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MATERIAL AND ENERGY FLOWS IN THE PRODUCTION OF CELLULOSIC 
FEEDSTOCKS FOR BIOFUELS FOR THE GREETTM MODEL 

 
 

Zhichao Wang, Jennifer B. Dunn, Jeongwoo Han, and Michael Q. Wang 
 
 

ABSTRACT 
 
 
Feedstock production is one of the key stages in the life cycle of biofuels.  In this report,   
material and energy flows in the production of six cellulosic biofuel feedstocks are outlined: corn 
stover, miscanthus, switchgrass, willow, poplar, and forest residue.  For each feedstock we 
develop estimates of the fertilizer intensity and energy intensity of production.  We also provide 
composition and heating value data that are necessary in life cycle analysis of biofuels.  Finally, 
we assess the energy intensity of transporting each feedstock to a biorefinery.  In the final section 
of the report, we provide a summary table with feedstock production material and energy flows 
used in the GREET model. 
 



 
1  INTRODUCTION 

 
The United States imports and consumes more oil than any other country according to the 

Energy Information Administration (EIA, 2013). Petroleum consumption is dominated by the 
transportation sector, which consumes over 70% of petroleum in the U.S. (EIA, 2012).  
Additionally, the transportation sector contributes 28% to total U.S. greenhouse gas (GHG) 
emissions (EPA, 2013).  Biofuels are receiving attention as an alternative to petroleum for the 
transportation sector because adopting these fuels could reduce its petroleum consumption and 
environmental impacts.   

 
Cellulosic feedstocks are important to the advancement of biofuels in light of the Energy 

Independence and Security Act (EISA) of 2007 (U.S. Congress, 2007), which mandates 36 
billion gallons of renewable fuel be in use by 2022.  EISA breaks out the 36 billion gallons of 
biofuels into two categories based on feedstock type and life-cycle GHG emissions compared to 
petroleum fuels.  (The base year for comparison to petroleum fuels is 2005.) 21 billion gallons of 
the total volume of renewable fuels in 2022 is mandated to be advanced biofuels, which ESIA 
defines as having 50% lower life-cycle GHG emissions than gasoline. This category excludes 
corn ethanol, but includes ethanol and other fuels from cellulosic feedstocks, sugars, or starch 
other than corn starch.  Additionally, EISA mandates that 16 billion gallons of cellulosic biofuels 
be available for use in 2022.  Fuels with this designation must achieve a 60% reduction in life-
cycle GHG emissions compared to their petroleum-derived counterparts and can derive from any 
cellulose, hemicellulose, or lignin from renewable biomass.  

 
To determine the life-cycle GHG emissions of a biofuel, it is important to characterize 

material and energy flows during feedstock production.  In this report, we examine the 
production of six cellulosic feedstocks identified in the Billion-Ton Update (BTS2 (Department 
of Energy (DOE), 2011) report as contributing to the potential production of one billion dry tons 
(short ton) of biomass annually in a sustainable manner, including corn stover, miscanthus, 
switchgrass, willow, poplar, and forest residue. The aim of this document is to describe the 
development of parameters for the Greenhouse gases, Regulated Emissions, and Energy use in 
Transportation (GREET) model for key facets of the production (or, in the case of agricultural 
and forest residues, collection) of these cellulosic feedstocks, from the field to the conversion 
facility gate.  These feedstocks may be used in the modeling of cellulosic ethanol pathways, 
pyrolysis fuel pathways, or other biofuel pathways. Additionally, they may be used in the 
calculation of life-cycle energy consumption and emissions of biopower. 
 

The report is organized into nine sections with the first six sections following the 
introduction dedicated to individual feedstocks. The following variables are evaluated for each 
feedstock: availability and yield, energy consumption during field operations, agricultural 
chemical inputs, transportation of feedstock to the biorefinery gate, and feedstock elemental 
composition and lower heating value (LHV).Parameters related to transportation of these 
feedstocks are discussed in Section 8. In Section 9, we summarize GREET parameters, main 
conclusions, and outstanding issues for these feedstocks. 
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2  CORN STOVER 
 
2.1  BACKGROUND 
 

Corn stover, the in-field residue after corn grain harvest, is a potential cellulosic biomass 
feedstock for biofuels production. In the near term, it is possible that corn stover will be a 
primary biofuel feedstock because existing corn ethanol plants in the Corn Belt could be adapted 
to convert corn stover along with corn grain potentially yielding economies of scale (Schnepf 
and Yacobucci, 2013). Importantly, corn stover can be considered a surplus or waste product and 
its sustainable collection as a feedstock does not diminish food availability for humans or 
livestock.   
 
2.2  YIELD AND AVAILABILITY 
 

The BTS2 (DOE, 2011) assumes that the corn grain-to-stover mass ratio is 1:1 or 0.024 
dry tons stover/bushel (bu) of corn grain. That study developed two scenarios for corn 
production: baseline and high-yield.  In the baseline scenario, the corn grain yield is estimated 
based on a United States Department of Agriculture (USDA) report by the Office of the Chief 
Economist, World Agriculture Outlook Board (OCE-WAOB) that projects corn yields to 2019 
(USDA-OCE/WAOB, 2010).  The BTS2 then predicts yields to 2030 with a straight-line 
extension of the historic yield trend.  In the high-yield scenario, the corn grain yield is assumed 
to increase by 2% annually. Corn grain and stover yields (calculated based on 0.024 dry tons/ bu 
corn grains) in these two scenarios are listed in Table 1. We show the projections through year 
2022, the year through which EPA included a biofuel mandate in RFS2. In this study, we adopt 
the baseline, more conservative corn grain and stover yield. 
 
Table 1. Corn grain and stover yield (DOE, 2011) 

Year Baseline a  High-yield a 
Corn grain yield 

(bu/acre) 
Total corn stover 

generatedb (ton/acre) 
 Corn grain yield 

(bu/acre) 
Total corn stover 

generated b 
2012 163 3.8  163 3.8 
2017 174 4.1  201 4.8 
2022 183 4.3  228 5.4 
a Based on projected national average corn yield.  
b This amount is the total stover availability on a corn field assuming 0.024 dry tons stover/bu corn grain.  
Only a portion of this stover should be removed to avoid detrimental effects such as erosion and soil 
organic carbon (SOC) depletion (see Table 2 and discussion).  
 

It is widely recognized that it is not sustainable to remove all corn stover from corn fields 
to avoid soil erosion and maintain soil nutrients and SOC levels (DOE, 2011; Muth et al., 2013). 
In fact, equipment efficiency prohibits complete removal of stover.  In Muth et al. (2013), five 
levels (0, 22%, 35%, 52% and 83%) of residue removal rate are estimated based on currently 
available, double pass harvesting technologies and equipment.  
 

In the BTS2 (DOE, 2011), the amount of agricultural residue that can be sustainably 
removed from agricultural cropland is subject to two modeled constraints.  First, removals 
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cannot exceed the tolerable soil loss limit as recommended by the USDA’s Natural Resource 
Conservation Service (NRCS).  Second, removal cannot result in long-term loss of soil organic 
matter as estimated by the Revised Universal Soil Loss Equation (RUSLE2) and the Wind 
Erosion Prediction System (WEPS).  In general, both models provide estimates of soil erosion 
and other pertinent soil tilth parameters from agricultural systems with different crops, rotations, 
field topography and field management practices (e.g., tillage).  Generally, farmers can either 
adopt conventional till, reduced till or no-till field management practices. Reduced till and no-till 
practices disturb the soil less and therefore may preserve more SOC than conventional till 
practices.  The BTS2 (DOE, 2011) assumes corn stover can only be removed from fields 
managed with reduced or no-till practices.  With these assumptions, taking into consideration the 
above constraints of maintaining baseline SOC and soil erosion levels, they estimated the 
sustainable corn stover availability between 2012 and 2030 at <$40, <$50 and <$60 per ton 
under both baseline and high-yield scenarios. The BTS2 adopted the total planted acres of corn 
from a USDA report (USDA-OCE/WAOB, 2010) in which the planted acreage of corn is 
approximately constant at 89.5 million acres between 2012 and 2019. We therefore assume that 
89.5 million acres are planted with corn between 2012-2022. To calculate a national average 
removal rate of corn stover, we divide the total amount of sustainably available corn stover by 
this number of total planted acres (Table 2).  In Table 2, the removal rates in different scenarios 
are no more than 31% of the available stover. However, the exact sustainable removal rate is 
highly dependent on local factors. 
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Table 2. Sustainably available corn stover at different farm gate prices (DOE, 2011) 

Year  Sustainably available corn stover (Baseline scenario)  Collection ratio 
(collected/total generation) National total (million dry tons)  Average (dry tons/acre)  

<$40/ton <$50/ton <$60/ton  <$40/ton <$50/ton <$60/ton  <$40/ton <$50/ton <$60/ton 
2012 19 72 86  0.21 0.80 0.96  0.06 0.21 0.25 
2017 31 93 105  0.35 1.04 1.17  0.08 0.25 0.29 
2022 42 108 120  0.47 1.21 1.34  0.11 0.28 0.31 
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One of the most recent and thorough studies on sustainable corn stover removal was 
conducted by Muth et al. (2013). These authors used county-level data to determine soil-rotation-
tillage-yield scenarios and residue removal rates at a county level. Then the county-level data are 
summed to project the state and total national sustainably available residues. Muth et al. indicate 
that in some counties, it is not sustainable to remove any corn stover.  In other counties, the 
sustainable stover removal rate could be as high as 4 dry tons/acre. Nationwide, they project that 
136 and 192 million dry tons of corn stover could be sustainably removed in 2011 and 2030, 
respectively. These values convert to 1.5 and 2.1 dry tons/acre if the land used for corn 
agriculture is 89.5 million planted acres as described previously. This projection is higher than 
the BTS2 (DOE, 2011) because price constraints are not considered and conventionally-tilled 
fields are included as a source of stover.  We adopt the BTS2 report values here because they are 
more conservative. However, it is possible that more corn stover than the BTS2 report predicts 
could be sustainably collected in the future.  
 
2.3  COLLECTION, IN-FIELD TRANSPORTATION AND HANDLING 
 

Steps needed for preparing corn stover as a cellulosic biofuel feedstock in a biorefinery 
are shown in Figure 1.  Grinding at the conversion facility is accounted for in the conversion step 
in GREET.  
 

Corn crop Grain harvest Windrow/condition

Bales transport 
with truck Unstack and load Storage at roadside

Square bale stackBale collection and 
roadside to stackSquare bale

Corn grain

Biorefinery

Corn stover

 
 

Figure 1. Scheme of preparing corn stover as feedstock for biofuels production.  
 

Typically corn grain and stover are harvested in separate steps.  Single pass harvesting of 
corn grain and stover is currently under development (Shinners et al., 2009).  The in-field 
processes for corn stover collection generally consist of cutting the corn stalk, gathering and 
densifying the stover, and transporting it from the field to roadside storage (termed “roadsiding”) 
(Hess et al., 2009a). The combine harvester usually cuts the corn stalk during grain harvest.  
Following grain harvest, standing stubble, cobs, husks, and some leaves and tops pass through 
the harvester and are spread on the ground. This corn stover is conditioned and windrowed prior 
to baling. Conditioning is a process using rolls and/or flails to break the corn stalks for faster 
drying.  For conventional baling, field drying is important as it could reduce dry matter loss, 
failed bales, and transportation costs.  Although the magnitude of moisture reduction varies, in 
this design the moisture of the feedstock is assumed to be reduced from about 50% to 12% by 
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field drying in the windrow (Hess et al., 2009a).  Field drying can also occur after conditioning 
and before windrowing if a two-pass operation, commonly referred to as “mow and rake,” is 
employed.  This study adopts the scenario that Hess et al. (2009a) used, in which a single-pass 
conditioning and windrowing operation takes standing stubble directly to a windrow.  Once the 
stover has been windrowed and is sufficiently dry, a large square baler stuffs and presses the 
biomass into 4 x 4 x 8 ft large square bales (LSB), and drops the bales in the field as they are 
made. Then, the bales are collected and transported to the side of the field.  Round bales or 
square bales of different sizes could be made depending on the baler. Table 3 describes the 
energy consumption during corn stover collection. The latest study from Herron (2013) is also 
listed for comparison. Herron conducted field study on a 160-acre corn field in Iowa in 2011 and 
reports energy consumption for windrowing, baling and roadsiding and stacking. It is unclear 
whether conditioning was performed in his study.  Herron reports very similar total energy 
consumption compared to that reported by Hess et al. (2009a) although there are some 
differences between the reported energy consumption for individual processes.  One possible 
reason for this difference could be the use of different equipment.  Additionally, Hess et al. 
estimate fuel consumption based on consumption estimates from either equipment specifications 
or manufacturer/dealer quotes whereas Herron used fuel consumption data from the field. 
 
