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Abstract Supply logistics systems for corn (Zea mays L.)
stover and switchgrass (Panicum virgatum L.) with two col-
lection methods, round bales and rectangular bales, are devel-
oped. A location in the US Midwest is assumed with corn
grown on highly productive crop land and switchgrass grown
on less productive land. Bales (15 % moisture wet basis) are
stored at local storage sites within 3.2 km (2 mi) of the field at
harvest time. Biomass is transported to an end user within a
48 km (30 mi) throughout the year. Round bales are converted
to bulk product [bulk density of 240 kgm−3 (15 lb ft−3)] by tub
grinding followed by roll-press compacting before truck trans-
port. Rectangular bales are delivered by truck without pro-
cessing. Total delivered cost is $97.70 Mg−1 ($88.63 ton−1)
for corn stover and $137.87 Mg−1 ($125.07 ton−1) for switch-
grass when delivered as a bulk compacted product. Total de-
livered cost is $90.25 Mg−1 ($81.87 ton−1) for corn stover and
$128.67Mg−1 ($116.73 ton−1) for switchgrass when delivered
as rectangular bales. Life-cycle fossil energy consumption is
higher for delivering switchgrass (9.9 to 13.8 % of energy in
dry matter) than for corn stover (5.8 to 9.5 % of energy in dry
matter). Excluding any potential change in soil organic carbon
(SOC), life-cycle greenhouse gas (GHG) emissions are 59.2 to

99.8 kg CO2e Mg−1 for delivering corn stover and 231.8 to
279.6 kg CO2e Mg−1 for delivering switchgrass. The effect of
change in SOC on the life-cycle GHG emissions for corn
stover and switchgrass is discussed.
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Introduction

Corn stover and switchgrass are potential biomass feedstocks
for producing liquid transportation fuels such as ethanol, com-
bined heat and power, chemicals, and bio-products in the USA
[1]. Sustainable production of biofuels, bioenergy, and
bioproducts depends on the sustainability of the biomass feed-
stock production and supply logistics system. Users of bio-
mass typically operate on an industrial cycle and need a con-
sistent supply of biomass feedstocks throughout the year.
However, collection and harvesting of biomass typically occur
on an agricultural cycle and are often limited to late summer or
fall time frames. Thus, a system is needed to collect, store,
accumulate, and deliver biomass to the users throughout the
year.

Considering the existing biomass collection practice/tech-
nology, large round or large rectangular (square) bales are
suggested for the supply of corn stover [2–6] and switchgrass
[4, 7–13]. There are pros and cons between the round and
rectangular bale supply systems [1]:(i) round balers have a
lower capital investment than the rectangular balers, (ii) round
bales tend to have less storage losses than rectangular bales
when stored outside uncovered; thus, covered or indoor stor-
age is recommended for rectangular bales, and (iii) rectangular
bales tend to be easier to handle and load trucks without road
width restrictions compared to the round bales. Moreover, the
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rectangular bales can be loaded near the legal weight limit for
trucks [i.e., 22.7 Mg (25 ton) per truck load in the USA] than
round bales. For example, Petrolia [5] reported that cargo
weight per semitrailer load [cargo space of 14.6 m (48 ft)
long×2.7 m (9 ft) wide×2.7 m (9 ft) high] for corn stover
was 10.8 Mg (11.9 ton) for round bales [1.4 m (4.5 ft) diam-
eter×1.6 m (5.2 ft) length] and 20.3 Mg (22.4 ton) for rectan-
gular bales [2.4m (8 ft) length×1.2 m (4 ft) width×0.9 m (3 ft)
height]. There have been several studies that compare the
supply logistics between the round and rectangular bales for
corn stover [2, 5] or switchgrass [11, 13].

Larson et al. [13] evaluated a switchgrass logistics system
where switchgrass is harvested using a forage chopper and
hauled to a satellite preprocessing facility for densification
and packaging (i.e., using an industrial compactor and bale
wrapper, the chopped biomass is condensed into a 2-Mg large
round bale wrapped in mesh and plastic to provide anaerobic
storage) before trucking to a biorefinery. They found that the
preprocessing system outperformed the conventional large
round and large rectangular bale harvest methods in the deliv-
ered costs of switchgrass. To improve the handling of round
bales, Cundiff and Grisso [14] suggested containerized trans-
port of round bales; however, such as a system could transport
about 14.4 Mg (15.9 ton) per load. Cubing and pelleting have
been suggested to increase the bulk density of biomass to
400–700 kgm−3 (25–44 lb ft−3) so that the truck can be loaded
up to the legal road weight limit [10, 15, 16]. Cubing and
pelleting have relatively high costs; however, it may not be
necessary to increase the bulk density to 400–700 kg m−3

(25–44 lb ft−3) since many existing trucks can load out at the
legal weight limit in the USA if the bulk density is increased to
190–240 kg m−3 (12–15 lb ft−3) [17]. Morey et al. [18] devel-
oped a logistics system for corn stover where round bales are
converted into roll-press compacted product [bulk density of
240 kg m−3 (15 lb ft−3)] at the local field storage sites, and
then, the bulk compacted product is truck transported to an
end user.

Performance of biomass supply logistics systems needs to
be evaluated on multiple criteria such as economics, fossil
energy consumption, and greenhouse gas (GHG) emissions.
All supply logistics studies reported the total delivered cost of
biomass, but only a few reported the fossil energy consump-
tion and GHG emissions for the supply of corn stover [3, 18]
or switchgrass [11, 16, 19–21]. There are no studies that in-
clude the cost, fossil energy consumption, and GHG emis-
sions to compare the two baling systems (round and rectangu-
lar) for the two biomass materials (corn stover and switch-
grass) including all aspects of the supply logistics from the
production to the delivery to the end user.

The objectives of this article are as follows: (i) to define
production and logistics systems for two common types of
herbaceous biomass, corn stover and switchgrass, for two
types of baling systems, round and rectangular, and (ii) to

compare these systems for delivering biomass to the end user
based on cost, fossil energy consumption, and GHG emissions
per tonne of biomass.

Supply Logistics Systems

The logistics systems for corn stover and switchgrass are de-
veloped for two bale collection methods, round bales and
rectangular bales (Fig. 1). We assumed a location in the US
Midwest with corn grown on highly productive crop land and
switchgrass grown on less productive land. Growing switch-
grass on less productive land will likely result in lower yields
than are experienced in other regions of the USA, for example
the Southeast, which will impact some of the results for
switchgrass.We followedMorey et al. [18] tomodel the round
bale system where the round bales are converted into a bulk
product with a bulk density of 240 kg m−3 (15 lb ft−3) by tub
grinding followed by roll-press compacting the round bales at
local storage sites, and then, the compacted product is truck
transported to the end user. The rectangular bales are truck
transported to the end user without any processing at the local
storage site.

Three companies are currently establishing cellulosic etha-
nol plants in the US Midwest, two in Iowa and one in Kansas.
The logistics systems that we modeled are representative of
those being considered by these companies. We have not con-
sidered all collection options, and no one is currently using
round bale-to-bulk processing at the local storage sites.
Individual components of the logistics systems are described
below.

Production

Table 1 provides the assumptions made for corn stover remov-
al rate [7.43 Mg ha−1 (3.31 ton acre−1) dry matter every other
corn year] from the field. Since corn stover is a residue from
corn grain production, no production cost is included.
However, a payment to the farmer of $5.50 Mg−1

($5.00 ton−1) at 15 % moisture content (wet basis) is assumed
in addition to the payment for nutrient replacement. Recent
research suggests a potential corn grain yield increase of up to
10 % if residue is removed in continuous corn production
systems [22, 23].We did not include this effect in our analysis,
but research in this area should be followed and potentially
considered in future analyses because a corn grain yield credit
could result in a significant reduction in net delivered cost of
corn stover.

