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Abstract: This study aims to evaluate the efficiency of a new type of corn header equipped with
flail knives that shreds corn stubble close to the ground. A field trial was carried out to quantify
the influence of the shredding tool design (flail knives, standard knives, horizontal choppers dis-
engaged), harvesting speed (1.5, 3.0, 4.5, 6.0 km/h) and cutting height (approx. 20 cm variation,
4 levels) on the power consumption of the corn header, engine load and fuel consumption of the com-
bine harvester. The regression analyses revealed that modifications of the shredding tool assembly
have significant effects on the parameters of the functional relationships. The power consumption
of the flail knives configuration was 15 kW /row unit at 6 km/h at the lowest cutting height set-
ting, making it compatible with most current combine harvester models. The additional power
demand and fuel consumption that arise when switching to the new shredding tool design (flail
knives) show a wide range, depending on the initial situation. Compared to the standard knives
at 6 km/h, the additional power consumption was 3.6-5.5 kW /row unit and the additional fuel
consumption was 2.6-3.9 L/ha. Compared to the configuration with disengaged horizontal choppers,
it was 5.3-6.6 kW /row unit and 3.9-5.1 L/ha, respectively. At 90% engine load the additional power
requirement was 1.6-3.1 kW /row unit and the additional fuel consumption was 2.9-5.6 L /ha com-
pared to the standard knives configuration and 2.6-3.6 kW /row unit and 5.6-7.2 L/ha respectively,
compared to the configuration with disengaged horizontal choppers.

Keywords: corn harvest; corn header; corn stubble; corn residue; stubble shredding; European corn
borer; combine harvester

1. Introduction

The European Corn Borer (ECB) is one of the most important insect pests in corn world-
wide [1-3]. In Germany, the ECB spread starting from Baden-Wiirttemberg and Bavaria
towards the north and northeast, where it has reached the Baltic coast of Mecklenburg-
Western Pomerania and Schleswig-Holstein. For the year 2013, infestation of corn was
documented nationwide for approx. 90% of all districts [4,5]. In European affected areas,
the ECB occurs in approx. 20% (Hungary) to 60% (Spain) of fields [2]. Brookes [6] estimated
the annually affected corn-producing acreage in the EU due to economically relevant infes-
tation by boring insects to be 2.25 to 4 million hectares, depending on annually fluctuating
infestation levels. Around 1900, the ECB was introduced into the United States. Since then,
the ECB has spread steadily southwards to the Atlantic coast and westwards to the Rocky
Mountains. It has also been able to spread northwards as far as Canada, being found in the
southeastern provinces of Nova Scotia, New Brunswick, and Quebec, all the way to Alberta
in the west [1]. In the course of climate change, the ECB could continue to spread. Trnka
et al. [7] predicted a rapid increase in areas suitable for univoltine populations in the next
20 to 30 years. Depending on the scenario considered, almost the entire agricultural area
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could be suitable for the ECB between 2040 and 2075. Furthermore, under future climate
scenarios, the area suitable for producing grain corn and thus the area with host plants is
likely to increase. The primary damage caused by the ECB is due to the feeding of its larvae
inside the corn stalk and on the ears of corn, resulting in impaired water, nutrient, and
assimilate transport. The mining activity inside the stem decreases the mechanical stability
of the corn plant, leading to stem breakage. This results in difficult harvesting conditions
and increased ear losses. [1,3,8]. If heavily infested, yield losses in grain corn can range
from 5-40% [2,9,10]. In addition to direct damage, injuries to the corn plant caused by the
ECB facilitate infection by fungal pests such as Fusarium [8,11-14].

The most effective control method is the cultivation of genetically modified Bt-corn. Bt-
corn can reach efficiencies up to 97-100% against ECB [9,15]. In the U.S. and Canada, about
90% of corn acreage is planted with Bt-corn [1]. But this control method is not available in
most of the EU [16]. For direct control of the European corn borer, only the use of chemical
and biological insecticides and biological control agent (Trichogramma spp.) remains, whose
efficiencies are lower than that of Bt-corn and influenced by year-specific effects [15,17-19]. The
ECB overwinters as full-grown larvae inside their tunnels in the corn stalks. At the time of
corn harvesting, the majority of the larvae are found in the corn stalk from 30 cm above field
surface, or second node, downwards [20,21]. Therefore, shredding of corn stubble has been
recommended for a long time as a preventive control measure reducing the populations of
overwintering ECB and to increase the decomposition rate [5,22].

Grain corn is harvested almost exclusively by combine harvesters with corn headers. In
the process, the corn header separates the ears from the stalks. The majority of the residual
plant is chopped up more or less intensively and deposited on the field. The intensity of
chopping depends significantly on the configuration of the corn header. This applies to both
the design of the snapping rolls with cutting edges or blades and the optional equipment
with horizontal choppers. It should be noted that there are regional differences in the
preferred configurations of corn headers. In North America, only about 5% are delivered
with horizontal choppers, while in Europe it is about 90% [23]. The configuration of the corn
header also affects the power demand. Handler et al. [24] compared three different models
of six-row corn header for 70 cm row spacing (manufactured by Carl Geringhoff GmbH &
Co. KG, Ahlen, Germany). The models were the Rota Disc (3-roller row units), the Horizon
Star (3-roller row units with horizontal choppers) and the Mais Star (2-roller row units with
horizontal choppers). The field trail was carried out at a harvesting speed of 7 km/h. The
average power consumption ranged from 43.9-60.3 kW (7.3-10.1 kW /row unit). Since the
currently available corn headers do not process the corn stubble adequately or not at all, an
additional pass is necessary to break down the corn stubble for successful control of the
ECB. This additional pass incurs significant costs for personnel, machinery, and fuel.