Table 3. Energy consumption during corn stover collection 

Process 
Equipment 

Hess et al. (2009a) 
Energy Use (1000 Btu/ton of dry matter) 

Hess et al. (2009a)a                  Herron (2013) 
Condition/windrow Tractor and shredder 

with windrow 
91.2 101.6 

Bale Tractor and baler 77.3 46.7 
Roadside and stack Stacker 20 31b 
Load to trucks Loader 4 4c 
Total  192.5 183.3 
a Adpoted in the GREET model. 
b For in-field bales transportation of 0.25-1 mile. 
c Assumed the same as in Hess et al. (2009a). 
 

Bales may be stored at the side of the field either uncovered or covered. Uncovered bales 
might undergo dry matter loss up to 16%.  Covered bales, either within a building (4.8%) or in-
field (8.4%), have much less dry matter loss (Emery, 2013).  No energy consumption is assumed 
for bale storage.  Parameters related to transportation from farm to biorefinery of corn stover, as 
well as of other feedstocks in this report, are discussed in Section 8. 
 
2.4  ELEMENTAL COMPOSITION AND HEATING VALUE  
 

Elemental composition, higher heating value (HHV) and lower heating value (LHV) of 
corn stover from several references are summarized in Table 4. The average values are used in 
GREET. The LHV is used in several calculations within GREET when corn stover is combusted 
or to account for total energy, which includes renewable energy.  The carbon and sulfur contents 
of stover are used in calculating carbon dioxide (CO2) and sulfur emissions during corn stover 
combustion, respectively. 
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Equation 1 (IPCC, 2006) is used to convert HHV into LHV. Note in Equation 2, the units 
of HHV and LHV are MJ/kg in Equation 1. They are converted to Btu/ton in Table 4. 
 
𝐿𝐻𝑉 = 𝐻𝐻𝑉 − 0.212 ∗ 𝐻 − 0.0245 ∗ 𝑀 − 0.0008 ∗O                                                               (1) 
 
Where 
 
H = percentage hydrogen content as received 
M= percentage moisture content as received 
O = percentage oxygen content as received
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Table 4. Elemental composition and heating value of corn stover   

 Mullen et al. 
2010 

Wright 
et al. 
2010 

Agblevor et al. 1995 Hoskinson et al. 2007 Average 
Storage time after harvest high cut 

 top 
high cut 
bottom 

low cut normal cut 
0 week 26 weeks 52 weeks 

Ash (% dry) 4.9 6.0 5.0 5.4 5.8 4.6 5.7 4.7 5.7 5.3 
C (% dry) 46.6 47.3 46.0 46.0 46.5 47.2 46.9 47.2 47.0 46.7 
H (% dry) 5.0 5.1 5.9 5.4 6.1 5.7 5.6 5.7 5.8 5.6 
N (% dry) 0.8 0.8 0.9 0.6 0.7 0.6 0.6 0.5 0.6 0.7 
O (% dry) 40.1 40.6 41.4 39.2 40.1 42.0 41.2 41.8 40.9 40.8 
S (% dry) 0.2 ~0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 
HHV (Btu/ 
dry ton) 16,154,000 

 
16,026,000 15,690,000 15,406,000 15,750,000 15,750,000 15,664,000 15,750,000 15,774,000 

LHV (Btu/ 
dry ton) 15,216,000 

 
14,921,000 14,678,000 14,265,000 14,681,000 14,700,000 14,595,000 14,664,000 14,716,000 

   
 

9 
 



2.5  FERTILIZER REPLACEMENT RATES  
 

The usage rate of fertilizer is an important parameter for assessing biofuels life-cycle 
energy use and GHG emissions.  GREET calculates the energy associated with fertilizer 
production from its data for the production of the compounds that make up these fertilizers 
(Johnson et al., 2013).   
 

Traditionally, the bulk of corn stover has been left on corn fields to replenish the soil with 
nitrogen (N), phosphorus (P), and potassium (K), which reintegrate into the soil and nourish the 
next season’s crops.  Stover collection as part of the biofuel supply chain will likely require 
farmers to supplement the nutrient content in collected stover with fertilizer.  Recent studies 
provide new insight into the fertilizer replacement levels that are needed as a result of stover 
collection.  Table 5 summarizes these studies’ replacement rates, which assume the removed 
nutrients are replenished pound for pound. The fertilizer application rates exhibit great variability 
with geography and other factors.  For example, there are major changes in plant composition 
between physiological maturity and harvest due to translocation of K, chlorine (Cl), and other 
mobile nutrients from the stalks and leaves.  Thus, choosing a single value to represent 
replacement ratios for national corn stover production may not be representative.  As a result, we 
chose conservative, round values for N, phosphate (P2O5), and potash (K2O) replacement rates. 
The shares of different forms of N fertilizer are assumed to be the same as the GREET model 
default values (70.7%, 21.1%, and 8.2% for ammonia, urea, and ammonium nitrate, respectively), 
which were developed from national fertilizer consumption data from USDA National 
Agriculture Statistic Service (NASS, 2013). These shares of different forms of N fertilizer are 
also used for other feedstocks in this study where fertilizer application is needed.  Although we 
convey the reported calcium carbonate (CaCO3) value from Avila-Segura et al. (2011), we do 
not include a CaCO3 replenishment rate in GREET at this time. 
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Table 5. Replacement rates for nitrogen, phosphorus, potassium, and calcium carbonate after corn 
stover collection (g fertilizer/dry ton stover collected) 

Source N P K CaCO3 Note 
Avila-Segura et al. 
(2011)  

5,912 
 

755 
 

10,190 
 

29,158 
  

Karlen (2010)  9,179 1,093 9,835   
Hess et al. (2009b)  6,719 2,315 12,349   
Fixen (2007) a 8,626 2,588 14,528   
Lang (2002) a 6,810 2,679 11,350   
Petrolia (2006)   2,815 14,987   
Nielsen (1995) a 6,174 1,634 8,944   
O’Brien et al. (2010)  7,718 1,816 22,700   
Gallagher et al. 
(2003) a 

5,751 
 

1,194 
 

12,113 
  Average of values from 10 

different counties 
Schechinger and 
Hettenhaus  (2004) a 6,053 3,178 15,890   

Johnson et al. (2010)  4,994 1,040 6,784  Cobs 
Johnson et al.(2010) 6,810 2,496 9,520  Above-ear stover 
Johnson et al. (2010)  5,811 2,080 11,709  Below-ear stover 
Sindelar et al. (2013) 5,256 

 
894 

 
10,395 

  Based on 3.3 ton/acre stover 
and 0.67 ton/acre cobs removal 

This study 7,000 2,000 12,000   
a These studies were used to develop fertilization rates reported in the BTS2, which were 6,700 g nitrogen  
  per dry ton, 2,300 g P2O5 per dry ton and 12,300 g K2O per dry/ton corn stover, respectively.  These  
  rates are close to those used in GREET. 
 

Note that Sindelar et al. (2013) observed corn stover’s nitrogen content is positively 
correlated with the N fertilizer application rate during corn planting.  This indicates that if in the 
future the fertilizer application rate decreases as corn agriculture technology develops, which 
historically has been the case, less nitrogen will need to be applied to corn fields that have had 
stover removed as a biofuel feedstock.   
 

Nitrogen fertilizers go through nitrification and denitrification in fields, releasing N2O.  
In GREET, this parameter is 1.525%, for all feedstocks based on a literature review (Wang et al., 
2012).  
 
2.6  SUMMARY  
 

Key parameters developed in this analysis and used in GREET are listed in Table 6. 
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Table 6. Summary of parameters adopted in GREET 

Parameter Value 
Corn stover removal rate (dry ton/acre) 0.96a 
In-field energy consumption (1,000 btu/ dry ton) 192.5 
Transportation  
  Moisture content (%) 12 
  Payload (dry ton) 20b 
  Distance (mile) 50c 
Elemental composition (% dry )  
  C 46.7 
  H 5.6 
  N 0.7 
  O 40.8 
  S 0.1 
  Ash 5.3 
LHV (Btu/ dry ton) 14,716,000 
Supplement fertilizer usage rate 
 (g fertilizer/ ton dry corn stover removed) 

 

  N 7,000 
  P2O5 2,000 
  K2O 12,000 
N2O emission from N-fertilizer (%) 1.525 
a For year 2012, at cost <$60/ton, see Table 2 for other cases. 
b Indoor LSB. See Table 34 for other cases. 
c See Section 8 for calculations of this parameter 
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3 MISCANTHUS 
 
3.1  BACKGROUND 
 

Miscanthus is a genus comprising more than ten species of perennial C4 grasses. They 
are native to eastern Asia, North India and Africa (Clayton et al., 2008; Hodkinson et al., 2002; 
Scally et al., 2001; Heaton et al., 2010). Miscanthus x giganteus (hereafter referred to as 
miscanthus) is one species of miscanthus of particular interest in recent decades. Generally, 
miscanthus has a higher total biomass yield than switchgrass and corn stover, two other 
cellulosic crops.  It has high water use efficiency and the large and active root system is 
particularly effective at scavenging available nutrients and preventing them from leaching with 
draining water (Heaton et al., 2010). Previously, Miscanthus has been more intensively studied 
in European countries (Christian et al., 2008; Clifton-Brown et al., 2007; Lewandowski et al., 
2000; 2003; Lewandowski and Schimidt, 2006).  Interest in producing miscanthus domestically 
as a biofuel feedstock has recently increased.   
 

Figure 2 diagrams the steps in miscanthus production.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Processes for miscanthus biomass production from the field to the 
gate of biorefinery. Steps in solid boxes are considered in this report, while 
examples of other potential steps are indicated in dashed boxes.  

 
Miscanthus does not form fertile seeds that are planted and grow to mature plants.  Rather, 

plantlets (propagated from rhizome division) are grown either in greenhouses or in the field.  
Alternatively, commercial, rhizome-derived plugs can be purchased that have been grown in 
greenhouses or high-tunnels (Anderson et al., 2011).  The plugs are more expensive than 
rhizomes but have well-established roots that enhance their chances for survival.  This technique 
is relatively new, with little peer-reviewed information available (Anderson et al., 2011).  In our 
analysis, we model a commercial miscanthus production facility that harvests rhizomes from 
mature miscanthus and plants these rhizomes directly in the field.  In this document, however, 
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we provide an estimate of the energy a greenhouse would consume.  It is possible that rhizomes 
need to be stored in a temperature-controlled warehouse prior to planting as planting might not 
occur immediately after rhizome lifting. We assume, however, that the rhizomes are planted 
directly in the field after they are lifted. We will continue to monitor trends in miscanthus 
production and will include energy consumption for rhizome storage and in greenhouses used to 
produce miscanthus plantlets when possible.  . 
 

After harvest, the biomass can either be stored on-site (under a covering in the field or in 
a building) or packed for shipment.  In the following sections, we describe and quantify inputs 
into the process in Figure 2 including energy, fertilizers, and agrochemicals.  We begin with an 
estimate of miscanthus yield. 
 
3.2  YIELD  
 

Miscanthus has a growing cycle of 15 years or longer. Yield increases until the third year 
of growth after which it stays roughly constant until the 15th year. The biomass yield tends to 
decline after that— although some miscanthus stands produce acceptable yields beyond 15 years 
(Bullard and Metcalfe, 2001).  Harvestable miscanthus yields range from 4.4-17.9 dry 
tons/acre/year throughout Europe (Lewandowski et al., 2000). In the United States, three-year 
average yields of 9.4-15.4 dry tons/acre/year were observed in North, Central and South Illinois 
after the third year of establishment (Heaton et al., 2008).  Heaton et al. (2004) summarized 
studies that together contained 97 observations of miscanthus yield.  The average yield after the 
third year of establishment was 9.8 dry tons/acre/year.  Second year yields of 6.6, 6.9 and 7.8 dry 
tons/acre/year was observed at Adelphia, New Jersey, Mead, Nebraska, and Lexington, 
Kentucky, respectively (DOE, 2011).  These yields will likely increase because full 
establishment of miscanthus usually takes three to five years (Lewandowski et al., 2000).  
Assuming no harvest for the first year, a second year yield of 6.6 dry tons/acre/year (1.3-12.5 dry 
tons/acre/year in the study of Heaton et al., 2008), and a yield of 9.8 dry tons/acre/year in the 
third to fifteenth year (Heaton et al., 2004), we adopted an average yield of 9.0 dry ton/acre/year 
for the whole life cycle of miscanthus.  This value is reasonable because it is below the average 
value Heaton et al. (2004) report and it is on the low end of the range reported for miscanthus 
grown in different regions in Illinois (Heaton et al., 2008).    
 
3.3  GROWING 
 

The growing of miscanthus usually includes plantlets production, ploughing, harrowing, 
plantlets planting, irrigating (if necessary), fertilizing, spraying, weed cultivating and residue 
removing at the end of a life cycle. It is possible that in the future the development of herbicide 
might eliminate the need for weed cultivating. We will monitor this development and update 
GREET accordingly in the future. 
 

