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Abstract.   Eight different corn stover logistics systems were modeled for the purpose of evaluating their sensitivity to 
key system parameters to identify the lowest cost feedstock system.  Reducing field operations and maintaining harvester 
productivity were vital to reducing harvest costs.  Storage costs were lowest with systems that had low losses and 
transport costs were minimized when truck weight limit was attained.  Deconstructing and size-reducing bales added 
considerably to processing costs compared to bulk system where size-reduction took place at harvest.  For these reasons, 
bulk harvest and storage systems consistently provided lower cost feedstock than bale systems.  Of the systems considered 
where the stover and grain were separated at harvest, the two-pass chopped, bulk system where moist stover was 
conserved by anaerobic storage and fermentation produced the lowest feedstock cost at $84/Mg, a difference of $26.7/Mg 
or 24% lower than the conventional three-pass LSB, covered storage scenario.  Storage and transport costs made up a 
significant fraction of total costs with this bulk system, but these greater costs were offset by much lower harvest and 
processing costs compared to other systems.  A sensitivity analysis showed that yield and the size of the processor had the 
most impact on feedstock cost.  They do so, primarily by the impact on transportation distance, which was found to be the 
largest cost.  A new approach was considered in which very mature corn grain and stover would be harvested, stored and 
shipped together.  The grain and stover fractions would then be separated for further processing.  The stover feedstock 
costs were 55% less than conventional stover harvest systems and 34% less than the lowest cost two-pass system.  This 
system offers the best opportunity to significantly reduce corn stover feedstock costs. 
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ABSTRACT 
 Eight different corn stover logistics systems were modeled for the purpose of evaluating their sensitivity to 
key system parameters to identify the lowest cost feedstock system.  Reducing field operations and maintaining 
grain harvester productivity were vital to reducing harvest costs.  Storage costs were lowest with systems that had 
low losses and transport costs were minimized when truck weight limit was attained.  Deconstructing and size-
reducing bales added considerably to processing costs compared to bulk system where size-reduction took place at 
harvest.  For these reasons, bulk harvest and storage systems consistently provided a lower cost feedstock than bale 
systems.  Feedstock costs were modeled from harvest through storage and transport to the point where size-reduced 
material was ready for conversion.  Of the systems considered in which the stover and grain were separated at 
harvest, the two-pass chopped, bulk system in which moist stover was preserved by anaerobic storage and 
fermentation produced the lowest feedstock cost at $84/Mg, a difference of $26.7/Mg or 24% less than the 
conventional three-pass large square bale scenario using covered storage.  Storage and transport costs made up a 
significant fraction of total costs with this bulk system, but these greater costs were offset by much lower harvest 
and processing costs compared to other systems.  A sensitivity analysis showed that yield and the annual mass 
required by the processor had the most impact on feedstock cost.  They do so primarily through their impact on 
transportation distance, which was found to be the largest cost.  A new approach was considered in which very 
mature corn grain and stover would be harvested together by chopping with a forage harvester, and then stored and 
shipped together.  The grain and stover fractions would then be separated for further processing at the conversion 
facility.  For this system, the stover feedstock costs were 55% less than conventional stover harvest systems and 
34% less than the lowest cost two-pass system.  This system offers the best opportunity of those analyzed to 
significantly reduce corn stover feedstock costs.  
  
INTRODUCTION 
   
 Corn stover is widely recognized as the most promising high volume lignocellulosic feedstock to produce a 
sustainable, renewable energy supply.  However, the costs associated with harvest, storage, and transport of this 
relatively low-value commodity challenges its economic viability for both producers and end-users. In 2009, US 
corn producers harvested approximately 298 Tg of corn grain dry matter, of which 18 Tg was harvested as silage 
(USDA-NASS, 2010).  Using a stover to grain ratio of 1:1 (Shinners et al., 2007a), the US has a corn stover 
production potential of 280Tg.  If half of this corn stover were utilized that year, based on an estimated yield of 300 
L/Mg stover (McAloon et al., 2000), it could have produced 42 GL of ethanol.  On an energy basis, this equates to 
8% of the US motor gasoline consumption.  (DOE – EIA, 2011) 
 

Stover harvest and storage schemes can be grouped broadly into bale or bulk systems.  Bale systems  use  
large round or square balers to package stover harvested directly from the combine (single-pass systems) or baled 
from windrows (two-, three- or four-pass systems).  Some aspects of the economics of baled systems have been 
presented by Shinners et al. (2003); Sokhansanj et al. (2006); Brechbill and Tyner (2008); Wright et al. (2006); 
Cundiff and Grisso (2008); and Petrolia (2008).  They have suggested the baling and storage be done on the farm, 
followed by year round transport to the processor, by varying means, including  bales, ground stover, and 
containerized systems.  The costs were estimated between $40/Mg and $93/Mg for transport distances between 32 
and 163 km.  
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Bulk systems involve size-reducing and collecting the stover at the grain combine using additional machine 
components at the rear of the combine (single-pass systems) or picking-up windrowed stover using a forage 
harvester with windrow pick-up (two-, three-, or four-pass systems).  The size reduced stover would then be 
anaerobically stored and preserved. Shinners et al. (2003) estimated that bulk stover systems reduced total costs of 
stover logistics by 20 to 31% compared to baled systems practiced today. 
 

The manner in which stover is harvested is a key component to the overall stover logistics system.  It 
influences the entire storage and logistics system around the harvested biomass physical form and moisture content.  
If stover moisture must be less than 25%, then the time available for harvest may be shortened due to weather, 
dramatically increasing the cost, labor, and capital requirements of biomass harvesting.  To limit the negative 
consequences to soil quality, stover yields should be limited to 10-65%, depending on field characteristics.  
However, the consequences to limiting stover yield are increased transport distances, more land suffering soil 
compaction, increased use of fossil fuels, more expensive harvest operations, and increased soil contamination of 
the crop. 

 
The objective of this research was to evaluate the effects of corn stover yield, moisture content and bulk 

density on the overall system economics, as quantified by costs, labor and capital requirements, and energy use.  
Specifically, this research evaluated several corn stover harvest, storage, and logistics schemes for the sensitivity to 
primary harvest parameters, cost and energy balance comparisons, the system’s labor and capital intensity, and 
estimates for corn stover costs on different supply scales.     
 
MODEL BACKGROUND AND ASSUMPTIONS 
  

A model was developed for corn stover logistics systems for harvest through preparation for use in a 
biorefinery.  The model was built as a set of modules to evaluate standing crop value, harvest, storage, transport, 
processing, and the supply availability.  The modules can be operated either individually or as a network to evaluate 
the entire system.  Overall system assumptions used for all systems and variables are given in table 1.  All monetary 
values are set in 2011 US dollars.  The outputs of the model are the additional cost, labor, energy, and capital above 
and beyond the traditional corn for grain system.  
 
MATERIAL DESCRIPTION, NUTRIENT  REMOVAL,  AND  SOIL  QUALITY 

 
The impact of corn stover harvest on soil quality is a concern with respect to system sustainability. 

However, the value of stover as a soil amendment is not agreed upon in literature.  Soil type, topography, residue 
removal ratio, nitrogen fertilization rate, and tillage are major factors that affect both soil erosion and soil organic 
carbon (SOC).  Unharvestable biomass, made up of structural root biomass and rhizodeposition, makes up a   
greater  portion of the SOC pool than does the aboveground portion (Allmaras et al., 204).  In our model, the 
potential SOC contribution from corn stover was assumed to be 13% of stover OM and its value was estimated at 
$7/Mg (Lang, 2002).  We also assumed that $15/Mg DM was sufficient producer payment to cover the cost of soil 
erosion in most circumstances. 

 
 The nutrient replacement ratio of stover was reported as 0.0; 3.1; and 16.5 kg/Mg DM  for N, P, and K, 
respectively (Petrolia, 2008).  However, Sheehan et al. (2008) suggested the replacement ratio to be 8.8; 0.6; and 
7.2 kg/ Mg DM  for N, P, and K, respectively. It has also been suggested that the following year’s corn crop needs 
less nitrogen fertilization when stover is removed, likely due to reduced immobilization of nitrogen caused by the 
high C:N ratio of corn stover (Coulter, 2008).  In our model, we assumed no replacement requirement for N (Table 
2). 
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Table 1.   General assumptions and variable ranges for corn stover harvest. 

