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Abstract

In this paper, we evaluate the costs for collecting, handling, and hauling corn stover to an ethanol
conversion facility. We estimate costs for a conventional baling system at varying levels of feedstock
demand or conversion facility size. Our results generally indicate that stover can be collected, stored, and
hauled for about $43.10-51.60/dry ton using conventional baling equipment for conversion facilities ranging
from 500 to 4000 dry tons/day. The cost difference between facility sizes is due to transportation. Transpor-
tation, collection and baling, and farmer payments account for over 90% of total deiivered costs. These
estimates are based on average corn stover resource availability assumptions and are inclusive of all costs
including farmer payments. Under conditions of high resource availability costs can be lowered by $6—
10/dry ton. Delivered costs increase considerably under low resource availability conditions.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Ethanol is actively being promoted as an alternative fuel because it may extend gasoline sup-
plies and reduce dependence on foreign oil, improve regional and local air quality, and lower
greenhouse gas emissions. Ethanol may also be the preferred gasoline oxygenate if methyl tertiary
butyl ether (MTBE) is eventually phased-out. In 2001, total US production of ethanol was nearly
1.8 billion gallons—a 20% increase over 1999 levels [1]. Nearly all of this ethanol is blended
with gasoline and sold as E10 (10% ethanol and 90% gasoline). .

The production of ethanol is heavily dependent on subsidies, specifically federal and state excisc
tax exemptions, in order for it to be priced competitively with gasoline. The major factor input
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cost in the production of ethanol is corn grain. Corn accounts for about two-thirds of the cost of
producing ethanol [2,3].

A significant reduction in ethanol production costs may be possible by replacing expensive
corn or starch-based feedstocks with less-expensive and more plentiful cellulose-based feedstocks.
For this to happen, new conversion processes are required. Currently, the technology for con-
verting these less expensive cellulosic feedstocks is more costly than existing processes using
starch-based feedstocks. However, results from ongoing research suggests that conversion costs
can be reduced significantly [2,3].

One of the most significant low-cost sources of cellulosic plant material are agricultural resi-
dues. Corh stover and wheat straw are the most plentiful sources of the agricultural resources
with a total resource availability of about 150 million dry tons [4]. This paper focuses on the
largest of these sources—corn stover. About 70 million acres of corn are harvested annually. Corn
stover consists of the stalk, cob, and leaves left behind by the grain combine. The com stover
can be harvested by turning off the spreader on the grain combine [5]. This creates a windrow
that can be collected by conventional hay baling equipment. Alternatively, stover can be collected
after grain harvest by flail chopping and raking followed by the hay baler [5,6].

In this paper, we evaluate the current economies of collecting, hauling, and storing corn stover.
We also examine key logistical issues and tradeoffs between size of conversion facilities and
transport costs. The next section of this paper provides a brief overview of the resource and
logistical factors affecting the availability of corn stover. This is followed by discussion of stover
collection, handling, and hauling operations. Results are presented in the fourth section along with
sensitivity analysis for resource availability. The final section provides conclusions and suggests
approaches for cost-reduction.

2, Corn stover availability and logistics

The availability of corn stover residue in an area depends on both field-level arid landscape-
level resource and logistical factors. These include:

® Field-level

~ the com yield or the amount of stover left behind by the combine,

- the type of collection operations employed and efficiency of the equipment, and

- site characteristics and associated environmental restrictions governing how much residue can
be removed.

® [ andscape-level
- the density of planted corn acreage in a given area,
— the willingness of individual farmers to sell stover, and
weather and field conditions at the time of collection that could limit field access.

We can write the relationship describing the corn stover resource availability as:
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§ =ycdpa I
where § is stover resource availability; y is stover yield; ¢ is collection fraction subject to environ-
mental restrictions; & is corn acreage density; p is proportion of farmers selling; a is accessibility
and/or weather inhibiting factors.

Stover yield (v) is the product of the corn yield (bu/ac), the corn grain dry matter content, and
the stover to grain ratio. For our base case, we assume a comn grain yield of 130 bu/ac, a com
grain dry matter content of 0.85, and a grain to stover ratio of 1:1. Under these assumptions there
are about 3.1 dry tons/acre of stover. The amount of stover that can be removed is limited by
the efficiency of the collection equipment as well as the number of individual operations-employed
(e.g., flail chopping and raking). In most situations, removing all of the technically recoverable
stover is not warranted because of the importance of stover in maintaining soil nutrient and con-
dition levels, controlling erosion, and maintaining soil carbon levels. The amount of stover that
must be left in the field to satisfy these environmental constraints depends on the specific soil
properties, field slope, crop rotation, and tillage system. For our base case, we assume a minimal
number of collection operations (i.e. combine created windrow followed by hay baler) that result
in the recovery of about 35% of the stover—a total stover harvest of 1.1 dry tons/acre. Adding
a separate flail chopping and raking operation can increase the amount of stover collected, but at
increased cost.

