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Abstract

The single-pass, split-stream harvest of corn grain and stover has been extensively studied. Challenges for these systems
include the logistics and economics of handling separate grain and stover streams. Single-pass, single-stream processes have
been explored using a self-propelled forage harvester to collect whole-plant corn as a biomass feedstock. However, due to the
processing done by the self-propelled forage harvester, a significant portion of the grain fraction is damaged during harvest
limiting its marketability. To evaluate an alternative system, a combine harvester was modified with a rear blower to collect
corn stover, facilitating the collection of the grain and stover fractions into the same wagon, creating an aggregate, whole-
plant corn material. Utilizing this system, a plot study was conducted to compare it to a self-propelled forage harvester.
Parameters studied for system performance were yield, grain damage, and geometric mean particle size. While the combine
system reduced grain damage (p < 0.001) by 18 percentage points compared to the self-propelled forage harvester and had a
similar whole plant particle size (p = 0.11), it collected 1.86 Mg DM ha~! less biomass (p < 0.001). The combine harvester
with a stover collection system provides a method to collect whole-plant corn as a biomass feedstock that maintains a large
portion of the grain integrity but decreases dry matter yield.
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Introduction Single-pass, split-stream harvesting methods employ a
conventional combine harvester modified to collect corn
residue after threshing and separating it from the grain frac-

tion [5]. However, the combine ear snapper header (ES) has

Single-pass, split-stream harvest systems have been devel-
oped to optimize corn grain and stover collection. Compared

to multi-pass systems, the advantages include reducing labor
and equipment requirements of corn stover harvesting [1].
The single-pass systems have been demonstrated to reduce
field traffic, subsequent soil compaction, and delivered
stover costs [2, 3]. However, the two separate streams—
grain and stover—present cost, product quality, and logistics
challenges. An alternative, single-pass, single-stream system
has been proposed, but the current harvesting system causes
physical damage to the grain, limiting its market [4]. In this
work, we explore a third approach that could retain the logis-
tical benefits of the single-stream systems while improving
market access to the grain.
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been designed to limit the amount of the non-grain fraction
of the plant entering the system (corn stover harvest is lim-
ited to 36% of the total harvestable stover) [6]. Researchers
have addressed this shortcoming by replacing the combine’s
ear snapper header system with a whole-plant header, com-
monly used in forage harvesting systems. The whole-plant
header has been shown to increase the stover capture rate to
94%. However, the additional non-grain fraction entering
the combine limits the material capacity of the combine’s
threshing, separation, cleaning, and residue management
systems.

Alternatively, a single-pass, single-stream harvesting
system results in a single product of whole-plant corn [4].
Because the corn stover is not aerobically stable at the opti-
mal point of the grain harvest, the feedstock must be stored
anaerobically. In the context of a biomass delivery system,
the separate products of grain and stover are now a com-
bined feedstock. This approach offers several advantages,
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including direct harvest of stover. Additionally, neither the
grain nor the stover must be dried for stable storage. In terms
of grain, this reduces the use of fossil fuels in the drying
process. Field wilting is no longer necessary for the stover
fraction, limiting weather risk to harvest and contamination
with soil. Finally, the regulatory, weight-limited transport
of the grain complements the volume-limited transport of
the stover.

One disadvantage of the single-pass, single-stream sys-
tem is the recovery and marketability of the corn grain frac-
tion [7]. Research, to date, has utilized forage harvesting
technology to harvest whole-plant material. While these
systems result in high field productivity, significant physical
damage is imparted to the grain fraction during harvest [8].
Physical damage to the grain limits its market and inhibits
downstream fractionation necessary for optimal starch and
cellulose biorefining.

This research presented here takes an alternative approach
to single-pass, single-stream harvest. A conventional com-
bine harvester was modified to yield a single stream of grain
and stover. This system was compared to a self-propelled
forage harvester in a designed experiment where each
machine combined with two headers was compared over two
harvest periods. Measured responses included grain quality,
stover yield, and particle size. By completing this study, gaps
in the understanding of single-pass single-stream harvesting
of whole-plant corn were filled that have direct use in mod-
eling alternative corn stover harvest systems.