Producing plantlets in a greenhouse can be energy intensive.  Lewandowski and Schmidt 
(2006) report fuel oil consumption of 1.38 million Btu/acre/year during plantlet production in a 
greenhouse. Boehmel et al. (2008) provide a similar consumption rate, 1.12 million Btu/acre/year. 
The average of these two values converted to 139,689 Btu/dry ton based on a yield of 9.0 dry 
tons/acre/year is likely a good estimate of the energy intensity of greenhouse production of 
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plantlets. We expect that in the United States, this energy would be provided by liquid propane 
or natural gas rather than fuel oil.  We do not include this energy in GREET because we assume 
a miscanthus production facility would be located in a climate that did not require the use of 
greenhouses.  Instead, as described above, rhizomes would be harvested from mature miscanthus 
and planted directly in the ground.  
 

In the biomass growth stage, machinery operation consumes energy.  These processes 
only happen at the first year of each cycle except for annual fertilizer application and, at the end 
of the cycle, residue removal. Table 7 summarizes equipment used in the biomass growth stage 
and how much diesel fuel each piece of equipment consumes. Both studies in Table 7 were 
conducted in Europe. It is possible that the equipment used in the U.S. and, subsequently, energy 
consumed during harvest, will be different. We will update these values once more data become 
available for production of miscanthus in the U.S.  The diesel fuel consumption per unit time is 
calculated based on the power of each piece of equipment using D=0.22P (ASAE, 1997), where 
D is the diesel use (L/h) and P is the maximum power-take-off (PTO) power (kW). Then the total 
energy consumption per hectare is calculated by multiplying D by the duration of equipment 
operation per hectare. The final result is converted to gal/acre/year over the 15-year life cycle. 
 
Table 7. Machinery used during miscanthus production and resulting diesel fuel consumption 
(Huisman et al. (1997) and Smeets et al. (2009)) 

 

Fre-
quency/

yr 
Years 

 
Equip-
ment 

Tractor 
power 
(kW) 

Diesel 
consump-
tion (L/h) 

Work 
time 

(h/ha) 

Fuel use 
(L/ha/life 

cycle) 

Fuel use 
(gal/acre 

/yr)a 
Ploughing 1 1 Plough 88 19.4 1.3 25.2 0.18 
Harrowing 
 

2 
 

1 
 

Power 
harrower 

75 
 

16.5 
 

0.4 
 

13.2 
 

0.09 
 

Plantlet 
planting 

1 
 

1 
 

Rhizome 
planter 

100 
 

22.0 
 

1 
 

22.0 
 

0.16 
 

Rolling 1 1 Roll 60 13.2 0.3 4.2 0.03 
Fertilizing 
 

1 
 

15 
 

Fertilizer 
spreader 

60 
 

13.2 
 

0.5 
 

99.0 
 

0.71 
 

Spraying 1 1 Sprayer 60 13.2 0.6 7.9 0.06 
Weed 
cultivating 

1 
 

1 
 

Weed 
cultivator 

60 
 

13.2 
 

0.3 
 

4.2 
 

0.03 
 

Residue 
removal 
(after 15 yr) 

2 
 
 

1 
 
 

Rotary 
cultivator 

 

100 
 
 

22.0 
 
 

0.8 
 
 

35.2 
 
 

0.25 
 
 

Total 
  

 
    

1.50 
a Averaged value based on 15-year life cycle. 
 

Fazio et al. (2011) report a diesel consumption rate of 13.0 gal/acre for the first year of 
establishment but do not specify the diesel consumption for fertilizing in the production years or 
for residue removal.  Adding Table 7 values for fertilizing (0.71 gal/acre/year) and residue 
removal (0.25 gal/acre/yr) to this value, the total diesel consumption is then 1.78 gal/acre/year.  
Lewandowski and Schmidt (2006) convey an annual fuel consumption of 0.19 million 
Btu/acre/year, or 1.49 gal/acre/year.  The average diesel fuel consumption from these two 
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sources and Table 7, 1.59 gal/acre/year (22,816 Btu/dry ton), is adopted as the energy consumed 
during biomass growth. 
 
3.4  HARVESTING, IN-FIELD HANDLING, AND STORAGE 
 

In the literature, energy consumption during harvesting, packing and in-field handling is 
often lumped with harvest energy. This grouping complicates comparing harvest energies among 
studies and selecting a value for use in GREET.  An additional challenge is the reporting of this 
energy in units of energy per acre per year from which energy consumption on a per dry mass 
basis is calculated using the miscanthus yield, which varies among studies.  Generally, energy 
consumption per unit area for harvesting increases as the yield increases, but not necessarily 
linearly. Careful selection of the yield used in the calculation is therefore required.  Harvesting of 
miscanthus can employ different kinds of equipment including choppers, forage harvesters, and 
mowers. Harvested biomass can be baled or chopped before being transported to storage or 
biorefinery. In Section 8, different scenarios for bale storage are developed (Table 34), and 
consequentially they impact the transportation fuel consumption. Table 8 summarizes energy 
consumption during miscanthus harvesting as contained in four different literature sources.  
Energy consumption is converted to Btu/ton based on a yield of 9.0 dry tons/acre/year since the 
yields in these studies are close to the yield we adopted here. We use the average of these values, 
108,660 Btu/dry ton in GREET, which we assume includes loading bales onto trucks.  The 
transportation of miscanthus from farm-to-biorefinery is discussed in Section 8. 
 
Table 8. Energy inputs for miscanthus harvesting, packing and handling 

References 
 

 

Equipment 
 

Yield 
(Dry ton/acre/year) 

Energy 
consumption 
(Btu/ dry ton) 

Venturi et al. (1999) Mower, chopper 8.9 95,554 
Venturi et al. (1999) Mower, baler 8.9 189,223 
Bullard and Metcalfe 
(2001) 

Mower conditioner, 
baler, trailer, bale loader 

3.5-17.0 
 

93,155 
 

Lewandowski and 
Schmidt (2006)  

n/a 
 

5.8-7.2 
 

77,129 
 

Boehmel et al. (2008) 
 

Mower, conditioner, 
in-field transport 

5.8-7.2 
 

68,559 
 

Smeets et al. (2009) 
 

Self-propelled chopper, 
trailer 

8.5 
 

170,425 
 

Fazio et al.(2011) Chopper 7.6 66,578 
Average 

   
108,660 
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3.5  TOTAL ENERGY INPUT 
 

In the technical literature, the total energy input for the production of a biomass feedstock 
is at times provided without an itemization of individual energy inputs or only itemization for 
certain categories (e.g., establishment energy input).  Further, studies are not always transparent 
regarding whether their results reflect purchased or life-cycle energy consumption.  Purchased 
energy is the amount of energy consumed on-site, for example at a factory or farm.  Life-cycle 
energy includes the impact of producing that energy, encompassing steps such as crude oil 
recovery or coal mining.  Table 9 lists energy input from several references.  Our analysis results 
in a life-cycle energy consumption of 694,656 Btu/dry ton and 573,392 Btu/dry ton with and 
without transportation, respectively. These results exceed several of the literature values in Table 
9 possibly because our analysis encompasses a larger system boundary, including upstream fuel 
production impacts.  In GREET, the total farming purchased energy input (excluding fertilizers 
and transportation) is 271,165 Btu/ton, however, the total farming energy input when upstream 
impacts of fuel production are considered, is 314,887 Btu/ton.  Because these numbers align well 
with the majority of studies in Table 9, we hypothesize that not all studies in Table 9 include life-
cycle impacts and conclude that the values we have chosen for GREET are reasonable. 
 
Table 9. Total energy input for the production of miscanthus biomass 

References 
 

Energy input (Btu/dry ton) 
Venturi et al., 1999 758,435 
Venturi and Venturi, 2003 342,795-942,688a 
Lewandowski and Schmidt, 2006 342,795-557,043b 
Boehmel et al.,2008 299,946-428,494b 
Smeets et al., 2009 ~495,323c 

a Summarized from several sources. 
b Transportation to biorefinery not included, purchased energy input for diesel, life-cycle energy input  
  for fertilizer. 
c Purchased energy input for purchased diesel, life-cycle energy input for fertilizer. 
 
 
3.6  AGRICULTURAL MATERIALS INPUTS 
 

Fertilizer and herbicide application rates for miscanthus production are presented in 
Table 10. Data were collected and adapted from several references in the technical literature.  
Consensus is lacking on the yield response of miscanthus to nitrogen fertilization. Most research 
on this topic includes significant amounts of nitrogen fertilizer to compensate for the uptake of 
nitrogen by miscanthus biomass. Some studies, however, observed no significant yield difference 
when nitrogen fertilizer was applied at rates of 0, 24.3 and 48.6 kg/acre/year (Christian et al., 
2008). Cosentino et al. (2007), Danalatos et al. (2007), and Miguez et al. (2008) observed a 
similar lack of response to nitrogen fertilization increases. Davis et al. (2010) raised a hypothesis 
that biological N-fixation contributed to the N demand of miscanthus and therefore less or even 
no nitrogen fertilizer is needed for the production of miscanthus.  This hypothesis could possibly 
explain the above phenomenon.  Until research clearly shows no need for nitrogen fertilization in 
miscanthus cultivation, we assume nitrogen application is necessary.  In the future, however, it is 
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possible that nitrogen fertilizer application will decrease dramatically due to miscanthus’ ability 
to fix nitrogen. A small number of studies included lime fertilization but data were insufficient to 
determine a lime application rate to use in GREET. We currently assume no fertilizer is applied 
to rhizomes during the plantlet production stage (Voigt, 2012). 
 
Table 10. Application rates of fertilizers and herbicides for miscanthus production 

References 
 

Fertilizer (g/dry ton) Herbicide 
(g/dry ton) N P K 

DEFRA (2001) 3,857 482 4,163  
Christian et al. (2008) 3,322 276 3,883 

 Styles et al. (2008) 4,093 815 4,093 
 Smeets et al. (2009) 2,630 526 5,697 110 

Fazio et al. (2011) 3,681 581 2,939 131 
Average 3,517 536 4,155 121 
Range 2,630-4,093 276-815 2,939-5,697 110-131 

 
3.7  ELEMENTAL COMPOSITION AND HEATING VALUE 
 

Table 11 lists the elemental composition and heating value of miscanthus summarized 
from samples in Phyllis2 database from the Energy research Center of the Netherlands (ECN, 
2012). The average values on dry basis are used in GREET. 
 
Table 11. Elemental composition and heating value of miscanthus (ECN 2012) 

 Mean Min Max Std # of 
samples 

C (% daf) 49.47 43.88 51.97 1.22 62 
H (% daf) 5.73 5 6.48 0.35 62 
N (% daf) 0.53 0.1 1.83 0.28 62 
O (% daf) 43.91 40.06 48.73 1.45 62 
S (% daf) 0.08 0 0.57 0.07 59 
Ash (% dry) 3.75 1.1 9.3 1.59 53 
HHV (Btu/ daf ton) 17,015,000 14,631,000 19,107,000 508,000 61 
LHV(Btu/ daf ton) 15,939,000 13,418,000 18,048,000 516,000 61 
C (% dry)a 47.6     
H (% dry) a 5.5     
N (% dry) a 0.5     
O (% dry) a 42.3     
S (% dry) a 0.08     
LHV(Btu/dry  ton) a 15,342,000     
a Converted from the daf (dry ash free) values based on the mean dry ash content of 3.75%.  
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3.8  SUMMARY 
 

Development of miscanthus production parameters is summarized in Table 12, for 
inclusion in GREET.  
 
Table 12. Miscanthus production parameters adopted in GREET 

Parameter Value 
Yield 9.0 
Energy consumption (1,000 Btu/ dry ton) 271.2 
  Diesel consumption 131.5 
  Liquid propane gas consumption a 139.7 
Transportation  
  Moisture content (%) 12 
  Payload (dry ton) 20b 
  Distance (mile) 35c 
Elemental composition (% dry )  
  C 49.5 
  H 5.7 
  N 0.5 
  O 43.9 
  S 0.08 
  Ash 3.8 
LHV (Btu/dry ton) 15,342,000 
Fertilizer usage rate (g fertilizer/ dry ton)  
  N 3,517 
  P2O5 1,228 
  K2O 5,008 
Herbicide (glyphosate) (g/dry ton) 121 
N2O emission from N-fertilizer (%) 1.525 
a For climate control of greenhouse.  Not included in GREET. 
b Indoor large square bales. See Table 34 for other cases. 
c See Section 8 for calculations of this parameter 
 

Figure 3 summarizes the year-to-year yield and fuel consumption for miscanthus 
production adopted in this study.  As discussed above, yield levels off after year three.  At the 
beginning and end of the miscanthus stand’s life, fuel consumption is about 60%  higher than 
during the main production years because additional agricultural activities occur. 
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Figure 3. Year-to-year yield and fuel consumption for miscanthus production 
excluding fertilizer production and transportation. 
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4  SWITCHGRASS 

 
4.1  BACKGROUND 
 

Switchgrass is a tall perennial grass that has great potential as a biofuel feedstock in a 
wide variety of climates (Guretzky et al., 2011). The BTS2 report (DOE, 2011) summarized its 
advantages as a biofuel feedsock.  Switchgrass is native to North America.  It has consistently 
high yields with minimal inputs and is well-suited to marginal land.  Additionally, it is relatively 
easy to establish from seed, and a seed industry already exists. Currently there are public and 
private breeding programs throughout the United States (DOE, 2011). The two main types of 
switchgrass are upland and lowland. Upland switchgrass grows in upland areas that are not 
subject to flooding, whereas lowland switchgrass grows well in flood plains and low-lying areas 
(Vogel, 2004). Generally, lowland plants have a later heading date and are taller with larger and 
thicker stems. The lowland switchgrass and the lowland x upland hybrids have the most potential 
for bioenergy production because of their high yields (DOE, 2011). 
 