In addition to the field-level considerations, landscape-level factors also affect the amount of
stover available in an area. In our base case scenario, we assume 30% of the surrounding land
area is planted in com. This is typical of high corn producing areas of the country. We also
assume that half of the farmers in the area contract to sell stover. Whether farmers agree to sefl
stover depends on the price they receive, competing uses for corm stover, and if there are signifi-
cant environmenta] factors that would make stover removal unacceptable. Finally, we assume that
some stover (10%) goes uncollected because of site accessibility and/or weather inhibiting factors.
The product of these field-level and landscape-level factors (S) is an estimate of area wide stover
resource availability. For our base case, this is 0.15 dry tons/acre. Table 1 summarizes our base
case assumptions regarding stover availability. Also included in Table 1 is a range of what we
consider as low and high parameter values for each of these key stover resource availability fac-
tors.

Economies of scale are relatively significant for fuel ethanol conversion facilities. Generally,
capital costs for ethanol plants increase by 60-70% for each doubling of output capacity [2].
However, as plants increase in capacity, these scale economies are offset somewhat by increased
transport costs associated with hauling feedstocks greater distances. If we assume that a proposed
conversion facility will procure feedstocks from a circular collection area, average feedstock haul
distance will increase by about 41% with every doubling of conversion facility capacity. The
increase in haul costs is not linear because as distance increases collection area increases exponen-
tially.

From Egq. (1), we can compute the collection area needed to meet feedstock demand. Collection
area is simply the annual feedstock demand divided by the regional stover availability

Collection area (mi?) = (f7.5)(1/640)

where f is dry tons/year (300 operating days/year and 10% losses in storage and handling) and
§ is average regional stover availability (dry tons/acre),



T

1398 R.D. Perlack A.F. Turhollow /Energy 28 (2003) 1395-1403

Table 1
Com stover yield and availability assumptions

v AL P

Stover yield assumptions Range of Value
estimates

Com yield (bu/acre)” 100160 130
Com grain dry matter content - 0.85
Bushel weight (Ibs/bu) 56
Stover/grain ratio (dry matter basis) - 1:1
Stover yield (dry tons/acre) 3.1
Stover collection fraction® 0.2-0.5 0.35
Stover harvested (dry ton/acre) 1.1
Density of corn acreage® 0.15-04 0.3
Fraction contracted to selld 0.3-0.7 05
Fields inaccessible/uncollected® 0.1-0.2 0.1
Regional stover availability (dry tons/acre) 0.15

* Average com yield for the US is about 134 bu/ac and are slightly higher for top com producing states.

® Stover collection fraction depends on the efficiency of equipment and environmental restrictions, such as the need to
control soil erosion, maintain soil productivity, and maintain soil carbon levels. About 70% can be removed technically.

¢ Comn acreage ranges from about 15-33% of land area in the top com producing states. Com acreage density can
be higher at a sub-state level.

4 A number of factors influence a farmer’s decision to sell stover—price received, perception zbout field conditions
and damage, nutrient and soil loss, rental agreements with landowners, etc.

© The stover collection season lasts for about 10 weeks following grain harvest. Unusually wet weather could limit
access to fields prior to winter.

With our base case assumptions shown in Table 1, we calculate stover collection area for
facilities ranging in size from 500 to 4000 dry tons/day. At a conversion rate of 72 gallons/dry
ton, these facilities correspond an output capacity of 12-96 million gallons/year. This range is
equivalent to the output of current corn-based ethanol facilities. The average production capacity
for a dry-mill type ethanol plant is about 30 million gallons/year and about 100 million
gallons/year for wet-mill type plants.

As summarized in Table 2, estimated collection areas vary from about 1800 mi? for a 500 dry
ton/day facility to 14 000 mi® for a 4000 dry ton/day facility. For each facility capacity, the
average one-way haul distance is also shown. This distance is computed as the radius of the
average collection area plus an adjustment to convert straight-line distance to actual road distance.
We assume a 30% road winding factor. From the smallest to largest conversion facility, the
average one-way haul distance varies from about 22-62 miles. Table 2 also shows the variation
in average haul distance based on the range of parameter values in Table I. High stover availability
will mean reduced haul distances and areas of low stover availability will imply much greater
haul distances and hence delivered feedstock costs.