Assumptions or variables   Values   Units 

Corn grain yield 8.54 kg DM/ha 

Stover : grain mass ratio 1:1 

Localized land area available for stover harvest 27 % 

Average in-field haul distance 0.3 km 

Average field-edge to storage haul distance 3.2 km 

Median payment above soil amendment value of 
stover 15 $/Mg DM 

Fuel cost 1.06 $/L 

Labor Rate [1] 12 $/hr 

Grain Drying  0.049  $/bu/point 

Grain Storage  0.138  $/bu-6 months 

Cash Corn Price  5  $/bu 

Profit for harvest processes  20  % 

Profit for transport processes 15 % 

Profit for storage processes 10 % 

Profit over storage loss costs 35 % 

Inflation adjusted interest rate 3 % 

Round bales 

Size 1.57 x 1.83 m 

Density 110, 152 [2] kg DM/m3 

Square bales 

Size 0.89 x 1.19 x 2.59 m 

Density  140, 152 [2] kg DM/m3 

Forage transporter 

Size  2.5 x 2.9 x 15.8 m 

Transport density – pre-storage[3] 70, 80, [5]   kg DM/m3 

 – post-storage[4] 160, 140, [5] 

   [1]  On top of the labor rate is 20% benefits and 25% employer costs (7.65% FICA taxes, 4% 
unemployment, 4% worker’s compensation, 9.35% overhead and administration) - $18/hr total base 
labor cost.  A premium of 20% and 10 % are applied to harvester and semi operators, respectively. 

   [2]  Density for bales of stover and material other than grain (MOG), respectively. 
   [3]  Density for bulk stover, MOG and whole-plant corn, respectively, during transport from field to storage. 
   [4]  Density for bulk stover, MOG and whole-plant corn, respectively, during transport from storage to 

biorefinery. 
   [5] Whole-plant corn silage density was calculated as the sum of the partial volumes of its respective grain 

and bulk stover fractions. 
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Table 2.  Removal ratio, price, and specific cost for replacement of key soil macronutrients. 

  Removal Price[2] Specific 
  Ratio   Cost 

  kg/Mg DM[1] $/kg $/Mg DM[1] 

N - 1.26 - 

P2O5 2.35 1.96 4.6 

K2O 14 1.16 16.2 

Soil organic matter 130 0.007[3] 0.9 

Total economic value      21.8  
[1] Unit mass or cost of nutrient removed per mass of stover DM removed. 
[2] Price per unit mass nutrient from urea (0-0-46) $525/ton, DAP (12-40-0) $765/ton, and Potash (0-0-62) 

$653/ton. (Prices quoted by Agriland Co-op, Fond du Lac, WI on May 11, 2011) 
[3] (Iowa State Extension, 2010) 

 
 
HARVEST METHODS 
 
 Harvest methods were defined by the number of field operations, the physical form of the stover as it exits 
the field, and the quantity of stover harvested.  Single-pass harvest refers to the combine doing all the stover 
harvesting in conjunction with the grain harvest (Shinners et al., 2007b; 2009).  The type of head used on the 
combine dictates the fraction and quantity of stover harvested.  Two-pass harvest refers to the combine harvesting 
grain, and simultaneously windrowing the stover that will be harvested in a second field operation (Shinners et al., 
2011a).  Three-pass harvest refers to the combine harvesting the grain, followed by a windrowing stalk chopper 
being used in the second field operation, and finally a third operation of baling.  Two- and three-pass harvest 
systems utilized either a large round baler (LRB) or large square baler (LSB) to harvest and package the stover; or a 
self-propelled forage harvester (SPFH) to harvest size-reduced stover in bulk form.  We modeled several of the 
most promising and/or the most often considered scenarios (table 3). 
 
 Two single-pass scenarios were modeled where the stover was chopped at the combine and handled 
thereafter as a bulk material.  The combine was configured with either a whole-plant or ear-snapper head where 
55% or 15% of the available stover was collected (scenarios 1 and 2, respectively).  Another single-pass scenario 
was modeled where a LRB was towed by the combine that had an ear-snapper head to capture 17% of the available 
stover (scenario 3).  The LRB was configured so that material accumulated during the bale wrapping and unloading 
process so that the combine was not required to stop.  Two, two-pass scenarios were modeled, harvesting the 
windrows formed at grain harvest either by chopping with a SPFH and handling in bulk form or by baling with a 
LSB (scenarios 4 and 5, respectively).  Conventional stover harvest practices were also modeled; one using a LSB 
and storing bales indoors, the second using a LRB and storing bales outdoors (scenarios 6 and 7, respectively). 
 

An additional harvest scenario, not previously considered, was also modeled – single-pass harvest of the 
whole-plant.  Corn grain and stover at black-layer or later maturity would be harvested simultaneously using a 
SPFH, and the combined fractions transported and placed into anaerobic storage (Cook and Shinners, 2011).   
Amendments may be used to help preserve the feedstock and begin pretreatment of the stover fraction, however 
this was not modeled.  After storage, either the grain or stover fractions could also be utilized as animal feed, but 
both fractions were targeted as a biomass feedstock in this model.  Therefore the combined grain and stover would 
be shipped to the processor, where the grain and stover fractions will be separated and both fractions further 
processed. 
 

 Harvest equipment specifications and assumptions are given in table 4.  Parameters such as grain loss, 
fraction of total stover harvested, and mass-flow-rates were determined from previous work on stover harvest 
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(Shinners et al., 2007b; 2009; 2011a).  The equipment productivity was modeled by the lesser of the results from 
equations 1 and 2 with the maximum speed and mass-flow-rate plus assumed field efficiency provided in table 3: 
   

∙ ∙   [1] 

 
 

∙   [2] 

where: 
  Pa1  harvester area productivity limited by ground speeds 
 Pa2  harvester area productivity limited by mass flow 
 w width of harvested strip 
 v maximum harvester speed  
 ηf field efficiency 
 M maximum mass-flow-rate 
 Ym dry mass yield per unit area 
 
 

The length of the typical annual stover harvest was estimated at 200 h (5 week season x 40 machine-hours 
per week) for any harvest scenario where storage by ensiling occurred.  Dry bale harvest was estimated as 75% of 
this duration because of the limitation to produce low crop moisture by field drying.  The time for stover to dry to 
baling moisture has been reported to take at least several days because of low ambient temperatures and frequent 
precipitation (Glassner et al., 1998); (Shinners et al., 2007a).  Labor was calculated as 25% more time than machine 
hours to account for machine downtime and non-productive time related to harvest. 

 
All machinery had lubrication costs estimated as 15% of the total fuel cost, machine housing costs were 

estimated to be $32/(yr-m2), and annual insurance cost was estimated to be 0.5% of the machine purchase price.  
Purchase price was estimated as a 15% discount to retail list price.  The cost of net wrap for LRBs was estimated as 
$1.50/bale and twine for LSBs was estimated as $0.50/bale.  Amortization and depreciation of all equipment 
utilized the methods described in ASABE Standards EP496.2 and D497.4 (ASABE, 2006a, b) and used 0% 
inflation and an estimated real interest rate of 3% to return real dollar values.  Repairs were estimated for the 
lifetime of the machine (table 4) as a fraction of the purchase price. 

 
HANDLING, STORAGE AND TRANSPORT 
 
 We assumed all of the baled systems employed a self-propelled bale transporter which collected the bales 
and placed them in a stack at the field edge.  The staged bales would later be moved with a truck-trailer 
combination with a capacity of 27 large round bales or 36 large square bales (0.9 x 1.2 x 2.6 m). Bales were 
assumed to be handled at the field or storage site with a telehandler, capable of handling multiple bales at a time 
with weight capacity of 44 kN.  The average in-field haul distance was assumed to be 0.3 km, and the distance from 
field side to storage was 3.2 km.  For final transport from storage to the processor, bales were handled with the 
same telehandler at both loading and unloading.   Moist, bulk material was harvested with a SPFH and blown 
directly into a self-unloading semi-trailer with a capacity of 114 m3.  The transport distance from field to storage 
was 3.2 km.   

 
The whole-plant silage system yielded a negative harvest cost for the stover fraction because we found the 

harvest costs for the whole-plant were similar to the harvest costs of harvesting the grain fraction alone with the 
combine harvester.  When coupled with slightly decreased grain losses with the SPFH compared to the combine, 
the whole-plant harvest with the SPFH was slightly less costly than grain harvest alone with a combine, yielding a 
negative stover harvest cost for the whole-plant system. 
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Costs for truck and trailer transport of bales or bulk stover was assumed to be $0.79/km plus labor, fuel and 
lubrication, and trailer costs.  Transport labor rate is estimated as the system labor cost (table 1) plus 10% to 
account for annual non-productive hours.  Fuel use was estimated by the vehicle gross weight on a linear regression 
of 3.4 km/L unloaded and 2.3 km/L at maximum regulated weight of 356 kN (80,000 lbs).  Lubrication was 
assumed to be 15% of fuel cost.  Transport speeds for trucks were assumed to average 70 km/h.  All other transport 
vehicles and in-field transport speed was estimated by traction modeling, where the in-field rolling resistance 
coefficient was 0.12 and the road rolling resistance coefficient was 0.03 (Goering et al., 2003).  
 