Production of switchgrass is based on Duffy [9], Khanna
et al. [12], and Lazarus [24]. Switchgrass (Cave-in-Rock, an
upland ecotype variety) with 10-year life cycle is modeled
(Table 2). Switchgrass production system includes establish-
ment (year 1) with 6.73 kg ha−1 (6.0 lb acre−1) of pure live
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seed (PLS) frost-seeded (February–March), 25 % prob-
ability of reseeding (year 2), and mature stand (years 3
to 10). The first-year operations include land preparation
and planting to establish the crop. The field is initially
prepared by adding phosphorus and potassium. There is also
an application of lime assumed. There is 25 % probability that
reseeding/replanting will be needed for switchgrass to
replace plants that do not survive the first winter. For
the mature stand, we assume an average peak switchgrass
yield of 9.42Mg ha−1 year−1 (4.20 ton acre−1 year−1) dry matter
in mid-September [12]. Table 3 provides specific quantities of
various inputs considered for the production of switchgrass.

For switchgrass, a land charge of $197.68 ha−1 ($80 acre−1)
is assumed. As shown in Table 4, the establishment and
reseeding costs are prorated at 8 % interest rate to estimate

yearly cost [9]. For mature stand years (Table 3), the operating
costs are assumed to be borrowed for 6 months at an interest
rate of 9 % [9].

Nutrient Replacement and Chemicals

For corn stover, nutrient replacement for the biomass removed
from the field is considered [18]: nitrogen of 7.4 kg Mg−1 dry
matter (14.8 lb ton−1 dry matter), phosphorus (P2O5) of
2.9 kg Mg−1 dry matter (5.9 lb ton−1 dry matter), and potassi-
um (K2O) of 12.7 kg Mg−1 dry matter (25.4 lb ton−1 dry
matter). Recent research suggests that less nitrogen may be
required if residue is removed rather than left on the field in
no-till continuous corn production systems possibly because
of less nitrogen immobilization due to reduced surface residue
[22]. Our analysis included increased nitrogen for nutrient
replacement of the residue removed. Research in this area
should be followed and potentially considered in future anal-
yses because a nitrogen credit rather than replacement could
result in significant reductions in cost, fossil energy, and GHG
emissions for corn stover delivered to the user.

For switchgrass, lime is applied at a rate of 6.73 Mg ha−1

(3.0 ton acre−1) for the first year only [9]. Fertilizer application
rates for switchgrass production are based on Khanna et al.
[12]. No nitrogen is applied in the first year to prevent weeds;
however, 112.2 kg N ha−1 (100 lb N acre−1) is applied annu-
ally thereafter. It is assumed that in the establishment year,
application rates of P2O5 and K2O are 33.7 and 44.9 kg ha−1

(30 and 40 lb acre−1), respectively. In the subsequent years,
P2O5 and K2O application rates should be matched with the
nutrients removed by the plants, which are 0.17 kg Mg−1 dry
matter (0.34 lb ton−1 drymatter) for P2O5 and 0.72 kgMg−1 dry
matter (1.44 lb ton−1 dry matter) for K2O [12]. Herbicides are
required in the first 2 years to control weeds, but no herbicide

Fig. 1 Schematic diagram for corn stover and switchgrass logistics systems

Table 1 Assumptions for corn stover yield and collection

Item Value

Corn grain yield–continuous corn
(#2 yellow corn)
at 15.5 % moisture (wet basis)

12.6 Mg ha−1 (200 bu acre−1)

Yield of stover as fraction of corn
grain, dry matter/dry matter

1.0

Corn stover removal percentage 70 % of above ground mass per
unit land area (removal every
other corn year; average
removal of 35 % per year)

Amount of corn stover removed 7.43 Mg ha−1 (3.31 ton acre−1) dry
matter

Corn stover moisture in bales 15 % (wet basis)

Corn stover harvest window October to mid-December
depending on year and location

From [18]. A location in the US Midwest is assumed with corn grown on
highly productive crop land and switchgrass grown on less productive land

Bioenerg. Res. (2015) 8:1433–1448 1435



is applied for years 3 to 10 (Table 3). Roundup (land prepara-
tion), atrazine (weed control), and 2,4-D (weed control) are
required for the first year. Atrazine and 2,4-D are applied in
the second year for weed control.

N2O emission from nitrogen fertilizer application is esti-
mated by assuming that 1.525 % of nitrogen in nitrogen fer-
tilizer is emitted as nitrogen in N2O [25]. Also, N2O credit due
to corn stover removal is calculated by assuming that 1.525 %
of nitrogen in corn stover is emitted as nitrogen in N2O [25].
Nitrogen content of corn stover is 0.69 % dry basis [18]. Field
CO2 emissions from lime and urea are calculated according to
IPCC [26].

Harvesting/Collection

Two bale collection methods are considered for this study:
large round bales [1.8 m (6 ft) diameter×1.5 m (5 ft) length]
and large rectangular bales [2.4 m (8 ft) length×1.2 m (4 ft)
width×0.9 m (3 ft) height]. Corn stover is collected after the
corn grain is harvested. It involves shredding, raking, baling,
and transporting the bales to local storage within 3.2 km (2mi)
of the field in the fall.

Switchgrass is harvested from year 2 onwards (i.e., years 2
to 10). Harvesting/collection of switchgrass involves mowing/
conditioning, raking, baling, and transporting the bales to lo-
cal storage. In the second year, due to the need for reseeding
(25 %), annual maintenance and harvesting can only be car-
ried out on 75 % of the planted land. The second-year yield is
assumed to be 67 % of peak yield. We assume a single harvest
of switchgrass in the fall or early winter after the first frost so
that translocation of nitrogen and other nutrients out of the
foliage into the roots to reduce the overall nutrient use. This
practice also reduces the switchgrass yields by 20 % of dry
matter, compared to peak levels in mid-September [12].

After shredding or mowing, both corn stover and switch-
grass are allowed to naturally field dry to a target moisture
content of 15 % (wet basis) before raking and baling. The bale
densities (wet basis) are assumed to be 144 kg m−3 (9 lb ft−3)
for round bales and 208 kg m−3 (13 lb ft−3) for rectangular
bales for both corn stover and switchgrass [24]. The bale
weight is 577 kg bale−1 (1272 lb bale−1) for round bales and
566 kg bale−1 (1248 lb bale−1) for rectangular bales at 15 %
moisture content (wet basis). The round bales are covered with
four wraps of net wrap per bale, and the rectangular bales are
covered with plastic twine (six knots per bale). The capacity of
round and rectangular balers was obtained from Lazarus [27]
and Shinners et al. [28] for corn stover and switchgrass,
respectively.

Local Storage

The local storage site is located within 3.2 km (2 mi) of the
field. The average round-trip distance from field to local bale
storage site is 5.6 km (3.47 mi) [i.e., twice the average straight
line one-way hauling distance (i.e., two thirds of radius) of
2.1 km (1.3 mi) times a winding factor of 1.3]. Round bales
are transported to local storage site using a bale mover (e.g.,
Highline Bale Mover 1400), which has an average tractor
speed of 22.5 km h−1 (14 mi h−1), capacity of 14 bales per
round trip, total bale loading time of 7 min, and total bale
unloading time of 5 min. The 14 bales on the bale mover are
positioned in two rows of seven each, end to end, which al-
lows for rapid unloading in parallel rows at the local storage.