A final consideration in evaluating the economics of stover collection is the need for long-term
storage. The stover harvest period usually runs between early-October to late-December. This
limited collection season creates the need for dispersed storage areas, assuming the conversion
facility will lack the area to store nearly a years’ supply of stover. The number of dispersed
storage areas required will determine average haul distance from fields. For our base case scenario,
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Table 2
Estimated corn stover collection area and average one-way haul distance
Facility size (dry tons/day) Annual feedstock demand®  Stover collection area® Average onc-way haul
(dry tonsfyear) (mi?) distance® (mi)
500 166 670 1780 22 (12-64)
1000 333330 3560 31 (17-90)
2000 666 670 7120 44 (24-128)
4000 1333330 14 250 62 (34-181)

Feedstock demand based on 300 operating days/ycar and 10% losses in storage and handling,

* Collection area depends on the annual feedstock demand, the amount of stover harvested, the density of com
acreage, the fraction of farmers selling stover, and the amount of stover that is uncollected.

¢ Average haul distance to a conversion facility assumes a 30% road winding factor. Values in parenthesis show the
range in average one-way haul distance associated with high and low stover availability.

we assume 50 dispersed storage sites with each site holding 2% of the total annual feedstock
requirements with the exception of a small working supply (~3 days) at the conversion facility.
This assumption is based on a study by Sayler et al. [7]. The key issue in keeping the amount
held in any storage area to 2% is to lower fire risks. For 50 storage sites, the average field to
storage area haul with a 30% road winding factor would vary from about 3 to 9 one-way miles
for 500-4000 dry ton/day facilities, respectively.

3. Collecting, handling, and hauling stover

Com stover consists of the stalk, cob, shuck, and leaves left behind following grain harvest.
As noted earlier, collecting this stover can be accomplished by turning-off the spreader and/or
chopper on the cornt combine. Doing so creates a windrow of stover that can be picked-up by a
conventional hay baler. Alternatively, a windrow can be created by a tractor pulling a flail crop
shredder to chop and rake the stover to create a windrow. The latter approach can increase the
stover collection fraction, but at higher cost. In this paper, we assume the windrow is created by
the corn combine and is collected with a machine compliment consisting of a tractor (120 hp),
megatooth pickup head, crop processor, and bale wagon (self-loading). Other baling systems, such
as large rectangular, and other collection systems (c.g., silage or forage) could also be used.
However, these collection systems tend to be more expensive [8].

Large round bales are approximately 6 ft X 5 ft in size and weigh about 1270 dry 1bs. The
addition of the crop processor to the machine compliment increases the bale density. The pro-
ductivity of the baler depends on a number of factors, such as operating width, speed, and field
efficiency. We assume an operating width of 15 ft and a forward travel speed of 5 miles/h at our
base yield of 1.1 dry tons/acre. At greater stover yields, forward travel speed declines. The field
efficiency of the baler is assumed to be 65%. We further assume that it takes 1 min to mesh-
wrap each bale. Under these assumptions the amount of stover produced each hour is about 5.2
dry tons.

There are two options for moving stover bales from the field to storage. The first is to move
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the bales to the field edge with tractors and bale wagons, and then transfer the bales to trucks
and flatbed trailers for transport to storage areas. The second option is to move the bales directly
from the field to storage with high-speed tractors designed for road use (e.g., JCB 3185) pulling
bale wagons. The key differences between these field to storage haul options are bale carrying
capacity and loading/unloading operations. Trucks with flatbed trailers can carry more bales, but
the bales must be loaded and unloaded. High-speed tractors pulling self-loading bale wagons
eliminate the loading and unloading steps. However, high-speed tractors are more expensive to
operate and carry fewer bales.

At each storage area, incoming bales are unloaded and stacked. The size of the storage areas
will depend on the annual feedstock requirements, the size and density of the stover bales, the
bale stacking configuration, and the space needed for handling bales. We assume round bales are
stacked in a 300-bale pyramid configuration (12 bales wide, 6 bales deep, and 5 bales high).
Additional space required for handling equipment and access is assumed to be equal to that of
the bale area. The land requirements for each intermediate storage area will vary according to
the size of the conversion facility. For example, a 2000 dry ter/day facility would need 50 storage
areas of about 8 acres in size.

When bales are needed, they are loaded onto flatbed trailers and hauled to the conversion
facility where they are unloaded and stacked. A single 53 ft (16 m) long trailer can haul nearly
the legal 50 000 Ib load limit or about 29 bales (assuming a 25% moisture content). High-speed
fractors pulling bale wagons are not cost competitive with trucks for the storage area to conversion
facility haul distances shown in Table 2.

