum. While there are many studies 

on biomass supply chain optimization, most of them considered only a centralized system where 

all biomass is shipped to one location (Akgul & Papageorgiou, 2012; Bai et al., 2011; Marvin et 

al., 2012). Very few studies analyzed distributed systems (Braimakis et al. 2014; Roni et al. 2019), 

a supply chain that includes collection facilities for preprocessing- also known as depots. Kim et 

al. (2011) optimized the number, location, and capacity of processing plants from forestry 

resources for both distributed and centralized systems -a system where wood is delivered from the 

landing directly to the biorefinery. However, they only considered the Southern US. Patel et al. 

(2019) analyzed the distributed and centralized supply chain system to develop a single biorefinery 

using whole tree biomass in Canada. Since only one biorefinery was considered, the system was 

unable to take advantage of the availability throughout the country and was only focused on higher 

supply regions.  

Most studies analyzed US regions rather than analyzing the contiguous US due to 

computational complexities of a large-scale analysis. A raster-based analysis of the contiguous US 

identified that analyzing the state of Texas in isolation of nearby states could result in an 

underestimation of 25% of the total accessible biomass in that state (Gonzales & Searcy, 2017).  

Blending biomass types help reduce ash content resulting in higher conversion yields (Hossain et 

al., 2021). Lan et al. (2021) determined the minimum fuel selling prices for a centralized and a 

distributed system in the southeastern US with blends of pine residues and switchgrass. Supply 

chain studies for woody biomass considering cost targets are also very rare. To our knowledge, 

there are no studies that include a blend of forest resources (from forestlands) and SRWCs (from 
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croplands). This study addresses this research gap by developing a supply chain for forest residues 

and SRWCs considering a specified quality and cost target for conversion in the contiguous US.  

In this manuscript we analyzed a blended system of centralized and distributed collection 

facilities for woody material conversion. Biomass is delivered from landing to depots for 

preprocessing into blended chips of various biomass types depending on quality specifications 

required by biorefineries. Similar to Hess et al. (2009b), Kenney et al. (2013), Gonzales & Searcy 

(2017), Edmunds et al. (2018), and Hossain et al. (2021), the idea is to generate a uniform-format 

feedstock delivered to biorefineries, reduce biomass quality variability, and improve conversion 

performance. We quantified the total accessible wood resources to biorefineries by 2040 given a 

target cost and quality. In this process, we determined the optimal location and capacity of depots 

and biorefineries using a modified version of our published model (Hossain et al., 2021). This 

study aims to answer the following questions: 

1. How do different blending ratios of forest residues and SRWC affect the woody biofuel 

economy?  

2. Can wood-based resources take advantage of the economies of scale of an nth-plant 

scenario with a mature conversion technology? 

3. How can we maximize the mobility of wood-based resources with a supply chain network 

of biorefineries and depots? 

Finally, this study adds to the current literature by developing a database with origin-depot and 

depot-biorefinery location and allocation. We consider multiple scenarios by varying the blend 

ratio of forest residues and SRWCs as well as the targeted ash content required at the biorefinery.   



   

53 

 

3.2 Model Formulation 

We modified our published mixed-integer linear program model (Hossain et al., 2021) to solve 

for the maximum amount of woody feedstock delivered to biorefineries while meeting a set of 

quality characteristics, cost targets and facility capacity constraints (eq. 3.1). We assumed that in 

higher yielding regions, large depots will be co-located with a biorefinery. Smaller depots will 

collect woody biomass from lower yielding regions and ship preprocessed feedstock to 

biorefineries located in higher yielding regions. Given the relatively low ash content, high heating 

value and low sulfur content of woody materials, we assumed thermochemical conversions at the 

biorefineries and that quality requirements are based on ash content. Table 3.1 presents the data, 

parameters, and decision variables in our formulation.  

                                                       max ∑ ∑ ∑ 𝑥𝑗𝑘𝑓𝑓∈𝐹𝑘∈𝐾𝑗∈𝐽                                                    (3.1)                                                                   

Hossain et al. (2021) identified biorefinery facilities of a fixed size, 725,000 dry tons per year 

(dt/year). In this study, we relaxed this capacity constraint to identify biorefineries and depots with 

various capacities. We assumed that a depot and a biorefinery could be as small as 25,000 dt/year 

and 725,000 dt/year respectively. Biorefineries could be as high as 2.9 million dt/year - four times 

the size of a biorefinery in Hossain et al. (2021). The depot capital cost was calculated using the 

preprocessing construction cost presented by Hartley et al. (2021), $2.73/dt (2016$) for a 725,000 

dt/year capacity depot. Construction costs were scaled for varying sizes of depot using the rule of 

six-tenth (Guthrie et al., 1969) and expressed as a regression equation with an adjusted R-square 

of 0.9783 (eq. 3.2). The total fixed cost was calculated using the summation of all the depot 

building costs. 
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Table 3. 1. Data sets, parameters, and decision variables. 

Data sets 

F Set of feedstock types 

P Set of feedstock prices 

I Set of origin locations 

J Set of potential depot locations 

K Set of potential biorefinery locations 

Ji Set of potential depot locations within 200 miles of origin 

i Kj Set of potential biorefinery locations within 200 miles of 

depot j 𝛼 = {𝛼𝑓 , 𝑓 𝑖𝑛 𝐹} Set of ash content per ton for feedstock f 

𝐴 = {𝑎𝑖𝑓𝑝 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹, 𝑝 𝑖𝑛 𝑃} Set of available resources for origin i of feedstock type f at 

price p 𝑀 = {𝑚𝑖𝑓 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹} Set of minimum supply for origin i of feedstock type f 

𝑉𝐶 =

{𝑉𝐶𝑖𝑗𝑘𝑓𝑝 , 𝑖 𝑖𝑛 𝐼, 𝑗 𝑖𝑛 𝐽, 𝑘 𝑖𝑛 𝐾, 𝑓 𝑖𝑛 𝐹, 𝑝 𝑖𝑛 𝑃}  

Set of total variable cost from origin i to depot j to 

biorefinery k: farmgate price (gr), storage for logs and chips 

(sl, sc), transportation for logs and chips (trl, trc) , handling 

and queuing (qh), and preprocessing costs (pr)  

𝐷𝐹 = {𝑑𝑖𝑗 , 𝑖 𝑖𝑛 𝐼, 𝑗 𝑖𝑛 𝐽} Set of distance between location i and location j 

𝐷𝐵 = {𝑑𝑗𝑘 , 𝑗 𝑖𝑛 𝐽, 𝑘 𝑖𝑛 𝐾} Set of distance between location j to location k 

𝑇 = {𝑡𝑖𝑓 , 𝑖 𝑖𝑛 𝐼, 𝑓 𝑖𝑛 𝐹}  𝑡𝑖𝑓 = 0 if 𝑚𝑖𝑓 = 0; 1 otherwise 

Parameters 

G Cost target at delivery 

U Required depot utilization factor (90%) 

S Maximum ash content at biorefinery 

D Constant multiplier for depot capacity 

B Constant multiplier for biorefinery capacity 

P Maximum percentage of SRWC  

Continuous Decision Variables 

𝐶𝑗 Factor for depot capacity at location j 

𝐶𝑘  Factor for biorefinery capacity at location k 

𝑋𝑖𝑓𝑝 Amount of feedstock f purchased at price p from location i 

𝑋𝑖𝑗𝑓 Amount of feedstock f shipped from location i to location j 

𝑋𝑗𝑘𝑓 Amount of feedstock f shipped from location j to location 

k Binary Decision Variables 

𝑍𝑖𝑓𝑝 1 if feedstock f is purchased at price p from location i; 0 

otherwise 𝐿𝑗 1 if depot is built in location j; 0 otherwise 

𝐿𝑘 1 if biorefinery is built in location k; 0 otherwise 
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                                                 𝐵𝐶𝑗 =  817,049 +  1.6356 ∗ (𝐸 ∗ 𝐶𝑗)                                      (3.2)  

Total variable cost (VC) to deliver biomass included farmgate price, storage, handling, 

transportation and preprocessing costs for logs and chips (eq. 3.3). 

𝑉𝐶𝑖𝑗𝑘𝑓𝑝 = ∑ ∑ ∑ 𝑔𝑟𝑝 ∗ 𝑋𝑖𝑓𝑝

𝑝∈𝑃𝑓∈𝐹𝑖∈𝐼

+ ∑ ∑ ∑(𝑠𝑙𝑓 + 𝑞ℎ𝑓 + 𝑝𝑟𝑓 + 𝑡𝑟𝑙𝑖𝑗𝑓 + 𝑠𝑐𝑓) ∗ 𝑋𝑖𝑗𝑓

𝑗∈𝐽𝑓∈𝐹𝑖∈𝐼

+ ∑ ∑ ∑ 𝑡𝑟𝑐𝑗𝑘𝑓 ∗ 𝑋𝑗𝑘𝑓

𝑗∈𝐽𝑓∈𝐹𝑖∈𝐼

                                                                               (3.3)  

The modified set of constraints used in this study are listed in Table 3.2: Constraint (1) ensures 

that each feedstock is purchased only at a single price from each origin location. Constraint (2) 

puts a maximum limit to the amount of feedstock purchased from an origin location so that it does 

not exceed the total amount available at that origin. Constraint (3) ensures that the total amount 

shipped to a depot is within the capacity limit of that depot. Constraint (4) ensures that the total 

amount shipped to a biorefinery is within the capacity limit of that biorefinery. Constraint (5) is 

the flow balance between origin and depot. Constraint (6) sets a minimum utilization to the depot 

capacity. Constraint (7) is the flow balance between depot and biorefinery. Constraint (8) sets the 

maximum limit to the biorefinery capacity. Constraint (9) requires that the total ash content of all 

the different feedstocks supplied to a biorefinery is within the maximum allowable ash content. 

Constraint (10) enforces the required blending ratio of FLR and SRWCs in each biorefinery. The 

cost target is maintained using constraint (11) combining the total fixed as well as variable costs. 

The constraints in (11) ensures non-negativity of the continuous decision variables. The set of 

constraints in (13) are the constraints for binary decision variables. 
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3.3 Model Inputs 

3.3.1 Available Resources 

We considered county-level supply curve estimates for available resources at various roadside 

prices. Feedstock types analyzed include: 1) trees and forest residues from forest lands; and 2) 

SRWCs from agricultural lands. Roadside prices include the cost of stumpage plus harvesting 

costs. Roadside prices in the 2016 Billion-Ton Report (BT16) were presented in 2014$ and 

converted to 2016$ for this study. This conversion was performed using an inflation index applied 

to real feedstock prices as presented in Table C-2 in the BT16 (US DOE., 2016). We assumed a 

3% dry matter loss for storage, handling, and transportation for forest residues and SRWCs.  

Total forest land resources (FLR) assumed in this study include public and private land 

estimates in a medium-house-low-energy scenario (US DOE, 2016). Only estimates of forest 

resources with a roadside price less than or equal to $78/dt (2016$) are used in this study (Table 

3.2). BT16 estimations for SRWCs were not well suited for this analysis as those simulations 

allowed herbaceous energy crops to compete with SRWCs, thereby restricting supply potential. 

To get the full economic potential of woody resources, we utilized the Policy Analysis System 

Model (POLYSYS), a partial-equilibrium linear programming model that simulates agricultural 

producer response to projected future market demands (De la Torre Ugarte & Ray, 2000, Langholtz 

et al., 2014, US DOE 2016). POLYSYS simulations have previously demonstrated that market-

specific biomass demands can influence producer response and shape the potential future supply 

of biomass (Eaton et al., 2018, Oyedeji et al., 2021). To simulate market preference for SRWCs 

for the present analysis, herbaceous energy crops (e.g., Switchgrass, miscanthus) were removed as 

potential biomass energy crops, and only SRWCs were allowed to respond to simulated future 
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market demand in the new simulations. Supply curve for year 2040 was considered based on 

biomass roadside prices (2018$) from $40 to $80/dt in ten-dollar increments (Davis, 2021). 

For consistency, we expressed these prices into 2016$ roadside prices. County-level marginal 

potential woody energy crop supplies for each of the four species were made available at each 

marginal price point. However, no biomass was found available at less than $59/dt in the new price 

simulations. Given that processing cost of SRWCs was estimated at about $23.54/dt (Table 3.5), 

feedstock with a roadside price higher than $59/dt would not be feasible with a cost target at the 

biorefinery throat of $85.51/dt (2016$) or less. Therefore, we only considered available biomass 

that is less than or equal to $59/dt (2016$) at the roadside. Availability of woody materials across 

the US are shown in Figure 3.1. 

Table 3.2. Model constraints. 