4.2  YIELD 
 

Switchgrass has a two- or three-year establishment period after planting (Parrish and Fike, 
2005). The stand life of switchgrass is expected to be at least 10 years (Sokhansanj et al., 2009; 
DOE, 2011). Good weed management and favorable precipitation will produce a crop equal to 
about half of potential production in the first year after the first frost.  In the second year after 
planting, 75% to 100% of full production can be achieved (DOE, 2011). 
 

Wullschleger et al. (2010) conducted a survey of publications that reported switchgrass 
biomass yield across the United States. They identified 18 publications, from which they 
compiled 1,190 observations of biomass yield from 38 sites in 17 states. The surveyed 
publications include 25 upland and 14 lowland cultivars. Annual switchgrass yield varied from 
less than 0.5 dry tons/acre to almost 18 dry tons/acre. But the most frequently observed yields 
were between 4.5 and 6.2 dry tons/acre. Wullschleger et al. report mean biomass yields of 3.9 
and 5.8 dry tons/acre for upland and lowland switchgrass, respectively. 
 

In this study, we assume a life-time of 10 years for switchgrass. After the two year 
establishment period ends, the annual yield is assumed to be 5.4 dry tons/acre, the midpoint of 
the above-mentioned yield range of 4.5-6.2 dry tons/acre. For the first and second year after 
planting, the yield is assumed to be 50% and 75% of full productivity, 2.7 and 4.0 dry tons/acre, 
respectively. Therefore the average annual yield over the 10-year life cycle is 4.9 dry tons/acre. 
As a comparison, in a study conducted by Idaho National Laboratory (Hess et al., 2009a), a 
switchgrass yield of 5 dry tons/acre is adopted.  New cultivars of switchgrass are being bred for 
bioenergy-specific use and likely will obtain higher yields. For example, the Liberty cultivar 
yields 8.1 and 7.3 tons/acre/year over three productions years at Mead, NE and Dekalb, IL, 
respectively, much higher than the yield mentioned above (Cenusa Bioenergy 2013).  
 
4.3  GROWING 
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The steps of switchgrass establishment include seed production, field preparation, seed 
planting, irrigating (if necessary), fertilizing and weed control (Sokhansanj et al., 2009; DOE, 
2011). At the end of one life cycle, the residue needs to be removed. These procedures are 
similar to miscanthus establishment except that miscanthus is usually propagated from plantlets.  
In a study conducted by Schmer et al. (2008), the energy consumption of switchgrass 
establishment field operations and fertilization are estimated to be below 30,000 Btu/dry ton.  
This range falls below estimates of energy consumed during field establishment and fertilization 
for miscanthus (Section 3).  One reason for this difference is that Schmer et al. did not include 
energy consumption for tilling because it may not be necessary to till switchgrass-producing 
field during establishment (Mitchell et al. 2012).  Additionally, hours of operation for other field 
equipment is lower in Schmer et al. than for miscanthus (see Table 7).  Finally, the literature 
reports we reviewed for the two feedstocks base these hours of operation on estimates from the 
literature rather than field measurements, which introduces a fair amount of uncertainty.  In the 
absence of switchgrass-specific field establishment data, to be conservative, we assume that the 
energy consumption for switchgrass establishment, fertilizing in harvest years, and residue 
removal at the end of the life cycle is equivalent to that of miscanthus.  The lifetime of the stand, 
however, is adjusted from 15 years to 10 years. The resulting diesel consumption is 1.9 
gal/acre/year. With a yield of 4.9 dry tons/acre, this energy consumption converts to 50,030 
Btu/dry ton. It is possible that this energy consumption will be less in the future as both 
switchgrass breeding and field operation technology develop.  Additionally, when more 
switchgrass-specific data become available for the establishment phase of the switchgrass life 
cycle, we will revise GREET values accordingly.  
 
4.4  HARVESTING, IN-FIELD TRANSPORTATION AND HANDLING 
 

Switchgrass can be harvested and baled with commercially available haying equipment.  
A single harvest per growing year generally maximizes switchgrass yields, and harvesting after a 
killing frost ensures stand productivity and persistence.  After harvest, poor switchgrass storage 
conditions can result in storage losses of 25% in a single year and can reduce biomass quality. 
Covered storage is necessary to protect the harvested biomass. (DOE, 2011) 
 

Hess et al. (2009a) provide a detailed investigation of the techniques and energy 
consumption during switchgrass harvesting. Table 13 outlines each of the steps during 
switchgrass harvest and the corresponding energy consumption. The total of these steps, 127,700 
Btu/dry ton is adopted for GREET. Further processing of the feedstock to a format appropriate 
for feeding to a conversion process by grinding, for example, is included in the conversion step 
energy consumption (e.g., Han et al., 2011).  
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Table 13. Energy use during switchgrass harvest  

 
Process 

Energy use (Btu/dry ton) 
Hess et al., 2009 Womac et al. 2012 

Condition and windrow  36,100 32,280a 
Baling  69,600 51,650b 
Roadside/Loading  18,000  
Loading to trucks 4,000  
Total  127,700 83,930c 
a With a mower-conditioner powered with 86 PTO-kW tractor. 
b With a round baler powered with 86 PTO-kW tractor. 
c This total does not include roadside/loading energy. 
 

For comparison, Table 13 also lists the results we generated based on one scenario in a 
recent study of Womac et al. (2012). This is a worst-case scenario in which the harvesting 
equipment’s lowest ground speed and lowest throughput were considered.  In this case, the turns 
and stops of the equipment cause productivity losses to be the highest of the scenarios they 
examined. The diesel fuel consumption per unit time is calculated based on the power of each 
piece of equipment using D=0.22P (ASAE, 1997), where D is the diesel use (L/h) and P is the 
maximum power-take-off (PTO) power (kW). Throughput (Mg/h) is adopted from Womac et al. 
(2012).  Even though this is the most energy intensive scenario in the Womac et al. study, it is 
still lower compared to that in Hess et al. study. This scenario’s total energy for conditioning, 
windrowing and baling is 21% lower than that which Hess et al. estimate.  It is possible that 
different equipment was considered in the two studies.  Additionally, the data sources used to 
calculate energy use during harvest was different for the two studies.  Hess et al. used equipment 
specifications or manufacturer/dealer quotes to estimate fuel consumption. Womac et al., on the 
other hand, used fuel consumption data from the field.  The transportation of switchgrass from 
farm-to-biorefinery is discussed in Section 8. 
 
4.5  AGRICULTURAL MATERIALS INPUTS 
 

Nutrient requirements for switchgrass agriculture are undoubtedly location-dependent.  
For example, Guretzky et al. (2011) report that switchgrass response to nitrogen fertilizer may be 
less pronounced in northern locations than in southern locations.  Further, switchgrass 
management practices are still evolving. For these reasons, adopting a single value for fertilizer 
application rates is difficult.  
 

Although switchgrass can survive on low-fertility soils, nitrogen fertilizer is required to 
optimize yield. The optimum nitrogen rate for switchgrass managed for biomass varies (Mitchell 
et al., 2008; 2010), and biomass declines with time if inadequate nitrogen is applied.  Nitrogen 
fertilizer is not recommended during the planting year since nitrogen encourages weed growth, 
increases establishment cost, and increases economic risk associated with establishment if stands 
should fail (Mitchell et al., 2008; 2010). A general nitrogen fertilizer recommendation for the 
Great Plains and Midwest region is to apply 20 pounds (9,100 grams) of nitrogen per acre per 
year for each ton of anticipated biomass if harvesting during the growing season. Nitrogen 
application rates can drop to 12 to 14 pounds, or 5,400 to 6,400 gram, per acre per year for each 
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ton of anticipated biomass if harvesting after a killing frost. In this case, less nitrogen is removed 
from the system and some nitrogen is recycled. Spraying herbicides to control broadleaf weeds is 
typically only needed once or twice every 10 years (DOE, 2011). 
 

Table 14 outlines fertilizer and herbicide input rates that three recent studies report. 
Guretzky et al. (2011) examined the impacts of harvest system and N fertilizer rates on biomass 
yield and nutrient composition of switchgrass at sites in the southern Great Plains. These authors 
reported biomass yield as a function of N application rate. As Figure 4 illustrates, above 8,000 g 
N/dry ton, the switchgrass yield does not increase and may even decline.  Bai et al. (2010) 
conducted a life- cycle analysis of switchgrass-derived ethanol and modified agricultural input 
data from Bullard and Metcalfe (2001) such that fertilizer is applied in every year, not just in the 
establishment year. Parrish and Fike (2005) published a comprehensive review of switchgrass 
agronomy for biofuel production and reported N application rates at six sites in the United States 
and Canada that had one harvest per year. These mass per area (g/ha) rates  were converted to 
mass of nitrogen applied per mass switchgrass harvested assuming a yield of 6.7 dry tons/acre.  

 
Table 14. Agricultural input rates for switchgrass production 

Input (g/dry ton) Guretzky et 
al. (2011) 

Bai et al. 
(2010) 

Parrish and 
Fike (2005) 

Adopted 
for GREET 

N 8,000a 7,700a 6,300 7,300 
P 50b 150c  100 
K 200d 300e  200 
Lime  11,500  0 
Herbicides  900  28 

a. As ammonium nitrate 
b. As CaH2PO4 
c. As P2O5 
d. As KCl 
e. As K2O 
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Figure 4.  Switchgrass yield (Dry ton/acre) response to nitrogen application 
rate (g/dry ton) (Guretzky et al. 2011). 

 
The nitrogen fertilizer application rate adopted for use in GREET is the average of the 

three studies’ values for this parameter.  It is slightly higher than the range of 5,400-6,400 g/dry 
ton for harvesting after a killing frost from the BTS2 report, but lower than the suggested 9,100 
g/dry ton for harvesting during growing season.  Both Guretzky et al. (2011) and Bai et al. (2010) 
indicated that the N fertilizer was ammonium nitrate. However, in this study we use the current 
GREET default values for the shares of different forms of N fertilizer.  As more data becomes 
available on N fertilization of switchgrass, GREET may be revised to reflect different N fertilizer 
shares.  
 

For phosphorus pentoxide (P2O5) and potassium oxide (K2O), we average Bai et al. 
(2010) and Guretzky et al.’s (2011) data, which seem consistent with literature reports that 
switchgrass is P and K thrifty and would not require much of these fertilizers (Parrish and Fike, 
2005; DOE, 2011). Insufficient data were available to alter the current values for herbicide 
application rate. Similarly, uncertainty surrounding benefits and application rates of lime 
applications (Parrish and Fike, 2005) preclude selection of a value for calcium carbonate (CaCO3) 
application at this point. As no consensus has been reached concerning optimal fertilization rates 
for switchgrass (Parrish and Fike, 2005; Guretzky et al., 2011), we will continue to monitor the 
literature on this topic and update GREET in subsequent releases.  
 
4.6  ELEMENTAL COMPOSITION AND HEATING VALUE 
 

Table 15 lists the elemental composition and heating values obtained from Phyllis2 
database (ECN, 2012). The average values on dry basis are used in GREET. 
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Table 15. Elemental composition and heating values of switchgrass (ECN 2012) 

 Mean Min Max Std #of 
samples 

Ash (% dry) 5.7 1.9 10.1 1.8 44 
C (% daf) 49.4 45.2 53.2 2.3 15 
H (% daf) 6.1 5.6 6.5 0.3 15 
N (% daf) 0.64 0.37 1.30 0.19 32 
O(% daf) 44.0 39.0 48.6 2.7 15 
S (% daf) 0.12 0.00 0.21 0.06 15 
HHV (Btu/daf ton) 16,525,000 15,750,000 17,385,000 602,000 14 
LHV (Btu/ daf ton) 15,320,000 14,545,000 16,267,000 516,000 14 
C (% dry) a 46.6     
H (% dry) a 5.8     
N (% dry) a 0.6     
O(% dry) a 41.5     
S (% dry) a 0.11     
LHV (Btu/dry ton) a 14,447,000     
a  Converted from the daf (dry ash free) values based on the mean dry ash content of 5.7%.    
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4.7  SUMMARY 
 

Key parameters developed in this analysis and used in GREET are listed in Table 16. 
 