In addition to the direct costs incurred in collecting, handling, and hauling the comn stover,
farmers will expect compensation for the stover. At & minimum, the amount paid to growers for
the stover must cover the value of the removed nutrients. Nielsen [9] estimated the nutrient value
of com stover at $5.90/dry ton. Jose and Brown [10] report a nutrient value of $9.60/ton and
Sayler et al. report $7.00-8.00/ton. Schechinger and Hettenhaus [S5] calculate a nutrient value of
$10.40/acre assuming 1.5 dry tons/acre stover removal. However, their specific grower compen-
sation policy is based on transport distance with payments to growers ranging from $15/dry ton
for haul distances within 15 miles and $7.00/dry ton for haul distances 51—100 miles. Hettenhaus
et al. [11] report farmers may offer stover at $10.00/acre or less if nutrient availability is not a
major concern. However, where potassium and phosphorus are needed, farmers may want more
than $20/acre for the stover. The price paid to growers could also include compensation for
potential soil compaction and decreased surface organic matter.

Farmers may also require a profit on top of the compensation for the nutrients and other soil
enhancing benefits. Given the many unknowns surrounding arrangements for the purchase of corn
stover, we assume total farmer compensation of $10/dry ton to cover nutrients removed and a
profit. We expect that this amount could be slightly lower but could also be much higher if there
are competing uses within an area or markets develop for higher-value bio-based products. In
some instances, removal of the stover in the fall may be desirable because it may allow the soil
to warm faster in the spring and allow for earlier planting and higher crop yields. This may more
than offset the additional cost associated with nutrients exported with the stover. Also, the removal
of stover may also reduce spring cultivation requirements for the grower.

R e == ]
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4, Results

Fig. 1 shows our estimated average cost for baled stover delivered to a conversion facility as
a function of demand or conversion facility size (5004000 dry tonsfday) for our base case
assumptions. Delivered costs are shown for the two field to storage area haul options—trucks and
flatbed trailers or tractors and bale wagons. Delivered costs include baling, moving bales to the
field edge, hauling bales to storage, storage, hauling from storage areas to a conversion facility,
and farmer payments. A 5% expense was also added to reflect transactions costs and scheduling
for stover collection. Delivered costs generally range from about $43.10/dry ton for a 500 dry
ton/day facility to about $51.60/dry ton for a 4000 dry ton/day facility with the difference in cost
among the facility sizes reflecting transport costs. Transport costs account for 33% of total deliv-
ered costs for the smallest-sized facility and slightly more (40%) for the largest-sized facility.
Collection is about 35% of total delivered costs for the smallest or 500 dry ion/day facility and
about 30% of total delivered costs for the largest facility. The results in Fig. 1 also show that the
hauling bales directly from the field is less expensive than staging the bales at the field edge and
hauling with trucks and flatbed trailers for facilities up to about 3000 dry tons/day. For the small-
est-sized facility the difference in cost is about $1.50/dry ton and declines to about $0.50/dry ton
for a 2000 dry ton/day facility.

A critical delivered cost determinant is resource availability. As discussed earlier, stover avail-
ability is determined by the corn yield and the fraction of stover removed as well as the landscape
factors—the density of corn acreage, the percentage of farmers contracted to sell stover, and the
fraction of fields that go uncollected. In Fig. 2, we show how stover availability affects delivered
costs for low and high stover availability. Low availability is defined as a com vyield of 100
bu/acre, a stover collection fraction of 20%, a corn acreage density of 15%, a 30% farmer partici-
pation rate, and an uncollected field fraction of 20%. Our high stover availability case is based
on a yield of 160 bu/acre, a 50% collection fraction, a 40% com land density, a 70% farmer
participation rate, and an uncollected field fraction of 10%. Results show that high stover avail-
ability would have the effect of lowering delivered costs of large round bales from about $6.00
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Fig. 1. Delivered stover costs under two altemative options for hauling from the field to storage.
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Fig.2. Variation in delivered costs under low and high resource availability.

to 9.80/dry ton depending on facility size. In contrast, low stover availability would increase
delivered costs significantly.

5. Conclusions

We evaluated the logistics and estimated the delivered costs for collecting, handling, and hau-
ling comn stover to an etbanol conversion facility. Delivered costs for the large round bales are
in the range of about $43.10-51.60/dry ton for conversion facilities of 500—4000 dry tons/day
given our factor input assumptions and farmer payments of $10/dry ton. We find moving large
round bales directly from the field to storage is less costly than staging the bales at the field edge
and moving them to storage on trucks/flatbed trailers. We also find that stover resource avail-
ability, the field-level and landscape-level factors, can greatly affect delivered costs and offset
scale economies in conversion processes. Under the best stover resource availability conditions,
delivered costs would be about 15-20% lower for the range of facility sizes discussed. In an
effort to reduce costs and make the production of energy and bio-products more competitive from
corn stover and other sources of biomass, the US Department of Energy is evaluating alternative
harvest/collection, handling, transport, and densification technologies and systems.
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