Materials and Methods

A field study was designed to compare between the two
harvest systems with two header configurations over two
harvest dates. The resulting design was a 4 X 4 X 2 full-
factorial experiment (Table 1) that utilized 32 plots in a
corn field (Renk, RK642SSTX, 103-day relative maturity)
at the University of Wisconsin-Madison’s Arlington Agri-
cultural Research Station. Each plot was approximately 75
m long and 4.5 m wide. Sixteen plots were used for each
harvest date. The first harvest occurred on October 18 and
19 2021, and the second harvest occurred on November 8.
Four plots were harvested with each harvester treatment.
One harvester treatment consisted of a self-propelled forage
harvester (SPFH) (Model 6950, John Deere, Moline, IL)
with a whole-plant (WP) head (Model 666R, John Deere) or
a modified ear snapper (ES) head (Model 693, John Deere)
outfitted with modified deck plates on rows 1, 3, 4, and 6
with the knives in the rearward position [9].

The other harvester treatment, the combine harvester
(Model 9750 STS, John Deere), converted to a biomass
combine harvester (BCH, Figure 1) with the same header
configurations as the SPFH treatments. A tractor (Model
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Table 1 Measured operating heights for front-end equipment utilized
during the plot study

Harvest Harvester Header Average operating height Standard

across similar plots (m)  deviation
(m)
Istl!  SPFH®  MESE! 0.61 0.0
WP 0.74 0.0
BCH®  MES 0.64 0.064
WP 0.73 0.013
2nd!"! SPFH MES 0.1 0.0
WP 0.57 0.02
BCH MES  0.56 0.0
WP 0.58 0.02

#Qctober 18 and 19, 2021
bSelf-propelled forage harvester
“Modified ear snapper

4Whole plant

°Biomass combine harvester
"November 8, 2021

6310, John Deere) and self-unloading forage wagons (Model
7+4, H&S Manufacturing, Marshfield, WI) were used for
collecting the material. The self-unloading forage wagons
were equipped with load cells (Digistar, Fort Atkinson, WI)
with a readability of 2.25 kg.

Before harvest, one plant was removed from each plot
(a total of 16 plants per harvest, 32 plants total) and hand
fractionated into six fractions: lower stalk (stalk below the
ear), upper stalk (stalk above the ear), leaves, husk, grain,
and cob. The plants were hand-harvested by cutting the plant
directly above the first visible node. These fractions were
dried in an oven at 55 °C for 72 h according to ASABE
Standard S358.3 [10].

One plot was harvested at a time. Operating heights var-
ied between treatments, and header height was confirmed
with a measuring tape (readability 16 mm) before each plot.
Height was measured at the end of the snapping rolls for the
MES header treatments. For the WP header, the height was
measured at the tip of the cut-off wheels (Table 1). Header
height measurements were initially taken on both outer rows
to ensure the header was level, but that was reduced to just
one outside row for each following plot. After each plot,
the weight of the material in the wagon was recorded. This
provided the yield from each plot. A sample was taken from
the wagon in a 0.35 m® basket. From that sample, two 750-g
subsamples were taken for moisture content, one 750-g sub-
sample was taken for stover compositional analysis, and one
2-kg subsample was taken for stover and grain particle size.

The moisture samples were placed in a forced-air oven at
103 °C for 24 h [10]. The composition samples were placed
in a forced-air oven at 55 °C for 72 h. Samples utilized to
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Fig. 1 Biomass combine har-
vester (BCH, left) and single-
pass, single-stream harvest of
whole plant corn

quantify mean particle size were refrigerated overnight at 5
°C and particle-sized the following day.