 Bales that are less than 30% moisture content (w.b.) were assumed to be stored under tarp on a well-
drained base of stone, while bales over 30% are assumed to be line wrapped with plastic film and preserved by 
anaerobic fermentation.  Storing biomass uncovered increases dry matter loss,  moisture content and variability of 
moisture content,  the risk of self-combustion, and  material inconsistency, making it less desirable to processors 
(Shinners et al., 2007a; 2010).  However, because storing uncovered round bales of stover outdoors is common 
practice, we modeled one scenario in which dry LRB would be stored outdoors in direct contact with the ground 
and without cover.   
  

Moist, bulk stover was assumed to be stored in 2.87 m diameter plastic silo bags.  Shinners et al. (2011b) 
reported that stover density in silo bags averaged 265 kg WM/m3.  Typical road transport weight and volume 
regulations limit cargo density to about 240 kg/m3.  Therefore, we assumed that when the moist, bulk stover was 
removed from storage, its in-storage density would be preserved to insure transport efficiency. We envisioned that 
sections of bags would be loaded onto transport trucks in a similar fashion that cotton modules are loaded and 
transported.  Whole-plant stover and grain was assumed to be stored in bunk silos and was removed from storage 
with large wheel loaders.  The density of whole-plant material with stover plus grain was greater than the legal 
limits so no efforts or costs were expended to maintain the in-silo density.  Improved storage sites for bales or bag 
silos were assumed to be located an average of 3.2 km from any field on the farm.  Any site would have full access 
throughout the year. 
 

The major factors that affect loss of DM during aerobic storage are initial moisture, ambient temperature, 
exposures to precipitation, precipitation amount, type of bale wrap (twine or net mesh), drainage, and length of 
storage period.  Most of these factors also affect the aggregate bale moisture at removal from storage.  Stover DM 
losses in net wrapped bales stored outdoors directly on the ground ranged from 10.7 to 14.2% (Shinners et al., 
2007a) and 10% to 23% (Richey et al., 1982).  We assumed losses of 12% of DM. 
 

Net wrapped stover bales stored outdoors gained 8.1 to 36.9 percentage units of moisture during storage 
(Shinners et al., 2007a) and had highly variable moisture on a daily basis and within the bales themselves.  We 
assumed a final moisture content of 30% for bales stored outdoors and 20% for bales covered during storage, based 
on the observation from literature that aerobically stored bales tended to move toward those values.  Stover stored 
in a bag-type silo and preserved by anaerobic fermentation averaged DM losses of 3.3% (Shinners et al., 2011a) so 
for the purposes of our model we assumed storage losses of 3-5% for the anaerobic storage schemes considered 
(table 5).  
  



Page 9 of 39 
 

Table 3.   Stover harvest scenarios modeled. 

Single-Pass Two-Pass Three-Pass 
Whole-Plant 
Single-Pass 

Harvest Scenarios   1 2 3   4 5   6 7   8 
Primary  Stover Harvesting  

Machine 

Conventional combine X  X  X  X 

Combine w/ stover chopper X  X 

Combine w/ LSB, LRB X 

SPFH X 

Combine or SPFH Head 

Whole-plant X  X 

Ear-snapper - conventional X  X  X  X 

Ear-snapper - windrowing X  X 

Stover Properties 

Stalks/leaves X  X  X  X  X  X 

Cob/husk/MOG X  X  X  X  X  X 

Quantity - % of total stover 55 15 17 55 55 45 45 75 

Aggregate moisture - % w.b. 40 35 35 40 25 20 25 35 

Harvesting  Machine – Second 
or Third Operation 

Shredder X  X 

Rake or merger X[1]  X[1]  X[1]  X[1] 

SPFH X 

LSB, LRB X  X  X 

Physical  Form 

Size-reduced,  bulk X  X  X  X 

Baled - LSB, LRB LRB  LSB  LSB  LRB 

Storage  System 

Anaerobic – bunk or bag silo Bag Bag Bag Bunk 

Anaerobic – film wrapped tube X[2] X[2] X[2] 

Aerobic – covered X X X 

Aerobic – uncovered X 

Additional Assumptions 

Days available for field work 25  25  25  25  23  20  21  40 

Hours available per day    10  10  10     10  8     8  8     10 

[1] Merging was done as deemed economically advantageous 
[2] Bales wrapped only if moisture above 30% (w.b.) otherwise bales were stored under cover. 
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Table 4.    Machine configurations and assumptions. 

 

  
 

  Single-pass    Two-pass   Three-pass 
 

  
 

  

  Combine w/ 
whole-plant 

head 

Combine w/ 
conventional ear 

snapper head 

  Combine w/ 
windrowing 
ear snapper 

head 

  Combine 
w/ ear 

snapper 
head 

Stover Harvest Scenario 1 2 3 4, 5 6, 7 

Productivity Assumptions 

Working width m 6.1 9.1 9.1 9.1 9.1 

Assumed grain loss % of total 
 

2.5 2 2 
 

2 
 

2 

Engine rated power kW 350 375 375 350 350 

Field  efficiency % 73 77 75 78 80 

Maximum field speed km/h 7.2 8.0 8.0 8.5 10.0 

Maximum  Instantaneous  
Mass-Flow          

Grain and MOG Mg DM/h 54 69 80 78 83 

Economic  Assumptions 

Additional annual usage h 150 150 150 150 100 

Machine life h 3,000 3,000 3,000 3,000 3,000 

Retail list price [1] $ 540k 570k 560k 560k 500k 

Typical fuel use l/h 63 69 68 68 66 

Accumulated repair costs %  of  Pu[1]   75 65 65   66   65 

[1] Pu – inflation adjusted purchase price. 
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Table 4..  Machine configurations and assumptions (continued). 
 

        

LSB LRB 
SPFH w/ 
windrow 
pick-up 

  

SPFH w/ 
whole-
plant 

corn head 

 
Stalk 

shredder 

Stover Harvest Scenario 
 

5, 6 3, 7 4 
 

8 6, 7 

Productivity  Assumptions 

Working width m 7.5 6.1 
Engine rated power kW 150 90 460 600 150 

Field  efficiency % 70 70[4] 75 75 80 
Maximum field speed km/h 11.3 11.3 12.9 12.9 9.7 

Machine Parameters 

Capacity mass flow rate[1] Mg DM/h 55 35 75 100 

Assumed grain loss % of total 0.5% 

Stover physical form 
 Baled Baled Bulk Bulk 

Windrow
ed 

Economic  Assumptions 

Additional annual usage h 100 100 300 300 0 

Machine life[2] h [2] [2] 4000 4000 2000 

Retail list price [3] $ 121k 45k 400k 550k 37k 

Typical fuel use l/h 26 16 84 109 28 

Accumulated repair costs %  of  Pu   75 90 87   65  75 
[1] Baler instantaneous maximum mass-flow was assumed for dry stover.  If moist stover is baled, mass-flow is typically 

reduced, but this was not accounted for in the model. 
[2] Typically baler life is quantified by number of bales, other machines in h.  Baler life when baling primarily hay was 

assumed to be 50,000k bales, however we counted stover bales as the equivalent to 1.4 hay bales because stover is 
known to reduce baler life and have greater repair costs per bale.  For example a baler could experience 25,000 bales of 
hay and 15,000 bales of stover before it is sold for salvage value. 

[3]    Machine purchase price by producer (Pu) was assumed to be 85% of the retail list price. 
[4]    LRB field efficiency does not include time to stop, wrap, and unload bales.  This is directly calculated and 

accounted for in the model. 
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Table 5.   Time for queuing, loading, and unloading for corn stover transport systems. 
 

      LRB   LSB   SPFH 
      Bales   Bales   Bulk 

Field to Storage               
Loading  queue min/load   5   5   2 

Loading  time "   15    10    [1] 
Unloading  queue "   5   5   2 

Unloading  time "   15   10   5 
                

Storage to Processor               
Loading  queue min/load   5   5   5 

Loading  time "   10   10   5 
Unloading  queue "   10   10   2 

Unloading  time "   10   10   3 
[1]  Loading time was calculated by the harvest rate of the SPFH (Mg/hr) and the load limit (Mg 

or cubic meters) of the transport container. 
 

 
 

Table 6..    Specifications and assumptions for corn stover storage. 
 