Rectangular bales are transported to the local storage with a
self-propelled automatic stacker mover (e.g., Inland 2000Bale
Mover), which has a speed of 16 km h−1 (10 mi h−1) in-field
[round-trip distance of 1.6 km (1 mi) from the average field to
field-edge] and 48 km h−1 (30 mi h−1) from field edge to

Table 2 Assumptions for
switchgrass yield and harvesting Item Value

Life span 10 years

Reseeding in year 2 25 % replant rate

Peak switchgrass yield (mid-September) 9.42 Mg ha−1 year−1 (4.20 ton acre−1 year−1) dry matter

Harvest timing Once after first frost

Harvest yield loss 20 % dry matter

Yield at year 1 (establishment) 0.0 Mg ha−1 year−1 dry matter

Yield at year 2 (reseeding) 67 % of peak yield

Yield at year 2 (reseeding) 5.05 Mg ha−1 year−1 (2.25 ton acre−1 year−1) dry matter

Yield at years 3–10 (mature stand) 7.54 Mg ha−1 year−1 (3.36 ton acre−1 year−1) dry matter

Yield, average over stand life (years 1–10) 6.53 Mg ha−1 year−1 (2.91 ton acre−1 year−1) dry matter

Switchgrass moisture in bales 15 % (wet basis)

Switchgrass harvest window November through January depending on year and location

From [9, 12, 24]. A location in the USMidwest is assumed with corn grown on highly productive crop land and
switchgrass grown on less productive land
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Table 3 Cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for establishment, reseeding, and mature stand of switchgrass

Operation Tractor/power
unit size (kW)

Amount Unit Diesel fuel
consumption
(L ha−1)

Cost
($ ha−1)

Life-cycle fossil
energy consumption
(MJ ha−1)

Life-cycle
GHG emission
(kg CO2e ha

−1)

Establishment (year 1)

Land charge – – – – 197.68 – –

Seed – 6.73 kg ha−1 – 106.60 53.8 3.95

Fertilizer

Phosphorus (P2O5) – 33.7 kg ha−1 – 41.53 874.3 60.5

Potassium (K2O) – 44.9 kg ha−1 – 48.11 411.7 30.5

Lime – 6725 kg ha−1 – 310.12 1228.5 3026.3

Herbicide

Roundup (land preparation) – 4.67 L ha−1 – 25.98 1516.8 114.0

Atrazine (weed control) – 3.52 L ha−1 – 16.65 1143.3 85.9

2,4-D (weed control) – 1.75 L ha−1 – 10.50 568.4 42.7

Machinery

Mowing (land preparation) 78 3.53 ha h−1 5.489 28.29 220.7 16.9

Airflow planter (seed and fertilizer) 194 8.93 ha h−1 5.375 45.59 216.1 16.5

Spraying roundup 97 18.7 ha h−1 1.287 16.43 51.7 3.96

Spraying atrazine and 2,4-D 97 18.7 ha h−1 1.287 16.43 51.7 3.96

Lime application 97 6.07 ha h−1 3.955 – 159.0 12.2

Sub-total – – – – 863.93 6496.0 3417.4

Reseeding (year 2)

Land charge – – – – 197.68 – –

Seed (25 % of land area) – 1.68 kg ha−1 – 26.65 13.4 0.99

Fertilizer

Nitrogen (N) – 84.2 kg ha−1 – 103.71 5739.9 364.4

N2O emission from N-fertilizer – 1.525 % % N in fertilizer – – – 601.0

Phosphorus (P2O5) – 9.28 kg ha−1 – 11.44 240.8 16.7

Potassium (K2O) – 14.9 kg ha−1 – 15.92 136.3 10.1

Herbicide

Atrazine (weed control) – 3.52 L ha−1 – 16.65 1143.3 85.9

2,4-D (weed control) – 1.75 L ha−1 – 10.50 568.4 42.7

Machinery

Airflow planter (seed and fertilizer) 194 8.93 ha h−1 5.375 45.59 216.1 16.5

Spraying atrazine and 2,4-D 97 18.7 ha h−1 1.287 16.43 51.7 3.96

Sub-total – – – – 444.58 8109.8 1142.2

Mature stand (years 3–10)

Land charge – – – – 197.68 – –

Fertilizer

Nitrogen (N) – 112.2 kg ha−1 – 138.27 7653.2 485.8

N2O emission from N-fertilizer – 1.525 % % N in fertilizer – – – 801.3

Phosphorus (P2O5) – 1.28 kg ha−1 – 1.58 33.2 2.30

Potassium (K2O) – 5.43 kg ha−1 – 5.81 49.8 3.69

Machinery

Fertilizer application (N, P, and K) 97 6.07 ha h−1 3.955 12.23 159.0 12.2

Interest on operating expenses
(6 months at 9 %)

– – – – 7.11 – –

Sub-total – – – – 362.69 7895.2 1305.2

From [9, 12, 24]
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storage site [round-trip distance of 5.6 km (3.5 mi)], capacity
of eight bales per round trip, and total bale loading time and
unloading time of 1 min [5, 29]. The eight bales on the bale
mover are positioned in two columns of four each, which
allows for automatic unloading in parallel columns.
Additionally, a telehandler (85 kW; capacity of 48 bales per
hour) is assumed to assist with the rectangular bale stacking in
the storage building [5, 29].

In this analysis, the storage period ranges from 1 to
11 months. The round, net-wrapped bales are assumed to be
stored uncovered at the local storage sites; thus, no storage
structure is involved. The bales are assumed to be stored on
a level surface in a line running north-south with the ends
(diameter) butted tightly together with no obstructions to
shade the bales, and the spacing between rows is 0.9 m (3 ft)
[18]. The storage cost for round bales is the cost of the land
required for storage.

The rectangular bales are assumed to be stored indoors.
The storage building [30.5 m (100 ft)×91.4 m (300 ft)] is a
tarped hoop type structure and holds 5454 bales [9].
The bales are stacked six bales high. The land area
required for storage is taken to be 0.8 ha (2 acre),
which includes extra space for building edging, driveways,
and turnaround space for semitrucks. Storage structure cost is
assumed to be $129.17 m−2 ($12 ft−2). The storage cost for
rectangular bales is the sum of the storage land cost plus the
yearly building ownership cost at 12 % [9]. The insurance for
the storage building and the stored biomass is not considered
in this study.

To account for the material losses during storage, we as-
sumed a dry matter loss (DML) of 5 % for round bales and
1 % for rectangular bales for both corn stover and switchgrass
[28, 30]. A storage loss of 5 % means that 5 % more material
must be delivered to storage than is removed. Thus, an amount
equal to 5 % (round bales) or 1 % (rectangular bales) of the
total for all categories (i.e., production, payment to farmer,
harvesting/collection, and nutrient replacement) that occur pri-
or to local storage is added to account for storage loss when
calculating the total cost, energy consumption, and GHG
emissions per unit of material delivered to the end user. A land
rent charge of $197.68 ha−1 ($80 acre−1) is assumed.

Bale Handling/Processing at Local Storage

Delivery of corn stover and switchgrass is considered to be in
two forms: roll-press compacted bulk product and rectangular
bales.

