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Abstract: The collection of residues from staple crop may contribute to meet EU regulations in
renewable energy production without harming soil quality. At a global scale, chaff may have great
potential to be used as a bioenergy source. However, chaff is not usually collected, and its loss can
consist of up to one-fifth of the residual biomass harvestable. In the present work, a spreader able to
manage the chaff (either spreading [SPR] on the soil aside to the straw swath or admixed [ADM] with
the straw) at varying threshing conditions (with either 1 or 2 threshing rotors [1R and 2R, respectively]
in the combine, which affects the mean length of the straw pieces). The fractions of the biomass
available in field (grain, chaff, straw, and stubble) were measured, along with the performances of
both grain harvesting and baling operations. Admixing chaff allowed for a slightly higher amount of
straw fresh weight baled compared to SPR (+336 kg straw ha−1), but such result was not evident on
a dry weight basis. At the one time, admixing chaff reduced the material capacity of the combine
by 12.9%. Using 2R compared to 1R strongly reduced the length of the straw pieces, and increased
the bale unit weight; however, it reduced the field efficiency of the grain harvesting operations by
11.9%. On average, the straw loss did not vary by the treatments applied and was 44% of the total
residues available (computed excluding the stubble). In conclusion, admixing of chaff with straw is
an option to increase the residues collected without compromising grain harvesting and straw baling
efficiencies; in addition, it can reduce the energy needs for the bale logistics. According to the present
data, improving the chaff collection can allow halving the loss of residues. However, further studies
are needed to optimise both the chaff and the straw recoveries.
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1. Introduction

The global cultivation of wheat involves an area of more than 225 Mha for total grain production
of 684 Mt y−1 [1]. Wheat cropping is a valuable source of biomass residue, mainly as straw, suitable
for livestock as bedding, or as raw material for chemical applications, as reported by Scarlat et al. [2].
In addition, the use of vegetable biomass for more environmentally-friendly energy production is
strongly supported by the new European policies [3], which encourage the use of crop residues, instead
of dedicated crops to reduce the land use by the non-food crops. Since the demand for energy is
increasing, the bio sources being currently exploited are unable to meet the new targets set by the
EU 2030 framework for climate and energy policies [4,5]. Therefore, the capacity to retrieve as much
residual biomass as possible has to be fostered. Chaff, which is the lightest and tiniest fractions
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resulting from wheat harvesting, could be included in straw collection in order to increase the total
amount of biomass collected. According to McCartney et al. [6], chaff accounts, on average, for 17%
(w/w), compared to grain production. Therefore, considering the 138 Mt and 684 Mt of wheat and spelt
harvested yearly in Europe and globally, respectively [1], more than 23 Mt yr−1 and 116 Mt yr−1 of
chaff are potentially available for harvesting in Europe and globally, respectively. Retrieving chaff from
cereal crops could also have indirect positive effects on agricultural inputs [7,8]. Indeed, according
to Rush [9], under favorable conditions, the presence of chaff in soil may represent a good substrate
for saprophytic development, whereas Shirtliffe & Entz [10] highlighted the positive contribution of
chaff removal in curbing weed seed availability in the soil. Besides, the additional biomass removed
from soils may not lead to impoverishment of the stabile fraction of the soil organic carbon (SOC),
since most of it likely derives from the decaying root system, which remains untouched [11]. Indeed,
leaving plant residues in soil can reduce the loss of soil sediment and fertility; however, it has been
shown that such an effect can be strongly variable [12]. In addition, it was clearly highlighted that a
reduction of soil tillage is more likely to reduce the loss of soil organic carbon and soil fertility than
maintenance of the soil cover [13].