    Moist, Bulk   Bales 

    
Bag Bunker   

Film 
Wrapped 

Covered[1] 
- LSB 

Uncovered 
- LRB 

Ground 
improvement   None Concrete   None Gravel pad None 

Storage footprint Mg DM/m2 0.18, 0.33[2] 0.78, 1.43[2]   0.16 0.65 0.08 

Capital expenditure $/m2 1.1  26.9    1.1  10.8   1.1  

Annual fixed costs $/Mg DM 0.3  3.6    0.3  0.9  0.5  
Annual variable 

costs " 13.9  5.1    5.2  0.3  0.0  

Total annual costs " 14.2  8.7    5.5  1.2  0.5  

Storage losses % of DM 3 5   3 3 12 

Final moisture % w.b.         20 30 

Change in moisture % units 0 2   0     
[1] Covered storage is stover bales on a rock pad and covered with a tarp.  Indoor storage was evaluated and was 

considerably more expensive than covering with tarp. 
 [2]  First number is for corn stover, second number is for whole-plant corn silage 
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 Storage losses in the whole-plant silage harvest system were considered as starch losses and fiber losses, as 
these fractions have very different economic values.  The losses, 2-3% of the whole and 1% starch losses, were 
increased from the values reported in Cook and Shinners (2011) to be conservative and with the assumption of 
greater storage losses in a bunker silo as compared to well-sealed bag silos.  The assumed 5% loss of grain in 
storage is the primary reason for the high costs of storage losses associated with this system.  However, the savings 
from the avoidance of grain drying and grain bin storage was incorporated into the storage costs of the whole-plant 
system, which frequently provided a savings greater than the cost of ensiling the whole-plant material, so the 
storage costs of the whole-plant material was often negative.    
 
 Storage costs were broken into two parts, storage costs and costs associated with DM losses.  Storage costs 
were calculated as the annualized storage structure fixed costs, plus the annual operating costs.  Examples of 
operating costs included covering bales with tarps, filling silo bags, packing bunker silos, or stacking bales.  
Storage loss costs were calculated by: 
 




















 1
1

1

Lsv
V

st
C    [3] 

   
where: 
  Cst  costs of DM loss, $/Mg DM 
 Vsv modeled value of stover in storage, $/Mg DM 
 L loss of DM during storage, % 
 
STOVER  TRANSPORT 
 

The biomass supply area for the scenarios modeled were described as a set of concentric diamonds nested 
around a central processing site (Appendix  A).  The variable costs of hauling for each concentric area as a function 
of its distance from the processor were then calculated.  We assumed that the primary driver for producers 
participating in stover collection was the difference between their costs and the price they receive (i.e. profit).  We 
further assumed that stover harvest participation would follow a gamma distribution which described participation 
as a function of this difference (Appendix A).  Assuming cost of production was similar across all farms, the 
difference in profit was primarily a function of hauling distance and cost.  The total yield and participation ratio for 
each concentric area along with average haul distance for that area was used to create a supply curve.  The supply 
curve was integrated over an infinite land area, limited only by distances that the transportation costs cause the total 
costs to exceed the price paid at the plant.  This integration defined the annual supply for a given price and the 
average, geometric mean transport distance (Appendix A).  Using the integration of the supply curve over the 
supply area and the Excel spreadsheet solver function, the biomass price could be calculated to achieve a specified 
annual supply. 
 
STOVER  PROCESSING 
 
 We assumed stover would be biochemically converted to ethanol.  Before the conversion process can 
begin, delivered stover must be size-reduced and made into a slurry.  For this analysis we made generic feedstock 
assumptions to evaluate each system.  For all systems the feedstock was taken to a 20mm particle size and 55% 
moisture content.  The moisture content is based on an estimated water requirement of a net 1.25 Mg of water 
required for processing 1 Mg DM of stover into ethanol.  The added water was estimated to cost $0.95/Mg water 
and require 1 MJ/Mg water for well pumping.  For this analysis we assumed a course grind that would result in the 
bale being turned into a bulk material similar to the bulk systems analyzed herein.  Kaliyan et al. (2010) found that 
for bales at 15% moisture content (w.b.) ground to a mean particle size of 17.4mm, the specific energy 
consumption was 241.3 MJ/Mg.  Using the same grinder and the ASABE standards for capital recovery and repairs 
and maintenance; the grinding cost was estimated at $6.1/Mg (electric power), plus $2.1Mg and 21 MJ/Mg for 
handling and loading (Kaliyan et al., 2010).  It is known that moisture content of biomass drastically reduces the 
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efficiency of bale grinders; however we did not model these decreases in performance.  Handling costs at the 
processor, beyond the unloading of the stover, of all bulk material was estimated as $2/Mg and 20MJ/Mg.  For the 
above mentioned processing costs, a 15% margin was assumed over the feedstock preparation and processing costs 
to estimate the feedstock cost to the conversion facility.  
 
PROFIT  MARGIN 
 

To produce a more realistic estimate of feedstock cost, a profit margin was assumed for the harvest, 
storage, and transport operations (table 1).  The profit margins were assumed to provide compensation to the 
service provider in exchange for their acceptance of risk.  In the following results and discussion sections, the term 
cost is related to one or several logistics steps and refers to the actual cost plus the assumed profit margin (see 
nomenclature section).  Biomass value is the modeled cost plus the profit margin (table 1), while biomass price is 
the modeled price that needs to be paid by the processor, to achieve the given annual supply.  The term feedstock 
cost is the sum of the biomass price and the cost, plus margin, for handling and processing after being unloaded at 
the facility.   
 
 
MODEL RESULTS AND DISCUSSION 
 
FEEDSTOCK  COSTS  FOR  670  Gg SUPPLY 

During the 1990s, grain ethanol plants were frequently of the 100 million liter per year size, and climbed to 
500+ million liter per year facilities through the present time.  For this analysis we used a supply of 670 Gg, which 
if used for ethanol would likely be in the 200 to 225 million liter per year range.  We assumed no other nearby 
facilities that would be competing for corn stover, which would have the effect of constricting the supply area and 
increasing the price paid for biomass.  Table 7 summarizes the model results for each of the eight harvest scenarios 
(table 3) for a 670 Gg supply.  The sum of handling and transportation were by far the greatest cost associated with 
any biomass harvest scenario, ranging from 37% to 64% of the total costs.  A single-pass combine that harvests 
55% of the available stover as a chopped, bulk material (scenario 1) slows the combine and increases grain harvest 
losses, resulting in high harvest costs.  However, the high yield reduces the transport distance and cost.  A similar 
system which only harvests 15% of the stover (scenario 2) had lower harvest costs but much greater transport costs 
due to the long transport distance, caused by a low yield.  This resulted in the costs of these two systems being 
similar.  Re-configuring the single-pass combine to produce LRBs (scenario 3) instead of chopped, bulk material 
increased harvest costs due to reduced combine productivity and greater capital costs.  The costs of handling and 
processing bales were substantial, which could not be offset by the lower costs of storage and transport of the 
greater density, dry bales, so this scenario had the greatest cost of the single-pass systems.  An unpublished scenario 
identical to scenario 3 utilizing a LSB, rather than a LRB, resulted in greater costs.  This was due to the greater 
capital cost of the baler, which is underutilized in a low yield situation, such as MOG baling. 

 
In the two-pass scenarios (4 and 5), the cost of forming windrows with the combine was $2.7/Mg.  We 

assumed windrows could either be chopped or baled (scenarios 4 and 5, respectively).  The combination of high 
yields (55%) and high capacity harvesting with the SPFH (scenario 4) resulted in harvest costs of $6.9/Mg, 
substantially less than baling costs of $26.1/Mg (scenario 5).  Transport costs were similar between the two systems 
because we assumed that the density of the chopped material in the silo bag (which is similar to that of a LSB) 
would be maintained during transport.   Although storage costs were high for the chopped, bulk material, these 
costs were more than offset by lower handling, harvest, and processing costs compared to the baled system (table 
8).  Therefore, the two-pass, chopped scenario had the lowest cost of the harvest scenarios considered where grain 
and stover were separated at harvest. 

 
The conventional three-pass scenarios generally had the highest costs of those considered.  Harvest costs 

were high because of the additional cost of forming windrows with a separate operation in addition to the high costs 
of baling.  LRBs have a lower harvest cost than the LSBs, however the inefficiency of transporting of LRBs, caused 
by their shape and low density, offset the harvest savings.  The major divergence point of the two systems is the 
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storage costs between the LSB/covered storage and LRB/outdoor storage scenarios (6 and 7, respectively).  High 
storage losses, moisture content gains, and material deterioration associated with outdoor storage of stover 
(Shinners et al., 2007a) increases storage costs by $12/Mg and results in a lower quality feedstock.  This quality 
impairment was not monetized or captured by our modeling, but could have an important impact on final product 
costs. 