Kaliyan et al. [17] conducted pilot-scale experiments and
showed that tub grinding followed by roll-press compaction of
baled biomass would produce bulk compacted product with a
bulk density of 240 kg m−3 (15 lb ft−3) or higher. In this study,
roll-press compaction process is applied only to the round
bales because [18]: (1) converting the round bales to a bulk
material with a bulk density of at least 240 kg m−3 (15 lb ft−3)
allows for transport by trucks that will load out based on
maximumweight [22.7Mg (25 ton) per truck load] rather than
volume, (2) it eliminates potential problems associated with
transporting round bales that have lost their shape or structure

Table 4 Cost, life-cycle fossil
energy consumption, and life-
cycle GHG emissions for
production of switchgrass

Item Cost ($ Mg−1) Life-cycle fossil
energy consumption
(MJ Mg−1)

Life-cycle
GHG emission
(kg CO2e Mg−1)

Prorated yearly establishment (A) 16.73a 84.5d 44.5d

Prorated yearly reseeding (B) 8.32b 105.5d 14.9d

Yearly production for mature stand (C) 40.86c 890.5e 147.2e

Total for production (A+B+C) 65.91 1080.5 206.5

A location in the USMidwest is assumedwith corn grown on highly productive crop land and switchgrass grown
on less productive land. The mass of biomass (tonne) is defined on a wet mass basis at 15 % moisture content
a Prorated yearly establishment cost=$128.75 ha−1 ($16.73Mg−1 ). The total establishment cost of $863.93 ha−1

(Table 3) is amortized for 10 years at 8 % interest rate. The amortization factor is 0.14903. The 10-year average
yield is 7.69 Mg ha−1 year−1 at 15 % moisture content
b Prorated yearly reseeding cost=$71.17 ha−1 ($8.32 Mg−1 ). The total reseeding cost of $444.58 ha−1 (Table 3)
is amortized for 9 years at 8 % interest rate. The amortization factor is 0.16008. The 9-year average yield is
8.54 Mg ha−1 year−1 at 15 % moisture content
c Yearly production cost formature stand is $362.69 ha−1 (Table 3), which is equal to $40.86Mg−1 for the mature
stand yield of 8.87 Mg ha−1 year−1 at 15 % moisture content
d To estimate per tonne values, the per hectare values of life-cycle fossil energy consumption and GHG emission
given in Table 3 are divided by the total yield for the 10-year period (i.e., 76.9 Mg ha−1 ) and 9-year period (i.e.,
76.9 Mg ha−1 ) for the establishment and reseeding, respectively
e To estimate per tonne values, the per hectare values of life-cycle fossil energy consumption and GHG emission
given in Table 3 are divided by the mature stand yield (i.e., 8.87 Mg ha−1 year−1 at 15 % moisture content)
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because they have been in outdoor storage for a period of time,
(3) the roll-press compacted bulk product is easier to receive
and handle for the end user, and (4) partial grinding or size
reduction reduces the amount of processing required for fur-
ther use.

The roll-press compaction of round bales is carried out at
the local field storage site throughout the year with mobile
units moving from site to site. The compacted product exiting
the roll-press compactor is directly loaded onto a semitrailer
(e.g., box trailer or dump trailer) for delivery. Each local

Table 5 Price, life-cycle (i.e., production, distribution, and use) energy consumption, and life-cycle GHG emission factors for various input materials

Material Pricea Life-cycle energy
consumption

Life-cycle GHG emission factor Source

Diesel, farm tractors $0.93 L−1 (off-road) 44.3 MJ L−1 diesel 94.45 g CO2e MJ−1 diesel [25]

Diesel, stationary reciprocating
engines (i.e., tub grinder
and roll-press compactor)

$0.93 L−1 (off-road) 44.3 MJ L−1 diesel 94.83 g CO2e MJ−1 diesel [25]

Diesel, heavy-duty trucks – 44.3 MJ L−1 diesel 94.81 g CO2e MJ−1 diesel [25]

Switchgrass seed (pure live seed) $15.84-kg−1 seed 8.0 MJ-kg−1 seed 0.587 kg CO2e kg
−1 seed [12, 21]

Nitrogen (N) fertilizer, anhydrous
ammonia for corn stover

$0.94 kg−1 N 52.12 MJ kg−1 N 3.25 kg CO2e kg
−1 N [25]

Nitrogen (N) fertilizer, urea
for switchgrass

$1.23 kg−1 N 68.21 MJ kg−1 N 4.33 kg CO2e kg
−1 N (i.e., 2.76 kg

CO2e kg
−1 for production and

transport, and 1.57 kg CO2e kg
−1

for field CO2 emission from urea)

[25, 26]

Phosphorus (P2O5) fertilizer $1.23 kg−1 P2O5 25.94 MJ kg−1 P2O5 1.79 kg CO2e kg
−1 P2O5 [25]

Potassium (K2O) fertilizer $1.07 kg−1 K2O 9.17 MJ kg−1 K2O 0.68 kg CO2e kg
−1 K2O [25]

Lime (CaCO3) $46.11-Mg−1 lime (includes
costs for the material,
transportation, and spreading)

0.18 MJ kg−1 lime 0.45 kg CO2e kg
−1 lime (i.e., 0.01 kg

CO2e kg
−1 for production and transport,

and 0.44 kg CO2e kg
−1 for field CO2

emission from lime)

[25, 26]

Herbicides $5.56 L−1 roundup, $4.73 L−1

atrazine, $6.00 L−1 2,4-D
278.63 MJ kg−1 herbicide 20.94 kg CO2e kg

−1 herbicide [25]

Bale net wrap (HDPE) – 75.84 MJ kg−1 net wrap 3.24 kg CO2e kg
−1 net wrap [41]

Bale plastic twine
(polypropylene)

– 104.62 MJ kg−1 twine 4.94 kg CO2e kg
−1 twine [41]

a The prices of fertilizers and herbicides were obtained from Meadowlands Farmers Co-Op in Southwest Minnesota in spring of 2014

Table 6 Fixed costs of bale
handling and processing
machinery

Item Tractor with a
front-end-loader

Tub grinder Roll-press
compactor

Telehandler

Tractor/power unit size (kW) 97 403 403 85

Capacity (Mg h−1) 22.7 22.7 22.7 27.2

First cost ($) – 390,000 600,000 68,889

Operating hours (h) – 1800 1800 1000

Life (year) – 5 5 4

Depreciation ($ h−1)a – 39.00 60.00 15.50

Interest at a rate of 6 % ($ h−1)b – 8.32 12.80 2.74

Insurance at a rate of 0.85 % ($ h−1)b – 1.18 1.81 0.39

Housing ($ h−1)b – 0.17 0.17 0.30

Annual repair cost ($ h−1)c – 6.50 10.00 2.07

Fixed cost ($ Mg−1)d 1.20 2.43 3.74 0.77

Data source [27] [18] [18] [5]

a Salvage value is 10 % of first cost
b The costs for interest, insurance, and housing are calculated based on procedures from Lazarus [27]
c Annual repair cost is 3 % of first cost
d Fixed cost=depreciation+interest+insurance+housing+repair cost
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storage site should contain at least 181 Mg (200 ton) to allow
for a full day’s operation at the site. The capacity and energy
consumption data for tub grinding and roll-press compaction
given inMorey et al. [18] were updated based on experimental
studies by Kaliyan et al. [17, 31]. It is assumed that the energy
required for producing roll-press compacted products (tub
grinding/roll-press compaction) from corn stover and switch-
grass is similar.

No processing is involved for rectangular bales at the local
storage; however, a telehandler (85 kW; capacity of 48 bales
per hour) is used to load the rectangular bales onto a semitrail-
er (e.g., flatbed trailer) for delivery. We considered a semitrail-
er cargo space of 14.6 m (48 ft) long×2.7 m (9 ft) wide×2.7 m
(9 ft) high with a maximum possible load of 36 rectangular
bales [20.4 Mg (22.5 ton) per load] arranged as three bale
high×two bale wide×six bale long [5].