Table 16.  Switchgrass production parameters adopted in GREET 

Parameter Value 
Yield 4.9 
Energy consumption (1,000 btu/ dry ton) 177.7 
  Growing 50.0 
  In-field harvesting and handling 127.7 
Transportation  
  Moisture content (%) 12 
  Payload (dry ton) 20a 
  Distance (mile) 50b 
Elemental composition (% dry )  
  C 49.4 
  H 6.1 
  N 0.64 
  O 44.0 
  S 0.12 
  Ash 5.7 
LHV (Btu/dry ton) 14,447,000 
Fertilizer usage rate (g fertilizer/ dry ton)  
  N 7,000 
  P2O5 100 
  K2O 200 
Herbicide (glyphosate) (g/dry ton) 28 
N2O emission from N-fertilizer (%) 1.525 
a Indoor LSB. See Table 34 for other cases. 
b See Section 8 for calculations of this parameter 
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5  WILLOW 
5.1  BACKGROUND 
 

Short rotation woody crops (SRWC) have advantages including fast growth and high 
biomass yield in short rotation time. Two of the most studied SRWC species, willow and poplar, 
are investigated in this report with willow covered in this section and poplar in Section 6.  
 

Generally, willow biomass is produced through the following steps. First, willow cuttings 
are produced in the nursery stage.  After the field is prepared by removing existing vegetation, 
ploughing, disking, cultipacking and herbicide application (not all the operations are necessary 
depending on field conditions), the willow cuttings are planted using a planter at a density of 
4,000-8,000 plants/acre (Heller et al., 2003; Labrecque and Teodorescu, 2005; Styles et al., 2008; 
Gonzalez-Garcia et al., 2010; DOE, 2011). Typically, willows are coppiced in the first year after 
planting, then harvested every 3-4 years (a rotation) after coppicing, and replanted after 6-7 
rotations.  Fertilizer, mainly nitrogen fertilizer, is usually applied after the first year coppice and 
also after each of the harvests, although some recent studies in the northeast United States 
indicate that there is no yield response in shrub willow to organic or inorganic fertilizer 
applications across a range of different sites (Quaye et al., 2011; Quaye and Volk, 2013).  Other 
studies in southern Quebec have shown a yield response to fertilizer (Nissim et al., 2013). 
Willow could be harvested by different kinds of harvesting machinery.  There are two major 
methods to collect willow biomass (and other long-stem fibrous crops): either as full length 
stems and then chipping or grinding them or by cutting and chipping the material in a single pass 
with either large forage harvester or smaller units attached to farm tractors (Eisenbies et al., 2012; 
Lechasseur and Savoie, 2005; Savoie et al., 2013).  Full length stems may be handled in a bulk 
stack or may be tied, bundled, and transported.  However, eventually, in most technologies for 
bioenergy production, the size of willow biomass needs to be reduced by chipping, shredding, or 
grinding.  After harvest, the biomass can either be stored on-site or transported to the plant for 
storage before being used for bioenergy production.  In the following sections, we describe and 
quantify inputs into the processes for SRWC production, including energy, fertilizers, and 
agrochemicals, beginning with a discussion of yield. 
 
5.2  YIELD 
 

As mentioned previously, willow is a perennial with multiple harvest rotations occurring 
between successive plantings.  In this study, a 23-year lifetime is adopted for willow production, 
the willow is coppiced at the end of the first year and the first harvest occurs at the 4th year, and 
the 3-year rotation is repeated for the second through seventh harvest. At the 23rd year, the 
willow stools are removed and the land is prepared for next cycle.  No useable biomass is 
harvested during the first or last year. 
 

Volk et al. (2011) summarized a series of yield trials established across North America 
with older cultivars from the Ontario Ministry of Natural Resources and the University of 
Toronto and new genotypes from the State University of New York-College of Environmental 
Science and Forestry (SUNY-ESF) breeding program.  For the older cultivars planted between 
1993 and 2001, an average yield of 3.1 dry tons/acre/yr (bone dried short ton/acre/year) was 
obtained for the first rotation.  For the new cultivars planted between 2005 and 2007, the average 
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first rotation yield was 4.1dry tons/acre/yr. The average first rotation yield of top cultivars from 
each of the nine different locations was 5.2 dry tons/acre/yr and 5.5 dry tons/acre/yr for the older 
and new cultivars, respectively.  These values provide a reasonable and relatively realistic upper 
limit for the first rotation yield for large scale production in North America with current 
technology; although higher yields of 7.7 and 7.0 dry tons/acre/yr were indeed observed for some 
certain species in trials at Boisbriand, QC, Canada and Arlington, WI, USA, respectively. 
Introduction of the new willow cultivars, as well as the effect of site conditions and improved 
management, had a positive impact on biomass yield. The yield in the second through seventh 
rotation usually increases compared to the first rotation.  In the second rotation for 30 willow 
cultivars planted in Tully, NY, in 1997, production increased by 19.4% across all the cultivars 
and 23.0% for the commercial cultivars compared to the first rotation.  In the fourth rotation, 
compared to the first rotation, a mean production increase of 13.6% across all the cultivars was 
observed, and the mean increase for the commercial cultivars was 30.8%.  
 

Walsh et al. (2003) estimated the annual yield in different geographic regions in the 
United States (Table 17) and the average yields were close in these regions.  
 
Table 17. Estimated willow yield in different regions in the United States (Walsh et al. 2003) 

 
Annual yield (dry ton/acre/yr) 

Regiona Average Range 
Lake States 4.6 4.1-5.3 
Corn Belt 4.7 4.5-5.1 
Appalachia 4.5 4.5-4.5 
Northeast 4.9 3.2-5.8 

a Lake States includes MI, MN, WI; Corn Belt includes IA, IL, IN, MO, OH; Appalachia includes DE, 
KY, MD, NC, TN, VA, WV; and Northeast includes CT, NH, NJ, NY, MA, ME, PA, RI, VT. 
 

Labrecque and Teodorescu (2005) obtained first rotation yields ranging from 2.8-7.5 dry 
tons/acre/yr with 10 cultivars planted at Southern Quebec, Canada.  The average yield is 5.2 dry 
tons/acre/yr. Over four rotations yields were 8.5 dry tons/acre/yr in fertilized plots and 6.1dry 
tons/acre/yr in unfertilized plots (Nissim et al., 2013).  Outside of North America, Borzecka-
Walker et al. (2008) obtained an average first rotation yield of 5.9 and 5.3 dry tons/acre/yr from 
four cultivars at two different locations in Poland, respectively.  
 

Most currently available literature discussing willow agriculture only covers the yield of 
the first several rotations and not that of the whole life span.  We will monitor the progress of 
studies on willow yield and update affected parameters in GREET accordingly.  
 

In a life cycle analysis (LCA) study conducted by Heller et al. (2003), a yield of 4.5 dry 
tons/acre/yr was assumed for the first rotation as well as an increase of 36% for the second 
through seventh rotations.  Based on this study and the yields mentioned above, herein we adopt 
a first rotation yield of 4.5 dry ton/acre/yr with an increase of 20% for the second through 
seventh rotations.  The resulting total yield is 109.7 dry tons over 23 years or an annual yield of 
4.8 dry tons/acre/yr.  This is between the low (100.0 dry tons over 23 years) and high yields 
(131.1 dry tons over 23 years) used in a recent LCA study by Caputo et al. (2013).   
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5.3  FIELD OPERATION AND STORAGE 
 

Table 18 summarizes field operation fuel consumption from Heller et al. (2003) and 
Caputo et al. (2013), which updated Heller et al. (2003). Comparison of these two studies reveals 
progress in willow production during the past decade. For example, Caputo et al. use a single 
pass cut-and-chip harvester based on a Case New Holland FR series forage harvester, in 
comparison with the Salix Maskiner Bender used in Heller et al. (2003). The forage harvester 
consumes more diesel per acre, but also has higher throughput than the Salix Maskiner Bender.  
Another major difference is the energy consumed during the production of willow cuttings.  In 
Caputo et al.’s study, total energy consumed for willow cuttings production (including diesel, 
electricity and natural gas) is 524 Btu/dry ton willow chips whereas Heller et al. reported a value 
two orders of magnitude larger  (21,161 Btu/ dry ton willow chips).  
 

We summarize two other studies in addition to Heller et al. (2003) and Caputo et al. 
(2013), one in Spain (González-García et al., 2012) and the other in Italy (Goglio et al. 2009). 
Table 19 compares results from the four studies, which are in good agreement. We therefore 
adopted the values from Caputo et al. (2013) as being most representative and most recent for 
willow production in the United States. Overall, including the fuel consumption during willow 
cutting production, the energy consumption is 154,754 Btu/dry ton, of which 99% is diesel fuel. 
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Table 18. Fuel consumption for field operations during willow production 

    Heller et al. (2003)  Caputo et al. (2013) 

Operation 
 

Imple-
ment 
used 

Frequency 
(times/ 

life cycle) 

 
Pmax

a 
(kW) 

Operat-
ing rate 
(h/ha) 

Qdiesel
b

 
(gal/acre/ 
life cycle) 

Qoil
c 

(10-3 gal/acre/ 
life cycle) 

 Qdiesel 
(gal/acre/ 
life cycle) 

Qoil 
(10-3 gal/acre/ 

life cycle) 
Mow existing 
vegetation 

Mower 1  54 1.5 2.6 8.6  2.1 3.8 

Apply contact 
herbicide 

Herbicide 
sprayer 

1  37 0.5 0.5 2.3  0.7 1.3 

Apply 
pre-emergent 
herbicide 

Herbicide 
sprayer 

 

1  37 0.5 0.5 2.1  0.7 1.3 

Plow Plow 1  60 1.7 3.1 10.3  2.4 4.3 
Disk Disk 1  54 1.4 2.3 8.0  2.0 3.6 
Seed covercrop Seeder 1  37 0.1 0.1 0.4  0.1 0.2 
Mow covercrop Mower 1       2.1 3.8 
Disk Disk 1  54 1.4 1.9 8.0  2.0 3.6 
Cultipack Culti-

packer 
2  54 0.7 2.0 8.1  2.0 3.6 

Plant Planter 1  78 2.5 6.1 18.0  3.6 6.5 
Coppice Mower 1  54 1.5 2.6 8.6  2.1 3.8 
Weed control Rototiller 1  54 1.6 3.4 9.1    
Fertilize Fertilizer 

sprayer 
7  75 0.2 3.2 10.3  2.1 3.8 

Harvestd  7  78 3.0 74.2 151  105.6 190 
Remove stoolse  1    3.0   3.2 5.8 
Apply herbicide Herbicide 

sprayer 
       0.7 1.3 

Total (life 
cycle) 

     105.3 245  131.4 237 

Total (gal/ton)      1.0 0.026  1.2 0.022 
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a  Maximum available power take off (PTO) power of the tractor 
b Diesel fuel consumption.  See Heller et al. (2003) for calculation methodology. 
c Oil consumption.  See Heller et al. (2003) for calculation methodology. 
d Salix Maskiner Bender in Heller et al. (2003) and forage harvester in Caputo et al. (2013). 
e In Heller et al. (2003), stool removal was assumed to consume 1 GJ/ha.  The energy type was unspecified, although designated as non-diesel.  We expect the 
energy was delivered by a liquid fuel.  Here we converted the energy to an equivalent amount of diesel, which gives on an energy basis, 0.1 L diesel/ton.  It is 
possible the fuel used was oil or gasoline.  The contribution of this step to overall willow production is small and minimally affected by the uncertain identity of 
the liquid fuel consumed in the stool removal step. 
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Table 19. Fuel consumption for field operations during willow production in 4 different studies 

Source 
Heller et al. 

(2003)  
Caputo et al. 

(2013) 
Gonzalez-Garcia et al. 

(2012) 
Goglio et al. 

(2009) 
Rotations 7   7 5   8 

Operation 
 
 

frequency 
(times 
per life 
cycle) 

Qdiesel 
(gal/acre/ 
life cycle) 

frequency 
(times 
per life 
cycle) 

Qdiesel 
(gal/acre/ 
life cycle) 

frequency 
(times per 
life cycle) 

Qdiesel 
(gal/arce/ 
life cycle) 

frequency 
(times per 
life cycle) 

Qdiesel 
(gall/acre/ 
life cycle) 

Mow existing vegetation 1 2.6 1 2.1 
 

 
  Apply contact herbicide 1 0.5 1 0.7 

 
 

  Apply pre-emergent 
herbicide 

1 
 

0.5 
 

1 
 

0.7 
 

 
 

  Plow 
 

1 3.1 1 2.4 1 2.8 1 5.5 
Disk  1 2.3 1 2.0 1 0.8 1 1.2 
Seed covercrop 1 0.1 1 0.1     
Mow covercrop   1 2.1     
Disk 

 
1 1.9 1 2.0 

  
1 3.2 

Cultipack   2 2.0 2 2.0 
   

 
Planting 

 
1 6.1 1 3.6 1 4.8 1 5.9 

Coppice 
 

1 2.6 1 2.1 1 3.2 1 0.4 
Weed control 1 3.4   1 3.2 1 1.3 
Fertilize 

 
7 3.2 7 2.1 5 4.6 8 1.5 

Harvest 
 

7 74.2 7 105.6 5 40.2 8 68.2 
Remove stools 1 3.0 1 3.2 1 6.7 

 
 

collecting stools 
  

  1 1.6 
 

 
Spray herbicide 

  
 0.7 

  
1 1.5 

Total   
 

105.3  131.4 
 

67.9 
 

88.7 
Average 
(gal/dry ton)   

 
1.0 

 
 

 
1.2 

 
1.1 

 
0.9 
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Figure 5 summarizes yield and fuel consumption data used to develop GREET 

parameters for willow production.  Yield levels off after year seven.  The year of planting is 
more fuel intensive, compared to the years in which the willow is harvested.   
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 5. Yield and fuel consumption for willow production excluding fertilizer 
production and transportation. Note: The yield represents the total harvested 
dry biomass at the end of each rotation.  Useable biomass is not produced 
during years 1 and 23. 