Flail mowers are often used for this task, especially in Europe. There are various types
of flail mowers which differ in their working width, the design and arrangement of the
shredding tools and thus in the power requirement [25]. In the past decade, there have
been multiple field tests and studies on power consumption and processing quality of corn
stubble and stover for various types of flail mowers, but the majority of them have been
published as gray literature. Grosa et al. [26] investigated four different models of flail
mowers and one rotary cutter at driving speeds of 6 and 10 km /h to process corn residue
(29 t/ha FM). The power consumption from the PTO of the tractor ranged from approx.
30 to 140 kW, normalized for a working width of 2.8 m (i.e., approx. 11-50 kW /m working
width). Uppenkamp et al. [27] tested four types of flail mowers and three types of rotary
cutters to process high moisture CCM corn residue at 8 km/h. The power consumption
from the PTO of the tractor ranged from 17.59 to 43.04 kW /m working width.

Most of the combine harvesters continuously run over at least two rows of corn
stubble during the cutting pass, flattening the stubble on the ground. In addition, turning
maneuvers on the headland and transport vehicles such as grain carts run over additional
stubble. As a result, a significant portion of the corn stubble is flat to the ground and not
reachable for chopping or shredding processes behind the harvest. In the case of an 8-row
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corn header, more than 30% of the corn stubble can be affected. Due to these effects the
processing quality of the flail mowers is negatively influenced and a proportion of the
stubble remains flattened and in longer form because significant amounts with an intact
internode remain in the tire tracks, serving as overwintering quarters for the ECB [26]. For
this reason, the idea of combining the harvest and stubble shredding has existed for some
time [28]. However, no corresponding technical solution has been commercially available
so far.

The general aim of the current joint project was to close this gap and to develop and
evaluate a new type of corn header with an integrated shredding system that breaks down
corn stalks and stubble during the harvesting pass. Therefore, the Horizon Star* I1I (Carl
Geringhoff GmbH & Co. KG, Ahlen, Germany) is optimized to operate close to the soil
surface and equipped with a new type of tools for the horizontal choppers to shred the
corn stubble during the harvesting pass. This method of shredding is not influenced by
tire tracks and thus has the potential to improve the quality of stubble processing. At the
same time, the additional pass to shred the corn stubble post-harvest, using a flail mower
or comparable devices, could be substituted. On the other hand, the power consumption of
the corn header is increased by the additional function of stubble shredding.

Recently, a comparable technical approach has been presented. The Stubble Cracker
System (Claas Selbstfahrende Erntemaschinen GmbH, Harsewinkel, Germany) combines
two rotating skids into one unit. Each skid follows one row of corn stubble. For an
eight-row corn header, four units are required. The additional assemblies are mounted
on swinging arms at the rear of the corn header to allow up and down movements to
follow the ground contour, assisted by hydraulic cylinders. Each skid is equipped with
two hammers to shred the corn stubble. Herter and Schwaer [29] compared the single-
step method in the form of the Stubble Cracker System with the conventional two-step
method consisting of a standard corn header followed by a tractor driven flail mower. The
comparison resulted in a 35% reduction in CO, emissions using the single-step method
instead of the conventional two-step method. However, it was not reported under which
conditions (i.e., harvesting speed, residue yield, etc.) the field trail was conducted and
which type of flail mower was used for the comparison.

The aim of this paper—as one part of the above mentioned current joint project—is
to investigate the influence of harvesting speed, cutting height and shredding tool design
on the power consumption of the corn header and thus on the engine load and fuel
consumption of the combine harvester, as well as the area performance. For this purpose,
a field trial was carried out to investigate the corn header Horizon Star* III in three different
configurations regarding the tools of the horizontal choppers (flail knives, standard knives,
and horizontal choppers disengaged).

2. Materials and Methods
2.1. Experimental Approach

This field trial was conducted near Ennigerloh in North Rhine-Westphalia, Ger-
many (51.865239°, 7.967814°). Three corn header configurations (flail knives/standard
knives/choppers disengaged) at four different harvesting speeds (1.5/3.0/4.5/6.0 km/h)
and at four different cutting height settings (59.65/67.85/81.80/95.61) and three replica-
tions (i.e., 144 plots) were evaluated. The experiment was carried out in a three-factorial,
hierarchical randomized split-plot design with three complete blocks where the levels of
cutting height as main plots nested in blocks, the levels of corn header configuration as
subplots nested in main plots and the levels of harvesting speed as sub-subplots nested
in subplots (Figure 1). Accordingly, each main plot contains three subplots with 175 m in
length and 6 m (8 rows) in width, each subplot contains four sub-subplots with 25 m in
length and 6 m (8 rows) in width and 15 m between each other to variate harvesting speed
according to the randomization plan. Each combination of corn header configuration and
cutting height as well as corn header configuration and harvesting speed were performed



Agriculture 2023, 13, 833 4 of 24

with identical machine settings (Auto Contour set value for the cutting height and cruise
control settings for harvesting speed).
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Figure 1. Schematic structure of the experimental design.

The subplots” boundaries were surveyed prior to harvesting using the SST FieldRover
IT 10.4 (SST Development Group Inc., Stillwater, OK, USA) surveying software, which
stores GPS positioning data transmitted by the RTK-GPS rover (AgGPS 442; Trimble Inc.,
Sunnyvale, CA, USA) to the laptop. Afterwards, the boundaries of the sub-subplots have
been constructed using ArcGIS Pro 2.8.3 (Esri Inc., Redlands, CA, USA). For orientation
during the field trial the experimental plan was displayed using a tablet pc (Samsung
Galaxy Tab A7) and Google Earth for Android with live positioning data of the combine
harvester, transmitted from the RTK-GPS system AG-372 (Trimble Inc.) using a RS232 to
Bluetooth converter.