Table 7 Cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for corn stover delivered as a bulk product (round bale system)

Operation Tractor/power
unit size (kW)

Amount Unit Diesel fuel
consumption
(L Mg−1)

Cost
($ Mg−1)

Life-cycle fossil
energy consumption
(MJ Mg−1)

Life-cycle
GHG emission
(kg CO2e Mg−1)

Payment to farmer – – – – 5.50 – –

Nutrient replacement

Nitrogen (N) – 7.4 kg Mg−1 DM – 5.91 327.8 20.5

Phosphorus (P2O5) – 2.9 kg Mg−1 DM – 3.09 65.1 4.50

Potassium (K2O) – 12.7 kg Mg−1 DM – 11.57 99.0 7.34

N2O emission from N-fertilizer – 1.525 % % N in fertilizer – – – 44.9

N2O credit due to corn stover
removal

– −1.525 % % N in stover – – – −41.9

Sub-total – – – – 20.56 491.9 35.4

Harvesting/collection/local storage

Stalk shredding (6.1 m) 97 3.2 ha h−1 0.794 3.38 35.2 2.69

Raking (JD 705 Twin
Rake, 9.1 m)

78 10.6 ha h−1 0.190 1.77 8.42 0.64

Baling, large round bales
with net wrap

119 3.8 ha h−1 0.802 22.53 35.6 2.72

Bale net wrap – 0.65 kg Mg−1 – – 49.1 2.10

Bale moving from field to
storage site

149 18.1 Mg h−1 1.485 4.94 65.8 5.03

Sub-total – – – – 32.61 194.1 13.2

Local storage cost/storage loss

Storage cost – – – – 0.14 – –

Storage loss – 5 % % DML – 2.93 34.3 2.43

Sub-total – – – – 3.08 34.3 2.43

Bale handling/processing at local
storage

Payment to aggregator – – – – 3.75 – –

Feeding bales to tub grinder 97 22.7 Mg h−1 0.483 2.98 21.4 1.64

Tub grinding 403 22.7 Mg h−1 6.315 9.85 279.9 21.5

Roll press compaction 403 22.7 Mg h−1 6.315 11.42 279.9 21.5

Sub-total – – – – 28.00 581.1 44.6

Truck transport/delivery

Bulk compacted product – 22.7 Mg per load 1.247 7.94 55.3 4.25

Total (overall)a – – – – 97.70 1356.6 99.8

A location in the US Midwest is assumed with corn grown on highly productive crop land and switchgrass grown on less productive land. The mass of
biomass (tonne) is defined on a wet mass basis at 15 % moisture content

DM dry matter, DML dry matter loss
a Changing the corn stover removal rate from the base case of 70% every other year to 35% every year doubles the cost, energy consumption, and GHG
emissions for stalk shredding and raking, but it does not affect any other logistics operations in the above table except local storage loss. Thus, the total
(overall) cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for 35 % per year corn stover removal rate are $103.11 Mg−1 ,
1402.4 MJ Mg−1 , and 103.4 kg CO2e Mg−1 , respectively
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Truck Transport/Delivery

Both feedstocks are truck transported to an end user
located within a 48-km (30 mi) radius from the field.
The average straight line one-way hauling distance is
32 km (20 mi) [i.e., two thirds of radius]. The average
round-trip hauling distance assuming a winding factor
of 1.3 is 84 km (52 mi). An upper payload weight limit
of 22.7 Mg (25 ton) per truck load is used for the

analysis. Trucking cost is assumed to be $900 day−1

for five round trips between the local storage site and
the end user. Diesel consumption for semitruck is
0.016 L Mg−1 km−1 (0.006 gal ton−1 mi−1) [27].

We assume that equipment is available to achieve high
unloading rates at the end user. Also, the costs for material
handling and storage at the facility are the responsibility of the
end user; thus, our analysis stops at the point of delivery to the
facility.

Table 8 Cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for corn stover delivered as rectangular bales

Operation Tractor/
power unit
size (kW)

Amount Unit Diesel fuel
consumption
(L Mg−1)

Cost
($ Mg−1)

Life-cycle fossil
energy consumption
(MJ Mg−1)

Life-cycle
GHG emission
(kg CO2e Mg−1)

Payment to farmer – – – – 5.50 – –

Nutrient replacement

Nitrogen (N) – 7.4 kg Mg−1 DM – 5.91 327.8 20.5

Phosphorus (P2O5) – 2.9 kg Mg−1 DM – 3.09 65.1 4.50

Potassium (K2O) – 12.7 kg Mg−1 DM – 11.57 99.0 7.34

N2O emission from N-fertilizer – 1.525 % % N in fertilizer – – – 44.9

N2O credit due to corn stover
removal

– −1.525 % % N in stover – – – −41.9

Sub-total – – – – 20.56 491.9 35.4

Harvesting/collection/local storage

Stalk shredding (6.1 m) 97 3.2 ha h−1 0.794 3.38 35.2 2.69

Raking (JD 705 Twin Rake, 9.1 m) 78 10.6 ha h−1 0.190 1.77 8.42 0.64

Baling, large rectangular bales with
twine

97 4.7 ha h−1 0.529 20.67 23.5 1.79

Twine wrap – 0.56 kg Mg−1 – – 58.1 2.74

Bale moving from field to
storage site

119 12.1 Mg h−1 1.928 6.27 85.4 6.54

Unloading/stacking bales
(John Deere 3220 telehandler)

85 27.2 Mg h−1 0.611 2.43 27.1 2.07

Sub-total – – – – 34.52 237.7 16.5

Local storage cost/storage loss

Storage cost – – – – 14.04 – –

Storage loss – 1 % % DML – 0.61 7.30 0.52

Sub-total – – – – 14.65 7.30 0.52

Bale handling/processing at local storage

Payment to aggregator – – – – 3.75 – –

Loading semitrailer
(John Deere 3220 telehandler)

85 27.2 Mg h−1 0.611 2.43 27.1 2.07

Sub-total – – – – 6.18 27.1 2.07

Truck transport/delivery

Rectangular bales – 20.4 Mg per load 1.388 8.83 61.5 4.72

Total (overall)a – – – – 90.25 825.4 59.2

A location in the US Midwest is assumed with corn grown on highly productive crop land and switchgrass grown on less productive land. The mass of
biomass (tonne) is defined on a wet mass basis at 15 % moisture content

DM dry matter, DML dry matter loss
a Changing the corn stover removal rate from the base case of 70% every other year to 35% every year doubles the cost, energy consumption, and GHG
emissions for stalk shredding and raking, but it does not affect any other logistics operations in the above table except local storage loss. Thus, the total
(overall) cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for 35 % per year corn stover removal rate are $95.45 Mg−1 ,
869.5 MJ Mg−1 , and 62.5 kg CO2e Mg−1 , respectively
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Soil Organic Carbon

We did not quantify SOC changes from corn stover removal,
but the system is based on sustainable removal rates of an
average of 35 % per year based on the criteria of returning at
least 6 dry Mg ha−1 of stover to the soil [32, 33], which is
consistent with a 12.6 Mg ha−1 (200 bu acre−1) grain yield.