 
Willow biomass can be stored in the forms of either stems or chips. The conservation of 

willow stems in full length is very simple and risks of degradation are practically non-existent 
(Lechasseur and Savoie, 2005).  According to Culshaw and Stokes (1995), no infrastructure is 
necessary for storage and losses are minimal. Storage of full-length stems provides an additional 
benefit of natural air drying. The storage of fresh wood chips usually requires an infrastructure to 
dry mechanically (ventilation, heating, mixing machinery) and to avoid biomass decomposition 
(Culshaw and Stokes, 1995).  However, in this study, as previously mentioned in Table 18, we 
assume using a forage harvester to harvest willow biomass which directly chops it into chips. 
The fresh willow has a moisture content of around 50%, and well-aerated wood chips can dry 
from 50% to 20% (Savoie, 2013). We assume the willow chips are dried to 30% moisture 
content before transported to the biorefinery. This value is also suggested by Sue Jones through 
personal communication (Jones, 2011). Jones is the lead author of a Pacific Northwest National 
Laboratory (PNNL) case study which uses hybrid poplar chips as feedstock for pyrolysis biofuel 
production (Jones et al., 2009).  We do not include volatile organic carbon (VOC) or GHG 
emissions such as methane, nitrous oxide (CH4, N2O) that may stem from dry matter loss during 
storage or the effective yield decrease caused by dry matter loss.  This effective yield decrease 
impacts all stages upstream of harvesting.  The transportation of willow from farm-to-biorefinery 
is discussed in Section 8. 
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5.4  AGRICULTURAL MATERIAL INPUTS 
 

Agricultural material inputs for willow production consist of two parts: inputs for willow 
cuttings production and inputs for willow growth. 
 

Willow cuttings are assumed to be produced onsite and the energy usage for transporting 
the willow cuttings from the nursery to the field is small and omitted.  Material inputs for the 
production of 26,120,250 cuttings (on 1 ha over 24 harvests) are adopted from the study of 
Caputo et al. (2013) and shown in Table 20. 
 
Table 20. Agricultural material inputs for willow cuttings production 

Inputs Total usagea Unit Unit/ dry tonb Btu/dry ton 

Diesel 640 gal 0.001 178 
Electricity 46,890 Kwh 0.1 346 
Natural gas 4.95 m3 0.00001 0.4 
Herbicide (Glyphosate, 
3times) 7.5 Kg 0c   

Ammonium sulfate 
fertilizer 600 Kg N 0.001  

Urea fertilizer 449 Kg N 0.001  
 a For the production of 26,120,250 cuttings (Caputo et al. 2003).  
 b Total consumption per 26,120,250 cuttings converted to consumption per unit mass of harvested dry willow    
    biomass, assuming a plantation density of 6,200 cuttings/acre and a willow biomass yield of 4.8 tons/acre/yr. 
c Value is too insignificant to show. 
 

Use of fertilizer and herbicides depends on factors including soil properties, climate 
conditions, field conditions and operations, economics, and farmers’ preferences.  Choosing a 
representative fertilizer application rate is challenging.  Labrecque and Teodorescu (2005) did 
not fertilize or irrigate, but still obtained an acceptable yield of 2.8-7.5 dry ton/acre/yr for the 
first  rotation. Similarly, Quaye and Volk (2011) also reported comparable biomass production 
among several fertilization treatments and controls.  These studies indicated that an acceptable 
biomass yield might be reached with little or no fertilizer addition under some conditions, 
especially when nutrient-containing leaves remain on site and contribute to nutrient recycling.  
However, in most other studies, at least nitrogen fertilizer is used periodically for compensation 
for the uptake by harvested biomass.  Compared to the usage of nitrogen fertilizer, less 
application rate data for phosphorous and potassium fertilizers exists.  In a recent study (DOE, 
2011) and the study of Caputo et al. (2013), no phosphorous or potassium fertilizers input were 
applied during willow production. Likewise in GREET, no phosphorous or potassium fertilizers 
are used (Table 20).  
 

Fertilizer and herbicide application rates for willow production adopted in GREET are 
presented in Table 21. The last column of Table 21 shows the total fertilization application rate 
taking the inputs in Table 20 into consideration. We will continue to monitor the literature for 
new information on fertilizer application rates in willow production.  
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Table 21. Application rates of fertilizers and herbicides for willow production 

 Application Rate 
(kg/acre/lifetime) 

Application 
Rate 

(g/dry ton) 

Total application rate 
including cuttings 

production (g/dry ton) 
N (in the form of 
(NH4)2SO4) 

283 2,581 2,583 

N in other forms 0 0 1 
P2O5 0 0 0 
K2O 0 0 0 
Herbicide (Glyphosate) 3.0 27 27 
 
5.5  ELEMENTAL COMPOSITION AND HEATING VALUE  
 

Typical composition and lower heating value (LHV) of willow biomass from Phyllis2 
database (ECN, 2012) is listed in Table 22. The average values are used in GREET. 
 
Table 22. Elemental composition and LHV of willow biomass (ECN 2012) 

Sample No. 
% (dry weight)  LHV 

( Btu/dry ton) C H N O S Ash 
345 50.2 5.9 0.1 42.2 - 1.59 14,832,000 
719 49.1 5.89 0.36 43.7 0.03 0.95 15,555,000 
947 49.3 6.6 1.1 40.8 0.1 2.10 16,096,000 
2249 50 5.9 0.7 41.8 0.05 1.60 15,142,000 
2715 44.7 5.7 0.2 46.2 0.03 1.30 15,357,000 
Average 48.7 6.0 0.5 42.9 0.05 1.51 15,396,000 
 
5.6  SUMMARY 
 
A summary of the parameters developed for willow are presented together with poplar results in 
Section 6. 
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6  POPLAR 
 
6.1  BACKGROUND 
 

Literature reports for poplar (Populus ssp.) production encompass more species than do 
literature accounts of willow production.  Different Populus species could exhibit different 
lifetimes and harvest performance.  Usually, poplar production requires intensive management 
and large amounts of agricultural material inputs. Poplar is not drought tolerant.  However, it has 
potential for high growth rates under the right conditions.  Also, extensive genetic research has 
been conducted and improvements in yield and traits like insect resistance are likely in the 
medium term (Kline and Coleman, 2010). These factors make poplar attractive despite of its 
disadvantages. 
 

The density of plantation of poplar varies in the literature: 302-680 plants/ acre (U.S. 
Department of Energy 2011); 435 plants/acre (Zalesny et al. 2009); and 1100 plants/acre (James 
et al. 2010). Under the right conditions, Populus spp. plantings can be harvested three to four 
years after cutback.  More than eight rotations are possible during one plantation. However, 
longer rotation times are usually mentioned or assumed in literature. The BTS2 report (DOE, 
2011) set the poplar rotation time at eight years. Gasol et al. (2009) assumed a 16 lifetime of 
years and a 5-year rotation.  Alder et al. (2007) assumed a 10-year lifetime.  In this study, a 25-
year lifetime is adopted for poplar production.  Poplar is harvested in years 9, 17 and 25. At the 
25th year, the poplar stools are removed and the land is prepared for next cycle.   
 
6.2  YIELD 
 

The BTS2 report (DOE, 2011) estimated the productivity of poplar at 3.5-6.0 dry 
tons/acre/yr.  In a survey conducted by Kline and Coleman (2010), hybrid poplars achieved 
yields of 2.25 dry tons/ acre/yr on plantations in the southeastern United States, but 6.75 dry 
tons/acre/yr on trial plots. Riemenschneider et al. (2001) reported a yield of 7 dry tons/acre/yr in 
the North Central United States.  Biomass yield ranges of the best six cultivars in the study of 
Zalesny et al. (2009) conducted in the Midwestern United States are summarized in Table 23. 
 
Table 23. Poplar biomass yield in Midwestern United States (Zalesny et al., 2009) 

Location Age 
 (year) 

Yield 
 (dry ton/acre/yr) 

Westport, MN 5 1.0-1.7 
 8 3.6-4.5 
 10 4.0-5.0 
Waseca, MN 7 4.6-6.0 
Arlington, WI 3 2.3-3.2 
 6 6.6-9.3 
 8 7.2-9.4 
Ames, IA 4 1.9-2.4 
 7 5.0-9.3 
 9 6.0-10.9 
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Walsh et al. (2003) estimated the annual yield of poplar in different regions in the United 

States (Table 24). The average yield ranges from 3.6-5.8 dry tons/acre/year in these regions.  
 
Table 24. Poplar yield in different geographic regions in the United States (Walsh et al., 2003) 

 Annual yield (dry tons/acre/yr) 
Regiona Average Range 

Lake States 4.4 3.5-5.3 
Corn Belt 4.6 3.7-5.2 
Southeast 4.5 3.8-5.2 
Appalachia 3.6 4.0-5.2 
North Plains 3.8 3.3-4.3 
South Plains 3.7 3.3-4.0 
Northeast 4.0 3.4-4.5 
Pacific Northwest 5.8 5.5-6.0 
a Lake States includes MI, MN, WI; Corn Belt includes IA, IL, IN, MO, OH; Southeast includes AL, AR, 
FL, GA, LA, MS, SC; Appalachia includes DE, KY, MD, NC, TN, VA, WV; North Plains includes MT, 
ND, SD, WY; South Plains includes CO, KS, NE, OK, TX; Northeast includes CT, NH, NJ, NY, MA, 
ME, PA, RI, VT; and Pacific Northwest includes OR, WA. 
 

In Quebec, a yield of 8.1 dry ton/acre/yr was observed without fertilizers or irrigation 
(Labrecque and Teodorescu, 2005). Gasol et al. (2009) used 6.0 dry ton/acre/yr in their LCA 
study in Spain. 
Based on the yields obtained above, we adopt an annual yield of 4.5 dry ton/acre/yr.  The 
resulting total yield per plantation is 112.5 dry ton/acre.  We will monitor literature reports of 
poplar production and update GREET parameters accordingly.   
 
6.3  FIELD OPERATION AND STORAGE 
 

Currently no detailed, itemized energy consumption information is available for poplar 
cuttings production. Vande Walle et al. (2007) estimated the energy use for cuttings production 
to be 115,093 Btu/acre.  We then calculate an energy intensity for cuttings production of 1,032 
Btu/ dry ton by dividing the energy consumed during cuttings production by the total yield of 
112 dry tons/acre.  We assume this energy comes from diesel.  Fuel consumption for different 
field operations is summarized in Table 25 according to Alder et al. (2007) and DOE (2011).  
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Table 25. Fuel consumption for field operations during poplar production 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As a comparison, Mann and Spath (1997) estimated the diesel consumption for field 

operations to be 8.9 gal/acre/yr, which gives 2.0 gal/ dry ton. Overall, adding in the fuel 
consumption during poplar cutting production, the diesel fuel consumption is 219,150 Btu/dry 
ton. 
 

Figure 6 summarizes the yield and fuel consumption data used to develop GREET 
parameters for poplar production.  In contrast to fuel consumption patterns over the cycle of a 
willow crop, in the case of poplar, more fuel is consumed in the years of harvest than in the 
planting year. This is because poplar has a longer rotation than willow (8 years vs. 3 years).  
Additionally, willow needs to be coppiced in the first year after planting whereas poplar does not.   
  

Operation Frequency 
(times/ life cycle) 

Qdiesel (gal/acre) Qdiesel 
(gal/acre/life cycle) 

Plow 1 2.1 2.1 
Disk 2 1.6 1.2 
Cultivate 6 0.5 33. 
Planting 1 6.1 6.1 
Fertilize 9 0.2 1.5 
Apply pesticide  9 0.3 2.5 
Apply lime  1 0.2 0.2 
Fell 3 10.3 31.0 
Skid 3 9.9 29.7 
Chip 3 37.0 110.9 
Apply post-harvest 
herbicide  

3 0.3 0.8 

Total   189.5 
Average (gal/ton)   1.7 
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Figure 6. Yield and fuel consumption for poplar production excluding fertilizer 
production and transportation. Note: The yield represents the total harvested 
dry biomass at the end of each rotation based on a lifetime average annual yield 
of 4.5 ton/acre. 

 
Similar to willow, in this study, we assume all the poplar biomass is chipped in the field 

and transported to the biorefinery for storage.  We do not include VOC or GHG emissions (CH4, 
N2O) that may stem from dry matter loss during storage or the effective yield decrease caused by 
dry matter loss.  This effective yield decrease impacts all stages upstream of harvesting.  GREET 
may include poplar dry matter loss effects in the future.  The transportation of poplar from farm-
to-biorefinery is discussed in Section 8. 
 