No. Constraint Name Mathematical Formulation 

1 Feedstock purchase ∑ 𝑍𝑖𝑓𝑝

𝑝∈𝑃

≤  𝑡𝑖𝑓;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹 

2 Maximum supply 𝑋𝑖𝑓𝑝 ≤  𝑎𝑖𝑓𝑝 ∗ 𝑍𝑖𝑓𝑝;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃 

3 Depot Capacity ∑ ∑ 𝑋𝑖𝑗𝑓 ≤ 𝐷 ∗ 𝐶𝑗;

𝑓∈𝐹𝑖∈𝐼

 ∀  𝑗 𝑖𝑛 𝐽 

4 Biorefinery Capacity ∑ ∑ 𝑋𝑗𝑘𝑓 ≤ 𝐵 ∗ 𝐶𝑘;

𝑓∈𝐹𝑗∈𝐽

 ∀  𝑗 𝑖𝑛 𝐽 

5 Flow balance for 

origin-depot 
∑ 𝑋𝑖𝑓𝑝

𝑝∈𝑃

= ∑ 𝑋𝑖𝑗𝑓

𝑗∈𝐽𝑖

;  ∀ 𝑖 ∈ 𝐼, 𝑓 ∈ 𝐹 

6 Depot Utilization ∑ ∑ 𝑋𝑖𝑗𝑓 ≥ 𝑈 ∗ 𝐸 ∗ 𝐶𝑗;

𝑓∈𝐹𝑖∈𝐼

 𝑗 ∈ 𝐽 

7 Flow balance for depot-

biorefinery 
∑ 𝑋𝑖𝑗𝑓

𝑖∈𝐼

= ∑ 𝑋𝑗𝑘𝑓

𝑘∈𝐾𝑗

;  ∀ 𝑗 ∈ 𝐽, 𝑓 ∈ 𝐹 

8 Maximum Biorefinery 

Capacity 

𝐶𝑘  ≤ 4 ∗  𝐿𝑘;   𝑘 ∈ 𝐾 
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Table 3.2 Continued 

9 Maximum Ash Content ∑ ∑ 𝑋𝑗𝑘𝑓 ∗ 𝛼𝑓 ≤ 𝑆 ∗ ∑ ∑ 𝑋𝑗𝑘𝑓

𝑓∈𝐹𝑗∈𝐽𝑓∈𝐹𝑗∈𝐽

;  ∀ 𝑘

∈ 𝐾 
10 Blending Ratio ∑ ∑ 𝑋𝑗𝑘𝑓 ≤ 𝑃 ∗ 𝐵 ∗ 𝐶𝑘

𝑓∈𝑆𝑅𝑊𝐶𝑗∈𝐽

;  ∀ 𝑘 ∈ 𝐾 

11 Cost target ∑ 𝐵𝐶𝑗

𝑗∈𝐽

+  𝑉𝐶𝑖𝑗𝑘𝑓𝑝 ≤ 𝐺 ∗ 𝑋𝑗𝑘𝑓   

12 Variable constraints 𝑋𝑖𝑓𝑝 ≥ 0;  ∀ 𝑖 ∈ 𝐼,  𝑓 ∈ 𝐹, 𝑝 ∈ 𝑃  

𝑋𝑖𝑗𝑓 ≥ 0; ∀ 𝑖 ∈ 𝐼,  𝑗 ∈ 𝐽,  𝑓 ∈ 𝐹    

𝑋𝑗𝑘𝑓 ≥ 0; ∀ 𝑗 ∈ 𝐽,  𝑘 ∈ 𝐾,  𝑓 ∈ 𝐹  

𝐶𝑗 ≥ 0; ∀ 𝑗 ∈ 𝐽      

𝐶𝑘 ≥ 0; ∀ 𝑘 ∈ 𝐾      

13 Binary constraints 𝑍𝑖𝑓𝑝 ∈ {0,1};    ∀ 𝑖 ∈ 𝐼,  𝑓 ∈ 𝐹,  𝑝 ∈ 𝑃 

𝐿𝑗      ∈ {0,1};  ∀  𝑗 ∈ 𝐽 

𝐿𝑘     ∈ {0,1};  ∀ 𝑘 ∈ 𝐾 

 

Table 3. 3. Available woody biomass based on roadside price (2016$) and land type used. 

Land 

Type 

Feedstock 

Type 

Available Material at Roadside Price (million dt/year) 

$29/dt $39/dt $49/dt $59/dt $68/dt $78/dt 

Forest Residue 17.6 17.6 17.6 17.6 17.6 17.6 

Forest Tree 0 3.53 30.7 68.2 98.4 98.4 

Land 

Type 

Feedstock 

Type 

Available Material at Roadside Price (million dt/year) 

$30/dt $39/dt $49/dt $59/dt $69/dt $79/dt 

Crop Willow 0 0 0 116 138 163 

Crop Pine 0 0 0 32.1 67.3 70.3 

Crop Poplar 0 0 0 5.62 22.0 36.7 

Crop Eucalyptus 0 0 0 3.67 5.58 15.1 

Prices are in (2016$). Dt: dry tons. 
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Figure 3. 1. Woody biomass availability per county at a roadside price of $59/dt (2016$).  

 

3.3.2 Candidate locations 

After aggregating the two biomass datasets for FLR and SRWCs, 82% of the US counties, i.e., 

2,606 counties, had positive values for biomass quantities. Each county was considered an origin 

point in our model. The computational complexity of our problem is further exacerbated with 6 

feedstock types and 32 roadside price options to express biomass supply curves i.e., 31 different 

price options for FLR (Table 3.2) and one price option for SRWCs ($59/dt). To reduce our 

computational complexity, we reduced the number of county-candidates for the locations of depots 

and biorefineries by overlaying a fishnet of 100-mile grid in the contiguous US. The assumption 

for this reduction was that two biorefineries with a supply radius of 50-miles each, will most likely 

not be less than 100 miles apart. This approach reduced the potential candidates to 221 locations 

distributed over the contiguous US. Like our previous work (Hossain et al., 2021) and rather than 

using county centroids, the location of available FLR and SRWC per county was geo-referenced 

based on the location of the forest regions and cultivated crops in the 2021 National Land Cover 

Database, respectively.  
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3.3.3 Logistic costs 

A maximum target cost of $85.51/dt (2016$) at the refinery gate was considered for the 

analysis based on the 2017 design case for the nth-plant scenario (Kenney et al., 2013). Harvesting 

prices presented in BT16 (US DOE, 2016) for the different forest regions and cutting operations 

were higher estimates when compared to a more recent study by Hartley et al. (2021). We adjusted 

harvesting prices based on the latest publication mentioned. This adjustment resulted in lower 

roadside prices as inputs to our model (Table 3.4). 

Operational costs such as storage, handling, queuing, preprocessing, and transportation 

(Table 3.5) are based on the catalytic fast pyrolysis pathway presented by Hartley et al., (2021) 

and BT16 report (US DOE, 2016). Trees were assumed to be transported as logs from the 

landing and will be converted to 2 mm chips at the preprocessing facilities or depots (Hartley et 

al., 2021). Forest residues and SRWCs were assumed to arrive at the collection facility as chips 

from the landing and will be reduced in size at the depot. 
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Table 3. 4. Adjusted roadside prices (2016$/dt) for forest land resources. 

Feedstock 
Roadside 

Price from 

BT16 (2016$) 

Forest 

Region 

Adjusted Roadside Price 

(2016$) based on Cutting 

Operation 
Clear 

Cut 

Thinning/ 

Partial Cut 
Forest 

Residues 

29 PNW 15.19 11.29 

IW 15.44 12.61 

NC, NE, S 15.57 12.65 

39 PNW 24.96 21.06 

IW 25.21 22.38 

NC, NE, S 25.34 22.42 

49 PNW 34.73 30.83 

IW 34.98 32.15 

NC, NE, S 35.11 32.19 

59 PNW 44.50 40.60 

IW 44.75 41.92 

NC, NE, S 44.88 41.96 

68 PNW 54.27 50.37 

IW 54.52 51.69 

NC, NE, S 51.73 51.73 

Tree 39 IW, NC, NE, S 19.08 - 

49 NC - 23.64 

IW, NC, NE, 

PNW, S 

29.5 - 

59 IW, NC, NE, 

PNW, S 

39.34 33.41 

68 IW, NC, NE, 

PNW, S 

49.11 43.18 

78 IW, NC, NE, 

PNW, S 

58.88 52.95 

Forest regions: Northeast (NE), North Central (NC), South (S), Inland West (IW), and Pacific Northwest (PNW).  
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Table 3. 5. Adjusted roadside prices (2016$/dt) for forest land resources. 

Cost Description 
Feedstock 

Format 
Location 

Feedstock Type 

Forest Land Resources Short 

Rotation 

Woody 

Crops 
Trees Residues 

Adjusted Roadside Price Logs/Chips Origin $19.0 -$58.88 
$11.29- 

$54.52 
$59.09 

Storage, Handling and 

Queuing 

Logs/Chips to 

Chips 
Depot $2.65 

Storage, Handling and 

Queuing 
Chips Biorefinery $0.85 $0.64 0.85 

Processing Cost 
Logs/Chips to 

Chips 
Depot $27.32 $23.54 $23.54 

Transportation Fixed Cost 

or Fieldside Handling and 

Queuing 

Logs/Chips 
Origin to 

Depot 
$3.58 $1.81 $3.58 

Transportation Variable 

Cost 
Logs/Chips 

Origin to 

Depot 
$0.081 $0.141 $0.081 

Transportation Fixed Cost Chips 
Depot to 

Biorefinery 
$1.81 

Transportation Variable 

Cost 
Chips 

Depot to 

Biorefinery 
$0.141 

1$ /mile/dry ton 
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3.3.4 Feedstock Quality 

Table 3.6 specifies the assumed initial ash content values considered for each feedstock type 

(Thakaran et al., 2003). It is assumed that after preprocessing, logs and chips will have the targeted 

moisture and carbon contents for conversion. Afterwards, they will be blended to achieve the target 

ash. 

Table 3. 6. Feedstock ash content based on feedstock type. 

Resource Type Feedstock 

Type 

Ash Content (%) 

Forest land resources  
Trees 0.8 

Forest residues 1.5 

Short rotation woody 

crops  

Pine 0.8 

Poplar 1.87 

Willow 1.997 

Eucalyptus 1.5 

3.4 Scenarios 

We analyzed different scenarios with varying required feedstock blends at the biorefineries, 

distinct ash contents required at the biorefineries, and different cost targets. Varying feedstock 

blending values were identified to analyze the potential of short rotation woody crops in a 

sustainable bioeconmy. Variations in ash contents and target costs were in line with previous 

studies supported by DOE as specified in this section.   

Assumed feedstock quality attributes required at the conversion facility for optimization are 

moisture, ash and carbon as per the catalytic fast pyrolysis pathway presented by Hartley et al., 

(2021). These quality targets are presented in Table 3.7. Ash content quality targets were run at 

different values: 1% ash content based on the 2022 catalytic fast pyrolysis pathway projection 
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(Hartley et al., 2018), and 1.75% ash content based on the 2020 catalytic fast pyrolysis pathway 

2020 woody state of technology (Hartley et al., 2021) 

Table 3. 7. Feedstock quality targets at the biorefinery gate. 

Moisture Content 

(w.b) 
Carbon 

Ash Content (%) 

Catalytic Fast 

Pyrolysis 2022 

Projection 

Catalytic Fast 

Pyrolysis 2020 Woody 

State of Technology 

≤ 10% ≥ 50.51% ≤ 1% ≤ 1.75% 

Feedstock blending scenarios were as follows: 1) Base case: biorefineries will only accept FLR 

since a market for SRWCs has not been established. 2) 75% FLR: biorefineries will accept both 

FLR and SRWCs with a required blending ratio of at least 75% incoming feedstock from FLR. 3) 

50% FLR: biorefineries will accept both FLR and SRWCs with a required blending ratio of at least 

50% incoming feedstock from FLR. 4) No constraint: biorefineries will accept both FLR and 

SRWCs with no constraint on blending ratio. 

To compare model results with our previous publication on herbaceous biomass (Hossain et al., 

2021), we also ran scenarios with a target cost of $79.07/dt (2016$) at the refinery gate. 

Additionally, we included scenarios with target costs of $70.31/dt for 1% ash and $67.03/dt for 

1.75% ash to consider the design case updates from the 2022 catalytic fast pyrolysis projection 

and the 2020 catalytic fast pyrolysis woody state of technology respectively (Hartley et al., 2018; 

Hartley et al., 2021). Combining roadside prices at $59.09/dt and a preprocessing cost of $23.54 

for SRWCs (from Table 3.5) add up to $82.63/dt, leaving very little room for storage, handling 

and transportation costs to reach a target of $70.31/dt, let alone, $67.03/dt. Hence, we only ran 
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these target costs at the base case simulation, where trees and residues are the only available 

resources.  

3.5 Results 

3.5.1 Accessible Resources 

The MILP developed for this analysis has a supply resource curve as input options to locate 

facilities with resources for preprocessing and conversion. For a given feedstock type and location, 

only one roadside price and resource quantity combination is selected as accessible from the input 

supply curve in the solution. Herein, resources that are inputs to the model are referred to as 

available resources. Similarly, resource outputs of the model are referred to as accessible 

resources. Table 3.8 presents aggregations of the optimization model’s outputs for the analyzed 

scenarios in this study. As expected, total accessible resources increased as the cost target 

increased. Note that an increase in targeted ash content at either target price did not result in an 

increase in accessible biomass when trees and residues were the only resources available, i.e., the 

base case scenarios. Total accessible biomass increases when SRWCs are introduced (base case 

scenarios vs. all other scenarios). Regardless of cost and ash targets, total accessible biomass was 

highest when there were no constraints for blending forest land resources and short rotation woody 

crops. And higher when the constraint was 50% for each compared to 75% for forest land 

resources. 
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Table 3. 8. Analyzed scenarios using short rotation woody crops in absence of competition with herbaceous energy 

crops. 