Switchgrass has the potential to store carbon in the soil due
to its dense and deep rooting where a considerable amount of
biomass is accumulated [34, 35].Measured data on the change
in SOC for switchgrass is lacking in the literature. Simulation
modeling results for the change in SOC for existing croplands
and grasslands (i.e., pasture/hay lands) converted to grow
switchgrass in the USAwere obtained from Kwon et al. [36]
and Hudiburg et al. [37]. Kwon et al. [36] modeled the dy-
namics of SOC for 36 states in the USAwith switchgrass yield
ranging from 7.6 to 14.0 Mg ha−1 year−1 dry matter (3.4 to
6.3 ton acre−1 year−1 dry matter) with a mean value of
12.1 Mg ha−1 year−1 dry matter (5.4 ton acre−1 year−1 dry
matter). Hudiburg et al. [37] modeled the change in SOC for
converting croplands with corn-corn-soy rotation to

switchgrass [yield=9.2 Mg ha−1 year−1 dry matter (4.1 ton
acre−1 year−1 dry matter)] for one location (Urbana, IL) in
the USA.

Input Data

All field machinery cost estimates for corn stover (stalk shred-
ding, raking, baling, and bale moving from field to local stor-
age) and switchgrass (airflow spreader, spraying herbicides,
fertilizer application, mowing, raking, baling, and bale mov-
ing from field to local storage) are taken from 2013 Iowa Farm
Custom Rate Survey [38]. Tractor power required for each
field operation is obtained from Lazarus [27]. Diesel con-
sumption is assumed to be 0.223 L of diesel per PTO kilowatt
per hour on average for each implement type [27]. To account
for 10 % lubricant addition [27], the diesel consumption is
multiplied by 1.1 while calculating the cost, life-cycle energy
consumption, and GHG emissions. Table 5 presents the price
of various input materials such as diesel, switchgrass seed,
fertilizers, and herbicides.

Table 9 Cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for switchgrass delivered as a bulk product (round bale system)

Operation Tractor/power
unit size (kW)

Amount Unit Diesel fuel
consumption
(L Mg−1)

Cost
($ Mg−1)

Life-cycle fossil
energy consumption
(MJ Mg−1)

Life-cycle
GHG emission
(kg CO2e Mg−1)

Establishment/production – – – – 65.91 1080.5 206.5

Harvesting/collection/local storage

Mowing/conditioning 78 3.5 ha h−1 0.583 3.76 25.9 1.98

Raking (JD 705 Twin Rake, 9.1 m) 78 10.6 ha h−1 0.195 1.81 8.62 0.66

Baling, large round bales with net wrap 119 3.1 ha h−1 1.010 20.53 44.8 3.43

Bale net wrap – 0.65 kg Mg−1 – – 49.1 2.10

Bale moving from field to storage site 149 18.1 Mg h−1 1.485 4.94 65.8 5.03

Sub-total – – – – 31.03 194.2 13.2

Local storage cost/storage loss

Storage cost – – – – 0.14 – –

Storage loss – 5 % % DML – 4.85 63.7 11.0

Sub-total – – – – 4.99 63.7 11.0

Bale handling/processing at local storage

Payment to aggregator – – – – 3.75 – –

Feeding bales to tub grinder 97 22.7 Mg h−1 0.483 2.98 21.4 1.64

Tub grinding 403 22.7 Mg h−1 6.315 9.85 279.9 21.5

Roll press compaction 403 22.7 Mg h−1 6.315 11.42 279.9 21.5

Sub-total – – – – 28.00 581.1 44.6

Truck transport/delivery

Bulk compacted product – 22.7 Mg per load 1.247 7.94 55.3 4.25

Total (overall) – – – – 137.87 1974.8 279.6

A location in the US Midwest is assumed with corn grown on highly productive crop land and switchgrass grown on less productive land. The mass of
biomass (tonne) is defined on a wet mass basis at 15 % moisture content

DML dry matter loss
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The bale handling/processing of bales at the local storage
site includes a payment to aggregator [i.e., $3.75 Mg−1

($3.40 ton−1)]. The aggregator is someone who serves the
function of contracting for and collecting materials from a
number of producers and arranges for the material to be de-
livered to the end user. This function may be filled by the end
user, and it may be embedded in the price that the end user
pays to the producers; nevertheless, it is a function that needs
to be recognized and included in the cost. The various cost
factors used for estimating the fixed cost of machinery (i.e.,
tractor with front-end loader to load bales into the tub
grinder, tub grinder, rol l-press compactor, and
telehandler) required for processing of round bales into
a bulk compacted product and handling rectangular
bales are given in Table 6. The total cost for the tractor
with front-end loader (one labor), tub grinding (half la-
bor), roll-press compaction (half labor), or telehandler (one
labor) is the sum of the fixed cost plus the costs for labor,
diesel fuel consumption, and management and profit. The cost
of management and profit is assumed to be 20 % of fixed cost
and labor cost. Labor cost is $20 h−1 [27].

GHG Emission Metrics

The delivered cost, life-cycle fossil energy consumption,
and life-cycle GHG emissions per tonne of biomass de-
livered to the end user are calculated with an Excel
spreadsheet. The life-cycle GHG emissions related to
the various logistics operations are calculated as kilogram of
CO2 equivalent per tonne of biomass (kg CO2e Mg−1). The
GHG emission metric of kilogram of CO2 equivalent per
tonne of biomass is calculated by using the 100-year global
warming potential (GWP) factors of 1 for CO2, 25 for CH4,
and 298 for N2O [39]: kg CO2e Mg−1 = [kg CO2 +
(25 × kg CH4) + (298 × kg N2O)]/Mg of biomass.

Table 5 presents the life-cycle (i.e., production, transport,
and use) energy and GHG emission factors for the various
input materials (i.e., diesel, switchgrass seed, fertilizers, herbi-
cides, and bale wraps). In this study, we ignored the energy and
GHG emission impacts related to the manufacturing and dis-
posal of farm machinery, vehicles, and other equipment. The
lower heating value (LHV) is 16.7 MJ kg−1 dry matter for corn
stover [40] and 16.8 MJ kg−1 dry matter for switchgrass [25].

Table 10 Cost, life-cycle fossil energy consumption, and life-cycle GHG emissions for switchgrass delivered as rectangular bales

Operation Tractor/power
unit size (kW)

Amount Unit Diesel fuel
consumption
(L Mg−1)

Cost
($ Mg−1)

Life-cycle fossil
energy consumption
(MJ Mg−1)

Life-cycle
GHG emission
(kg CO2e Mg−1)

Establishment/production – – – – 65.91 1080.5 206.5

Harvesting/collection/local storage

Mowing/conditioning 78 3.5 ha h−1 0.583 3.76 25.9 1.98

Raking (JD 705 Twin Rake, 9.1 m) 78 10.6 ha h−1 0.195 1.81 8.62 0.66

Baling, large rectangular bales with twine 97 3.9 ha h−1 0.662 18.46 29.3 2.24

Twine wrap – 0.56 kg Mg−1 – – 58.1 2.74

Bale moving from field to storage site 119 12.1 Mg h−1 1.928 6.27 85.4 6.54

Unloading/stacking bales (John
Deere 3220 telehandler)

85 27.2 Mg h−1 0.611 2.43 27.1 2.07

Sub-total – – – – 32.72 234.4 16.2

Local storage cost/storage loss

Storage cost – – – – 14.04 – –

Storage loss – 1 % % DML – 0.99 13.2 2.23

Sub-total – – – – 15.03 13.2 2.23

Bale handling/processing at local storage

Payment to aggregator – – – – 3.75 – –

Loading semitrailer (John
Deere 3220 telehandler)