Mean particle size was quantified according to the meth-
ods explained in ASABE Standard S424.1 [11]. The grain
fraction was collected from the screen cascade. Since the
material was still mixed with some stover, the material was
cleaned using air to achieve a sample composed of only
grain. The grain was dried in a forced-air oven at 55 °C for
72 h to reach a moisture content for safe and stable storage
[10]. To determine the particle size of the grain fraction, a
screen cascade was assembled with openings of 6.35, 4.75,
3.35, 2.36, 2, and 1.18 mm and 600 microns. The mass in
the top screen would represent whole kernels, the second
screen would represent chipped kernels, and the mass in
the remaining screens would represent broken kernels. In
some cases, the amount of grain exceeded what could be
loaded into the top of the cascade. The grain samples were
separated into smaller samples for processing, but the results
were combined. The samples were mechanically sieved
(Model RX-29, W.S. Tyler, Mentor, OH) for 2 min.

Raw data was compiled in spreadsheet software (Excel,
Version 16, Microsoft, Redmond, WA). The data was organ-
ized and exported to statistical software (JMP Pro 15, SAS,
Cary, NC), where a full-factorial analysis and Student’s ¢
tests were conducted with an @ = 0.05. The independent
variables were the harvester type (SPFH or BCH), header
type (ES or WP), and harvest date (first and second), and the
dependent variables were plot yield, distribution of grain
mass, and geometric mean particle size.

Results and Discussion

The weather conditions for the second harvest were cooler
at a high of 9 °C compared to the early harvest of 22 °C.
However, the dew points were similar for both harvests at
about 6 °C, wind speeds did not exceed 16 kph, and the
average barometric pressure was 99 kPa. No significant

precipitation was recorded before harvest. The main effects
studied included harvester—self-propelled forage harvester
(SPFH) or the biomass combine harvester (BCH), header—
whole-plant (WP) or modified ear snapper (MES), and har-
vest date—early or late. Harvest date significantly impacted
whole-plant moisture content (p < 0.001). The average
whole-plant moisture content across all treatments for the
first harvest was 33% w.b. The whole-plant moisture content
across all treatments for the second harvest was ten percent-
age points lower. The moisture contents between harvests
and header types were found to be different (p < 0.001)
but not different between the harvester types (p > 0.05)
(Table 2). This results from the WP header capturing more
of the lower portion of the corn plant where more moisture
resides and yield is high [12, 13]. Shinners and Binversie
report that 79% of stover dry mass is in the bottom half of
the stalk, which they observed to dry at a much lower rate
than other stover anatomical fractions.

Stover capture rate is an important factor in the overall
cost of harvest [14]. The stover capture rate was reported
in a percentage of the available plant dry matter (DM) col-
lected by each harvest configuration. Available dry matter
was estimated using the hand-fractionated corn plants col-
lected from the plots before each harvest. The harvester (p
=0.0011), header (< 0.001), and harvest date (p < 0.001)
all had a detectable impact on stover capture rate (Table 2).
The stover capture rate based on the header type was sig-
nificantly lower than previously reported in the literature.
Shinners et al. (2007) reported a stover capture rate for the
WP head ranging from 62.50 to 93.10% depending on cut
height and a capture rate of 36.20% for an unmodified ES
header. A potential explanation for this difference could be
the challenge of sampling and estimating stover yield from
harvested whole-plant corn, where the stover and grain were
more prone to segregation in the collection wagon.

Whole-plant and stover dry matter yields were compared
using Student’s ¢ tests. The SPFH treatments resulted in
higher stover capture than BCH treatments (p < 0.001), the
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Table 2 Moisture content,

: Variable Average whole-plant moisture Material yield (Mg Average stover dry
yield, and harvest capture rate content (% w.b.) DM/ha) matter capture (% of
treatment means for harvester, available)
header, and harvest date

Harvester
SPFH?* 27.68a 16.76a 37.40
BCHP 28.33a 14.90b 22.10
p value 0.57 < 0.001 -
SEM 0.82 0.23 -
LSD 3.34 0.96 -
Header
MES* 25.69b 15.11c 23.90
Wp! 30.33¢ 16.55d 35.60
p value < 0.001 < 0.001 -
SEM 0.82 0.23 -
LSD 3.34 0.96 -
Harvest date
1st® 32.83e 15.81e 29.60
2nd’ 23.19f 15.85¢ 29.90
p value < 0.001 0.89 -
SEM 0.82 0.23 -
LSD 3.34 0.96 -