Despite the chaff potential for various uses, most modern combine harvesters lack of a chaff

recovery systems, unless specific equipment is installed [14]. The possible exploitation of agricultural
residues for non-food purposes, as wheat chaff, has stimulated machine constructors to develop
new systems. Some systems are already on the market and others are in the prototype stage [15].
Regardless of the brand, the common strategy for chaff recovery systems is to catch the chaff at the
end of the cleaning shoe system of the combine harvester before it falls to the ground and get lost.
Residues collection may not be economically and energetically feasible when crop yields are low [16,17],
especially if the transport cost can offset the higher biomass collected when collecting the chaff

separately from the straw or transporting it without a baling procedure [18]. The present study aimed
to test a strategy to increase the total amount of residual biomass collected by recovering wheat crop
chaff by admixing it with straw. This was studied in a two-year experiment using a Rekordverken
Combi system installed on a hybrid combine harvester (2017) and a conventional combine harvester
(2019). In addition, the overall performance of the machines involved (the grain combine harvester
and the baler) in the biomass supply chain were measured. The present experiment was conducted in
the framework of the H2020 AGROinLOG project [19], whose aim is to implement and demonstrate
the technical and economic feasibility of integration of biomass logistic centres (IBLCs) for food and
non-food products into the agro-industry sectors. In particular, there is increasing interest worldwide
for more biomass residues available for the production of second generation ethanol. This could be
achieved through the use of equipment commonly used in agriculture that does not require large initial
investment, such as the spreader tested in this study.

2. Materials and Methods

2.1. Experimental Design

A field experiment was conducted in two cropping seasons in Sweden. The first cropping season
was in 2017 near Vattholma (Uppsala region, SE) (60◦00’54.0”N 17◦39’19.1”E); the second cropping
season was in 2019 near Alunda (Uppsala region, SE) (60◦05’29.7”N 18◦07’04.7”E).

The soil of the area under study has a silty clay loam texture. In Vattholma, the soil has pH = 6.2,
clay content of 32%, silt content of 66.6%, and 1.8% of soil organic matter. In Alunda, soil has pH = 7.8,
clay content of 39%, and 4.9% of soil organic matter.

The elite winter wheat cultivar Julius was sown in early September in both cropping seasons at
a rate of 170–180 kg seed/ha. In Alunda, the preceding crop was pea, and pea straw was removed.
The winter wheat was treated with fungicide and fertilized with 100 kg MAP/ha (NP 12-23), 140 kg
Axan/ha (NS 27-4), and 30 t of liquid manure ha−1 (1.5–2 kg N/t). No additional information is available
for Vattholma.
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In both cropping seasons, the experiments were arranged as a randomized block design with
three replicates. There were two factors in the experiment: chaff mixing (CM) with straw and number
or rollers (RN) used in the combine to thresh the grain from the chaff and straw. Chaff mixing with
straw consisted of two treatments: either chaff admixed with straw in the combine (ADM) before the
residue release by the combine or not i.e., chaff spread on the soil before straw release without mixing
with straw in the combine (SPR). Thus, in theory, SPR consisted of a deposition on the soil of the chaff

below the straw swath, whereas ADM consisted of a deposition in the soil of a mix of straw + chaff

swath. The number of rotors used in the combine to thresh the grain was 1 or 2, indicating 1R or 2R,
respectively. The two factors were arranged in an unbalanced design between the cropping seasons: in
2017, the SPR and ADM treatments were applied with only 1R and thus no 2R treatments were present.
In 2019, SPR was applied with 2R and ADM was applied with either 1R or 2R. The unbalancing of the
complete dataset was carefully taken into account in the statistical analysis (see further).

2.2. Equipment Used: Combines, Tractors, and Balers

Two main kind of machines were involved in the wheat harvesting: a combine harvester for
collection of the grain and a tractor-baler combination for baling of the residuals (straw and chaff).
The combine harvester used in 2017 was a hybrid Fendt 9490, and a New Holland CX5.80 equipped
with the Rekordverken Combi System for chaff recovery in 2019. The baling was performed in both
cropping seasons by means of a New Holland roll baler 125 Combi driven by a New Holland T6.175
tractors in 2017 and a New Holland T210 tractor in 2019.

2.3. Combi System Description

The Combi System developed by Swedish machine manufacturer Rekordverken Sweden AB is
installed downstream of the sieving unit of the combine harvester [20]. Regardless of the cleaning shoe
system adopted, the Combi System only requires a dedicated opening for the husk discharge. At this
point, the fan delivers the chaff to the Combi System which, in turn, channels it either towards the
chopping system (then mixed with the straw and in theory baled together), or laterally to the straw
swath (spread on the ground, which discard its ability of being baled).

The hybrid combine used in the 2017 had no additional beaters (only 1 beater or rotor) after the
separating rotors. For this reason, both SPR and ADM treatments were marked as 1R. In the 2019 test,
the combine used was equipped with an additional beater downstream of the cross separator rotor.
Such additional beater could be switched off by allowing modulating of the process with one (1R) or
two beaters or rollers (2R).