 
Baling corn stover is rigorous and increases wear and the depreciation rate of balers.  To account for this 

we held the baler repair costs (table 4) constant while reducing the expected baler life in our model by 40%.  With 
these assumptions, the baling costs of $6.7 to $10.8/bale returned by the model were within the range reported in 
custom rate surveys of $6-13/bale (USDA-NASS, 2011; Edwards et al., 2011), suggesting that our bale costs are 
reasonable. 

 
The biomass price (table 7) is the price that a processor must offer to achieve a desired annual supply (in 

this case 670 Gg).  The biomass price is calculated from the sum of explicit process costs, the stover fertilizer value 
in the field of the stover ($21.8/Mg), and the profit necessary for a given annual supply, as modeled by the supply 
module (Appendix A).  For larger annual supply requirements a greater level of profit must be offered to induce 
more market participants.  Systems that have high densities and low moisture contents are more efficiently 
transported. As such, we found the average transport distance increased for the dry bale systems, increasing the 
collection area and potential market participants that would accept smaller profit margins.  This had the effect of 
lowering the price and producer profit potential that was needed to be offered to achieve the given supply size.  In 
other words, for material with lower transportation efficiencies (i.e. any of the low density or higher moisture 
systems), a smaller geographic area is available for economic collection, and therefore a greater price must be paid 
to source the same amount of biomass.  The feedstock cost to the biomass processor (table 7) is the biomass price 
plus the biorefinery processing costs to produce ready-to-be-converted, size-reduced slurries plus the profit margin 
of this operation.  Of the systems considered  where the stover and grain are separated at harvest (scenarios 1-7), 
the two-pass chopped, bulk system produced the least feedstock cost at $86/Mg, a difference of $26.2/Mg or 23% 
less than the conventional three-pass LSB, covered storage scenario. 

 
The single and two pass systems reduced the harvest labor requirements (h/Mg) by 10% to 60% (table 9).  

For these systems, each laborer during the harvest season could produce approximately 800-1000 Mg with the 
exception of the two-pass chopped system where a single laborer could produce 1300 Mg.  A comparison of fuel 
use to the farm-gate revealed bale handling versus bulk handling had greater fuel use by 1.5 L/Mg, but less storage 
fuel use by 1L/Mg.  Fuel use for harvest varied across systems, but depended most on the number of passes, the 
yield, the field efficiency of the harvester, and the fuel expenditures required for handling.  Bales require much 
more handling than bulk material, a major reason why harvest fuel use of bales was greater than the bulk systems.  
Transportation from storage to the processor accounted for 57% to 78% of the total fuel use.  The most significant 
differentiating factor found in our analysis of the capital requirements ($/Mg) was that bale systems require a large 
investment in handling equipment due to the unit handling that is required. 

 
Bale systems have greater harvest, handling, and processing costs, whereas the bulk systems have a greater 

cost of storage.  The bulk harvested systems (scenarios 1, 2 and 4) incur storage costs four-fold that of well-
managed baled systems (scenarios 5 and 6).  Baling corn stover and then deconstruction of the bales to get a size 
reduced material had a significant effect on the overall costs, making up 15% to 32% of the total costs (table 10).  
Size-reduction in the field at the time of harvest with the SPFH is much more cost effective, making up only 8% of 
the total feedstock cost. 

 
When yield was similar, the transport economics slightly favored LSBs and the MOG LRBs made with the 

combine over chopped, bulk stover (i.e. scenario 5 and 3 versus 4) (table 10).  Even when mechanized with focused 
bale handling equipment, the handling of bales makes up a significant portion of the total feedstock cost because it 
was very labor and capital intensive, while adding no value to the material.  The major inefficiencies of the bulk 
systems, particularly in low yield situations, is the time spent filling a semi-trailer and transporting small quantities 
at low density to storage (e.g. scenario 2) (table 10).  LRBs of stover have a bulk density that is too low and the bale 
shape does not optimize the load volume capacity.  LSBs on the other hand have good density and fully take 
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advantage of the load volume capacity.  Bulk systems have good density, make reasonable use of the load volume 
capacity, and have low handling costs associated with them (table 10).  To compare bulk and bales more generally, 
baling is the compaction of biomass in the field followed by an extremely energy intensive process of bale 
deconstruction followed by size-reduction to make the bales into a bulk format.  With the bulk system, size-
reduction takes place at harvest, but has greater storage costs associated with it. 

 
Stover has value to ruminant animal producers as a high-fiber roughage feed or as animal bedding.  The 

farm-gate cost of stover for these uses was determined (table 11).  Here the stover value does not include the value 
of P and K because it was assumed these elements would be returned to the land in the form of manure or a bedding 
pack.  Similar to when stover was considered a biomass feedstock, the two-pass bulk stover systems (scenario 4) 
provided the lowest cost material.  Bulk systems have the further advantage in that they lend themselves to pre-
storage application of amendments to enhance stover fiber digestibility by ruminant animals (Hadjipanayiotou et 
al., 1984).   
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Table 7.   Summary of median transport distance, and cost plus profit to harvest, handle, store, transport and 

process a 670 Gg annual supply of corn stover. 
 

Scenario  No. 

  1 2 3 4 5 6 7 8 

  Median  transport  distance  ..  km 

73 101 104 65 74 80 81 36 

  Baling  Cost + Profit 

$/bale 6.7  10.0 10.8 9.2 

$/Mg DM 10.7  26.1 28.1 20.1 

  Cost + Profit[1]  ..  $/Mg DM 

Harvest 24.5 9.5 26.0 9.7 28.8 36.2 28.1 -2.9 

Storage 17.3 17.0 10.5 16.4 4.0 4.2 14.0 -1.8 

Handling 1.7 1.7 9.9 1.7 8.8 8.8 5.0 0.3 

Transport 34.4 50.3 33.9 27.7 27.0 28.8 27.0 15 

Processing 3.3 3.2 13.5 3.3 13.3 13.2[2] 13.3 7.0 

Total 82.0 82.9 94.8 59.4 82.6 92.0[2] 88.0 17.6 

  Cost + Profit  ..  %  of  total 

Harvest 30 11 27 16 35 39 32 -16 

Storage 21 21 11 28 5 5 16 -10 

Handling 2 2 11 3 11 10 6 9 

Transport 43 62 37 48 33 32 31 78 

Processing 4 4 14 6 16 14 15 40 

  $/Mg DM 

Biomass price 99.6 109.8 107.7 82.4 90.4 98.8 100.1 49.7 

Feedstock  cost 102.9 113.0 121.2 85.7 103.7 111.9 113.4 56.7 
[1]  Feedstock quality differences were not taken into account.  Single and two-pass systems harvest stover with much less 

soil contamination than conventional three-pass systems (Shinners et al., 2011a).    Anaerobic and fermentation of 
stover produces volatile fatty acids (Shinners et al., 2011b) to which some biochemical conversion systems are 
sensitive. 

[2] LRBs stored outdoors gain moisture during storage due to exposure to precipitation, so Scenario 7 yields bales of 
higher and variable moisture content.  The greater cost of grinding moist bales was not accounted for, but should be 
considered. 
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Table 8.   Cost to bale, deconstruct bale, and size-reduce or cost to size-reduce 

stover with SPFH. 

Scenario  No. 

  3 5 6 7 4 

  Price  or  cost  ..  $/Mg DM 

Biomass  price 107.7 90.4 98.8 100.2 82.4 

Feedstock  cost 121.2 103.7 111.9 113.4 85.7 

Baling  cost + profit 10.7 26.1 28.0 20.1 

Size  reduction  cost[1] 7.0 7.0 7.0 7.0 6.9 

  Process  cost  ..  % to total feedstock cost 

Baling 9 25 25 18 

Size-reduction 6 7 6 6 8 

Bale total 15 32 31 24 

Chopping         8 
 [1]  For bales (scenarios 3, 5-7), the cost to unwrap net wrap from bale, deconstruct 

bale and size-reduce in tub grinder or similar.  For bulk material (scenario 4), the 
cost to chop in the field with the SPFH.  Grinding at the biorefinery is not needed. 
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Table 9.     Summary of diesel fuel, labor and capital requirements to harvest, handle, store, transport and 
process a 670 Gg annual supply of corn stover. 

Scenario  No. 