The actual cutting heights according to the different corn header configurations were
determined by measuring the corn stubble heights of five corn stubble per sub-subplot
(i.e., 720 stubble). Due to the design of the different cutting tools, the different configura-
tions of the corn header led to different textures of the remaining corn stubble. According
to the desired effect, the flail knives strongly frayed the corn stubble. The standard knives,
on the other hand, provided an even cutting surface. With the same cutting height settings,
both cutting tools have the same cutting plane. With disengaged horizontal choppers, on
the other hand, longer corn stubble are left behind, which are partly frayed on the upper
side. For this reason, the height of the solid portion of the corn stubble was measured
in addition to the total height. Corn stubble sections without any significant fraying are
considered to be solid segments.
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To estimate the amount of crop residues of the corn, samples of the crop residues of
3 m? each were taken at four positions in the field and weighed. To determine the dry
matter content, two additional samples of 500 g to 600 g were taken in each main plot.
To estimate plant density, the number of corn plants within a row were counted over
a distance of 10 m at four positions in the field.

2.2. Machinery and Machine Data Logging

The corn header Horizon Star* III used in this study has a working width of eight
rows with a row spacing of 75 cm. The corn header is driven from both sides by PTO shafts,
with four row units being driven from each side. In addition, the cross auger is driven by
the PTO shaft on the left side of the machine. The Horizon Star* III uses the 3-roller Rota
Disc® technology that shreds the corn stover by pulling the stalks through counter-rotating
disc rotors with fifteen cutting discs that engage in the two slotted snapping rolls. Each
row unit is equipped with a horizontal chopper, located in the front area to the right-hand
side of the row unit, holding two cutting tools. The cutting tools of the horizontal choppers
used for the Horizon Star* III have been adapted to hit and chop the corn stubble. The tool
is designed with cutting edges, and at the same time, ends that are formed into dull flails
hit the stubble at an angle, ripping it down to the root as the horizontal blade makes the
cut (Figure 2).

snapping rolls chain
frame~_ = -
horizontal chopper = ~deck plate

with flail knifes AT .
> *fi=T= counter-rotating
E?;‘:fi?¥T— disc rotor

Figure 2. Structural diagram of the Horizon Star* III row unit (Adapted with permission from Carl
Geringhoff GmbH & Co. KG, 2023).

The nominal rotational speed is 2630 rpm and the outer diameter of the horizontal
choppers is 575 mm. To achieve a high quality in stubble processing the flail knives
must follow ground contours as closely as possible. In addition, ground contact, which
would lead to power demand peaks and high wear, must be avoided. Therefore, the corn
header is equipped with the height control system Headsight Horizon (Headsight Inc.,
Bremen, IN, USA) that processes the signals of five poly arm height sensors. The height
sensors are located near the tips of the snouts. In addition, the Foresight software module
takes into account the reduced measuring range of the height sensors when the snout tips
come close or into contact with the ground.

The Horizon Star* III has been tested in three different configurations regarding the
tools of the horizontal choppers. In addition to the flail knife, the corn header was tested
using standard knives as known from the previous model Horizon Star* II. As a third
configuration the horizontal choppers were disengaged to imitate a corn header without
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horizontal choppers. Structural diagrams of the flail and standard knife are shown in the
Appendix (Figures Al and A2).

To measure the power consumption of the corn header, torque and rotational speed
sensors of the type NCTE Series 7000 and Series 5000 (NCTE AG) were respectively installed
on each side of the corn header between the side gearboxes and the PTO shafts. The
measured values were transmitted over CAN bus to the data logger of the type CANlogger
5002 (Proemion GmbH). Additionally, multiple signals such as engine load, hourly fuel
consumption, wheel-based speed and cutting height settings (Auto Contour set value)
were collected from the machine CAN bus of the combine harvester Claas Lexion 760 TT.
To georeference the measurements, an RTK-GPS system AG-372 (Trimble Inc.) was used,
which provides positioning data as CAN bus messages to the data logger. Signals used for
this study are shown in Table 1. The measurements were carried out continuously for the
entire field.

Table 1. Signals (SPNs) approximated time delta between consecutive observations on the CAN

bus system.
Source Signal Approximated Time Delta [s]

Torque and rotational speed sensor Rotational speed 0.01

(left side) Torque
Torque and rotational speed sensor Rotational speed 0.01

(right side) Torque
Hourly fuel consumption 0.95

Combine harvester Engine load
CAN bus Wheel based speed 0.05
Auto Contour set value 0.25
Latitude

GPS system Longitude 0.1

2.3. Data Processing

Due to the characteristics of CAN bus communication, different signals (SPNs; Suspect
Parameter Numbers) from different Parameter Group Numbers (PGNs) are not transmitted
simultaneously but as separate CAN bus messages in sequence. Additionally, the different
signals collected from the CAN bus were transmitted at different rates (as shown in Table 1).
Moreover, the observations are not equally spaced in time as transmission rates are not
perfectly constant. Since the aim of this study is to analyze the relation between different
signals, observations need to be taken at the same instants of time. For this reason, several
steps of data processing were necessary.

The frame data recorded by the CAN bus data logger was converted into engineering
units using the software DIAdem 2020 SP1 (National Instruments Corp., Austin, TX, USA)
Bus Log Converter. Subsequently, the GPS positioning data and its corresponding times-
tamps were imported into ArcGIS Pro and overlaid with polygons representing the subplots’
boundaries. As a result, the time periods during which the combine harvester was inside
the subplots were determined. This information was then used to add the subplot ID
attribute to the entire dataset.

Next, the data were assigned to sub-subplots. To accomplish this, the wheel-based
speed data of the combine harvester and the corresponding time stamps (which had been
previously assigned to the subplots) were graphically displayed using DIAdem 2020 SP1.
By manually identifying the plateaus of constant wheel-based speed within the graph,
the time periods during which the combine harvester was inside the sub-subplots were
determined. This information was then used to add the sub-subplot ID attribute to the
entire dataset. A plausibility check was performed using the GPS positioning data and
the polygons representing the sub-subplots” boundaries. This procedure was designed to
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avoid the creation of data gaps due to potential outliers caused by simple filtering by speed
and/or GPS position.