Self-propelled forage harvester
"Biomass combine harvester
“Modified ear snapper

dWhole plant

®October 18 and 19, 2021
"November 8, 2021

treatments collected with the WP header yielded higher than
the treatments collected with the ES header (p < 0.001),
and there was no detected difference between the dry matter
yield on both harvest dates (p = 0.89) (Table 2). The stover
yield for the ES header treatments was like that reported by
Shinners et al. (2009). They reported that grain yield was
10.1 and 11.1 Mg DM/ha, and stover yield was 1.8 and 2.1
Mg DM/ha for the 2005 and 2006 harvest years. This leads
to a total material yield of 11.9 Mg DM/ha and 13.2 Mg
DM/ha. Their values were slightly lower, which could be
attributed to using a standard ES header instead of the MES
used in this study. [9] noted an increase in stover yield by
31 percentage points for every pair of knives added to the
header. Assuming a stover yield increase of 62 percentage
points over that of a standard ear snapper header, the plant
yields reported by [15] would be 13.02 Mg DM/ha and 14.50
Mg DM/ha for 2005 and 2006, respectively. Both values are
slightly smaller than reported in this work. However, the
difference could be related to the variability between grow-
ing seasons and hybrid. Yields from the treatments where a
WP head was utilized also followed the results of [15]. They
reported a grain yield value of 9.9 and 11.1 Mg DM/ha and a
stover yield of 6.1 and 7.3 Mg DM/ha for the 2005 and 2006
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harvests. This would mean a combined whole-plant yield of
16.0 and 18.4 Mg DM/ha, similar to the values reported in
this work. Again, variability between growing seasons could
be attributed to the differences in reported values.

Stover capture rate was determined based on the whole
plant yield and the grain yield. The grain yield was 12.2 Mg
DM/ha from harvesting the remaining grain after the plot
study was completed, and the stover yield could be deter-
mined by subtracting the grain yield from the observed
whole plant yield. Assuming a 1:1 grain/stover ratio as
reported in [13], available stover DM would also be 12.2 Mg
DM/ha. Based on the harvesting treatment, the stover yield
could be taken as a percentage of the total available stover,
determining the stover capture rate (Table 2).

One of the primary drivers of this project was to deter-
mine if the BCH resulted in a more marketable grain fraction
when harvesting whole-plant corn with the physical proper-
ties of the grain representing a primary quality indicator.
The mass in the top screen would represent whole kernels
(> 6.35 mm), the second screen would represent chipped
kernels (> 4.75 mm), and the mass in the remaining screens
would represent broken kernels. Based on the amount of
intact kernel residing on the first screen, it was found that
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only the harvester influenced the grain damage (p < 0.001)
(Table 3).

The SPFH represents the state of technology for harvest-
ing whole plant stover and grain [4]. As such, this estab-
lished a baseline of 70.70%, 15.98%, and 13.15% of the grain
mass resided on the top, second, and remaining screens,
respectively. These findings are like the values reported by
[71, where only 70% of the kernels were considered intact.
This compares to 88.94%, 8.68%, and 2.50% of the grain
mass resided on the top, second, and remaining screens for
the BCH in this study. While grain that is 11% damaged
still misses the 3% target for USDA Grade No. 1 corn, it
does bring the grain quality from sample grade to USDA
Grade No. 5 [16]. While useful for describing harvester
performance, this classification of the grain gives only a
partial understanding of the grain’s physical characteristics.
Depending on the downstream process, damage grain could
be fractionated and utilized as a starch source for biorefining
or livestock feed. The primary method of fractionation of
corn grain from stover is mechanical sieving and air classi-
fication. Both processes depend in part on grain particle size.