  1 2 3 4 5 6 7 8 

  Diesel  fuel  use[1] ..  l/Mg DM 

Harvest 1.4 0.5 2.3 1.7 0.8 2.2 2.1 1.2 

Storage 1.1 1.0 0.8 1.1 0.1 0.1 0.4 1.2 

Transport 5.9 7.6 9.7 5.4 7.1 7.5 7.1 4.2 

Total 8.4 9.2 12.7 8.1 8.0 9.8 9.6 6.7 

  Labor  requirements  ..  h/Mg DM 

Harvest 0.036 0.017 0.013 0.033 0.052 0.127 0.159 0.011 

Storage 0.084 0.086 0.076 0.083 0.018 0.019 0.025 -0.004 

Transport 0.244 0.360 0.373 0.192 0.310 0.318 0.246 0.109 

Total 0.364 0.463 0.462 0.308 0.380 0.464 0.430 0.116 

Mg / Laborer[2] 1040 820 970 1290 870 550 730 9900 

  Capital  intensity  ..  $/Mg DM 

Harvest 37 25 58 22 25 32 21 -10 

Storage 16 15 13 15 32 32 21 -26 

Transport 39 47 82 36 98 114 78 16 

Total 92 87 153 73 155 178 120 -20 
[1] Energy requirements for bale deconstruction and size-reduction at the processor are not included because these 

processes are often powered by electric motors. 
[2] Represents the mass removed from storage per laborer, not including labor for transport from storage to processor. 

. 
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Table 10.  Cost plus profit to load, handle and transport stover in bale or bulk form. 

 

Scenario  No. 

  3 5 6 7  1 2 4 

Bale  Systems Bulk  Systems 

Bale  type LRB LSB LSB LRB 

Yield[1] 17 55 45 45  55 15 55 

  Cost + Profit  ..  $/Mg DM 

Field to Storage 

First km[2] 14.4 12.5 12.5 4.7 12.8 22.0 7.8 

Distance variable cost[3] 0.22 0.23 0.23 - 0.51 0.51 0.51 

Sub-total 14.9 12.9 13 4.7 13.8 23 8.9 

Storage to Biorefinery 

First km[2] 6.7 7.0 7.1 7.8 4.7 4.7 4.7 

Distance variable cost [3] 0.22 0.23 0.23 0.25 0.25 0.25 0.25 

Sub-total 30.2 23.8 25.6 29.6 23.2 30.2 21.23 

Total 45.1 36.7 38.5 34.3 37.0 53.3 30.1 
[1]  Assumed yield of stover as percent of total stover available. 
[2] The cost to handle bale (if applicable) and/or load the transport vehicle including any idle time. 
[3] Marginal cost ($/Mg DM-km) of transporting the remaining distance from field to storage or storage to biorefinery. 

 

 

Table 11.   Farm-gate costs ($/Mg DM) of biomass for use on farm as roughage feed or animal bedding. 

Scenario  No. 
 

  3 5 6 7   1 2 4 8 

Bale  Systems Bulk  Systems 
 

Bale  type LRB LSB LSB LRB 
 

Process cost, less profit[1] 54.2 49.1 55.1 47.7 49.0 44.5 32.3 (0.4) 

Total[2] 70.7 65.6 71.6 64.2 65.5 61.0 48.8 16.1 
[1] Process costs include; harvest, transport to storage, storage, and post-storage processing.  
[2] Total is the process cost, plus the non-soil nutrient value of stover 
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WHOLE-PLANT  SILAGE  SYSTEM 
 

We have suggested a paradigm shift in which stover and grain, destined for biochemical conversion or 
processed animal feed, would no longer be harvested, stored and transported separately.  Alternatively, corn grain 
and stover at black-layer or later maturity would be harvested simultaneously using a SPFH and the combined 
fractions transported and placed into anaerobic storage (Cook and Shinners, 2011).   After storage, the combined 
grain and stover would be shipped to a processor, where the grain and stover fractions would be separated and both 
fractions biochemically converted or further processed to value-added animal feeds.  The whole-plant system has 
many advantages.  Only one harvest operation is required and machinery investment is dramatically reduced (table 
8).  The harvest capacity of a SPFH is much greater than that of a combine.  The whole-plant silage system is more 
robust than separate grain/stover harvest systems, resulting in a longer harvest window, thereby significantly 
reducing the capital and labor intensity of the harvest to storage logistics (table 8).  For all these reasons, harvesting 
grain in this fashion was less expensive than conventional grain harvest, essentially resulting in negative harvest 
costs for the stover fraction (table 7). 

 
With this scenario, grain drying and bin storage are eliminated.  Therefore, storing grain by co-ensiling 

with the stover fraction was less expensive than conventional drying and bin storage, essentially resulting in 
negative stover storage costs (table 7).   In 2011 the estimated cost for grain drying was $138/ha (Duffy, 2011) and 
grain storage for 6 months was $55/ha (Edwards et al., 2011).  Assuming an average of a 6 percentage unit 
reduction in grain moisture content, heat energy input savings of 307 MJ/Mg stover could be realized.  Considering 
the whole plant scenario has energy inputs of 311 MJ/Mg stover, this system would result in an overall system 
where stover could be received and processed at the biorefinery and yield an overall lower energy input than 
traditional grain to a refinery gate  The transportation costs were also reduced by combining the low-density stover 
with the high-density grain where the load is weight limited, regardless of compaction or moisture content.  
Processing costs were the highest among the bulk scenarios considered because of the added costs to separate the 
grain and stover fractions.  We envisioned a hybrid mechanical-hydrodynamic separation process which has proven 
successful in the laboratory (Savoie et al., 2004; Cook and Shinners, 2011) and  assumed a cost to stover of 
$3.0/Mg DM because the separation process can be diluted over the entire year. 

 
The whole-plant silage system produced feedstock costs that were 55% less than conventional three-pass 

LRB system (scenario 7) and 34% less than the lowest cost two-pass system (scenario 4). This system offers the 
best opportunity to significantly reduce corn stover feedstock costs.  If the stover removal ratio is too great with this 
scenario, then cover crops would be required to reduce the erosion of this harvest approach.  A survey of Corn Belt 
producers found that 56% of producers would use cover crops if an incentive payment was offered, and would 
require, on average, a minimum payment of about $57/ha (Singer et al., 2007).  In scenario 8, a stover yield of 8.3 
Mg/ha would suggest cover crops would raise the cost of the stover $6.8/Mg.  Even with this added cost, the overall 
feedstock cost is still significantly lower than any other system considered in this work. 
 
 Although this system has many positive attributes, there are hurdles to adoption.  First, there is a significant 
cultural change away from the engrained manner that corn grain is harvested.  The approach to marketing of corn 
will also change.  If there is limited competition for stover in the area, then we envision that both the producer and 
processor will require that the ensiled grain and stover be contracted prior to harvest.  This eliminates the 
opportunity for the producer to exploit multiple potential buyers for the lowest possible grain basis (i.e. future 
minus cash price).  However, this contract merely needs to provide for a basis level, it would not need to be a 
complete forward contract.  A basis only contract allows the producer to continue all other mechanisms currently 
employed for hedging and the ability to market their grain any day of the year, as it fits their marketing plan.  
Forward or basis contracts will be the most likely grain marketing tools.  
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SENSITIVITY  ANALYSIS 
 
Sensitivity of feedstock costs, specific energy, labor requirements, and capital intensity to changes in stover 

yield, moisture, transport density, annual machine usage, and scale of biorefinery were conducted.   Of the 
sensitivity analyses conducted, the biorefinery size and stover yield had the most profound effects on feedstock 
costs, while the remaining variables had only minor impact.  Transport costs accounted for a significant fraction of 
a system’s total costs (table 10).  As such, yield and facility size have direct effects on the transport distance, and 
the most direct effect on total feedstock costs (fig. 1 and 2).  Additionally, yield is the primary driver of harvest 
costs, and low yields exacerbate harvest costs. 
 

 
 

Figure 1.  Sensitivity of corn stover feedstock costs to fraction of total available stover removed 
by eight different harvest scenarios supplying a biorefinery requiring 670 Gg 
annually. 

 
Considerable attention has been paid to stover bulk density and moisture, but the model results show that bulk 

density had a negligible effect on feedstock costs, unless the load was volume limited (fig 3).  The bale based 
scenarios all have weight limited transport because of bale density and moisture content.  The bulk systems show 
considerable sensitivity to density until about 150 kg/m3 is reached (inflection points vary by moisture content and 
load volume limitations).  An interesting relationship that we found in general for density and moisture content is 
that, low moisture, high density biomass is transported more efficiently than high moisture, low density biomass.  
Therefore there is economic incentive to transport it a longer distance.  This still results in a more economical 
system as the processor can reach more low cost biomass.  Development efforts should focus on assuring that the 
density achieved during storage of bulk materials is maintained during transport. 
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Modeled effect of moisture content had negligible effect on feedstock cost, unless the load was weight limited 

(fig. 4).  The discontinuity of the bale systems’ cost is related to the shift from dry storage to wrapped ensiled 
storage above 30% (w.b.) moisture.  Two caveats related to moisture content should be considered, neither of which 
is modeled here.  A more robust system that can handle a wider range of harvest moisture contents will result in a 
more secure supply, likely adding value for a processor.  Also, baler harvest capacity decreases and cost of 
deconstruction and size reduction increase with greater moisture content. 