 

Scenario 

Accessible resources (million dry tons/year) Total 

accessible 

resources 

(million 

dry 

tons/year) 

Nu

mb. of 

Depots 

Numb. 

of 

Biorefineries 

Forest Land Res. Short Rotation Woody Crops 

Trees Residues Pine Poplar Willow Euc 

Cost target $85.51/dry ton 

1% ash 

Base case 91.2 14.8 N/A N/A N/A N/A 106 11

3 

72 

75% FLR 91.0 14.7 11.8 1.46 9.36 1.48 130 12

5 

109 

50% FLR 90.6 14.7 24.7 1.54 9.66 1.21 142 12

2 

112 

No const. 90.6 14.6 31.1 4.28 11.1 1.30 153 12

0 

114 

1.75% 

ash 

Base case 91.2 14.8 - - - - 106 73 60 

75% FLR 91.0 14.8 6.84 1.18 23 1.01 138 13

1 

111 

50% FLR 89.5 14.6 15.6 1.56 47.2 1.95 170 12

5 

118 

No const. 86.0 14.5 25.3 2.92 64.4 2.46 195 13

6 

134 

Cost target $79.07/dry ton 

  1%  

  ash 

Base case 88.7 14.3 N/A N/A N/A N/A 103 94 93 

75% FLR 85.9 14.3 6.03 0.52 5.77 0.23 112 11

0 

109 

50% FLR 83.6 14.3 9.76 0.5 4.99 0.19 113 10

6 

105 

No const. 82.1 14.2 12.5 0.6 4.65 0.21 114 11

4 

110 

  1.75%  

  ash 

Base case 88.4 14.6 N/A N/A N/A N/A 103 11

0 

91 

75% FLR 83.3 

 

14.8 4.45 

 

0.75 

 

11.1 0.27 114 10

6 

106 

50% FLR 78.7 14.1 

 

5.57 0.6 16.7 0.74 116 10

7 

107 

No const. 78.2 14.1 5.18 1.07 18 0.85 117 11

2 

110 

Cost target $70.31/dry ton 

  1%  

  ash 
Base case 49.5 13.7 N/A N/A N/A N/A 63 79 74 

Cost target $67.03/dry ton 

  1.75%  

  ash 
Base case 33.7 13.3 N/A N/A N/A N/A 47 57 56 
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3.5.2 Facilities  

For most of the scenarios, except for the $85.51/dt cost target scenarios, the number of depots 

and biorefineries have little difference between them. Since the maximum capacity of a depot and 

a biorefinery was 2.9 million dry tons, a high-capacity depot could be co-located with a high-

capacity biorefinery. This implies that most of the depots are co-located with a biorefinery.  In 

some cases, the number of depots or biorefineries will decrease even when total accessible 

resources increase as the model would identify higher facility capacities as part of the solution. 

Figures 3.2 and 3.3 show the distribution of biorefinery capacities in each scenario. The x-axis in 

Figures 3.2 and 3.3 were modified for better visualization. We added a small random variation to 

the location of each point, a process that is referred to as jittering, useful to handle over-plotting 

caused by discreteness in datasets. At a higher cost target ($85.51/dt), there were more 

biorefineries of higher capacity than at $79.07/dt, $70.31/dt, and $67.03/dt, regardless of available 

feedstock. Similarly, for the most part, as accessible biomass increases from the base case to the 

no constraint scenario, the number of biorefineries with high capacities increases. 

3.5.3 Average Cost Per Ton of Biomass to Biorefineries 

Figures 3.4 and 3.5 illustrate the distribution of the average cost per ton of biomass delivered 

to biorefineries for all the scenarios analyzed in this study. In general, only a few outliers were 

found in these scenarios. The most outliers were found in the scenario with the highest cost target 

($85.05/dt) and lower ash target (1%). Similarly, the whiskers for maximum values are longest in 

the base case scenarios for $85.05/dt. Hence, the highest variability within average costs per ton 

of biomass in biorefineries was found in the base case scenario at $85.05/dt.  
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Figure 3. 2. Biorefinery capacities for analyzed scenarios at $79.07/dt and $85.51/dt.  

 

Figure 3. 3. Distribution of biorefinery average costs for the base case scenarios at $70.31/dt and $67.03/dt. 
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Figure 3. 4. Distribution of biorefinery capacities for the base case scenarios at $70.31/dt and $67.03/dt. 

 

Figure 3. 5. Distribution of average biomass costs to biorefineries for different scenarios at $79.07/dt and 

$85.51/dt cost targets. 
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3.5.4 Stranded Resources 

Given that our optimization model is constrained to select one price and quantity combination 

from the supply curve for a given feedstock type and location, quantifying the total stranded 

resources is not straightforward. Table 3.9 illustrates the maximum stranded resource quantities 

for the base case scenario at 1% and at a target cost of $85.51/dt. Values presented in Table 3.9 

may be interpreted as cumulative stranded resources, but rather the amount stranded is correlated 

to the respective roadside price. For example, 498 dt/year were stranded at a roadside price of 

$20/dt.  

3.5.5 Feedstock Ratio 

Figure 3.6 illustrates the feedstock proportions found to be optimal for each scenario. For most 

scenarios, more than 50% of the accessible feedstock came from trees. Since willow has a high 

ash content, the proportion of willow increases when higher ash targets are allowed at the 

biorefinery displacing accessible trees and pine resources.  

 

 

 

 

 



   

71 

 

Table 3. 9. Stranded woody feedstock by roadside price ($2016). 

Forest Land Resources Price ($/dt) Stranded (dt/year) 

Trees 

20 498 

24 299 

30 241,102 

34 45,588 

40 1,126,454 

44 461,727 

Forest Residues 

12 162 

13 225 

13 85,782 

16 47,036 

16 11,660 

16 93,596 

23 190,002 

26 1544 

26 10,595 

26 13,346 

36 765 

46 293 
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Figure 3. 6. Feedstock blend accessible for the analyzed scenarios at $79.07/dry ton and $85.51/dry ton. Poplar and 

eucalyptus supply proportions vary from 0.2% - 3%.  

3.5.6 Depot and Biorefinery Locations 

Figures 3.7 and 3.8 show the location of biorefineries and depots for all the scenarios at 

$85.51/dry ton target cost. The radius of the circle represents the capacities of the depots. Very 

few biorefineries were in the forest land resources of the northwest. Depots in that region also 

have a low capacity compared to the Midwest region. As we introduce the constraint on 

feedstock blending ratio, accessible SRWC increases, which is evident with the establishment of 

a higher number of biorefineries and depots in the agricultural lands of the Midwest. Similar 

graphical observations were made for scenarios with target costs of $79.07/dt, $70.31/dt and 

$67.03/dt and are included in the appendix (Figs. B.1, B.2 and B.3).  
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Figure 3. 7. Depot and biorefinery locations for 1% ash blend scenarios. 

 

Figure 3. 8. Depot and biorefinery locations for 1.75% ash blend scenarios. 

 



   

74 

 

3.6 Discussion 

3.6.1 The Potential of Woody Resources 

One of the main goals of this study was to compare the baseline scenario with FLR to the 

scenarios where we have both the SRWC and the FLR, i.e., how the blend of SRWC and FLR 

might affect the supply. The presence of SRWC markets increases the total accessible biomass to 

biorefineries from 106 to 153 and 195 M dt/year at ash targets of 1% and 1.75%, respectively. 

Thus, the total delivered feedstock could have almost a two-fold increase in the presence of 

SRWCs. Our results also indicated access to stranded resources using a distributed supply network 

of depots and biorefineries. Especially for scenarios where target cost was high ($85.51/dt), there 

were several depots that were not co-located with the biorefinery (Table 3.8). These stand-alone 

depots were able to ship preprocessed biomass to biorefineries which otherwise would have 

remained stranded. For lower target cost scenarios, a centralized system might be ideal for woody 

biomass collection since most depots and biorefineries are co-located. 

Analyzed scenarios illustrate that the maximum accessible forest residue is approximately 106 

M dt/year regardless of ash content values required at the biorefinery and of desired feedstock 

blending ratio. In the presence of SRWC markets, scenarios where biorefineries are willing to 

accept resources from either forest lands or SRWCs maximizes accessible resources. Scenarios 

with a 1% ash target had the lowest resource accessibility while the ones with 1.75% had the 

highest. This can be attributed to the combination of high ash percentage of willow and poplar 

(Table 3.6) and high feedstock availability of these resources (Table 3.2). For example, if we 

compare the scenario with no blending constraints with a cost target of $85.51/dt, the collection of 

SRWCs increased from 48 to 95 M dt/year as the ash target was increased -about a 100%. The 
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increase in willow alone was almost six-fold, from 11 to 65 M dt/year and it was the major 

contributor in increasing accessible SRWCs. 

Since short rotation woody crops are most available at a higher price compared to trees and 

residues, the lower cost targets were able to access only a limited amount of those resources. Total 

accessible resource reduction between the two cost targets was mainly due to a significant decrease 

in the supply of pine and willow. Lowering the cost target at the biorefinery by about $6 ($85.51 

to $79.07/dt) resulted in a 3% reduction of total accessible FLR in the base case, from 106 to 103 

Mdt/year. The $6 reduction in target costs was most impactful in scenarios that include SRWCs, 

resulting in 14-40% reduction in total accessible resources. The highest reduction was observed 

when comparing results for these two cost targets with 1.75% and no blend constraints; total 

accessible resources decreased from 195 to 117 M dt/year.  

With a cost target of $79.07/dry ton at the biorefinery gate, 47% of EPA’s cellulosic demand 

could be fulfilled by 2040 using corn stover and switchgrass (Hossain et al., 2021). Based on the 

analysis presented in this paper, approximately 117 M dt/year of woody resources could be 

delivered to biorefineries at $79.07/dt which addresses 33% of EPA’s target goal of 16 billion 

gallons for cellulosic biofuel. Similarly, with a target cost of $85.51/dt (a $6/dt increase), woody 

resources alone could address 55% of EPA’s target goals with 195 M dt/year. Woody resources 

can thus serve as a potential feedstock to boost the cellulosic biofuel production in the long 

simulation.  
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3.6.2 Contrasting our analysis with Previously Published Studies 

To evaluate our study with the previously published studies, we ran our model with a cost 

target of $79.07/dt using BT16 (US DOE., 2016) published SRWC data (summarized in Table 

3.10). We compared the non-competing scenario from the new price simulations data (Davis, 

2021) with the estimates for SRWCs presented in BT16. Since the baseline year for BT16 was 

2015 as opposed to the baseline year of 2018 for the new price simulations dataset (three years 

later), we compared the new simulations with estimates for year 2037 presented in BT16. 

Simulations in BT16 had an underlying assumption to limit eucalyptus development to be grown 

only in Gulf Coast states. This assumption led to low forecasted eucalyptus quantities (Table 3.10). 

Willow took over the land that was allocated to Miscanthus and switchgrass in BT16. Similarly, 

eucalyptus took over some land for Sorghum and energy cane allocated in BT16.  

Due to the large stump growth of coppice crops (willow and eucalyptus), it is costly to change 

a coppice crop land to non-coppice crop land. Therefore, counties with willow and eucalyptus 

would not be expected to go back to producing poplar and pine which is reflected in the higher 

production of coppice crops than non-coppice crops in Davis (2021) price simulations. It also has 

a lower supply of poplar compared to BT16 due to model assumptions favoring the low ash content 

pine growth out of the non-coppice crops. As expected, the total supply in the new price simulation 

without the competition in herbaceous energy crops is higher than BT16. Since BT16 (US DOE., 

2016) had availability at lower prices, the model was able to find more accessible biomass (Table 

3.11) compared to the POLYSYS price simulation scenarios (Table 3.6).  
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Table 3. 10. Available Short Rotation Woody Crops at Roadside for Year 2037 (US DOE, 2016). 