A downsampling operation was performed, mapping the values to a new monotonic
increasing time channel with a sampling rate of 4 Hz, using the resampling function of
DIAdem 2020 SP1. The sampling rate was selected based on the lowest approximated
time delta between consecutive observations of the signals relevant for this study (Table 1).
For physical measurement values such as fuel consumption or wheel-based speed, the
mapping mode was set to analog curve with linear interpolation. For condition values such
as cutting height set value, the mapping mode was set to stair curve, where the last value is
retained until the original dataset contains a new value.

Finally, all values were rounded based on their number of decimal places in the raw
dataset, and the dataset was reduced to the observations located within the sub-subplots.
The total power consumption of the corn header was calculated using the speed and torque
signals from the two NCTE sensors (Equation (1)).

P:0.001(27T*M1*%+27T*M,*%) )
P = total power consumption of the corn header kW]
M; = torque on the left PTO shaft [Nm|
M, = torque on the right PTO shaft [Nm]
n; = rotational speed of the left PTO shaft [1/min]
n, = rotational speed of the right PTO shaft [1/min]

2.4. Statistical Analysis

The statistical software R [30] was used to analyze and evaluate the processed raw
data. The data evaluation started with the definition of appropriate statistical mixed models
for the target variables:

power consumption of the corn header,
hourly fuel consumption and
engine load of the combine harvester [31,32].

The models included the factors:

corn header configuration (qualitative),

cutting height set value (quantitative) and

harvesting speed (quantitative),

as well as all their interaction effects (two-fold and three-fold) as fixed factors.

Based on an analysis of covariance [33], a model selection was conducted in order
to delete unnecessary interaction effects (p-value > 0.1). The experimental design (Split-
Plot) was taken into account by corresponding nested random effects. The residuals
were assumed to be approximately normally distributed and to be heteroscedastic. These
assumptions are based on a graphical residual analysis. Based on these models, a pseudo
R? was calculated [34].

3. Results

The field trial was conducted on 13 October 2021. The corn stand was uniform with
an average of 8.7 plants/m?. After a rain shower the day before, the plants had not dried
out completely. At the time of harvest, the dry matter content of the crop residue averaged
32.2%. After harvesting, a crop residue layer of approximately 28.2 t FM/ha or 9.1 t DM /ha
remained in the field. Table 2 shows the realized heights of the corn stubble depending on
the cutting height setting and corn header configuration. Due to the dull flails at the ends
of the flail knives, the corn stubble is frayed (Figure A3). This effect is expressed in shorter
solid segments of the corn stubble compared to the standard knives, which provided
an even cutting surface and thus there are only little differences between the total height
and the height of the solid segments of the corn stubble (Figure A4). With disengaged
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horizontal choppers, longer corn stubble are left behind, which are partly frayed on the
upper side due to the absence of the horizontal choppers (Figure A5).

Table 2. Average corn stubble height depending on cutting height setting and corn header configuration.

. . Stubble Height [cm]
Cutting Height Total Height/Height of the Solid Segments
Level Set Value  Flail Knives Standard Knives Choppers Disengaged
1 59.65 11.1/6.8 11.9/11.3 31.7/16.0
2 67.85 14.8/10.1 16.5/15.6 34.8/23.0
3 81.80 22.0/17.0 22.0/20.9 40.4/27.3
4 95.61 31.1/26.8 30.9/30.0 50.5/37.1

3.1. Power Consumption of the Corn Header

Figure 3 shows the estimated power consumption of the eight-row corn header (based
on the regression model) depending on harvesting speed for the different corn header
configurations and the different levels of cutting height. The dashed lines indicate the
power consumption of the corn header, extrapolated up to the harvesting speed which
corresponds to an engine load of the combine harvester of 90%. The pseudo R? of the
regression model was 94.5% based on fixed factors (Table A1). The final data set contains
16 368 observations per signal, ranging from 56 to 244 observations per sub-subplot, mainly
depending on harvesting speed.
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Figure 3. Power consumption of the corn header depending on harvesting speed for the different
levels of corn header configuration and cutting height.

As expected, across all cutting height levels and harvesting speed levels, the highest
power consumption occurs when using the flail knives. At cutting height level 1 the power
consumption increases with increasing harvesting speed from 64.2 kW (8.0 kW per row unit)
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at 1.5 km/h to 120.2 kW (15.0 kW per row unit) at 6 km/h. Due to significant interaction
effects (two-fold and three-fold), each combination of cutting height level and corn header
configuration results in an individual slope for power consumption of the corn header as
a function of harvesting speed. In case of the corn header configuration with flail knives,
the differences between the slopes are marginal, but slightly increase with increasing cutting
height. Hence, a change in cutting height affects the power consumption of the corn header
nearly the same at all levels of harvesting speed, it leads mainly to an offset in power
consumption. The difference between cutting height level 1 and cutting height level 4
regarding the configuration with flail knives is 10.8 kW to 11.8 kW, which corresponds to
a difference in total stubble height of 20 cm. Vice versa, a change in harvesting speed leads
to nearly the same difference in power consumption of the corn header at each cutting
heights level. When the harvesting speed is increased from 1.5 km/h to 6 km/h the power
consumption of the corn header increases between 55.9 kW and 56.9 kW across all the
cutting height levels.