 
 

  
 

Figure 2.  Sensitivity of corn stover feedstock costs to size of biorefinery for eight different 
harvest scenarios. 
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Figure 3.  Sensitivity of corn stover feedstock cost to post storage transport density for four 
different bulk harvest scenarios supplying a biorefinery requiring 670 Gg annually.  
Density of bales was great enough that the load was always weight limited, so bale 
scenarios were not included. 
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Figure 4.  Sensitivity of corn stover feedstock cost to harvest moisture content for eight different 
harvest scenarios supplying a biorefinery requiring 670 Gg annually. 

 
 

 
DISCUSSION 
 
 When other factors are relatively equal, the bulk systems generally produced feedstock at lower cost than 
baled systems.  Although bulk systems had slightly greater storage and transport costs, these costs were offset by 
less harvest and processing costs compared to baled systems.  Harvesting chopped material that is stored 
anaerobically and preserved by fermentation is a more robust system than dry bales, reducing the weather related 
harvest risks.  Chopped, bulk systems also offer the possibility of on-farm pre-treatment to enhance stover value for 
biochemical conversion or animal feed. 
  

The model results suggest that high yields are encouraged by the producer’s desire for a profit and the 
processor’s desire for the lowest cost feedstock, when the transaction is on a dollars per mass or sugar basis.  High 
yields also result in the least energy, labor, and capital inputs.  However, biomass that results in depletion of SOC 
or unsustainable soil erosion is arguably more deleterious to our society than the use of non-renewable fuels.  Using 
Scenario 4 as an example, the difference in feedstock cost for harvest removal ratios of 35% and 70% of available 
stover yield is $15/Mg.  Using an 8.54 Mg DM/ha grain yield and the 1:1 corn to stover assumption, this difference 
would result in a $90/ha difference.  If this $90/ha of improved profitability could be used in part for agronomic  
(e.g. cover crops) or harvest practices that offset or improve the soil sustainability, a much greater yield could be 
accomplished, resulting in overall greater profitability, less inputs, and a more sustainable system. 
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 The economic modeling did not take into account the risk premium of a failure to harvest the feedstock.  It 
can be expected that more robust harvest and storage systems will receive a premium in price, because when corn 
stover harvest systems are significantly affected by weather extremes, the conversion facility has a higher 
probability of economic failure and lower total returns (Kou and Zhao, 2011).  A large portion of the feedstock cost 
is the P and K value of the biomass.  These inorganic elements are not consumed in conversion processes and if 
recovered and returned to the field could offset fertilization costs and bring down net feedstock costs. 
 

Feedstock quality is not addressed in this model, as it depends highly on the downstream process 
specifications.  For the purpose of using this model to assess economic feasibility of downstream processes, all 
cited stover DM values are assumed to contain 7% ash.  However, ash content increases with each field operation.  
Ash content was reported to be 3.9-5.5; 5.8-6.0; and 9.8-10.3% of DM for single-pass, two-pass and conventional 
three-pass stover harvest systems (Shinners et al., 2009; 2011a).  Reduction of feedstock quality by soil 
contamination should be considered when comparing feedstock costs of different harvest scenarios. 

   
Both harvest and storage influence biomass composition and quality.  Harvest systems change the 

compositional characteristics of each system.  Scenarios 1 and 8 use a whole-plant corn head which removes the 
highest portion of the stalk, most of the leaves, and all the cobs.  The stover collected in scenarios 2 and 3 is 
dominated by cobs, which have greater sugar content.  Scenarios 4 and 5 can capture most of the cobs and are 
partially selective for the leaves and higher stalk.  The three-pass conventional scenarios (6 and 7) recover little 
cobs (Shinners et al., 2007) and are not selective for stover fractions.  In storage, the losses generally come from the 
most digestible, most valuable components.  So systems which have high storage losses should incur a cost 
associated with both quality and quantity loss.  Dilution of feedstock value by different composition should be 
considered when comparing feedstock costs of different harvest scenarios.  

 
Corn stover digestibility decreases with maturity, as well as the total mass remaining in the field (Bal et al., 

1997).  Earlier harvests at greater moisture contents may result in greater yields of more digestible stover.  For this 
greater moisture harvest, anaerobic storage becomes necessary.  This anaerobic storage of biomass can make 
systems more robust by widening the harvest window and reducing the risk to processors of not receiving a crop.  It 
also provides an environment where fermentation occurs and results in production of volatile fatty acids, and these 
have positive, negative, or indifferent values, depending on the downstream processing. 
 
SUMMARY 

A comprehensive economic model was developed to evaluate the effects of yield, moisture content, bulk 
density, and biorefinery size on the economics of corn stover feedstock, as quantified by costs, labor and capital 
requirements, and energy use.  The model considered eight different harvest and storage scenarios.   Of the systems 
considered where the stover and grain are separated at harvest, the two-pass chopped, bulk system where moist 
stover is conserved by aerobic storage produced the least cost feedstock at $84/Mg, a difference of $26.7/Mg or 
24% less than the conventional three-pass LSB, covered storage scenario.  Storage and transport costs made up a 
significant fraction of total costs with this system, but these greater costs were offset by much less harvest and 
processing costs compared to other systems.   

A new approach was considered in which stover and grain would no longer be harvested, stored, and 
transported separately.  Alternatively, very mature corn grain and stover would be harvested simultaneously using a 
forage harvester and the combined fractions transported and placed into anaerobic storage.   After storage, the 
combined grain and stover would be shipped to a processor, where the grain and stover fractions would be 
separated and both fractions biochemically converted or further processed to value-added animal feeds.  The 
advantages of this approach include robustness, elimination of grain drying, and low harvest and transport costs.  
The whole-plant silage system produced stover feedstock costs that were 55% less than conventional stover harvest 
systems and 34% less than the lowest cost two-pass system.  While not without significant system-wide changes 
and adoption hurdles, the whole-plant system offers the best opportunity to significantly reduce corn stover 
feedstock costs.  
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The sensitivity analysis showed that yield and the size of the processor had the most impact on feedstock 
cost.  They do so, primarily by the impact on transportation distance, which was found to be the greatest cost.  
Achieving a weight-limited load is another important objective for all systems.  Fortunately, many of the currently 
employed systems can do this with corn stover.  
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NOMENCLATURE 
 
 DM dry matter 
 LRB  large round bale or baler 
 LSB large square bale or baler 
 MC moisture content – wet basis 
 MOG material other than grain -- all non-grain material passing through the combine. 
 OM organic matter 
 SOC soil organic carbon 
 SPFH self-propelled forage harvester 
 
 
DEFINITIONS 
 
Biomass Cost The modeled fixed and variable costs, including soil amendment value, depreciation, 

insurance, interest, and taxes.  This is considered to be a producer’s median cost and uses the 
geometric mean haul distance to assess hauling costs. 

 
Biomass Value  The median expectation producers would have for stover residue value, process costs, plus 

profit up to the point indicated.  This is calculated for the geometric mean haul distance and the 
value of storage losses. 

 
Biomass Price The price offered for biomass, only used in relationship to the supply curve.  (Some producers 

may value biomass below the median expectation (biomass value), thus sell at a lower price.  
Likewise all producers will experience different hauling costs, so their farm’s stover value is 
altered from the median) 
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Feedstock Cost The biomass price, plus the cost of preparing the as-received biomass into a form that is 

useable in the downstream processing or use. 
 
Final Transport The transportation from the storage site to the processor 
 
Process Cost The modeled cost (fixed and variable, including depreciation, insurance, and interest) of an 

operation(s).  e.g. the harvest process cost would be all the costs associated with the harvest -- 
labor, equipment, diesel, etc. -- but not the intrinsic value of the stover being harvested. 

 
Process Price The modeled Process Cost plus the defined profit margin over costs. 
 
 
APPENDIX A – COLLECTION AREA AND SUPPLY CURVE 
 

An alternative method was developed to model the collection area for the corn stover supply.  In general 
roads are laid out in a grid, particularly at the scale of a biomass collection point.  Therefore biomass supply can 
best be described as a large set of concentric diamonds, rather than a circle as is more typically assumed.  Each 
point on the diamonds are equidistant from the center if you use can only travel on the grid.  Each of these 
concentric diamonds has a diagonal 3.2 km (2 mi.) wider than the previous, radiating out from the aggregation 
point.  In this way the diagonals are laid out on a one mile by one mile grid that is typically seen of roadways on a 
large scale. 
 