Table 3 Grain mass distribution after mechanical sieving. Grain that
did not pass through a 6.35-mm was considered intact, 4.75 mm was
considered chipped, and anything < 3.35 mm was considered broken

The geometric mean particle size (GMPS) of the whole
plant corn was similar (p > 0.05) between harvests, head-
ers, or harvesters independently (Table 4). The statistical
similarity is due to the influence the grain mass has on this
calculation, as most of the mass for both systems would
reside in the lower screens. Similar to the results reported
here, [8] observed the GMPS for an SPFH harvesting
whole-plant corn to be 26 mm for material harvested with
a MES header and 29 mm for material harvested with a
WP header. Another factor is the husk anatomical fraction
is not well processed by either the cutterhead in the SPFH
or the stalk chopper in the BCH. [17] reported that adding
a recutter screen with the precision cutterhead reduced
the amount of uncut husk by about half, indicating more
intense processing is needed for adequate size reduction
of the husk fraction. The SPFH used in this study was
not equipped with a recutter screen, and size was only
controlled by setting the theoretical length of cut for the
harvester.

Table 4 Geometric mean particle size of the aggregate material
(stover and grain) for the harvester, header, or harvest date variables.
Values that share a letter are not statistically different

Screen opening size Variable Geometric mean
particle size
Variable 6.35 mm 4.75 mm <3.35mm (mm)
Harvester Harvester
SPFH?* 70.70a 15.98¢ 13.15¢ SPFHI®! 27.60a
BCH® 88.84b 8.68d 2.51f BCH™ 31.47a
p value < 0.001 < 0.001 < 0.001 p-value 0.11
SEM 0.78 0.31 0.57 SEM 1.67
LSD 3.23 1.29 2.34 LSD 6.89
Header Header
MES*® 78.67a 12.96b 8.13c MES/®! 30.04b
wpd 80.87a 11.70b 7.52¢ wpldl 29.03b
p value 0.060 0.009 0.46 p-value 0.67
SEM 0.78 0.31 0.57 SEM 1.67
LSD 3.23 1.29 2.34 LSD 6.89
Harvest date Harvest Date
1st® 80.55a 12.67b 747c It 31.38¢
2nd" 78.99a 11.99b 8.19¢ 2nd!f! 27.69¢
p value 0.17 0.13 0.38 p-value 0.13
SEM 0.78 0.31 0.57 SEM 1.67
LSD 3.23 1.29 2.34 LSD 6.89

Self-propelled forage harvester
"Biomass combine harvester
“Modified ear snapper

4Whole plant

¢October 18 and 19, 2021
"November 8, 2021

Self-propelled forage harvester
"Biomass combine harvester
“Modified ear snapper

4Whole plant

¢October 18 and 19, 2021
"November 8, 2021
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Conclusions

This research compared two systems for harvesting whole-
plant corn as a biomass feedstock. While whole-plant feed-
stock has numerous advantages in terms of harvest, stor-
age, and transportation costs, it must be kept in anaerobic
conditions until utilization. The high value of the starch-
based grain stream relative to the cellulosic stover stream
necessitates the separation of the two streams at the biore-
finery. Separation can be challenging if the corn kernel is
damaged in the harvest process.

By utilizing a BCH, whole-plant corn was harvested
with a significantly (p < 0.001) higher proportion of intact
grain than material harvested with an SPFH, increasing
from 71 to 89% of intact grain harvested. The harvested
yield was lower by 1.86 Mg/ha for the BCH compared to
the SPFH system (p < 0.001). GMPS was similar (p =
0.11) between both harvesters. Systems utilizing an SPFH
would be advantageous when material capture is desired,
while the BCH would be advantageous where grain integ-
rity is desired, however at an added cost of lower harvest
productivity and increased transportation cost associated
with handling two material streams. The adaptation of
combine harvesters to stover collection could improve
market participation over an SPFH, especially in the Corn
Belt, where few producers have access to forage-harvest-
ing equipment. Increasing the number of systems avail-
able for feedstock collection should aid in the adoption of
utilizing high dry matter, whole-plant corn material as a
biomass feedstock.
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