In case of the corn header configuration with standard knives as well as with disen-
gaged horizontal choppers, the individual slopes for power consumption of the corn header
as a function of harvesting speed at the different levels of cutting heights decreases with
increasing cutting height. This means that the difference in power consumption of the corn
header between different cutting height levels increases with increasing harvesting speed.
A change in cutting height affects the power consumption of the corn header more at higher
harvesting speed levels. In case of the corn header configuration with standard knives
at cutting height level 4, the power consumption of the corn header increases by 45.7 kW
(30.3 kW to 76.0 kW) when increasing harvesting speed from 1.5 km/h to 6 km/h and at
cutting height level 1 it increases by 52.5 kW (38.5 kW to 91.0 kW). Hence, the difference
in power consumption between cutting heights level 1 and 4 (19 cm difference in total
stubble height) increases from 8.2 kW at 1.5 km/h to 15.0 kW at 6 km/h. In case of the corn
header configuration with disengaged horizontal choppers at cutting height level 4, the
power consumption of the corn header increases by 41.2 kW (26.6 kW to 67.7 kW) when
increasing harvesting speed from 1.5 km/h to 6 km/h and at cutting height level 1, it
increases by 49.0 kW (29.0 kW to 78.0 kW). The difference in power consumption between
cutting heights level 1 and 4 (18.8 cm difference in total stubble height) increases from
2.5kW at 1.5 km/h to 10.3 kW at 6 km/h.

A comparison of the different corn header configurations shows that the configuration
with flail knives has the highest slopes for power consumption as a function of harvesting
speed at all cutting height levels, followed by the configuration with standard knives and
the configuration with disengaged horizontal choppers. Equipping the corn header with
horizontal choppers as well as adding additional dull flails to the ends of the knives not
only causes an offset in power consumption but also increases the effect of harvesting speed
on the power consumption of the corn header. It also means that the additional power
required for stubble treatment increases with harvesting speed and depends on the cutting
height settings. When harvesting at the lowest cutting height level 1, the additionally
needed power to shred the stubble (in difference to the standard knives), increases by
3.4 kW (25.7 kW to 29.2 kW and 3.2 kW per row unit to 3.6 kW per row unit, respectively)
when harvesting speed is increased from 1.5 km/h to 6 km/h.

3.2. Engine Load of the Combine Harvester

Figure 4 shows the estimated percentage engine load of the combine harvester (based
on the regression model) depending on harvesting speed for the different corn header
configurations at cutting height level 1. The remaining cutting height levels are shown in
the appendix (Figures A6—A8) and show the same tendencies. The dashed lines indicate
the power consumption of the corn header, extrapolated up to the harvesting speed which
corresponds to an engine load of the combine harvester of 90%.

The pseudo R? of the regression model was 90.8% based on fixed factors (Table A2).
The three-fold interaction effect as well as the interaction between the factors corn header



Agriculture 2023, 13, 833

10 of 24

configuration and cutting heights turned out to not be significant according to the con-
ducted ANCOVA. These effects are therefore not included in the final regression model.
Accordingly, a change in cutting height affects the engine load of the combine harvester
the same way for each corn header configuration. For the same harvesting speed the
differences in engine load between the corn header configurations are the same at each
cutting height level.
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Figure 4. Percentage engine load of the combine harvester depending on harvesting speed for the
levels of corn header configuration at cutting height level 1 (Markers indicate harvesting speed levels
at cutting height level 1).

As mentioned before, the corn header configuration with flail knives has the highest
slopes for power consumption of the corn header as a function of harvesting speed at
all cutting height levels, followed by the configuration with standard knives and the
configuration with disengaged horizontal choppers. This can also be observed in the
engine load of the combine harvester. Equipping the corn header with horizontal choppers
as well as adding additional dull flails to the ends of the knives does not only cause an offset
in engine load, but also increases the effect of harvesting speed on the engine load of the
combine harvester.

The difference in percentage engine load between the corn header configurations with
flail knives and the configuration with standard knives increases from 11% at 1.5 km/h to
16.4% at 6 km/h, which is due to the additional power required for stubble treatment. The
difference between the standard knife configuration and the configuration with disengaged
horizontal choppers increases from 3.8% at 1.5 km/h to 6.1% at 6 km/h and is due to
the additional power requirement of the horizontal choppers. Accordingly, the combine
harvester achieves different maximum harvesting speeds depending on the corn header
configuration and cutting height.
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3.3. Area-Related Fuel Consumption of the Combine Harvester

Figure 5 shows the fuel consumption per hectare of the combine harvester depending
on harvesting speed for the different corn header configurations at cutting height level 1
(turning maneuvers not included). Fuel consumption per hectare was calculated based on
the estimated hourly fuel consumption according to the regression model, the working
width of the corn header and the harvesting speed. The pseudo R? of the regression model
was 88.7% based on fixed factors (Table A3). The remaining cutting height levels are
shown in the appendix (Figures A9-A11) and show the same tendencies. The dashed lines
indicate the fuel consumption per hectare, extrapolated up to the harvesting speed, which
corresponds to an engine load of the combine harvester of 90%. The regression model
included the same fixed effects as the regression model for percentage engine load. Hence,
a change in cutting height affects the fuel consumption of the combine harvester the same
way for each corn header configuration. For the same harvesting speed the differences
in fuel consumption between the corn header configurations are the same at each cutting
height level.

As harvesting speed increases, so does the combine harvester’s hourly fuel rate and
area performance. The hourly fuel consumption to cover the idle power requirement
remains constant while the load-dependent fuel consumption increases. The area perfor-
mance, calculated as the product of harvesting speed and working width, overcompensates
for the increase in fuel consumption (due to the additional load), so that the area-related
fuel consumption of the combine harvester decreases with increasing harvesting speed
(turning maneuvers not included). When using the corn header configuration with flail
knives at cutting height level 1, the fuel consumption decreases by 32.8 L/ha (56.9 L/ha
to 24.1 L/ha) when increasing harvesting speed from 1.5 km/h to 6 km/h (Figure 5). The
fuel consumption is 7.3 L/ha higher at 1.5 km/h and 2.6 L/ha higher at 6 km/h compared
to the configuration with standard knives, which represents the additional fuel needed to
shred the corn stubble. At the same cutting height level, the difference in fuel consump-
tion between the standard knives configuration and the configuration with disengaged
horizontal choppers decreases from 2.2 L/ha at 1.5 km/h to 1.2 L/ha at 6 km/h.