85 27.2 Mg h−1 0.611 2.43 27.1 2.07

Sub-total – – – – 6.18 27.1 2.07

Truck transport/delivery

Rectangular bales – 20.4 Mg per load 1.388 8.83 61.5 4.72

Total (overall) – – – – 128.67 1416.7 231.8

A location in the US Midwest is assumed with corn grown on highly productive crop land and switchgrass grown on less productive land. The mass of
biomass (tonne) is defined on a wet mass basis at 15 % moisture content

DML dry matter loss
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Results and Discussion

Production and Logistics

The total delivered cost, life-cycle fossil energy consumption,
and life-cycle GHG emissions for delivering corn stover
(15 % moisture) as roll-press compacted bulk product are
$97.70 Mg−1 ($88.63 ton−1), 1356.6 MJ Mg−1 (i.e., 9.5 % of
energy in corn stover dry matter), and 99.8 kg CO2e Mg−1

(excluding SOC change), respectively (Table 7). The total
delivered cost, life-cycle fossil energy consumption, and life-
cycle GHG emissions for delivering corn stover (15 % mois-
ture) as rectangular bales are $90.25 Mg−1 ($81.87 ton−1),
825.4MJMg−1 (i.e., 5.8% of energy in corn stover drymatter),
and 59.2 kg CO2e Mg−1 (excluding SOC change), respectively
(Table 8). Changing the corn stover removal rate from the base
case of 70 % every other year to 35 % every year would in-
crease the above values on the total delivered cost by 5.5 to
5.8 %, life-cycle fossil energy consumption by 3.4 to 5.3 %,
and life-cycle GHG emissions by 3.5 to 5.7 % (Tables 7 and 8).

The total delivered cost, life-cycle fossil energy consump-
tion, and life-cycle GHG emissions for delivering switchgrass
(15 % moisture) as roll-press compacted bulk product are
$137.87 Mg−1 ($125.07 ton−1), 1974.8 MJ Mg−1 (i.e.,
13.8 % of energy in switchgrass dry matter), and 279.6 kg
CO2e Mg−1 (excluding SOC change), respectively (Table 9).
The total delivered cost, life-cycle fossil energy consumption,
and life-cycle GHG emissions for delivering switchgrass
(15 % moisture) as rectangular bales are $128.67 Mg−1

($116.73 ton−1), 1416.7 MJ Mg−1 (i.e., 9.9 % of energy in
switchgrass dry matter), and 231.8 kg CO2e Mg−1 (excluding
SOC change), respectively (Table 10).

The higher total delivered cost, fossil energy consumption,
and GHG emissions (excluding SOC change) for switchgrass
than for corn stover are mainly due to the inclusion of the
establishment/production system for the switchgrass. The
switchgrass establishment/production system contributes
about 48–51, 55–76, and 74–89 % to the total delivered cost,
fossil energy consumption, and GHG emissions, respectively,
for switchgrass delivered as a bulk product or rectangular
bales. With respect to corn stover, the comparable production
cost items that occur before the collection process are the
payment to the farmer and the nutrient replacement, which
together contribute about 27–29, 36–60, and 35–60 % to the
total delivered cost, fossil energy consumption, and GHG
emissions, respectively, for corn stover delivered as a bulk
product or rectangular bales.

The cost, energy consumption, and GHG emissions for
collection plus transport to local storage are lower for round
bales than for rectangular bales (Tables 7, 8, 9, and 10). The
cost for local storage including the storage loss is much lower
for round bales than for rectangular bales; however, the energy
consumption and GHG emissions are higher for the round

bale storage than for the rectangular bale storage due to a
higher storage loss for round bales (i.e., 5 % DML) than that
of the rectangular bales (i.e., 1 % DML). The higher cost of
storage for the rectangular bales is due to the added cost for a
storage structure [$14.04Mg−1 ($12.74 ton−1)], which is in con-
trast to the round bales that are stored outdoors [$0.14 Mg−1

Fig. 2 a Total delivered cost, b life-cycle fossil energy consumption, and
c life-cycle GHG emissions (excluding change in soil organic carbon) for
supply of corn stover and switchgrass as bulk compacted product and
rectangular bales. The Rectangular Bales (With Tub Grinding) bars
include the effect of tub grinding of rectangular bales delivered to the
end user using a tractor with front-end loader to load bales into the tub
grinder and a tub grinder (data in Tables 7 and 9). The mass of biomass
(tonne) is defined on a wet mass basis at 15 % moisture content
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($0.13 ton−1)]. Transport of bulk compacted product results in a
lower trucking cost, energy consumption, and GHG emissions
than for the rectangular bale case. This is because the
compacted product can be loaded to the maximum truck
weight limit of 22.7 Mg (25 ton) per load, but the mass of
rectangular bales transported is limited by the volume of the
truck cargo space resulting in transport of 20.4 Mg (22.5 ton)
per load (i.e., 36 bales).

Although processing of round bales (i.e., tub grinding/roll-
press compaction) at the local storage site incurs additional
cost, energy input, and GHG emissions, the tub grinding of
bales to reduce the particle size would need to be done before
using the biomass at the end user. Additionally, the bulk
compacted product may be handled more efficiently than the
tub-ground or baled materials. Figure 2 shows the effect of tub
grinding of rectangular bales at the end user on the total de-
livered cost, energy consumption, and GHG emissions. Tub
grinding of rectangular bales at the end user results in slightly
higher total delivered cost than that of the logistics system

delivering bulk compacted product; however, the energy con-
sumption and GHG emissions are still lower for the rectangu-
lar bale logistics system with tub grinding at the end user than
for the logistics system delivering bulk compacted product
(Fig. 2).

Sensitivity analysis was conducted on the storage DML
(Table 11). Increasing the storage DML (in the range of 1 to
25 %) increases the total delivered cost, fossil energy con-
sumption, and GHG emission for both corn stover and switch-
grass (Table 11). For corn stover, the cost increases approxi-
mately $3 Mg−1 ($2.72 ton−1) for each five percentage points of
increase in DML. Interestingly, for rectangular stover bales, an
increase from1 to 25% loss is about $14.55Mg−1 ($13.20 ton−1)
which approximately equals the estimated cost of storage
[$14.04 Mg−1 ($12.74 ton−1), Table 8]. This might suggest that
as long as losses were less than 25 %, it would be cheaper to
incur losses than to build a storage. However, this does not
consider quality changes that may be associated with such
losses and, perhaps, more importantly ignores the fact that

Table 11 Sensitivity of storage dry matter loss for corn stover and switchgrass on delivered cost, fossil energy consumption, and greenhouse gas
(GHG) emissions

Biomass Delivery format Storage dry
matter loss (%)

Delivered cost Life-cycle fossil energy consumption Life-cycle GHG emission

$ Mg−1 % Change MJ Mg−1 % Change kg CO2e Mg−1 % Change

Corn stover Bulk product
(from round bales)

1 95.36 −2.4 1329.2 −2.0 97.9 −1.9
5a 97.70 0.0 1356.6 0.0 99.8 0.0

10 100.64 3.0 1390.9 2.5 102.3 2.4

15 103.57 6.0 1425.2 5.1 104.7 4.9

20 106.51 9.0 1459.5 7.6 107.1 7.3

25 109.44 12.0 1493.8 10.1 109.6 9.7

Corn stover Rectangular bales 1b 90.25 0.0 825.4 0.0 59.2 0.0

5 92.68 2.7 854.6 3.5 61.2 3.5

10 95.71 6.0 891.1 8.0 63.8 7.9

15 98.74 9.4 927.6 12.4 66.4 12.3

20 101.77 12.8 964.0 16.8 69.0 16.6

25 104.80 16.1 1000.5 21.2 71.6 21.0

Switchgrass Bulk product
(from round bales)