Resource 

Type 

Available Material at Roadside Price (million dt/year) 

$29/dt $39/dt $49/dt $59/dt 

Willow 0.925 5.60 23.7 31.2 

Pine 0 0 0.010 0.116 

Poplar 0 6.95 23.4 45.7 

Eucalyptus 0 0 341 0.626 

 

Most of the previous studies designing woody biofuel supply chains limited their scope to US 

states or regions. Zhang et al. (2016) developed a multi-stage, mixed integer programming model 

using multimodal transport to design forest biofuel supply chain for the state of Michigan using 

pulpwood. According to the most optimized scenario, three biorefineries were found in northern 

Michigan in the counties of Wexford, Otsego and Ogemaw considering a biofuel conversion rate 

of 40 gallons/ton (80 gallons/dt) since the assumed moisture content in the study was 50%. All 

three biorefineries had the capacity to produce 100 million gallons of biofuel/year, which translates 

to 1.25 million dry tons of feedstock collected, totaling 3.75 million dry tons of pulpwood. For the 

most optimistic condition in our analysis, ($85.51/dt cost target - 1.75% ash content with no 

feedstock blending constraint), we found four biorefineries in northern Michigan and one in 

southern Michigan. We also located biorefinery in Ogemaw and Wexford counties like Zhang et 

al. (2016) but with higher capacity (Figure 3.9). Northern Michigan mostly has forest biomass 

whereas southern Michigan has a higher supply of short rotation woody crops (Figure 3.1). Since 

we considered both forest biomass resources as well as short rotation woody crops, we were able 
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to find biorefinery locations both in northern and southern Michigan. A total of 5.77 million dry 

tons have been shipped to Michigan biorefineries in our analysis which is higher compared to 

Zhang et al. (2016) due to multiple feedstock choices, and preprocessing biomass at depots into a 

more flowable format to transport further distances. 

Table 3. 11. Analyzed scenario using available short rotation woody crops at roadside for year 2037 (US DOE, 

2016) 

Scenario 

Accessible Resources (M dry tons/year) 
Total 

accessible 

resources 

(M dry 

tons/year) 

Numb. 

of 

Depots 

Numb. of 

Biorefineries 
Forest Land Res. Short Rotation Woody Crops 

Trees Residues Pine Poplar Willow Euc 

Cost target $79.07/dry ton 

1% 

ash 

Base 

case 
88.53 14.33 N/A N/A N/A N/A 103   94 93 

75% 

FLR 
78.1 12.56 0.1 4.94 3.8 0.52 115   104 99 

50% 

FLR 
78.02 12.5 0.1 5.02 3.88 0.48 115   117 106 

No 

const. 
77.8 12.5 0.1 5.42 3.68 0.52 116   110 99 

1.75% 

ash 

Base 

case 
88.35 14.57 N/A N/A N/A N/A 103 110 91 

75% 

FLR 
67.4 10.98 0.08 11.36 9.72 0.44 133 111 109 

50% 

FLR 
55.54 9.08 0.06 20.72 14.24 0.38 161 118 112 

No 

const. 
53.94 8.8 0.06 22.6 14.22 0.36 164     73 67 
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Moreover, Zhang et al. (2016) considered only Michigan counties as supply origins. Whereas, 

in our study, biorefineries in Michigan were able to procure biomass from Illinois, and Ohio due 

to the scope of our analysis. Similarly, we compared our analysis with a case study in Mississippi 

by Ekşioğlu et al. (2009) as illustrated in Figure 3.10. Lignocellulosic biomass including corn 

stover and woody biomass (forest residues, pulpwood and sawtimber) were considered with a 

conversion rate of 80 gallons/dt. For the most optimistic scenario, a total of 170 million gallons of 

biofuel/year was expected to be produced in four biorefineries located in the counties of Newton, 

Lauderdale, Covington, and Lamar for which 2.13 million dry tons of biomass was shipped. For 

the most optimistic scenario in our study, we found four biorefineries in Lamar, Leake, Wilkinson, 

and Yalobusha counties collecting a total of 5.54 million from trees, residues, and pine. Wilkinson 

county is located on the southern end of Mississippi which is collecting biomass from Louisiana 

as it is rich in trees and residues. Consideration of large-scale biorefineries in our study increased 

the biomass accessibility compared to other studies. 
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Figure 3. 9. Comparing our analysis with Michigan case study. 

 

Figure 3. 10. Comparing our analysis with Mississippi case study 

Moreover, Xie et al. (2013) incorporated multimodal transport into a mixed integer 

programming model to design a cellulosic biofuel supply chain for California using corn stover 

and forest residues. Four biorefineries were identified, two of which were in northern California, 
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one in central valley and another one in southern California collecting a total of 545 thousand dt 

of corn stover and 2.5 million dt of forest residues. The biorefinery in central valley procured all 

the corn stover and some forest residues having the biggest capacity of 1.35 million dt/year. In our 

case, two biorefineries were selected in northern California in Del Norte and Tehama counties 

accessing a total of 2 million dt of trees and residues. Since corn stover was not a feedstock choice 

for our analysis, no biorefineries were found in the central valley. Xie et al. (2013) considered 

several transportation methods such as truck, single railcar and unit train which reduced the 

transport cost by 10.6% allowing higher biomass procurement compared to our study.  

Bacenetti et al. (2016) analyzed different clones of poplar and willow to produce woody biofuel 

in Italy using experimental field test data over 12 years. Considering higher biomass yield and 

lower environmental impact, willow had better performance than poplar for growing in Italy. 

According to our study, out of the four short rotation woody crops, willow also has the potential 

to be the major contributor in terms of supply in US lands (Figure 3.6). Like the findings of our 

study, investment opportunities for large-scale biorefinery plants utilizing wood chips have also 

been found in the UK and Finland (Natarajan et al., 2014; Sharifzadeh et al., 2015).   

Limitations of our study include using geographical distances with a winding factor of 1.2 to 

calculate the road distances for transportation. For future analysis, actual road networks can be 

used to have accurate estimation on the transportation cost. Due to computational difficulty, we 

reduced the number of candidate locations for biorefineries and depots, which may have limited 

our results. Only 20% of the counties that had woody biomass available, were used as depot and 

biorefinery candidates. Future analysis could include a larger number of candidate locations using 

high performance computing resources and/or explore other solvers and developer platforms. 
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Since the model identified very large capacity biorefineries i.e., 2.75 M dt/year, future research 

directions could include multi-modal transportation (truck and rail) to take advantage of economies 

of scale using high-capacity transportation modes.  
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Chapter 4: Uniform Format Herbaceous Feedstock: Value Added 

Miscanthus 

4.1 Introduction 

Considering the low bulk density and seasonal availability, biomass utilization is a challenging 

task involving high transportation and handling cost. It is currently transported as bales (densified 

biomass) for biofuel production which have a bulk density between 112-160 kg/m3 (Tumuluru, 

2016). Pelletization is a densification process which can create a uniform-format feedstock with 

density three to seven times greater than bales with improved feedstock qualities such as low ash 

and moisture (Sokhansanj et al., 2004).  

The current pellet industry is primarily dependent on woody biomass due to its higher qualities 

compared to pellets made from agricultural biomass (Harun & Afzal, 2015; Tumuluru, 2016). In 

2017, 96% of the pellets were derived from wood-based resources in the US (Lamers, 2017). As 

the pellet industry is on the rise, inclusion of a diverse range of pelletized feedstock is necessary 

to meet the growing demand. Global wood pellet production has increased from approximately 2 

million tons in 2000 up to 61 million tons in 2018 with US, Europe and Canada being the major 

producers as well as consumers of the world (Jaganmohan, 2021). Based on estimated biomass 

potential and as one of the largest pellet producers with a capacity of 13 million tons (US EIA, 

2021), the US is well positioned to be a pioneer nation by establishing a uniform-format 

herbaceous biomass feedstock such as Miscanthus. Pelletized Miscanthus would support a near-

term national market for animal bedding and international market for heat and power and a long-

term national biomass feedstock market for biofuels.  
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Miscanthus x giganteous, herein referred to as Miscanthus, is a high-yield energy crop that 

grows quickly and produces a crop every year without replanting. The 2016 Billion-ton Report 

(BT16) identified Switchgrass and Miscanthus as biomass with the greatest potential for growth 

and geographic overlap, suggesting a potential competition among them for expansion in a national 

biomass resource assessment (US DOE, 2016). As markets view sugars (extractable glucose and 

xylose) as a desirable biomass quality, Oyedeji et al. (2019) demonstrated that on average, 11% 

more switchgrass is needed than Miscanthus to obtain the same amount of sugars. This analysis 

was used to refine the national assessment incentivizing Miscanthus production with an 11% price 

premium. This incentive resulted in switchgrass giving way to Miscanthus at higher prices, as 

profitability of higher-yielding Miscanthus compounds with additional yield improvements over 

time (Oyedeji et al., 2019) suggesting a higher potential for Miscanthus than the one presented by 

Langholtz et al., (2016). 

4.1.1 Estimating Accessible Miscanthus Nationwide 

The primary backbone of developing miscanthus pellet industry is to ensure a sustainable 

supply in the long run. According to the BT16 report, by 2040 around 6.5 million dry tons of 

miscanthus can become available with a farmgate price of $40/dry ton (dt) which can increase to 

160 million dry tons given a farmgate price of $60/dt. The true availability will thus depend on 

multiple factors including the biomass purchase price, and the feedstock quality requirement. As 

biomass is not a conversion-ready feedstock, it has to go through complex supply chain stages 

such as harvest, collection, drying, grinding, storage, densification, and transportation. It also 

incurs high capital cost in the densification and conversion facilities making the total biofuel 

production cost higher compared to fossil fuel. And so, to offer competitive prices for biofuel, 
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there is an upper bound on how much the biofuel industry is willing to pay to purchase biomass. 

The amount of biomass i.e., miscanthus that can be collected considering cost and quality 

limitations is the miscanthus that is truly available to make it conversion-ready, what we refer to 

as the “accessible” miscanthus.  

As a part of this study, we will use an updated version of the mixed-integer linear programming 

(MILP) model developed by Hossain et al. (2021) to evaluate the accessible miscanthus 

nationwide for cellulosic biofuel production with pelletizing operations at intermediate Depot 

locations. MILP is the most widely used method for developing biomass to biofuel supply chains, 

predicting facility location and supply connections as well as evaluating logistics cost. Gunnarsson 

et al. (2004), Dunnett et al. (2008), Ekşioğlu et al. (2009) and Huang et al. (2010) have developed 

MILP models to minimize the logistics cost of the supply chain and estimate the average cost 

required to produce cellulosic biofuel. Whereas Kim et al. (2011) done profit maximization using 

an MILP model to predict the facility locations as well as the logistics cost for the cellulosic biofuel 

production in the Southeast region of the US. Majority of the studies have considered centralized 

system for biofuel production where biomass directly comes from field-side storage to conversion 

facilities (Mapemba et al., 2007; Tittmann et al., 2010; Zhu & Yao, 2011). Little research has been 

done on biofuel production using the distributed system with pelletization at intermediate Depot 

facilities, particularly for cellulosic biomass (Ng & Maravelias, 2017; Hossain et al., 2022). 

Biomass supply chain optimization on a national scale is very rare (Elia et al., 2012; Hossain 

et al., 2021). Very few studies that currently exist in literature to evaluate supply chain conditions 

for delivering Miscanthus pellets are highly region specific, mostly considering the Corn Belt. 

Shashtri et al. (2010) optimized delivery cost for miscanthus pellets for southern Illinois. Lin et al. 
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(2013) developed an MILP optimization model to minimize miscanthus-ethanol production cost 

using a distributed system. 13 counties were selected to build preprocessing facilities for 

pelletization, supplying 2 million dry tons of miscanthus to a biorefinery in Illinois with a cost of 

$220/dt, which is extremely high compared to the cost target set by the Department of Energy 

(DOE) (Hossain et al., 2021). Maheshwari et al. (2017) also designed an optimization model 

considering supply chain disruptions for the procurement of corn stover, switchgrass and 

miscanthus using Depot-based system in Southern Illinois.  

There are currently 117 pellet mills in the US for creating wood pellets (Biomass Magazine, 

2021). Co-locating herbaceous pellet mills with existing wood mills would help reduce operational 

and market risks. 81% of the annual pellet production capacity of US is situated in the Southeast. 

However, current miscanthus studies were all focused on the Corn Belt situated in the Midwest. 

To take advantage of the already existing wood-pellet mills in the US, we need to analyze the 

miscanthus pellet production considering a nationwide scenario. Moreover, corn stover and 

switchgrass will be two other major cellulosic sources alongside miscanthus (US DOE, 2016). We 

have to consider all the different feedstock as they will compete in the same market. In addition, 

these cellulosic sources will help in decreasing biomass quality variability through feedstock 

blending. No studies have been found in literature that has considered a nationwide scenario for 

US to evaluate the total amount of miscanthus pellet supply for biofuel production. This study 

aims to fill in the research gap by considering, i) A nationwide analysis, ii) Specific cellulosic 

biofuel cost target by DOE, iii) Quality requirements of blended pellets at the biorefinery, and iv) 

Multiple feedstock such as corn stover, switchgrass and miscanthus to evaluate miscanthus pellet 

production in the US.  
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According to the findings of Hossain et al. (2022), biorefineries with larger capacities can 

facilitate the collection for scenarios having higher supply. This study will create an updated 

version of the model originally developed by Hossain et al. (2021) to include large-scale 

biorefineries and multi-modal transportation facilitating larger collection regions. The BT16 

estimated that NC could produce 24% of the total Miscanthus projected in the US southeast region 

at a $60/dt farmgate price between 2022 and 2040 and at a maximum of 165 thousand dry tons per 

year (Langholtz et al., 2016). As North Carolina is the largest US pellet producer (18% of US 

production) and with the highest operational capacity (2.2 million metric tons per year) (Biomass 

Magazine, 2021), the state could leverage these wood operational resources to preprocess 

herbaceous biomass to a pellet format. We will thus also analyze the prospect of NC to produce 

miscanthus pellets in the long run.  