A centrally located processor, indicative of an end-user or final processor is shown in figure A1.  For the 
case of regional collection points, the aggregation point will likely be off-center, biased towards the final processor.  
The economically ideal location between the center and the extreme point closest to the final processor will be 
primarily determined by trucking cost differential of the potentially seasonal incoming versus outgoing products.  
For all analysis done in this paper, the processor was assumed to be centrally located within the area. 
  

Each area in between the concentric diamonds, henceforth referred to as a tranche, has the appearance of a 
squared off annular ring, with the tranches radiating out from the aggregation point (fig. A1).  Rather than using the 
term collection radius, the more accurate term collection diagonal is used. 

 
 

 
 

Figure A1.   Diagram of collection area with a centralized collection point. 
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The area and distance from the processor for each tranche was calculated (Cook, 2011).  A table of areas 

and their respective distances from the processor was developed, enabling a simulation of the variable costs of 
hauling for each tranche as a function of its distance from the processor.  Utilizing this variable total cost model for 
all distances, a supply curve was applied to each tranche with its respective area and cost to deliver biomass to the 
processor. 
 
 Producers will choose to harvest stover residue for many reasons, but we assumed the primary driver for 
producers participating in stover collection was the delta between their costs and price paid.  Therefore we assumed 
stover harvest participation ratio as a gamma distribution approximated by: 
 

 

	 	 0.5     [A1] 
 

where: 
  Pr  stover harvest participation ratio 
 a explicit cost, $/Mg DM 
 b estimated stover value out of storage, $/Mg DM 
 x farm-gate price producer receives, $/Mg DM 
 
 

The explicit cost was assumed to be 80% of the estimated process costs through storage plus the crop cost 
(for stover the fertilizer value and for grasses the model standing crop cost).  Under the assumption that there is not 
competing processors requiring stover in the area, a supply curve based on the price offered for an individual 
tranche was developed (fig. A2). 

 
Figure A2.  Stover supply curve (producer participation ratio) as a function 

of stover farm-gate price.  Assumes explicit costs of $50/Mg 
DM and estimated value of $80/Mg DM. 
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The model used an Iowa agricultural area, without major geographic features altering travel routes and 27% 
of the total land area was used for corn grain production.  Using the supply curve function with roads running along 
section lines, an estimate the amount of stover available as a function of distance from the processor was made.  In 
this way, the transportation costs would affect stover farm-gate prices; the closest fields would receive the highest 
farm-gate price and the furthest fields would receive the lowest farm-gate price.  The producer participation rate 
was applied for each tranche to determine total area and stover mass at all distances. 

 
 Currently there is no major market for stover, as such competition for stover was assumed to not alter the 
supply curve or limit the collection area.  Therefore, the maximum haul distance was not arbitrarily limited, but 
determined using the supply curve.  The average, geometric mean, haul distance was determined by dividing the 
total truck-ton distance by the total mass of stover delivered.  Likewise the average diesel consumption and labor 
requirements were determined by dividing the total diesel fuel usage by the total mass of stover delivered.   

 
A good case study of this supply model, is the supply curves for scenario 4 (figs. A3 and A4), for a 227 Gg 

annual supply.  The longest haul distance was determined to be 155 km and the mean transport distance of 49.7 km.  
The midpoint of the supply occurs at 46 km, at this distance half the supply comes from a closer and further 
distance.  Figure A4 is the result of the supply curve and area lines in figure A3 being multiplied together.  The 
results here show that at close distance the small amount of area limits the stover supply and at far distances the 
economic limitations of transport as seen in the supply curve is the limiting factor. 
 
 

  
 

Figure A3.   Participation rate (i.e. supply curve) and land area required for a 227 Gg annual stover 
requirement as a function of distance from processor for scenario 4 (table 3). 
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Figure A4.  Mass of material supplied from each tranche for a 227 Gg annual stover requirement as a function 
of distance from processor for scenario 4. 

 
 
 The calculations for each tranche are described by the supply area diagram (fig. A5) and the excel formula 
(fig. A6).  This figure gives a representation of the aggregation point in relationship to the collection area 
surrounding it.  The dimension “d” is the total diagonal distance of the supply area.  Dimensions “a” and “b” are the 
distances to the processor from the nearest corner; therefore they cannot exceed one-half of dimension “d”.  In the 
case where no intermediate aggregation centers exist, it is recommended to consider the dimension “d” as without 
limit (any number that doesn’t artificially limit the collection area).  The dimensions “a” and “b” are equal to half of 
the value of “d”. 
   

When intermediate aggregation centers are employed, then the dimension “d” must be set in accordance to 
the layout of processors and intermediate aggregation facilities.  Dimensions “a” and “b” would likely be values 
between zero and one half of value “d”, set to the individual location’s ideal economic situation.  An example of 
what the supply areas and aggregation points might look like is shown in figure A7. 

 
Transportation was found to generally be the single largest cost in biomass.  This novel model described 

herein was found to be a valuable tool in estimating this distance, and thereby transportation costs, for any 
distributed supply systems.  Utilizing this model allowed for accurate assessments of varying biomass supply 
systems. 
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Figure A5.  Diagram of a supply area and the dimensions used in Figure A7.  The aggregation point is shown as a 

star. 

 
Tranche Area = 4x – 2 – x*(if(x>a,1,0)) – (if(x-1)>a,x-b-1,0) – ((x + b)*(if(x>b,1,0))) – (if(x-1)>b, x – b – 
1,0) – (x + ((a + b – d – 1)/2))*(if(x>(d - b),1,0) – d*(if(x>(d - a),1,0) 
 
Figure A6.  Excel equation that calculates the area of each tranche, where x represents the distance from the 

aggregation point. 

 

 
 
 
Figure A7.  Diagram of a collection area with a centralized point for the processor, surrounded by intermediate 

aggregation points that are off-center from their geographic centers. 
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APPENDIX  B – ADDITIONAL  MODEL  RESULTS 

 

Figure B1.  Sensitivity of diesel fuel required to harvest moisture content for eight 
different harvest scenarios supplying a biorefinery requiring 670 Gg annually. 

 

 

Figure B2.  Sensitivity of final transport distance to harvest moisture content for eight 
different harvest scenarios supplying a biorefinery requiring 670 Gg annually. 
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Figure B3.   Sensitivity of diesel fuel required to fraction of stover removed for eight 
different harvest scenarios supplying a biorefinery requiring 670 Gg annually. 

 

 
 

Figure B4.   Sensitivity of final transport distance required to fraction of stover removed for eight 
different harvest scenarios supplying a biorefinery requiring 670 Gg annually. 
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Figure B5.   Sensitivity of feedstock cost on a steam equivalent energy basis to harvest moisture 
content for eight different harvest scenarios supplying a biorefinery requiring 670 Gg 
annually. 

 
Steam equivalent energy and its formula were developed as a method to estimate the obtainable 

thermal energy in biomass.  The equation estimates the steam generation capacity of biomass, by taking into 
account the intrinsic inefficiency of a biomass due to its composition and moisture content.  Using the steam 
equivalent energy basis allows for a more accurate comparison of different biomass species and harvest 
parameters, in thermal conversion processes. 

 
∗ . 97 25.44 ∗ 2.94 ∗ . 096 ∗   [A1] 

  
where: 

  MJ(SE)  steam equivalent heat energy, MJ/kg DM 
 HHV higher heat value, MJ/kg DM 
 H hydrogen content, g/g 
 M Moisture content, g H2O/g biomass DM 
 O oxygen content, g/g  
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Figure B6.   Sensitivity of final transport distance to annual biorefinery mass requirements for eight 

different harvest scenarios supplying a biorefinery requiring 670 Gg annually.  
Scenarios 6 and 1 reside directly behind scenarios 7 and 5, respectively. 
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Table B1.   Polynomial and linear models of the final transport distance (km) as a function of annual 
biorefinery mass requirements (Gg) for eight different harvest scenarios supplying a biorefinery requiring 
670 Gg annually (fig. A6). 

 

Scenario  No. 

  1 2 3 4 5 6 7 8 

  Polynomial  model:    I + aX + (b/1,000)X2 

Intercept 50.31 62.29 66.77 43.61 50.76 55.12 55.56 18.98 

a 0.219 0.376 0.363 0.209 0.220 0.242 0.243 0.165 

b -0.178 -0.285 -0.285 -0.171 -0.178 -0.199 -0.199 -0.121 

R2 99 99 99 99 99 99 99 99 

  Linear  model:    I + aX  

Intercept 60.51 78.61 82.95 53.14 61.01 66.37 66.85 25.77 

a 0.1215 0.2202 0.2075 0.1181 0.1215 0.1341 0.1341 0.1004 

R2 95 96 96 96 95 95 95 97 

 Note: X is the processor’s annual supply requirement in Tg of corn stover organic matter 
 
 
 