3.4. Comparison of Performance Parameters

From the perspective of farmers, in addition to agronomic and phytosanitary aspects,
fuel consumption and area performance during harvesting are important criteria for decid-
ing whether the new stubble shredding method is suitable for their farming operation. As
farming practices vary widely, the importance of these criteria will depend on individual
goals, preferences, and needs. Nevertheless, a typical objective under field conditions is to
achieve maximum utilization of the combine harvester’s capacity. Assuming an average
engine load of 90%, Table 3 shows the harvesting speeds, power consumption of the corn
header, area performance, and fuel consumption associated with the different cutting
height levels and corn header configurations. The results demonstrate that the effects of
switching to the new method on fuel consumption and area performance vary significantly
depending on the type of corn header previously used by the farmer and the cutting height
setting of that corn header. This is further illustrated by the following examples:

When changing from the corn header configuration with standard knives at cutting
height level 2 (16.5 cm total stubble height and 15.6 cm height of the solid segments) to the
configuration with flail knives at cutting height level 1 (11.1 cm total stubble height and
6.8 cm height of the solid segments), the harvesting speed (at 90% engine load) is reduced
by 1.6 km/h to 6.7 km/h. This corresponds to a decrease in area performance of 1.0 ha/h
(turning maneuvers not included). At the same time, the power consumption of the corn
header increases by 15.5 kW to 129.4 kW and the fuel consumption increases by 4.3 L/ha to
22.9 L/ha. This constellation would represent a typical scenario that could occur, especially
among European farmers.
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Figure 5. Fuel consumption of the combine harvester depending on harvesting speed for the levels

of corn header configuration at cutting height level 1 (Markers indicate harvesting speed levels at

cutting height level 1).

Table 3. Harvesting speed, power consumption of the corn header, area performance and fuel consumption

for three different corn header configurations at 90% engine load of the combine harvester.

Cutting Height Corn Header Harvesting Speed Power Consumption Area Performance Fuel Consumption
Level Configuration [km/h] [kW] [ha/h] [L/hal]

Flail knives 6.7 129.4 4.0 229
1 Standard knives 8.2 116.4 49 19.0
Choppers 8.8 108.6 53 173

disengaged
Flail knives 6.9 128.5 41 224
2 Standard knives 8.3 1139 5.0 18.6
Choppers 9.0 106.8 5.4 17.0

disengaged
Flail knives 7.1 127.0 42 21.7
3 Standard knives 8.6 109.6 5.2 17.9
Choppers 9.3 103.7 5.6 163

disengaged
Flail knives 7.3 125.7 44 21.0
4 Standard knives 8.9 105.0 53 17.3
Choppers 9.6 100.3 5.7 157

disengaged

4. Discussion
4.1. Experimental Approach

The experimental approach chosen for this study proved to be feasible for implemen-
tation as an on-farm experiment. There was no need to specifically establish experimental
plots at the time of corn planting. Instead, a few weeks prior to harvest, an appropriate
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field of a farm was chosen. By measuring the boundaries of the subplots using an RTK-GPS
rover, constructing the experimental plan using a GIS software and visualizing it using
a tablet pc in combination with live positioning data of the combine harvester while har-
vesting, the field trial could be conducted simply and smoothly. It was possible to generate
a solid database with regard to the experimental questions. The methods of filtering and
resampling the raw data produced a consistent data set that could be used to set up all three
statistical mixed models with the same sample size. The calculated pseudo R? between
88.7% and 94.5% (based on fixed factors) indicates good model fit for all three statistical
mixed models.

4.2. Influencing Variables and Their Functional Relationship

Corn headers have become increasingly complex and larger in working width over
time. A power consumption of 125 kW and above, as reported in this study, corresponds
to more than 20% of the rated power of current top models of combine harvesters. To
optimize the use of combine harvesters and for future developments, such as alternative
drive systems, it is crucial to know the influencing variables and their effect on the power
consumption, fuel consumption and area performance. Approaches to modeling these
relationships based on real data and multiple regression analyses, are comparatively rare
in the recent literature.

This study showed, that a modification of the shredding tool design (i.e., corn header
configuration) does not simply cause an offset in power consumption, engine load and
fuel consumption. Interaction effects (three-fold and/or two-fold) between the factors corn
header configuration, harvesting speed and cutting height provide individual slopes for
the factor level combinations.

Opverall, the differences in power consumption, engine load and hourly fuel consump-
tion between the flail knife configuration and the standard knife configuration as well as
between the flail knife configuration and the configuration with disengaged horizontal
choppers increases with increasing harvesting speed for all combinations of cutting height
settings. In order to keep the additional power requirement, increased engine load and
fuel consumption as low as possible when changing from a standard corn header (variant
standard knives or horizontal choppers disengaged) to a corn header with integrated
stubble shredding (variant flail knives), a smaller working width should be considered (less
row units). With a reduced working width, the resulting reduced area performance would
have to be compensated for by a higher harvesting speed. This could have a negative
effect on the precision of the height control of the corn header and thus on the quality
of the stubble shredding (less time to react to changes in ground contour). In addition,
a smaller working width requires additional turning maneuvers, which in turn leads to
a lower area performance.

4.3. Physical Substrate Properties of Corn Residue

The amount of corn stover to be processed, the moisture content at the time of harvest
and the seeding rate, and thus the number of corn plants to be processed, have a potential
influence on the power consumption of the corn header. Prasad and Gupta [35] found that
the cutting energy as well as the maximum cutting force to cut corn stalks are inversely
proportional to the moisture content and directly proportional to the cross-sectional area
of the corn stalks. During other test runs conducted in southern Germany as part of this
project, the power consumption of the Horizon Star* IIl was up to 15% lower compared
to this study (results not shown), which was probably due to a combination of the above
mentioned influencing factors.