4.1.2 Miscanthus Pellet Production 

The process of pelletizing biomass increases bulk density, feedstock flowability, and provides 

an aerobically stable storage environment. These characteristics introduces a longer shelf-life, 

year-round feedstock availability, efficient biomass mobilization, and blending opportunities to 

meet feedstock quality specifications by different markets such as power production, domestic 

heating, animal feed and biofuel production. Pellet manufacturing process involves putting ground 

biomass under high pressure and forcing it through a round opening called a ‘die’ – a process 

known as Extrusion. While some materials having high lignin content such as wood binds together 

naturally to form pellets, agricultural biomass with low lignin content need binders (ex. water, 

starch) to ensure pellet structural integrity. Overall, pelleting is a multi-step process involving 

feedstock grinding, moisture control, extrusion, and cooling (Ciolkosz, 2009).  
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According to researchers, pellets have higher yield of liquid biofuels compared to loose 

biomass (Wolfrum et al., 2017; Kumar et al., 2012). To utilize the higher conversion rate and better 

flowability, pellets need to attain certain physical, chemical and physical properties such as low 

moisture and ash, high bulk density and durability, high heating value – some of the major quality 

requirements for end-use consumers. A higher heating value is necessary to ensure higher burning 

efficiency during combustion and lower emissions. High heating value combined with high bulk 

density determines the energy density for pellets (Kamperidou, et al., 2018). Durability is classified 

as the ability of pellets to withstand repetitive handling and it impacts the breaking and crumbling 

of pellets during transportation, and storage. It is measured using the Pellet Durability Index (PDI) 

which indicates the proportion of pellets surviving after the durability test (Mina-Boac et al., 2006). 

Lower durability increases dust/fine particles from pellet breakage which can hinder the automatic 

fuel feeding systems (Frodeson et al., 2018). High ash negatively impacts the combustion process 

due to slagging and corrosion of the boiler as it remains as a by-product after combustion (Duca 

et al., 2014). It also reduces the heating value of biomass and increases particulate emission. 

Another crucial parameter in terms of pellet quality is their length and diameter. Pellets having 

longer length can block the transport pipe of automatic feeding systems (Obernberger & Thek, 

2004). 
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Table 4. 1. Classification of pellet quality parameters according to the EN ISO 17225-2:2021 (ISO 2021). 

Parameter EN ISO 17225-2:2021 Standard values 

Size (diameter and length) (mm) 
D06: < 6 ± 0.5 mm and L < 5 D, D08: < 8 ± 0.5 

mm and L < 4 D, D10: < 10 ± 0.5 mm and L < 4 D, 

D12: < 12 ± 0.5 mm and L < 4 D and D25: < 25 ± 0.5 

mm and L < 4 D 

Moisture content (%) 
M10 ≤ 10%, M15 ≤ 15%, M25 ≤ 25% 

Durability > 97.5%, > 95.0%, > 90.0 %, 
DU97.5: > 97.5 %, DU95: > 95.0%, DU90:> 90.0 

% 

Ash (%) A0.7 ≤ 0.7%, A1.5 ≤ 1.5%, A3.0 ≤ 3%, A6 ≤ 6%, 

A6+ > 6% 

Bulk Density (kg/m3) BD550: > 550 kg /m3, BD600: > 600 kg /m3, 

BD650: > 650 kg /m3, BD700: > 700 kg /m3, 

BD700+: > 700 kg /m3 

Net calorific value/ Lower heating value 

(LHV) (MJ/kg)) 

As received 

 

Table 4. 2. Classification of pellet quality parameters according to the PFI and ISO 17225-6 standard. 

Parameter PFI Standard Values ISO 17225-

6 for industrial 

use Super 

Premium 

Premium Standard Utility 

Diameter 

(mm) 

6.35‐

7.25 

6.35‐7.25 6.35‐7.25 6.35‐7.25 6-10 

Length (mm) <38 <38 <38 <38 3.15-40 

Moisture 

content, % db 

≤ 8 ≤ 8 ≤ 10 ≤ 10 ≤ 12 

Durability, % ≥ 96.5 ≥ 96.5 ≥ 95 ≥ 95 ≥ 97.5 
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Table 4.2 Continued 

Ash, % db ≤ 0.5 ≤ 1.0 ≤ 2.0 ≤ 6.0 ≤ 6.0 

Bulk density 640‐736 640‐736 640‐736 640‐736 ≥ 600 

Net calorific 

value (MJ/kg) 

<+2% <+2% <+2% <+2% ≥ 14.5 

N, % db - - - - ≤ 1.5 

S, % db - - - - ≤ 0.2 

*PFI: Pellet Fuel Institute, ISO: International Organization for Standards, db: dry basis 

To facilitate pellet export-import between different countries, certain international standards 

were developed to define a more widely accepted pellet quality requirements so that the consumers 

can have the expected qualities in the pellets they receive and the producers know the limit of 

acceptance for their products (García-Maraver et al., 2011). Although a consistent standard across 

countries would have helped in defining a more robust quality limitations, there is a lot of variation 

across different standards (Table 4.1).  This is due to the quality variability of pellets depending 

on the properties of the raw biomass used. For example, according to the Pellet Fuel Institute (PFI) 

of the US, there are four pellet grades namely Super Premium, Premium, Standard and Utility with 

the lowest accepted durability of 95% for Utility and Standard pellets. However, according to the 

European Committee for Standardization (EN ISO 17225-2:2021) for industrial, residential, and 

international trade pellets, the lowest accepted durability is 90%. PFI defines the maximum length 

at 38 mm, while CEN specifies maximum acceptable length as either four or five times the 

diameter depending on the diameter range, with the tolerance that maximum 20% of the pellets 

(mass basis) can have a length of 7.5 times the diameter. The diameter range for the PFI is more 

precisely specified compared to CEN. Since the current global pellet industry mostly contain wood 



   

91 

 

pellets, the standards that are developed considers wood pellets generally. However, the 

herbaceous biomass pellets have lower durability and higher ash compared to wood pellets. The 

acceptable pellet quality parameters for herbaceous material are thus more relaxed. An 

international standard for general herbaceous pellets was introduced in 2014 (ISO 17225-6: 2014) 

with a more relaxed lower limit on ash, moisture as well as heating value (Table 4.1).  

Research is ongoing to produce herbaceous pellets that are of higher quality competitive with 

wood pellets. Some of the widely known quality enhancement processes include biomass blending, 

preheating, AFEX pretreatment and steam conditioning (Tumuluru et al., 2011; Hoover et al., 

2014; Harun & Afzal, 2016). According to Harun & Afzal (2015), blending agricultural biomass 

(reed canary grass, timothy hay, and switchgrass) with woody biomass (spruce and pine) 

effectively increases the pellet durability. García et al. (2019) also studied pellet performance for 

different blends of pine sawdust and eleven different non-woody biomass including miscanthus. 

While blends with 15% miscanthus and 85% pine sawdust had durability greater than the required 

ISO standard, as the miscanthus ratio was increased to 30%, durability decreased below the 

required level due to the low lignin content of miscanthus. The quality of the produced pellets is 

highly sensitive to the material properties as well as process conditions including temperature, 

pressure, length to diameter (L/D) ratio of the die, blend ratio, moisture content and particle size 

of the raw material (Mani et al., 2006; Larsson et al., 2008; Kallis et al., 2013; Tumuluru et al., 

2019). Durability and bulk density have been reported to decrease with the increase in moisture 

(Fasina, 2008; Theerarattananoon et al., 2011).  

For the last decade, research was mainly focused on woody pellets and their characterization. 

Only recently, herbaceous biomass pellets have been studied to evaluate their quality attributes 
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and effect of different pretreatment methods for quality improvement. Many studies have been 

found in literature which have evaluated the physical and chemical properties of pure miscanthus, 

pure corn stover and pure switchgrass pellets (Kallis et al., 2013; Moon et al., 2014; Tumuluru, 

2018; Fusi et al., 2021; Jasinskas et al., 2022). There have also been studies focused on woody 

biomass pellets blended with herbaceous biomass (Yancey et al., 2013; Shi et al., 2013; Harun & 

Afzal, 2015; García et al., 2019). Crawford et al. (2015) have studied pellets blending miscanthus, 

corn stover, switchgrass and hybrid poplar. However, results for properties such as durability and 

ash were not reported. To our knowledge, no studies exist that developed pellets blending 

miscanthus with herbaceous biomass (corn stover and switchgrass) and evaluated the physical, 

chemical, and mechanical properties of the blended pellets.  

Following the analytical approach of this study where corn stover, switchgrass and miscanthus 

blended pellets were considered at the depot, the experimental analysis of this study is focused on 

miscanthus pellet production blending miscanthus with either corn stover or switchgrass for 

bioenergy related technologies, economic analysis, and bioenergy production. Pure miscanthus as 

well as blends of miscanthus in ratios of 75:25 and 50:50 with both corn stover and switchgrass 

will be pelletized using a flat die pellet mill (Tumuluru, 2014). The proximate (moisture content, 

volatile matter, fixed carbon, and ash content) and ultimate (composition of biomass in % weight 

of carbon, oxygen, hydrogen, sulfur, and nitrogen) analyses will be evaluated followed by physical 

and mechanical properties as well as heating value calculation. The findings of the experimental 

study will answer the following question for the herbaceous biomass blended pellets – 

i) What are the ranges for the crucial quality parameters such as durability, moisture, ash, 

bulk density, and heating value? 
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ii) How does blending of different herbaceous biomass affects the physical, chemical, and 

mechanical properties? 

iii) Is there any correlation between the pellet properties and production parameters?  

4.1.3 Objective 

The overall goal of this study is to leverage computational modeling for data-driven decisions 

in value-added chains for bioenergy production as well as address performance and productivity 

data collection, curation, and analysis of miscanthus varieties in the US. The measurable research 

objectives of this study can be summarized as follows –  

1. Evaluate nationwide accessible miscanthus considering feedstock variability through 

different herbaceous feedstock and cost of delivering on-spec value-added miscanthus in a 

pellet format to a long-term national biomass feedstock market for biofuels.  

2. Techno-economic feasibility of herbaceous pellet production in NC. 

3. Construct a national database with the county-level capacity and location for densification 

and conversion facilities utilizing herbaceous feedstock.  

4. Develop herbaceous pellets for analysis as methods to transport and store new varieties of 

Miscanthus: Dry, grind and densify miscanthus into pellets blended with corn stover and 

switchgrass and conduct proximate and ultimate analyses. This objective is crucial to 

understanding biomass variability, quality, blend options and its impacts. Additional 

biomass preprocessing and parameters identified in this study include but are not limited 

to: throughput (dry ton/hour), and operating conditions (die temperature, L/D ratio).  
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5. Analyze the key quality metrics such as durability, ash, moisture, bulk density, and heating 

value of developed miscanthus pellets compared to the international ISO standard ISO 

17225-6 for herbaceous pellets.  

4.2 Supply Chain Model Formulation 

For the analytical study, we leveraged our published optimization model that maximizes 

biomass accessible to a conversion facility while meeting a set of biomass characteristics or quality 

specifications for conversion, cost, and capacity constraints (Hossain et al., 2021). Analysis was 

performed using biomass projections for the year 2030 and 2040 in the base case scenario of the 

2016 Billion Ton Study (US DOE, 2016). Work published by Hossain et al. (2021) included the 

analysis of delivering corn stover and switchgrass to facilities across the contiguous US. For our 

study, we incorporated miscanthus in the optimization model. In the original model developed by 

Hossain et al. (2021), the biorefinery sizes were assumed to be constant at 725,000 dry tons and 

only trucks were used as transportation mode. For our study, we developed an updated version of 

the model including multi-modal transport with both truck and rail transportation. We considered 

varying size biorefineries with larger capacities from 725,000 to 2.9 million dry tons/year due to 

the combined supply of corn stover, switchgrass and miscanthus (Table 4.1). Following the DOE 

targets (Davis et al., 2013), we used the short-term cost target of $79.07/dt and the long-term cost 

target of $71.26/dt to compare the outcomes of this study with our previous work where miscanthus 

was not a supply option.  

Biomass is considered to be preprocessed to pellets blending the materials coming in at the 

depot. A maximum of 80 miles is considered for the distance between field-depot. After 

pelletization, biomass can have a maximum distance of 300 miles if going by truck from a depot 
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to a biorefinery. There is no upper limit on transportation by train. However, a lower limit of 300 

miles has been put if shipped via rail due to economic considerations (Gonzales et al., 2013). Since 

rail is a transportation option now, counties have been identified from literature where there is 

option for transferring biomass from truck to train and vice versa (US Bureau of Transportation 

Statistics, 2011).  

Table 4. 3. Nationwide supply input including corn stover (CS), switchgrass (SW), and miscanthus (MS). 