6.4  AGRICULTURAL MATERIAL INPUTS 
 

Fertilizer and herbicide usage rates are summarized in Table 26 according to Alder et al. 
(2007). Fertilizer is applied in years 3, 5, and 7 during each rotation. For each application, 
application rates of N, P2O5 and K2O are 34, 11, and 23 kg/acre, respectively. 972 kg/acre of 
limestone is applied to the field before plantation. Herbicide is applied three times during each 
rotation; pesticide is applied once. 
 
Table 26. Application rates of fertilizers and herbicides for poplar production 

 Rate 
(kg/acre/lifetime) 

Rate 
(g/dry ton) 

N  238 2,743 
P2O5 79 914 
K2O 159 1,828 
Limestone 972 8,640 
Herbicide (Glyphosate) 9 82 
Pesticide (Other) 6 54 
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6.5  ELEMENTAL COMPOSITON AND HEATING VALUE  
 

Composition data for poplar biomass is listed in Table 27. The average values are used in 
GREET. 
 
Table 27. Elemental composition and LHV of poplar biomass 

Source % (dry weight)  LHV 
( Btu/dry ton) C H N O S Ash 

Brown, 2003 48.5 5.9 0.5 43.7 0.01 1.43  
Huang et al., 2009 50.0 6.3 0.2 42.2 0.02 1.32  
Miles et al., 1995 50.2 6.1 0.6 40.4 0.02 2.7  
USDOE-EERE, 2006 51.7 4.5 0.2 35.1 0.03   
Gasol et al., 2009 50.3 6.1 0.4 41.5 0.03 2.62  
Average 50.1 5.8 0.4 40.6 0.02 2.02 15,929,000a 
a Average value of Poplar samples 287, 289, 290, 291, 293, 700, 1340, 1828, 1930 in Phyllis2 database (ECN, 2012). 
 
6.6  SUMMARY  
 

The production parameters for SRWC willow and poplar are summarized in Table 28, for 
inclusion in GREET.  Poplar harvest is estimated to be more energy intensive than willow 
harvest.  One possible reason is that poplar has a stem with a larger diameter than willow and 
therefore requires different harvesting equipment that consumes more energy to cut and chip it. 
Nitrogen fertilization rates, however, are similar for the two SRWC.  Differences between these 
two SRWC may be a result of this small sample set of studies describing their production in the 
U.S.   
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Table 28.  Willow and poplar production parameters adopted in GREET 

Parameter Values 
Willow Poplar 

Yield (dry tons/acre) 4.8 4.5 

Farming energy (Btu/ dry ton) 154,754 219,150 
    Diesel consumption  154,407 219,150 
    Electricity 346  
    Nature gas 0.4  
Transportation   
Payload (wet tons) 25 a 25 a 
Average transport distance (mile) 50 a 50 a 
Moisture content (%) 30 a 30 a 
Fertilizer usage rate (g/dry ton)   
    N   2,584 2,743 
    P2O5 0 914 
    K2O 0 1,828 
Herbicide (g/dry ton) 27 136 
Limestone (g/dry ton)  8,640 
Elemental composition    
    C 48.7 50.1 
    H 6.0 5.8 
    N 0.5 0.4 
    O 42.9 40.6 
    S 0.05 0.02 
    Ash 1.51 2.02 
LHV (Btu/dry ton) 15,396,000 15,929,000 
N2O emission from  
N-fertilizer (%) 

1.525 1.525 

a See Section 8 for this parameter 
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7  FOREST RESIDUE 
 
7.1  BACKGROUND  
 

Every year, the forest industry generates residues that are potential feedstocks for 
biofuels production.  There are two major sources of residues from forest stands. The first is 
logging residues, which include the limbs and tops of large trees, cull trees and cull tree 
components, and downed trees from harvesting operations.  The second source is forest thinnings, 
which are the non-merchantable components of forest stands that are thinned as part of fire risk 
reduction efforts and restoration harvests (DOE, 2011).  We start with the estimate of yield and 
availability of forest residue. 
 
7.2  YIELD AND AVAILABILITY 
 

Table 29 presents the available amount of the major forest residues in the U.S. estimated 
by the BTS2 report (DOE, 2011).  The BTS2 report estimates this availability with two separate 
methods and then combines them to estimate composite operations.  The first method is 
recovering the logging residue left at the landing area after conventional harvesting, using the 
Timber Product Output (TPO) database (USDA Forest Service, 2007a).  The second method is to 
simulate uneven age thinning operations on all non-reserved timberland in the Unites States 
using USDA Forest Service forest inventory and analysis (FIA) plots (Smith et al., 2009).  The 
separate estimates of county-level supply curves from these two methods are combined into a 
single, composite estimate for a county.  They predict there will be a transition from the first 
method to the second as the utilization of forest residue evolves and assumes a 50:50 ratio over 
the next 30 years. 
 

Notably, the amount of forest residues available through sustainable harvesting is 
significantly lower than the total amount of residues available.  With the application of best 
management practices or through formal forest certification programs, sustainable harvesting can 
be achieved (BRDI, 2008).  It avoids adverse environmental effects like soil erosion, fertilizer 
deficit and ecological habitat damage.  Availability is also a function of price, with total residue 
availability increasing when the price of forest residue increases.     
 
Table 29. Availability of Forest Residue in Million dry tons (DOE, 2011) 

 Logging 
Residues 

Forest 
Thinnings 

Composite 
operations 

Total available 68 78 73 
Residues available through 
sustainable harvesting methods 

47 28 38 

Residues available based on a 
price of <$40/dry ton 

47 20 34 

Residues available based on a 
price of <$30/dry ton 

20 19 20 
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The average annual timberland harvested area from 2001-2005 was 10.8 million acres 
(Smith et al., 2009). We use this average harvested area and the sustainably available forest 
residue, 38 million dry tons, in Table 29, to get the national average. The resulting national 
average yield of sustainably available forest residue is about 3.5 dry tons/acre. Local yields could 
vary considerably from this number.   
 

7.3  COLLECTION, PREPROCESSING, AND TRANSPORTATION   
 

In the United States, three main methods are used for timber harvesting: whole-tree, tree-
length and cut-to-length harvesting. In whole-tree harvesting, feller bunchers cut down and 
gather the whole trees.  Next, skidders haul them to the landing area for delimbing and stocking. 
In tree-length harvesting, trees are felled and delimbed at the stump, and the stems are 
transported to the landing area.  In cut-to-length harvesting, trees are also felled and delimbed at 
the stump, but the harvested wood is further processed into defined log lengths and then 
transported to the landing area. In the U.S., 80% of the total harvest is accomplished with the 
whole-tree method.  Cut-to-length and tree-length methods account for 15% and 5%, 
respectively (Leinonen, 2004).  
 

In whole-tree harvesting, forest residues are hauled together with the major timber 
products to the landing area where they are either left/disposed, or chipped and transported to 
power plants or to other points-of-use.  This method is used for the generation of both forest 
thinnings and logging residues (Leinonen, 2004). In the tree-length and cut-to-length harvesting 
methods, the residues are left at the stump. Currently, there is insufficient economic motivation 
to haul these residues to the landing area (Daystar et al., 2012).  As a result, we do not consider 
trees harvested in this manner to be a viable feedstock for biofuel production and limit our 
analysis to whole-tree harvesting only.  
 

A meta-analysis conducted by Johnson and Curtis (2011) found no overall effects of 
harvesting on SOC levels and a slightly reduced SOC following whole tree harvesting. However, 
responses for individual studies vary in a wide range.  A study evaluating the North American 
Long-Term Soil Productivity (LTSP) program found no overall effects of biomass removal on 
subsequent forest growth over 10 years.  And it is the removal of forest floor (fallen leaves, bark, 
stems above the soil surface), not removal of the harvested trees and residue that would serve as 
a biofuel feedstock, that reduced soil carbon (C) concentrations (Powers et al., 2005).  We 
assume no SOC changes are caused by forest residue removal based on these reports. 
Furthermore, in the whole-tree harvesting case, forest residue is removed from the landing area, 
not from the forest interior.  Therefore, its removal for biofuels production does not induce 
additional soil carbon change or supplement fertilizer issues for the forest land compared to other 
disposal method.  
 

Figure 7 (a) and (b) diagram the processes for producing wood chips from logging 
residues and forest thinnings, respectively. Equipment used and energy consumed for production 
of forest thinnings and logging residues are based on Johnson et al. (2012) and listed in Table 30.   
 

It is necessary to choose a co-product allocation method in developing life-cycle data for 
forest residues.  For forest thinnings, no allocation is needed.  The residues are assigned the full 
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energy consumed in felling, skidding, and chipping.  However, logging residues, could be 
considered either a waste product or a co-product. For this type of forest residue, an allocation 
method must be chosen.  If logging residues are treated as a waste product, only the energy used 
to chip the collected residues would be attributed to the biofuel feedstock.  Alternatively if it is 
treated as a co-product, the energy consumption and environmental burdens can be allocated 
between the primary wood product and residues by mass fraction. An economic allocation 
approach could also be taken.  Daystar et al. (2012) investigate the influence of co-product 
allocation methodology on LCA results for biofuels.  They assume the forest residue accounts 
for 11% of the total mass of forest residue plus primary product. They found results were similar 
(23.4 g CO2e/ MJ) when logging residues were treated as a co-product with mass allocation and 
22.8 g CO2e/ MJ when they were treated as a waste product.  Nevertheless, two options are built 
in GREET to address this issue, as shown in Table 30.  
 
(a) 

Logging 
residue

ConversionFelling TransporationGrindingSkidding

Logging 
products

 
(b) 

Felling TransporationChippingSkidding Conversion

 
Figure 7. Production of wood chips from (a) logging residues, and (b) forest 
thinnings. 
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Table 30. Equipment used and energy consumed in the production of forest thinnings and logging 
residues (Johnson et al. 2012) 

 
Operation 

Logging residues Forest thinnings 
Equipment Diesel consumptiona 

(L/dry ton) 
Equipment Diesel consumption 

(L/dry ton) 
Felling Large biomass 

feller buncher 
0 (0.20) Large biomass 

feller buncher 
0.20 

Skidding Large biomass 
skidder 

0 (0.63) Large biomass 
skidder 

0.63 

Loading Hydraulic loader 0.20   
Preprocessing  On-site horizontal 

grinder 
0.72 Medium whole 

tree chipper 
0.31 

Total  0.92 (1.75)  1.14 
Total (Btu/ 
dry ton) 

 118,006 
(225,000) 

 146,353 

a Values in parentheses reflect mass allocation between residue and main product.  
 
In the GREET model, the user has the option of choosing among logging residues, forest 
thinnings, and a weighted average of these two types of forest residue as a biofuel feedstock.  
The weighted average diesel fuel consumption for collecting and preprocessing one ton of forest 
residue into chips could be calculated based on Table 30 assuming a ratio of 50:50 for forest 
thinnings to logging residues (Table 31).  
 
Table 31. Diesel consumption for collecting and preprocessing 1 ton forest residue with different 
mass ratios of logging residues: forest thinnings 

Logging residues: 
Forest thinnings  

Total diesel consumption 
(Btu/ dry ton) 

Logging residue 
treated as waste 

Logging residue treated as co-
product with mass allocation 

100:0 118,006 225,000 
50:50 132,180 185,677 
0:100 146,353 146,353 
 

As a comparison, Whittaker et al. (2011) estimate diesel fuel consumption at 0.32, 0.24 
and 0.49 gal/m3 biomass for felling, skidding and chipping, respectively, in a study on recovery 
of UK forest residue.  In sum, the diesel fuel consumption is 1.05 gal/m3.  If we assume the 
density of forest residue is 0.53 dry ton/m3 (DOE , 2011) the total fuel consumption on a mass 
basis is 2.0 gal/dry ton (253,577 btu/dry ton). Whittaker et al. treat the forest residues as a co-
product of timber production and allocated energy consumed between the main timber product 
and the residue.  If the residue is treated as a waste, only the 0.49 gal/m3 for chipping would be 
assigned to it.  In that scenario, energy consumed to provide the residue as a biofuel feedstock 
would be 118,764 Btu/dry ton, which is close to the values derived in Table 31. In addition, 
Daystar et al. (2012) estimate the energy consumption of forest residues collection as 187,000 
btu/ dry ton.  It is unclear, however, whether this value includes upstream energy consumption 
(e.g., for the production of diesel fuel).   
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The transportation distance of forest residues would vary substantially with yield and 

biofuel facility capacity.  With the same approach used for other feedstocks, the average 
transportation distance is 54 miles (see parameters and calculations in Section 8). In the study of 
Johnson et al. (2012), the overall one-way hauling distance for the base case was set at 90 miles, 
slightly longer than the surveyed distance to sawmills of 80 miles found in a survey conducted 
by  the Consortium for Research on Renewable Industrial Materials (CORRIM) Phase II forest 
resource project (Oneil et al.,2009). Johnson et al. (2012) also considered scenarios of 30 and 60 
miles. Transportation distances are assumed to be 50 miles from forest to a biofuel plant which 
converts 771,300 dry tons/year by Daystar et al. (2012). In this document, we choose the most 
conservative value of 90 miles (one-way) from the literature.  
 