In contrast, Handler et al. [24] found no significant differences in the power consump-
tion of three tested corn headers on two consecutive harvest dates during their field trials,
despite the moisture content and corn stover yield were lower at the second harvest date.
From the first to the second harvest date, the amount of crop residue to be processed by the
corn headers decreased by 0.91 t DM/ha. At the same time, moisture content decreased by
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8%. The decrease in dry matter yield was attributed to the loss of leaf mass. This has also
been observed in other studies [36,37].

In general, corn stalks are the biggest fraction of corn stover accounting for 43.2% to
50.8% of the total dry mass, followed by leaves (21.1% to 27.3%), cobs (15.2% to 20.5%) and
husk (9% to 12.9%) [37,38]. They are also the fraction with the highest moisture content and
slowest dry down rate. Edens et al. [37] observed a moisture content of the corn stalks of
53.8%, cobs 30.4%, husks 13.9% and leaves 11.5%, when grain moisture content was 18.3%.
Which means, the wet basis mass contribution of corn stover is even more dominated by
stalks. Igathinathane et al. [39] found that corn stalks accounted for 72.6% of the corn stover
wet mass (leaves 20.7%, husk 6.8%) at grain moisture of 24.76% during the normal harvest
period in Tennessee in 2003. D’Amours et al. [38] investigated the drying behavior of the
different plant parts of standing corn plants separately for the sections above and below
the ears over time (September 6th to November 22nd). While the moisture content of the
upper leaves dropped by 51% (80% to 29%) and the lower leaves by 46% (85% to 39%),
the moisture content of the upper stalk sections only dropped by 23% (78% to 55%) and
the dry down of the lower stalk sections was even lower with a reduction of only 3% (80%
to 77%). This may indicate that the power consumption of the corn header is primarily
determined by stalk mass rather than leaf mass and that a reduction in moisture content
of 8% as observed by Handler et al. [24] is not enough to effect the power consumption
of the corn header significantly. It also may indicate that a delayed harvest date within
the normal harvest period does not necessarily influence the power consumption of the
corn header by much as the dry matter loss occurs mainly in the leave fraction and the dry
down rate of the stalk is quite low.

Corn stover yields as well as the moisture content are subject to strong fluctuations,
depending on the region, year-specific influences, cultivated varieties and plant maturity
(i.e., harvest date). Accordingly, the data on corn stover yield and moisture content in the
literature differ greatly and were primarily studied in the context of its use as biomass
feedstock, mainly in North America and less frequently in Europe. Several studies show
a wide range in moisture content and yield of corn stover, ranging from below 6 t DM /ha to
more than 13 t DM /ha and below 20% to higher than 65% in moisture content [36,38,40-43].
Thus, the residue layer of approximately 9.1 t DM /ha in this study was in the medium
range and the moisture content of 67.8% was in the high range, compared to the previously
cited studies. Hence, a comparatively high-power consumption of the corn header was to
be expected. However, in the current study, it has not been investigated how the different
configurations of the corn header behave in terms of power consumption at different
levels of moisture content and corn stover yield. The results of this study are not directly
transferable to other regions or fields, further research is needed.

4.4. Potential for Optimizing the Process Chain of Grain Corn Production

The combination of grain corn harvest and stubble treatment in a single pass as it
was implemented by the Horizon Star* III with flail knives leads to a significant increase
in power consumption of the corn header and thus to an increased fuel consumption,
a reduced maximum harvesting speed and reduced maximum area performance during
harvest. The extent to which the changeover from a standard harvesting method to the
harvesting method with integrated stubble shredding influences the above-mentioned
performance parameters depends to a large extent on the initial situation, i.e., the corn
header previously used, the desired cutting height setting and the desired or maximum
possible harvesting speed. Depending on this, the additional power demand for stubble
shredding varies within a range of 13.0-52.4 kW (1.6-6.6 kW /row unit), and the additional
fuel consumption ranges from 2.6 to 7.2 L/ha. The decrease in area performance varies
between 0 and 1.7 ha/h depending on the strategy (based on the calculated regression
models, compared to the configuration with flail knives at cutting height level 1).

However, by shredding the corn stubble during the harvesting pass, the new type
of corn header equipped with flail knives has the potential to replace the additional post-



Agriculture 2023, 13, 833

15 of 24

harvest pass with a tractor driven flail mower. The taping of the additional pass could
potentially save machine, personnel and fuel costs and thus reduce the changeover costs.

When comparing the power consumption of flail mowers as mentioned in the Intro-
duction (11-50 kW /m working width) with the additional power consumption caused
when changing from a standard corn header to the corn header with integrated stubble
shredding, it is to be expected that the overall fuel usage can be reduced in most scenarios
by substituting the use of a tractor driven flail mower with a corn header that shreds the
corn stubble during the harvesting pass [26,27]. Therefore, this study arrives at a similar
conclusion to Herter and Schwaer [29], who investigated a comparable technical approach
for stubble shredding during harvesting (as mentioned in Section 1).

Additionally, the quality in terms of stubble shredding is not affected by tire tracks
when using the corn header with integrated stubble shredding. The stubble is processed
before being run over by the combine harvester or grain cart, which can help to improve
overall stubble processing quality.