Year Feedstock Available biomass (million dry tons) based on farmgate prices ($/dry 

tons) 

$30 $40 $50 

2030 CS 16.7 36.1 116 

SW 0 4.05 59.1 

MS 0 2.17 18.1 

2040 CS 32.7 44.5 144 

SW 0 27 142 

MS 0 6.51 77.6 

 

4.3 Experimental Method 

4.3.1 Initial Challenge  

The first set of experiments to pelletize miscanthus blends were conducted in Weaver 

Laboratory at the Department of Biological and Agricultural Engineering at North Carolina State 

University (NCSU) in Raleigh, North Carolina. Harvested and field chopped miscanthus from the 

Williamsdale field in North Carolina were used for pelletization. The main equipment required for 

pelletization, Colorado Mill Equipment ECO-10 pellet mill, can only be operated outside of the 
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Weaver Laboratory building. High humidity and high temperature weather conditions between 

July and September 2021 contributed to excess heating of the pellet mill die which resulted in 

flaky pellets, materials being powdered, and materials getting stuck inside the die (Figure 4.1). 

When weather conditions became favorable, October 2021, experiments were carried out again. 

However, the die, rollers, roller shaft, and bearings in the Colorado Mill Equipment ECO-10 

prematurely failed which might have been deformed from previous experiments. Given the 

technical challenges in the past experiments, the die, rollers, roller shaft and bearings were 

replaced. Pelletization was performed again in June 2022 using the new equipment which resulted 

in another failed attempt. It might have been caused due to the engine of the pellet mill being 

faulty, and/or the electricity connection powering the equipment not being sufficient to run the 

motors of the pellet mill to their full capacity.  

 

Figure 4. 1. Initial experiments at NCSU 

After multiple failed attempts at Weaver Labs of NCSU, the pelletization was carried out at 

the Process Development Unit (PDU) of the Biomass Feedstock National User Facility (BFNUF) 

in Idaho National Laboratory (INL) in Idaho Falls, ID. The materials and equipment of INL was 

used as a collaboration between INL and NCSU. INL also had the same pellet mill, Colorado Mill 
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Equipment ECO-10 (Figure 4.2) which was used for the experiments with added capabilities such 

as operating the equipment inside the building, using automatic feeder, having precise control over 

the clearance between the roller and the die as well as having dies with various specifications 

depending on the requirement of the material to be pelleted.   

4.3.2 Sample Preparation 

Three different types of lignocellulosic materials have been used for the pelletization including 

Miscanthus (MS), Corn stover (CS) and Switchgrass (SG) that were available at INL’s biomass 

feedstock inventory. Miscanthus was harvested in Tifton, Georgia in 2014 and was chopped into 

1 inch material using a Claas Forage Chopper during harvest. Multi-pass corn stover was harvested 

in Story County, Iowa in October 2014 and the switchgrass was harvested in Garvin County, 

Oklahoma in 2012. INL received bales of harvested corn stover and switchgrass which were 

processed using two-step griding. The materials were first passed through a 2-inch sieve using a 

Vermeer BG480 grinder followed by a 1-inch sieve using a Bliss hammer mill. The proximate, 

ultimate and calorimetry analysis of each of these materials were done at INL (Table 4.4). The 

three pure feedstocks were finally grounded to ¼ inch using a Bliss hammer mill and were used to 

create different blended feedstock materials. 
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Table 4. 4. Proximate, ultimate, and calorific values of chopped samples (dry basis). 

 Parameter CS SW MS 

Proximatea  %Volatile 77.82 80.2 85.53 

%Ash 6.91 4.2 1.4 

%Fixed 

Carbon 

15.27 15.6 13.06 

Ultimateb %Oxygen 48.05 46.6 43.3 

%Hydrogen 5.59 5.7 5.85 

%Carbon 45.74 47.2 50.64 

%Nitrogen 0.62 0.5 0.21 

Calorimetryc HHV (MJ/Kg) 18.55 18.79 19.75 

LHV (MJ/Kg) 15.31 15.7 16.45 

a Proximate analysis was done according to ASTM D 5142-09 

b Ultimate analysis was conducted using a modified ASTM D5373-10 method 

c Heating values (HHV, LHV) were determined with a calorimeter using ASTM D5865-10 

Since our major goal was to analyze the characteristics of pelletized Miscanthus, it was used 

as the primary material. Different blends were prepared using different Miscanthus proportions 

(Fig. 4.2). The initial moisture of the blended materials ranged between 6-7%. To prepare the 

blended materials, water was added to each of the blend to increase the moisture to approximately 

20% (Table 4.5). The moisture content of 20% was selected based on the previous experiments of 

successful lignocellulose biomass pelletization at INL.  

Moisture was measured for the blended samples before pelletization (Table 4.5). Prior to 

pelletization, biomass moisture content was determined in triplicate samples using loose ground 

feedstock according to ASTM E1756-08. The moisture of the blends was slightly off from the 
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target which might have been caused due to the sampling error of the initial moisture 

measurements of the original samples before blending.  

Table 4. 5. Miscanthus blend specifications. 

Sample # Blend Moisture Content blended samples (%) 

1 100% MS 18.59 ± 0.04 

2 75% MS; 25% CS 19.83 ± 0.10 

3 50% MS; 50% CS 21.33 ± 0.78 

4 75% MS; 25% SW 16.83 ± 0.15 

5 50% MS; 50% SW 20.50 ± 0.04 

 

4.3.3 Pelleting Process 

Ground miscanthus blends were pelletized using a Colorado Mill Equipment ECO-10 (Fig. 

4.3). Automatic feeder was used to feed the pellet mill to maintain a constant feed rate which 

would allow for more homogeneous quality pellets (Fig. 4.3). The feeder had a controller with 

values ranging from 1-8 where the maximum value 8 signifies 190 grams of material feed per 

minute. Depending on the sample type, feed rate for our experiment varied from 60 grams/minute 

upto 125 grams/minute. Diameter of the die was 6 mm, and it has a length to diameter (L/D) ratio 

of 2.0. The L/D ratio was chosen on a trial-and-error basis. At the beginning, two separate 

pelletization experiments resulted in failed attempts using dies having L/D 3.6 and L/D 2.6. When 

the die size was reduced to L/D 2.0, the pelletization of miscanthus was successful. The clearance 

between the roller and the die was set at 1/7000 inch.  
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Figure 4. 2. Different miscanthus blends. 

 

Figure 4. 3. Pellet mill with automatic feeder. 

Before pelletization of each sample, the pellet mill was run with oats straw for around three 

minutes to heat up and clear the die of any excess materials from previous experiments (Fig. 4.3). 
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After putting oats, the initial temperature was recorded 99F. Within 15 minutes of pelletizing 

miscanthus sample materials through the die, temperature was increased to around 191F after 

which the pellets were becoming flaky and worse in quality. For each sample blend, pellets were 

collected for the first 15 minutes when the die was within favorable temperature limit. Pellets 

produced within the first two minutes of putting miscanthus blends were transitional pellets 

containing both oats and sample blend. Pure miscanthus blended pellets were collected for around 

12-13 minutes. After collection from the mill, the pellets were kept in an open container for two 

hours for drying. Instantly bagging the pellets would degrade their quality as they could become 

soggy form the excess moisture. To observe the moisture loss due to the pelletization process as 

well as to understand the pellet quality, moisture of the pellet samples was measured similarly as 

the loose samples.  

4.3.4 Pellet Quality Measurement 

The moisture content of the pellets was measured in the similar way as the loose biomass 

samples mentioned in section 1.2 (Table A.1). Durability of the pellets was measured using the 

tumbling box method. It is the most popular and accepted standard in the pellet industry in US. In 

this method, the pellets are first sieved to remove any finer grounds. They are then placed in a box 

which rotates for 10 minutes at a speed of 50 rpm. After rotation the pellets are sieved again to 

acquire only the pellets that have retained after the tumbling. The pellet durability index (PDI) is 

calculated using the following equation –  

PDI =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑒𝑙𝑙𝑒𝑡𝑠 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑢𝑚𝑏𝑙𝑖𝑛𝑔

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑒𝑙𝑙𝑒𝑡𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑢𝑚𝑏𝑙𝑖𝑛𝑔
∗ 100%                                 (4.1) 

For our experiment, we used a Gamet Automatic Sampling Equipment for the tumbling (Fig. 

4.4). It has four boxes which can test four samples together at the same time. The samples were 
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sieved using a 4.75 mm US Standard Testing Sieve. Each of the samples were divided into four 

sets weighing 100g per set. The samples were sieved and the weight of the sieved samples before 

tumbling was taken. After tumbling, the four set of samples were sieved again and the pellets that 

survived were weighed. The samples were divided into four sets to have an estimate on the 

standard deviation of the PDI for each sample (Table A.2).  

 

Figure 4. 4. Tumbling box for pellet durability test. 

The produced pellets were sent to the Hazen Research lab in Golden, Colorado for the ultimate 

analysis, proximate analysis, and heating value determination. The pellet samples were first ground 

in the lab and then analysis was performed. Proximate analysis, ultimate analysis and heating value 

were determined according to ASTM D5142-09, ASTM D5373-10 and ASTM D5865-10 

respectively.  

Pellet density was measured using a weighing scale which is capable of measuring ±10 mg. A 

known volume container was used to fill it with the pellet samples, and then take the weight. 

Density was calculated dividing the weight of pellet sample by the volume of container. The 

dimensions of the pellet i.e., length and diameter were measured using a slide calipers. From each 

sample, 30 different pellets were randomly taken to measure the length and diameter.  



   

103 

 

4.4 Results 

4.4.1 Hebaceus Pellet Supply Chain Model 

For the analytical process, the original model developed by Hossain et al. (2021) and the 

updated version developed in this study was implemented using the supply curve including corn 

stover two pass and three pass, switchgrass and miscanthus. Three different scenarios were 

considered including S1) 2030 at $71.26/dt, S2) 2030 at $79.07/dt, and S3) 2040 at $79.07/dt. To 

understand the effect of adding miscanthus into the nationwide supply chain as well as 

incorporating higher capacity biorefineries with multi-modal transportation, results of both runs 

were compared to the original study by Hossain et al. (2021) which will be referred to as the base 

case model (M1) in this study. The other two modeling conditions will be referred to as the M2 

and M3 with M3 being the updated model version using multimodal. With a cost target of 

$79.07/dt, adding miscanthus with corn stover and switchgrass increased the total accessible 

biomass by 17% and 1% for year 2030 and 2040 respectively (Table 4.6). With the lower target 

cost of $71.26/dt, miscanthus increased the supply by 3% (Table 4.6). However, the increase in 

accessible biomass resources was significantly high when the updated model was implemented for 

larger biorefineries with rail access. With the $79.07/dt cost target, total collected biomass jumped 

to 139 million dry tons for 2030 and 280 million dry tons for 2040 which is approximately 51% 

and 67% higher than the base case. For cost target $71.26/dt, the collected biomass increased by 

38% compared to base case.  
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Table 4. 6. Comparing scenarios with different modeling conditions. 

Scenario Modeling 

condition 

Feedstock No. of 

Depots 

No. of 

Biorefineries 

Biomass 

Collected (Mdt) 

2030 at 

$71.26/dt 

Base case model 

(M1) 

CS2P, CS3P, 

SW 

80 41 30 

Base case model 

adding MS 

(M2) 

CS2P, CS3P, 

SW, MS 

77 43 31 

Updated model 

(M3) 

CS2P, CS3P, 

SW, MS 

107 36 41 

2030 at 

$79.07/dt 

Base case model 

(M1) 

CS2P, CS3P, 

SW 

204 127 92 

Base case model 

adding MS 

(M2) 

CS2P, CS3P, 

SW, MS 

230 163 118 

Updated model 

(M3) 

CS2P, CS3P, 

SW, MS 

276 142 139 

2040 at 

$79.07/dt 

Base case model 

(M1) 

CS2P, CS3P, 

SW 

305 231 168 

Base case model 

adding MS 

(M2) 

CS2P, CS3P, 

SW, MS 

325 238 173 

Updated model 

(M3) 

CS2P, CS3P, 

SW, MS 

481 217 280 

 

Figures 4.5, 4.6 and 4.7 shows the maps with location of depots and biorefineries under 

different modeling conditions for scenarios S1, S2 and S3 respectively. The supply curve for these 

maps was generated using the average supply of corn stover, switchgrass and miscanthus for price 

$30, $40, and $50 in each county. For all the scenarios, as MS was added to the base case supply 
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keeping the biorefinery size fixed at 725,000 dt/year, more biorefineries received biomass within 

the target cost due to the higher supply. There was also development of new biorefineries in the 

regions where MS was a major supply source. Although total collected biomass increased in case 

of the updated model, fewer biorefineries were built compared to the previous run. This is due to 

the establishment of bigger size biorefineries having two-fold, three-fold, and four-fold the size of 

725,000 dry tons/year. The increase in biorefinery size is evident from the size of the depots that 

are co-located with those biorefineries (Figs. 4.5, 4.6, and 4.7). Due to the benefit of rail 

transportation over longer distances, facilities were also established in California.  

 

 

Figure 4. 5. Depot and biorefinery locations in the US for year 2030 at $71.26/dt cost target with three 

different modeling conditions, M1) Base case using CS2P, CS3P and SW; M2) Base case using CS2P, CS3P, SW 

and MS; M3) Updated model using CS2P, CS3P, SW and MS. 
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Figure 4. 6. Depot and biorefinery locations in the US for year 2030 at $79.07/dt cost target with three different 

modeling conditions, M1) Base case using CS2P, CS3P and SW; M2) Base case using CS2P, CS3P, SW and MS; 

M3) Updated model using CS2P, CS3P, SW and MS. 