1 133.99 −2.8 1923.9 −2.6 270.8 −3.1
5a 137.87 0.0 1974.8 0.0 279.6 0.0

10 142.72 3.5 2038.6 3.2 290.6 3.9

15 147.56 7.0 2102.3 6.5 301.6 7.9

20 152.41 10.5 2166.0 9.7 312.6 11.8

25 157.26 14.1 2229.8 12.9 323.6 15.7

Switchgrass Rectangular bales 1b 128.67 0.0 1416.7 0.0 231.8 0.0

5 132.62 3.1 1469.3 3.7 240.7 3.8

10 137.55 6.9 1535.0 8.4 251.9 8.6

15 142.48 10.7 1600.8 13.0 263.0 13.5

20 147.41 14.6 1666.5 17.6 274.1 18.3

25 152.35 18.4 1732.3 22.3 285.3 23.1

a Base case storage dry matter loss for round bales is 5 %
bBase case storage dry matter loss for rectangular bales is 1 %
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bales which have incurred such high losses would probably
not transport well as bales. For round stover bales
which are processed to bulk product at removal from
local storage, modest increases in storage DML may
have a limited impact on delivered cost. For switchgrass, the
cost increases approximately $5 Mg−1 ($4.54 ton−1) for each
five percentage points of increase in DML, reflecting the great-
er cost of the switchgrass compared to corn stover and making
the relative impact of storage losses more significant for
switchgrass.

Sensitivity analysis was also conducted on the switchgrass
yield (Table 12). Increasing the switchgrass yield decreases
the total delivered cost, fossil energy consumption, and
GHG emission for both round and rectangular baling systems
(Table 12). Increasing yield by 50 % brings the delivered cost
of switchgrass closer to that of corn stover, but a cost differ-
ential of approximately $15 Mg−1 ($13.61 ton−1) still exists.
The switchgrass yield would have to increase by 120 % [i.e.,
from the base yield of 6.53 to 14.37Mg ha−1 year−1 dry matter
(2.91 to 6.40 ton acre−1 year−1 dry matter)] for the delivered
cost of switchgrass to be the same as that of corn stover, with
other conditions such as land and fertilizer costs unchanged.

Effect of Soil Organic Carbon

For corn stover, we assumed a sustainable residue removal rate
of 35 % with a 12.6 Mg ha−1 (200 bu acre−1) grain yield which
does not include any contribution for reduction in SOC [32, 33].

Figure 3 shows the simulated modeling values for the
change in SOC for switchgrass. SOC may increase if switch-
grass is grown on existing croplands, but the change in SOC
may be positive, neutral, or negative if switchgrass is grown
on existing grasslands in the USA (Fig. 3), depending on the
initial levels of SOC. It is noted that there is a wide range of
values reported in the literature for the simulated amount of
SOC sequestered by switchgrass. Figure 3 illustrates this var-
iation between the results of Kwon et al. [36] and Hudiburg
et al. [37]. When including the potential SOC sequestration by

switchgrass in croplands (Fig. 3), the total life-cycle GHG
emissions (i.e., production+logistics+change in SOC) for de-
livering switchgrass are −26.5 to 250.5 kg CO2e Mg−1 for
bulk compacted product and −74.3 to 202.7 kg CO2e
Mg−1for rectangular bales. When including the potential
SOC sequestration by switchgrass in grasslands (Fig. 3),
the total life-cycle GHG emissions (i.e., production+lo-
gistics+change in SOC) for delivering switchgrass
would be 151.9 to 358.8 kg CO2e Mg−1 for bulk
compacted product and 104.1 to 311.0 kg CO2e Mg−1

for rectangular bales. Thus, the life-cycle GHG emis-
sions may become negative or positive for switchgrass
depending upon the amount of soil carbon sequestered
by switchgrass, which is shown to be affected by sev-
eral factors such as location, soil texture, initial soil
carbon stock, historical land use (i.e., cropland or grass-
land), and yield of switchgrass [34–37].

Fig. 3 Potential sequestration of soil organic carbon (SOC) if
switchgrass is grown in existing croplands and grasslands in the USA.
The low, mean, and high SOC sequestration values given by Kwon et al.
[36] are compared with a SOC sequestration value from Hudiburg et al.
[37] for growing switchgrass in existing croplands. Positive value means
SOC sequestration, and negative value means SOC emission. In Grass-
land to Switchgrass category, the data of 0.6 kg CO2e Mg−1 corresponds
to the bar for Mean-Kwon et al. [36]. The mass of biomass (tonne) is
defined on a wet mass basis at 15 % moisture content

Table 12 Sensitivity of switchgrass yield on delivered cost, fossil energy consumption, and greenhouse gas (GHG) emissions

Delivery format Increase in
yield (%)a

Delivered cost Life-cycle fossil energy consumption Life-cycle GHG emission

$ Mg−1 % Change MJ Mg−1 % Change kg CO2e Mg−1 % Change

Bulk product (from
round bales)

0 137.87 0.0 1974.8 0.0 279.6 0.0

25 123.14 −10.7 1742.8 −11.7 235.8 −15.7
50 113.25 −17.9 1588.1 −19.6 206.6 −26.1

Rectangular bales 0 128.67 0.0 1416.7 0.0 231.8 0.0

25 114.50 −11.0 1193.5 −15.8 189.7 −18.2
50 105.00 −18.4 1044.7 −26.3 161.6 −30.3

a Average switchgrass yields (1- to 10-year average) for 0, 25, and 50% increase in the base case yield are 6.53, 8.17, and 9.80Mg ha−1 year−1 dry matter
(2.91, 3.64, and 4.37 ton acre−1 year−1 dry matter), respectively
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Conclusions

Supply logistics systems are developed for corn stover and
switchgrass where these feedstocks are collected as either
round or rectangular bales, transported to a local storage site
within 3.2 km (2 mi) of the field at harvest time. Bales are
retrieved from local storage throughout the year and
transported to the end user within a 48-km (30 mi) radius.
The round bales are converted into a bulk product with a bulk
density of 240 kg m−3 (15 lb ft−3) by tub grinding followed by
roll-press compacting the round bales at local storage sites,
and then, the compacted product is truck transported to the
end user. The rectangular bales are delivered without any pro-
cessing at the local storage site.

The total delivered cost, life-cycle fossil energy consump-
tion, and life-cycle greenhouse gas (GHG) emissions are
higher for delivering bulk product (from round bales) than
for rectangular bales. Life-cycle GHG emissions are lower
for corn stover than for switchgrass when excluding any
changes in soil organic carbon (SOC). Sustainable removal
of corn stover [removal rate of 35 % per year for a grain yield
of 12.6 Mg ha−1 (200 bu acre−1)] does not cause GHG emis-
sions from the soil. When considering the soil carbon seques-
tration, the life-cycle GHG emissions may become negative or
positive for switchgrass because the amount of soil carbon
sequestered by switchgrass depends on several factors such
as historical land use (i.e., cropland or grassland).

Sensitivity analysis showed that increasing the storage
DML (in the range of 1 to 25 %) increases the total delivered
cost, life-cycle fossil energy consumption, and life-cycle GHG
emissions for both corn stover and switchgrass. Increasing the
switchgrass yield (by 25 or 50%) decreases the total delivered
cost, life-cycle fossil energy consumption, and life-cycle GHG
emissions for switchgrass.
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