5. Conclusions

The study conducted demonstrates the technical feasibility of combining grain corn
harvesting and stubble shredding in a single pass. At a harvesting speed of 6 km/h and
the lowest cutting height setting, the power consumption of the Horizon Star* III was less
than 150 kW, despite comparatively high moisture content and medium to high yield of
the crop residues. This clearly shows, that additional horizontal choppers can be used in
combination with most of the current combine harvester models (middle to upper power
classes). Therefore this new technology has the potential to significantly improve the
process chain of corn production due to the minimization of potential negative effects
caused by the European Corn Borer (ECB). However, the discussion has shown that further
research is needed with respect to the following main aspects:

e Different functional relationships between moisture content, corn stover yield, and
power consumption should be observed depending on the different given cutting
tools (flail knives, standard knives, and horizontal choppers disengaged). This could
influence power consumption differences between the various configurations of the
corn header and the additional power requirement for stubble shredding during the
harvesting pass.

e  Further tests should be carried out to determine the optimal combination of working
width and harvesting speed to minimize the additional power and fuel consumption
for stubble shredding.

e Investigation is needed to determine whether the intensity of corn stover and stubble
shredding by the corn header is sufficient to meet phytosanitary requirements in terms
of ECB control and decomposition rate of corn stover and stubble.

e  To compare the performance parameters of the single-step method in the form of the
Horizon Star* III with the two-step method, consisting of harvesting and subsequent
processing of the crop residues, further investigations under the same conditions
regarding residue characteristics (yield and moisture content) are necessary.

e  The additional function of stubble shredding will lead to increased wear on the cutting
tools of the corn header. To conduct an economic assessment of the new method, it is
necessary to gather data on the durability of the wear parts.
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Figure Al. Structural diagram of the flail knife (Adapted with permission from Carl Geringhoff
GmbH & Co. KG, 2023).
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Figure A2. Structural diagram of the standard knife (Adapted with permission from Carl Geringhoff
GmbH & Co. KG, 2023).
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Figure A3. Corn stubble processed by the corn header equipped with flail knives (cutting height
level 1).

Figure A4. Corn stubble processed by the corn header equipped with standard knives (cutting height
level 1).
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Figure A5. Corn stubble processed by the corn header with disengaged horizontal choppers (cutting
height level 1).

Table Al. Coefficients of the linear mixed effects regression model for the dependent variable power
consumption of the corn header with corresponding standard errors (SE), t-values (t) and p-values (p).

Coefficient Value SE t p
Flail knives 65.732 5.840 11.255 <0.0001
Intercept Standard knives 30.832 5.842 5.277 <0.0001
Choppers disengaged 12.444 5.841 2.130 0.0464
Flail knives 12.061 1.220 9.881 <0.0001
Harvesting speed Standard knives 14.168 1.220 11.606 <0.0001
Choppers disengaged 13.770 1.221 11.279 <0.0001
Flail knives —0.338 0.075 —4.513 0.0002
Cutting height Standard knives —0.165 0.075 —2.199 0.0404
Choppers disengaged 0.004 0.075 0.056 0.9560
Cutting height Flail knives 0.006 0.016 0.391 0.6964
¥ Standard knives —0.042 0.016 —2.664 0.0090

Harvesting speed
Vestng sp Choppers disengaged —0.048 0.016 3.067 0.0028

pseudo R? =0.945 (based on fixed factors); N = 16368; (*) Interaction between factors.
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Table A2. Coefficients of the linear mixed effects regression model for the dependent variable engine
load of the combine harvester with corresponding standard errors (SE), t-values (t) and p-values (p).

Coefficient Value SE t p

Flail knives 5.805 7.190 0.807 0.4281

Intercept Standard knives —3.451 7.191 —0.480 0.6360

Choppers disengaged —6.432 7.190 —0.895 0.3807

Flail knives 14.205 0.756 18.794 <0.0001

Harvesting speed Standard knives 13.014 0.757 17.190 <0.0001

Choppers disengaged 12.494 0.756 16.525 <0.0001

Cutting height —0.083 0.087 —0.953 0.3655
Cutting height

* —0.016 0.009 —1.732 0.0862

Harvesting speed

pseudo R? = 0.908 (based on fixed factors); N = 16368; (*) Interaction between factors

Table A3. Coefficients of the linear mixed effects regression model for the dependent variable hourly
fuel consumption of the combine harvester with corresponding standard errors (SE), t-values (t) and

p-values (p).

Coefficient Value SE t p

Flail knives 41.451 3.745 11.068 <0.0001

Intercept Standard knives 35.882 3.742 9.588 <0.0001

Choppers disengaged 34.745 3.744 9.279 <0.0001

Flail knives 8.821 0.583 15.140 <0.0001

Harvesting speed Standard knives 8.167 0.583 13.997 <0.0001

Choppers disengaged 7.620 0.587 12.988 <0.0001

Cutting height —0.035 0.045 —0.774 0.4587
Cutting height

* —0.015 0.007 —2.106 0.0376

Harvesting speed

pseudo R? = 0.887 (based on fixed factors); N = 16368; (*) Interaction between factors.
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Figure A6. Percentage engine load of the combine harvester depending on harvesting speed for the
levels of corn header configuration at cutting height level 2 (Markers indicate harvesting speed levels
at cutting height level 2, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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Figure A7. Percentage engine load of the combine harvester depending on harvesting speed for the
levels of corn header configuration at cutting height level 3 (Markers indicate harvesting speed levels
at cutting height level 3, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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Figure A8. Percentage engine load of the combine harvester depending on harvesting speed for the
levels of corn header configuration at cutting height level 4 (Markers indicate harvesting speed levels
at cutting height level 4, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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Figure A9. Fuel consumption of the combine harvester depending on harvesting speed for the levels

of corn header configuration at cutting height level 2 (Markers indicate harvesting speed levels at
cutting height level 2, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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Figure A10. Fuel consumption of the combine harvester depending on harvesting speed for the levels
of corn header configuration at cutting height level 3 (Markers indicate harvesting speed levels at
cutting height level 3, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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Figure A11. Fuel consumption of the combine harvester depending on harvesting speed for the levels
of corn header configuration at cutting height level 4 (Markers indicate harvesting speed levels at
cutting height level 4, dashed lines represent extrapolation up to a theoretical engine load of 90%).
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