 

Figure 4. 7. Depot and biorefinery locations in the US for year 2040 at $79.07/dt cost target with three different 

modeling conditions, M1) Base case using CS2P, CS3P and SW; M2) Base case using CS2P, CS3P, SW and MS; 

M3) Updated model using CS2P, CS3P, SW and MS. 
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To understand how the counties are utilizing the multimodal transportation and using the 

option of rail access in the updated model, transportation modes for each county with a biorefinery 

were plotted against the total supply to that county i.e., supply from all the depots to the biorefinery 

in that county (Fig. 4.8). Biorefineries received a major share of their biomass from a co-located 

depot, approximately 84%, 94% and 96% for scenarios S1, S2 and S3 respectively. For the lower 

cost scenario, 10% of the biorefineries received all its biomass from a co-located depot. Remaining 

biorefineries used either truck or rail or both, with 10% of the total biorefineries having rail 

transportation. However, only 5% of the biorefineries used rail for scenarios with higher cost 

target. 15% and 7% of the biorefineries did not use any transportation receiving all its biomass 

from a co-located depot for scenarios S2 and S3 respectively.  

The impact of adding miscanthus in the biomass supply was analyzed using the feedstock ratio 

in different scenarios for the three modeling conditions (Fig. 4.9). For the lower cost scenario (S1), 

no major change was observed in the collection of miscanthus due to the addition of multimodal 

transport and larger size biorefineries (M3). Miscanthus collection remained between 2-3 million 

dry tons for this scenario which represents approximately 8% of the total accessible resources. 

Similarly, for the higher cost scenario in 2030, miscanthus collection remained somewhat closely 

for both modeling conditions M2 and M3. Originally 10 million dry tons was collected for M2 

which increased to 14 million for M3 due to the updated transport and facility size. In the later 

year 2040, miscanthus collection increased two-fold due to the additional transport and facility 

size benefits (M3), from 27 million dry tons to 54 million dry tons.  
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(a)                                                                   (b) 

Figure 4. 8. Transportation modes in different scenarios using the updated model (M3) for, (a) all biorefineries and 

(b) biorefineries which used rail. 

 

Figure 4. 9. Feedstock proportion in the three scenarios for modeling condition, M1) Base case using CS2P, CS3P 

and SW; M2) Base case using CS2P, CS3P, SW and MS; M3) Updated model using CS2P, CS3P, SW and MS. 
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4.4.2 Experimental 

Fig. 4.10 shows the miscanthus blended pellets made using the 6 mm pellet die. Several pellet 

quality parameters such as moisture content, durability, density, length and diameter, heating 

value, proximate and ultimate analysis were recorded for the miscanthus blended pellets. 

Durability indicates the mechanical property whereas moisture content, bulk density, length and 

diameter determines the physical properties of the pellets.  

 

Figure 4. 10. Developed pellets with different miscanthus blends. 

 

The moisture content before and after pelletization can be observed from Figure 4.11. For all 

the pellet samples, moisture content decreased after pelletization due to the heating of the die and 

water vaporization. The moisture loss was highest, around 17% for (50% MS, 50% CS) sample 

due to the high initial moisture. For all the other samples, moisture drop was approximately 

between 8-11%. The moisture of the final pelleted feedstock was low ranging between 7-12%. The 
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bulk density was found to be highest for the pure miscanthus pellets and lowest for the (75% MS, 

25% CS) mix (Table 4.7). However, density of the samples were within the range of 564-633 

kg/m3. Diameter of the pellets were slightly above or below 6 mm which was the diameter of the 

die. The length of the pellets varied from 34.27 and 41.04 mm. And the variation of length within 

each sample is statistically significant.  

Table 4. 7. Bulk density, length, and diameter of the pellet samples. 

Sample # Blend Density (kg/m3) Length (mm) Diameter (mm) 

1 100% MS 633 34.27 ± 10.64 5.97 ± 0.16 

2 75% MS; 25% CS 564 34.67 ± 10.93 6.07 ± 0.27 

3 50% MS; 50% CS 627 41.04 ± 14.00 5.99 ± 0.16 

4 75% MS; 25% SW 623 34.82 ± 8.37 6.00 ± 0.13 

5 50% MS; 50% SW 606 36.23 ± 11.60 5.96 ± 0.12 
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Figure 4. 11. Moisture loss during palletization 

The ultimate analysis (Fig. 4.12) and proximate analysis (Fig. 4.13) values show the elemental 

composition of the miscanthus blend pellets i.e., carbon, oxygen, hydrogen, nitrogen, and sulfur 

as well as the ash, fixed carbon, and volatile content. Oxygen, carbon, and hydrogen together 

comprise most of the pellet composition, approximately 94.78 – 96.74% with very small amount 

of sulfur and nitrogen. The sulfur and nitrogen content were within 0.08% and 0.66% respectively 

which is an essential quality required for pellets during combustion. Higher sulfur and nitrogen 

content increase emission risk of toxic nitrogen oxide (NOx) and corrosion of the boiler due to the 

formation of sulfur dioxide (SO2) (Harun et al., 2021). The C+H content of the pellet samples were 

approximately 52-53% without much variation within the samples, and it was higher than the O 

content which was approximately 42-43%. Higher C+H content than O content is a preferred 

attribute for pellets used in pyrolysis and gasification to produce biofuel (Harun et al., 2015). The 

volatile content of the samples was found to be high, ranging between 79.5-82.5%, which 

negatively influences the combustion quality of the pellets. Although they had high volatile 

content, the fixed carbon was also high between 15-17% due to the moderately low ash content. 

Ash was found to be highest for 75% MS, 25% CS sample and lowest for the 100% MS sample 

due to the low ash of the raw material (Table 4.4).  

One of the major takeaways from the durability test is that miscanthus pellets have the most 

durability, when blended at a 50/50 ratio with corn stover (CS) and switchgrass (SW) – in that 

order- as illustrated in Figure 4.14. It went as high as 94.43% for the (50% MS, 50% CS) blend. 

When the ratio of miscanthus was high such as pellets of pure miscanthus or having 75% 

miscanthus, the average PDI index of the pellet sample was as low as 82.12% (Fig. 4.14). 
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Figure 4. 12. Ultimate analysis values of pelletized samples (dry basis). 

 

Figure 4. 13. Proximate analysis values of pelletized samples (dry basis). 
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Figure 4. 14. Pellet durability index (PDI) of the samples. The red lines indicate the minimum required durability 

according to different standards. 

 

According to Fig. 4.15, the higher heating value (HHV) and lower heating value (LHV) of the 

pellet samples did not show significant differences. HHVs were closer to 18 MJ/kg which is well 

within the required range of high-quality pellets (García-Maraver et al., 2013). The LHV was 

approximately 1.5 MJ/Kg lower than the HHV for the pellet samples. We have also analyzed if 

the pellet properties are correlated to production parameters. The Pearson correlation index was 

used to generate the correlation matrix among different properties and production parameters 

(Table 4.8). Any value greater than |±0.8| was considered as a strong correlation between two 

parameters (marked in red and bolded in Table 4.8) i.e., more than 80% of the parameter values 

were found to affect each other. Durability has been found to be positively related to moisture and 

negatively related to H content, whereas density was dependent on ash, C and O content. As 

expected, higher LHV was found in samples with higher C content. Moreover, ash content is higher 

for samples with lower O and C content. There is also strong correlation between the density and 
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diameter of the pellets. Pellets having smaller diameter have been found to have higher density. 

Parameters such as sulfur, nitrogen, fixed carbon and length did not have strong correlation with 

any of the quality parameters and therefore were omitted form the correlation table.  

Table 4. 8. Correlation matrix of pellet quality parameters. 

  Ash Volatile Durability C H O Moisture BD LHV D 

Ash 1.00 

         

Volatile -0.68 1.00 

        

Durability 0.45 -0.60 1.00 

       

C -0.95 0.45 -0.40 1.00 

      

H -0.71 0.86 -0.87 0.56 1.00 

     

O -0.94 0.81 -0.50 0.79 0.84 1.00 

    

Moisture 0.31 -0.64 0.87 -0.25 -0.70 -0.31 1.00 

   

Density -0.99 0.61 -0.31 0.95 0.61 0.91 -0.18 1.00 

  

LHV -0.65 0.01 -0.02 0.83 0.04 0.35 -0.03 0.70 1.00 

 

D 0.77 -0.32 0.01 -0.70 -0.39 -0.78 -0.32 -0.81 -0.43 1.00 

C = carbon, O = oxygen, H = hydrogen, BD = Bulk density 
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Figure 4. 15. Higher heating value (HHV) and lower heating value (LHV) of pelletized samples. 

4.5 Discussion 

Two of the major objectives of this study was to identify the potential of miscanthus to produce 

pellets for biofuel conversion nationwide. And, to analyze the quality characteristics of miscanthus 

pellets either in pure form or blended with other herbaceous biomass in different proportions. 

According to our modeling results, for the most optimistic scenario in 2040 with a cost target of 

$79/dt, miscanthus has the potential to supply an additional 54 million dry tons. Considering a 

biofuel yield of 44.8 GGE/dt, 54 million represents 15% of the EPA’s cellulosic biofuel production 

goal (Hossain et al., 2021). The analytical results from our optimization model also shed light on 

which locations will be the hot spot for producing miscanthus pellets in the short-term (2030) and 

long-term (2040). Observing the predicted amount of feedstock collected from the fields of 

different states in 2030 and 2040 (Fig. 4.16), some of the key locations for producing miscanthus 

pellets include Illinois, Kansas, Missouri, North Carolina, Oklahoma, Georgia and Texas. Our 
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model predictions also indicate that miscanthus shipments will only use truck transportation since 

the states that used rail such as North Dakota, South Dakota, Nebraska, Minnesota, and California 

(Fig. 4.8) do not have miscanthus supply. 

 

Figure 4. 16. Feedstock collected from fields of different states for modeling condition M3 within cost target of 

$79/dt for 2030. 

 

Figure 4. 17. Feedstock collected from fields of different states for modeling condition M3 within cost target of 

$79/dt for 2040. 

Another goal of this study was to analyze how we can utilize the current wood-pellet mills to produce 

miscanthus pellets, especially in NC since it is the largest pellet produced in the US. According to a 2017 
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industry report (IEA Bioenergy Task 40), most of the country’s mills are situated in the Southeast and NC 

currently has the capacity to produce 1.62 million tons per year in the three pellet plants of Enviva located 

in Duplin County (Enviva-Sampson), Richmond County (Enviva-Hamlet), and Hertford County (Enviva-

Ahoskie) (Fig. 4.16). The capacity of such facilities can be expanded to make additional pellets using 

cellulosic resources, decreasing the cost of establishing any new facility. For example, our model predicted 

a total of 290,000 dry tons of miscanthus can be supplied to a depot at the Duplin County by 2040 where 

there is already an Enviva pellet facility established. Other potential counties in NC having the supply of 

miscanthus include Columbus, Cumberland, Halifax, Wake and Wilson. Similar observations can be made 

for the other states having a high supply of cellulosic resources (Fig. 4.5, 4.6 and 4.7). Compared to using 

only corn stover and switchgrass, inclusion of miscanthus can facilitate one additional biorefinery in NC 

by 2030 and two additional biorefineries by 2040 within a target cost of $79/dt (Fig. 4.6).  

 

              Figure 4. 18. Current wood pellet plants in the Southeast US. (Source: Southern Environmental Law 

Center). 

Biomass blending is one of the key features of the optimization model developed in our 

previous work (Hossain et al., 2021). The model solves for scenarios where the blended feedstock 
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will have qualities required by the biorefinery. Similarly, the analytical approach of this study also 

creates feedstock blends of corn stover, switchgrass and miscanthus. As observed from our results, 

due to the supply variation in different counties, the feedstock blends will also vary in different 

depots (Fig. 4.18). One of the assumptions in our study refers to specific qualities of the blended 

pellets depending on the qualities of raw feedstock materials and the proportion that they were 

mixed. Our experimental results confirm that blending of different biomass materials can help in 

attaining better pellet qualities compared to the loose raw materials. For example, pure miscanthus 

pellets have very poor durability, below 82% (Fig. 4.14). When miscanthus was mixed with corn 

stover or switchgrass, durability was increased beyond 94%.  

Compared to switchgrass, corn stover particles are more spherical in shape having a higher 

surface area which results in higher density and durability in pellets. Our results also indicate that 

pellets having corn stover have higher durability than pellets with switchgrass (Fig. 4.14). 