7.4  ELEMENTAL COMPOSITON AND HEATING VALUE  
 

Key characteristics of forest residue developed in this study that may influence the life-
cycle analysis of biofuel production include moisture content, density, heating value and 
elemental composition. 
 

The moisture content of fresh forest residue is usually between 40% and 60% (Leinonen, 
2004). If it is stored and naturally dried, the moisture content could drop to 30% (Whittaker et al., 
2011). We assume the forest residue is dried to 30% moisture content before it is transported.  
 

Table 32 summarizes the elemental composition and LHV from Daystar et al. (2012) and 
seven forest residue data sets  from the Phyllis2 database (ECN, 2012).  The average values are 
adopted in GREET.   
  

47 
 



Table 32. Elemental composition and LHV of forest residuea  

 Daystar 
et al. 

(2012) 

Phyllis 
846 

Phyllis 
1664 

Phyllis 
3121 

Phyllis 
1907 

Phyllis 
3186 

Phyllis 
3187 

Phyllis 
3190 

Average Unit 

C 52.0 50.3 49.8 53.1 51.0 49.0 49.0 48.1 50.3 % dry weight 
H 6.5 4.6 6.2 6.2 6.2 6.0 6.0 6.0 6.0 % dry weight 
N 0 1.0 0.9 1.1 0.4 0.1 0.1 0.5 0.5 % dry weight 
O 41 40 41 37 39 44 44 43 41 % dry weight 
S 0 0.11  0.07 0.05 0.01 0.01 0.05 0.04 % dry weight 
Ash 0.4 4.0 2.2 2.9 3.2 0.8 0.6 4.9 2.4 % dry weight 
LHV  16,490,000  17,291,000  17,712,000 17,730,000 17,222,000 17,289,000 Btu/ dry ton 

a The numbers associated with table entries from the Phyllis2 database are the database’s numerical identifiers for these data.
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7.5  SUMMARY  
 

In this document, we develop new production parameters for forest residue, summarized 
in Table 33, for inclusion in GREET. Previously in GREET, the energy consumption associated 
with forest residue collection as a biofuel feedstock was 230,000 Btu/dry ton.  All energy 
consumption was allocated to the production of forest residue from the total production of forest 
products (including saw logs and round wood) based on mass fractions.  The previous GREET value 
is very close to the 225,000 Btu/dry ton value developed in this report when mass allocation is also 
used.  Furthermore, GREET now allows the user to select whether forest residue is handled as a co-
product or a waste.   
 
Table 33.  Forest residue parameters adopted in GREET 

Parameter Value 
Yield (Dry tons/acre/year) 3.5 
Diesel consumption for collection and 
preprocessinga (Btu/dry ton)  

 

   Logging residues only 118,006 
   Forest thinnings only 146,353 
   Logging residues and forest thinnings 50:50 132,180 
Transportation  
Average transport distance (one-way) (mile) 90 
Payload (wet tons) 25 
Moisture content (%) 30 
Elemental composition (% dry)  
    C 50.3 
    H 6.0 
    N 0.5 
    O 41 
    S 0.04 
   Ash 2.4 
LHV (Btu/dry ton) 17,289,000 
aSee Table 31 for values when logging residue is treated as a co-product.  
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8 TRANSPORTATION 
 

Energy consumption during transportation depends on the form of feedstock in which it 
is transported, the transportation distance, mode of transportation, moisture content of feedstock, 
payload, and fuel economy of the transportation vehicle. 
 

Currently, the major form in which corn stover, miscanthus and switchgrass are or are 
expected to be transported is bale. Willow, poplar and forest residue, are more likely be 
transported as chips.  All feedstocks are assumed to be transported by heavy duty trucks. 
 

Hess et al. (2009a) provide a detailed analysis of corn stover bales transportation. 
Standard 8-ft-wide by 53-ft-long semi-tractor trailers transport the large square bales, which have 
dimensions of 4 × 4 × 8 ft.  Key parameters for bales transportation used in GREET are provided 
in Table 34. These parameters are also applied to switchgrass and miscanthus bales in this study.   
 
Table 34. Road transport factors used in GREET for corn stover, switchgrass, and miscanthus 

Parameter Indoor 
LSBa 

Covered 
LSB 

Uncovered 
LSB 

Biomass volume (ft3/bale) 128 128 128 

Biomass density (dry lb/ft3)b 11 10.6 9.7 

Moisture content (wt%) 12% 12% 12% 

Number bales/truck 26 26 26 

Actual payload (wet tons/truck) 23 22 20 

Dry biomass/truck (tons/truck) 20 19 17 

Dry matter loss 2% 2% 2% 
a Large square bale has  dimensions of 4 x 4 x 8 ft. 
b Shinners et al. (2010). 
 

For chips of willow, poplar, and forest residue, we assume the truck payload is 25 wet 
tons in GREET.  The moisture content of the wood chips during transport is 30%. 
 

Transportation distances depend on the size of the biorefinery, the land area surrounding 
the biorefinery which provides feedstock to the biorefinery, and the feedstock removal rate per 
unit area. In this study, a conceptual biorefinery that consumes 800,000 dry tons of feedstock 
annually is assumed for all feedstocks studied (Hess et al., 2009a).  
 

To determine the transportation distance, the supply radius for corn stover and other 
feedstocks included in this report is first calculated with Equation 2 (Hess et al., 2009a).  The 
supply radius is a function of the biofuel plant’s annual demand for feedstock, the feedstock 
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removal rate, the percent of the supply area under cultivation, the percent of cultivated land 
planted for the target crop, and the percent of growers participating in growing the targeted crop. 
 

𝑆𝑅 = �𝐹𝑆
𝑌
∗ 𝑐
𝜋∗(%𝐶𝐴)∗(%𝑇𝐶)∗(%𝐺𝑃)

                                                                                                 (2) 

 
Where 

 
SR=supply radius (miles) 
FS = demanded annual feedstock supply (dry tons) 
Y  = feedstock removed per acre (dry tons/acre) 
c = conversion constant between acre and square mile (1.5625*10-3 square mile/acre) 
%CA = percent of cultivated acres 
%TC = percent of cultivated acres planted for target feedstock 
%GP = percent of growers participating in supplying biomass 
 
The average transportation distance is then calculated by assuming an equal distance 

distribution of acres throughout the supply radius.  Finally, a road winding factor of 1.2 is 
applied to the average transportation distance.  
 

Values for above parameters are listed in Table 35.  Rounded numbers are used in 
GREET. 
 
Table 35. Calculation of transportation distance for different feedstocks 

 Corn 
stover 

Miscanthus Switch-
grass 

Willow Poplar Forest 
residue 

Unit 

Y 0.96 9.0 4.9 4.8 4.5 3.5 dry 
ton/acre/year 

FS 800,000 800,000 800,000 800,000 800,000 800,000 dry ton/year 
% CA 50 50 50 50 50 50 % 
% TC 50 5 5 5 5 5 % 
% GP 50 100 100 100 100 100 % 
SR 58 42 57 58 59 67 mile 
Calculated 
transfer 
distance  

46 34 46 46 48 54 mile 

Transfer 
distance 
adopted 

50 35 50 50 50 90a mile 

a See discussion in Section 7.  
 

In GREET, the back-haul distance is equivalent to the distance from the farm to the 
biorefinery.  The fuel economy of a heavy-duty truck is 5.0 miles/diesel gallon.   
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9 CONCLUSION AND OUTSTANDING ISSUES 
 
9.1  CONCLUSIONS 
 

Table 36 summarizes the values for key parameters developed for all six cellulosic 
biomass feedstocks.  For some feedstocks different scenarios were considered for  this report 
(e.g., for forest residue) but include only one scenario in this summary table.  Farming energy 
intensity is relatively similar for all six feedstocks, ranging from 132-193 thousand Btu/dry ton.  
Variation in the use of nitrogen fertilizer is greater.  This parameter ranges from 2,600 to 7,300 g 
N/dry ton.  Given the energy intensity of nitrogen fertilizer production and the on-field N2O 
emissions that stem from its application, this parameter is very important and can be a key driver 
for biofuel LCA results (Wang et al. 2012).  Overall fertilizer requirements are highest for corn 
stover.   
 

52 
 



Table 36.  Key parameters adopted in GREET 

 Corn 
stover 

Miscanthus Switchgrass Willow Poplar Forest 
residue 

Unit 

Yield  0.96 9.0 4.9 4.8 4.5 3.5 dry tons/acre/year 
Farming energy 192.5 131.5 177.7 154.8 219.2 132.2 1000 Btu/dry ton 
Transportation        
  Moisture content 12 12 12 30 30 30 % 
  Average transport distance 50 35 50 50 50 90 mile 
  Payload 20 20 20 17.5 17.5 17.5 dry tons 
Fertilizer usage rate        
  N  7,000 3,517 7,300 2,584 2,743 - g/dry ton 
  P2O5 2,000 1,228 100 0 914 - g/dry ton 
  K2O 12,000 5,008 200 0 1,828 - g/dry ton 
Herbicide  - - 28 27 136 - g/dry ton 
Limestone - - - - 8,640 - g/dry ton 
Elemental composition        
    C  46.7 47.6 46.6 48.7 50.1 50.3 % (dry weight) 
    H 5.6 5.5 5.8 6.0 5.8 6.0 % (dry weight) 
    N 0.7 0.5 0.6 0.5 0.4 0.5 % (dry weight) 
    O 40.8 42.3 41.5 42.9 40.6 41 % (dry weight) 
    S 0.10 0.08 0.11 0.05 0.02 0.04 % (dry weight) 
   Ash 5.3 3.75 5.7 1.51 2.02 2.4 % (dry weight) 
LHV  14,716,000 15,342,000 14,447,000 15,396,000 15,929,000 17,289,000 Btu/ dry ton 
N2O emission from  
N-fertilizer 

1.525 1.525 1.525 1.525 1.525 - % 

53 
 



9.2  OUTSTANDING ISSUES 
 
Generally, Argonne will track advances and changes in production and conversion 

technologies for cellulosic biomass feedstocks. A discussion of specific elements that may merit 
further investigation follows. 
 
Farming Energy and Energy Aallocation 
 

Research on cellulosic bioenergy feedstocks is in its early stages.  More information will 
become available as experience grows with optimal field operation, appropriate fertilization rates 
and harvesting techniques. In comparison, corn farming is much more mature. Argonne will 
update the parameters in GREET that reflect field conditions as new data becomes available.  
One likely source of data that will soon be available is the results of the Regional Feedstock 
Partnership, a DOE funded effort seeking to advance feedstock production technologies. 
 

Currently in GREET, corn stover is considered a waste, and therefore energy 
consumption of a certain number of field operations is not assigned to it. However, it is possible 
in the future as the bioenergy industry evolves, the value of corn stover will increase such that 
they it might not be considered to be a waste. In that case, an allocation method is needed to 
allocate the energy consumption between the cellulosic biomass and the main products (e.g., 
corn grain).  
 
Land-use Change 
 

GREET estimates land-use change (LUC) GHG emissions for corn, corn stover, 
switchgrass, and miscanthus ethanol pathways in its Carbon Calculator for Land Use Change 
from Biofuels Production (CCLUB) module.  The CCLUB users’ manual (Dunn et al. 2013a) 
and several publications (Kwon et al. 2013, Dunn et al. 2013b) document the data and 
methodology used in CCLUB.  LUC GHG emissions for additional feedstocks and biofuel 
pathways may be included in future GREET releases. 
 
Spatial Factors 
 

Many aspects of cellulosic biomass production are dependent on local factors such as 
weather and soil type.  Although GREET is not currently configured to specifically consider 
location-dependent factors, users can enter user-defined values for farming quantities such as 
fertilizer application rates and harvesting energy consumption to develop location-specific results. 
 
Time series 
 

Corn agriculture teaches that over time, technology to grow crops can improve resulting 
in increased yields with less energy and fertilizer input (Wang et al. 2011).  We developed a time 
series for the yield of the feedstocks considered in this report (Table 37).  Yield data for corn 
stover is extracted from Table 2.  For miscanthus, switchgrass, willow and poplar, the BTS2 
report (DOE, 2011) assumed a baseline increase rate of 1% and a high increase rate of 2-4% 
annually. We adopt the more conservative baseline of 1% annual increase in yield.  Forest 
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residue yield does not change because it is an average value over 30 years based on the BTS2 
report (DOE, 2011).  It is unclear whether these yield increases will be accompanied by 
decreases in fertilizer and harvest energy intensity.   
 
Table 37. Time series for the yield of six cellulosic feedstocks 

 Yield (dry tons/acre/year) 
Year Corn 

stover 
Miscanthus Switchgrass Willow Poplar Forest 

residue 
2012 0.96 9.0 4.9 4.8 4.5 3.5 
2017 1.17 9.5 5.1 5.0 4.7 3.5 
2022 1.34 9.9 5.4 5.3 5.0 3.5 
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