Although the density values are not consistent with the analogy which might have been caused due 

to measurement error resulting from the use of very small container (100 ml) and lack of enough 

samples. Studies also found that the durability of pellets can depend on the moisture content, and 

elemental composition of the raw biomass (Kaliyan & Morey, 2009; Arzola et al., 2012). We found 

moisture content and hydrogen content affecting the durability of the miscanthus blended pellets 

(Table 4.6). Studies identified that density could depend on the pelleting process conditions such 

die diameter, temperature, and pressure (Tumuluru et al., 2018, Gilbert et al., 2009). In our study, 

density has been identified to increase as the ash decreases (Table 4.8). Pure miscanthus, pure 

switchgrass and pure corn stover pellets were reported to have densities from 560 to 700 Kg/m3 

which is similar to density values observed in our pellet samples (Hoover et al., 2014; Moon et al., 

2014; Tumuluru et al., 2022). Bales of perennial grasses such as miscanthus and switchgrass have 
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average bulk density between 159 – 172 kg/m3 (Shinners et al., 2010; Jun et al., 2014). Results 

from Table 4.5 confirm that pelletizing can achieve approximately four-fold increase in the bulk 

density saving significant logistics cost.  

The physical, mechanical, and elemental properties of the pellet samples have been compared 

to the standard ISO 17225-6 for the non-wood pellets (Table 4.9) to determine how well the pellets 

adhere to the required export quality standards for international markets and to use for national 

biofuel conversion, domestic heating and animal feed. All the samples met the required standard 

in terms of sulfur, nitrogen, LHV and ash. However, the (50% MS, 50% CS) pellets have an 

average length longer than required. The pure miscanthus pellets and the pellets having 50/50 ratio 

are slightly below the required diameter and smaller than the die hole (6mm). Due to high pressure 

inside the die, the moisture content as well as the particle size can be reduced which contributes to 

the reduction of the diameter and length expansion (Poddar et al., 2014). The (75% MS, 25% CS) 

pellets have slightly bigger diameter than the die hole (6 mm) which indicates expansion of the 

pellets after coming out of the die due to the absence of applied heat, resulting in a weaker bonding 

of the particles. All the pellet samples have a low moisture content as per the standard except for 

the (50% MS, 50% SW) sample. During the pelleting process, water was added to the biomass 

blend inside the die manually as the die was getting hot. The higher moisture indicates that sample 

with 50% switchgrass required water addition during the pelleting process to decrease the die 

temperature. The bulk densities are all within range except the (75% MS, 25% CS) sample which 

might have been caused due to the higher ash (Table 4.9).  
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Table 4. 9. Pellet quality comparison for cellulosic biomass pellets with ISO 17225-6 standard. 

 D 

(mm) 

L 

(mm) 

Ash (% db) MC (% db) Du 

(%) 

LHV 

(MJ/Kg) 

BD 

(Kg/m3) 

S (% 

db) 

N (% 

db) 

ISO 17225-6 

standard 

6-10 3.15-40 ≤ 6 ≤ 12 ≥ 97.5 ≥ 14.5 ≥ 600 ≤ 0.2 ≤ 1.5 

Sample 

100% MS 5.97  34.27  2.61 7.12 82.12 16.53 633 0.07 0.57 

75% MS; 

25% CS 

6.07  34.67  4.62 8.57 89.84 16.25 564 0.07 0.53 

50% MS; 

50% CS 

5.99  41.04  3.04 9.87 94.43 17.08 627 0.08 0.66 

75% MS; 

25% SW 

6.00  34.82  2.92 7.30 82.30 17.11 623 0.07 0.42 

50% MS; 

50% SW 

5.96  36.23  3.59 12.45 94.00 16.63 606 0.06 0.55 

MS = Miscanthus, SW = Switchgrass, CS = Corn stover, D= diameter, L = length, MC = moisture 

content, BD = Bulk density, Du = Durability, db = dry basis. 

 

High durability is often regarded as one of the most important qualities of pellets for exporting 

to longer distances so that they do not break during transportation and handling. None of the pellet 

samples of this study have durability above the required ISO standard, 96%. There are some 

standards which accepts pellets with lower durability such as >95% for utility pellets according to 

the Pellet Fuel Institute and >90% in the European EN ISO 17225-2:2021. The samples with the 

lowest miscanthus ratio might be acceptable according to those standards. The parameter which 

might have influence on the poor durability is the low lignin content (Table 4.2) in the 

lignocellulosic biomass which acts as a binder during pelletization.  Literature studies also reported 
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poor durability (< 90%) for pellets containing lignocellulosic biomass such as switchgrass (Harun 

et al., 2015; Kaliyan, & Morey, 2006; Tumuluru, 2019).  

Although, we have found very poor durability for miscanthus blended pellets, some studies 

have reported durability more than 95% for pure miscanthus pellets (Kallis et al., 2013; Moon et 

al., 2014). This might have been caused due to the crop variety used. The perennial grasses such 

as miscanthus and switchgrass can have different varieties grown in different regions and/or under 

specific conditions. Some of the known varieties of miscanthus in the US include Freedom variety, 

Nagara variety and the industry standard Miscanthus x giganteus ‘Illinois’ clone. Other factors 

creating differences in the pellet qualities include external heat applied to the die, die pressure, 

particle size and raw material moisture. One of the biggest challenges that we faced during 

pelletization was the overheating of the dye. Multiple experiments resulted in flaky pellets due to 

die overheat. Die temperatures went as high as 195F while pelletizing. However, analyzing the 

impact of process conditions such as die temperature and pressure were beyond the scope of this 

study and can be included in the future steps. Further research is needed to identify which are the 

key factors that are causing quality concern such as poor durability and higher ash content in our 

study and which conditions need to be improved when making miscanthus blended pellets.   
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Chapter 5: Conclusion 

A mixed-integer linear programming model has been developed to design the cellulosic 

biomass supply chain network using both single mode transportation (truck) and multi-modal 

transportation (Truck and Rail) identifying the location and capacity of both mid-scale as well as 

large-scale depots and biorefineries nationwide for biofuel production. Considering the contiguous 

US instead of doing a state specific analysis increased the computational complexities of the MILP 

model. However, it allowed to overcome the limitations of political boundaries which would 

impose a constraint of transferring biomass from one state to another. Hence, facilitating 

managerial decisions to invest capital in locations that will have a higher feedstock supply 

resilience. Findings from this dissertation also demonstrated how a distributed network of depots 

across the whole US can facilitate managerial and operational decisions by increasing supply 

resiliency to a biorefinery with uniform-format stable cellulosic resources. It was able to make 

tactical (short-term) decisions regarding how much biomass should be collected from each node 

(counties) and the amount shipped between each node of the supply chain. The robustness of the 

model results and conclusions are subject to the projections and analysis of previous studies, 

including potential changes in embedded climate and natural disaster predictions resulting in 

changes to available crop yields. Although the findings are applicable to US scenarios only, the 

formulated model is universal to any region or country. Adjusting the cost, supply input and 

candidate location of the facilities, the model can be used to develop biomass supply chain 

networks for any region/country and can help identify the logistics cost as well as the hot spots for 

future facility locations. 



   

123 

 

Results from this dissertation evaluates a great potential of Corn stover and switchgrass to 

contribute to the development of cellulosic biofuel production considering the economic 

limitations, totaling 39% and 42% respectively of the nation’s biomass supply by 2040. 

Miscanthus will be another major crop for bioenergy contributing 19% of the national demand. 

Additionally, wood resources have the potential to supply one-third of the nation’s cellulosic 

biofuel demand, displace our petroleum energy use and increase the economies of rural 

communities.  According to the findings of this dissertation, compared to woody energy crops, 

forest land resources will play a major role in shaping the future woody biofuel economy. 

However, forest managers and administrators need to ensure that this feedstock is not exploited. It 

is not recommended to harvest long-rotation high quality stem wood for bioenergy or cutting an 

entire forest region. Emerging bioenergy markets can support investment in maintaining healthy 

and productive forests while increasing the forest carbon reserve.  

To provide economic sustainability for cellulosic crop production, the location of cellulosic 

based biomass depots and biorefineries must be strategic throughout the US, creating sufficient 

cellulosic biomass demand in the market and reducing the pressure on food production. One of the 

most significant contributions of this dissertation was the development of national database with 

the location of biorefineries and depots for both herbaceous and woody biomass (Hossain et al., 

2021; Hossain et al., 2022). The database contains detailed information on the allocation of 

different types of biomass to specific location. Findings from this database could be used to provide 

cost and profit analysis of cellulosic biofuel production to the decision-makers including supply 

managers, farmers and business investors which could ensure a sustainable biofuel economy. Both 

strong policy formulation and innovative conversion technology are required to meet EPA’s 

cellulosic biofuel production mandate. According to the findings of this study, for the most 
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optimistic scenario with the supply curve for 2040 and a feedstock cost of $79.07/dt using large-

scale biorefineries and multi-modal transportation, 280 million dry tons of cellulosic biomass can 

be collected from the three major herbaceous crops (corn stover, switchgrass, and miscanthus) for 

biofuel production which translates to around 78% of the EPA’s cellulosic biofuel target. 

Additional 33% can be met using woody resources within similar feedstock cost in 2040. However, 

energy crops such as switchgrass and miscanthus will compete with short rotation woody crops 

since they both grow on crop land. Combining the predictions for herbaceous and woody crops 

will require lowering adjustments due to the cultivation of either herbaceous or woody energy 

crops. The results indicate that the EPA target which was envisioned for 2022 will be challenging 

to fulfill even in year 2040, posing a question whether the currently set mandates are achievable 

and if they should be updated to a more realistic scenario. 

Biomass densification i.e. pelletization of the different types of cellulosic biomass blends will 

be the key factor in increasing the inherently poor energy density as well as attaining the required 

standards of pellets for biofuel conversion. However, creating cellulosic blended pellets using 

cellulosic biomass within all the different quality limitations, can be a challenging task. According 

to the findings of this dissertation, pelleting process conditions such as die temperature, and die 

(L/D) ratio as well as material specifications such as ash, moisture, particle size, hydrogen and 

oxygen content can greatly influence the desired pellet qualities including high density and 

durability, low ash and moisture content. The process conditions and input material conditions 

need to be optimized to produce desired quality pellets as these conditions will vary depending on 

the crop varieties that are used.   
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Appendix A 

Table A. 1. Measuring moisture content of pelleted samples 

Sample Tin # Tin Weight 

(g) 

Wet 

Weight 

(g) 

Dry 

Weight 

(g) 

MC Average 

MC 

Standard 

Deviation 

75% MS, 

25% CS 

C6-A 4.02 20.36 18.98 8.45% 

8.57% 0.145% C6-B 4.07 21.17 19.67 8.77% 

S8-2 3.88 22.03 20.49 8.48% 

50% MS, 

50% CS 

C5-A 3.89 21.86 20.09 9.85% 

9.87% 0.022% C3-A 3.86 23.55 21.6 9.90% 

C3-C 3.89 22.74 20.88 9.87% 

75% MS, 

25% SW 

S9-3 3.88 20.48 19.26 7.35% 

7.30% 0.044% S5-1 8.48 29.19 27.69 7.24% 

S5-2 8.27 24.28 23.11 7.31% 

50% MS, 

50% SW 

E 8.23 24.21 22.25 12.27% 

12.45% 0.202% S4-1 8.23 22.68 20.84 12.73% 

S2-1 8.48 24.66 22.66 12.36% 

100% 

MS 

S6-1 8.39 26.72 25.44 6.98% 

7.12% 0.103% S5-3 8.41 27.27 25.92 7.16% 

G 8.36 27.73 26.33 7.23% 
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Table A. 2. Measuring pellet durability index 

Sample Sample # Weight before 

tumbling (g) 

Weight after 

tumbling (g) 

Pellet Durability 

Index (PDI) 

Mean PDI Standard 

Deviation 

(SD) 

100% MS 1 100.3 87.02 86.76%  

 

82.12% 

 

 

3.802% 
 

2 100.68 77.82 77.29% 

3 100.23 79.84 79.66% 

4 100.87 85.49 84.75% 

75% MS, 

25% SW 

1 100.87 83.71 82.99%  

 

82.30% 

 

 

5.014% 
 

2 100.81 81.66 81.00% 

3 100.86 76.25 75.60% 

4 100.91 90.43 89.61% 

75% MS, 

25% CS 

1 100.24 89.06 88.85%  

 

89.84% 

 

 

1.100% 
 

2 100.52 89.87 89.41% 

3 100.35 89.72 89.41% 

4 100.55 92.21 91.71% 

50% MS, 

50% SW 

1 100.21 94.94 94.74%  

 

94.00% 

 

 

0.734% 
 

2 100.08 94.79 94.71% 

3 100.08 93.21 93.14% 

4 100.31 93.7 93.41% 

50% MS, 

50% CS 

1 100.52 95.95 95.45%  

 

94.43% 

 

 

0.685% 
 

2 100.09 94.55 94.46% 

3 100.47 93.98 93.54% 

4 100.39 94.61 94.24% 
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Appendix B 

Depot and Biorefinery locations at $79.07/dry ton 

 

Figure B. 1. Depot and biorefinery locations for 1% ash blend scenarios. 

 

Figure B. 2. Depot and biorefinery locations for 1.75% ash blend scenarios. 
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Figure B. 3. Depot and biorefinery locations of base case scenarios for (a) 1% ash blend at $70.31/dt and (b) 1.75% 

ash blend at $67.03/dt. 

 

 

 

 

 

 