2.4. Pre-Harvest Biomass Sampling

Before grain harvesting, sample areas of 1 m2 each were randomly chosen and hand harvested at
the ground level to score the potential total yield (grain + chaff + straw + stubble). Sampling areas
close to the border were avoided to prevent edge effect. Plants were dissected on field for fresh weight
of straw and spikes, then bagged and shipped to the CREA-IT laboratory for spike manual threshing
and stubble, spike, chaff, and grain weight assessments. In the laboratory, grain was separated in a
stationary thresher (Cicoria mod. Plot 2375) from the rest of the spike (sum of chaff, rachis, lemma,
glumes, and palea) and weighed. The rest was weighed as a single by-product and referred to as chaff

only. From all culm collected, 30 bunches of 10 randomly selected stems were collected. Relaying on
the mean value of hundred stubble heights measured in a transversal transect drawn after the harvest,
a cut was performed. The ratio between the weight of the part cut and the total weight of the bunch
gave the percentage (w/w) of stubble that remained on the ground. The corresponding amount of grain,
chaff, straw, and stubble was calculated. In the 2017 cropping season, the straw samples collected were
also split in 10-cm pieces and weighed. The distribution of the weight of the straw along the culm
was measured.
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2.5. Harvesting and Baling: Machines Performance

Baling was done one day after grain harvesting. Figure 1 shows the combine harvester working
in the SPR and ADM mode.
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Figure 1. Chaff mixing strategies applied in the present study: the chaff was either spread (SPR,
left panel) on the soil laterally to the straw swath by the combine harvester or it was admixed to the
straw and released at the same time (ADM, right panel) (Source: CREA).

2.5.1. Time Records

In each experimental plot, the performances of the machinery was evaluated by studying the
working times, according to the standard ASAE S496.2 [21]. The working times were measured and
used to determine the actual and theoretical amount of area that can be served in the unit time by
each machine. These were termed effective field capacity (EFC) [ha h−1] and theoretical field capacity
(TFC) [ha h−1], respectively. The EFC is also computed by dividing the hectares processed by the
operative time (OT), i.e., the raw time needed to complete the harvest, including accessory times.
These accessory times include turning times, the time needed for maintenance, regulations, refueling,
and unloading the hoppers, among others. The TFC is the theoretical maximum field capacity without
the accessory times. Lastly, material capacity (MC) was computed as the quantity of grain or wheat
residues harvested per time unit [t h−1].

2.5.2. Fuel Consumption

Fuel consumption was measured in both the combine harvester and the tractor towing the baler.
In the 2017, the fuel consumption was measured using a graduated cylinder to refill the tank at the
end of each plot. The volume of the fuel measured per plot was referred per hectare. The refilling
procedure was carefully carried out in order to avoid possible biased readings. In the 2019, both
machineries were equipped with an onboard computer providing real-time fuel consumption for l h−1.
The instrument was cleared at the beginning of each plot and the reading was taken at the end of it.
All the gathered data were used to define the performance of the machine and the operative costs.

2.6. Post-Harvesting Analysis

After straw harvesting, the following parameters were measured: mean bale fresh weight (the last
bale on each plot was weighted but not taken into account for this variable), bale density, moisture
content of chaff and straw during baling, and harvesting losses due to baling. Each bale was weighed
for mean fresh weight and total fresh biomass yield per plot.

2.6.1. Bulk Density

In each plot, all bales were weighed singularl, and three of them were randomly selected and
their sizes measured for volume assessment. Bulk density was successively calculated by dividing the
mass in kilograms by the volume in cubic meter. The last bale in each plot was not taken into account
in the bulk density calculation. In addition, non-completely filled bales (i.e., undersized bales) at the
end of each plot were not taken into account in the statistical analyses on bale unit weight and density.
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2.6.2. Moisture Content

A sample was taken from one bale in each plot for moisture content determination by using a drill.
The resulting moisture content was used to determine the dry matter (DM) yield of each plot. Moisture
content was determined using the oven dry method described in the EN ISO 18134-2:2017 standard [22].
Moisture content in the grain, straw, and chaff were determined on three random subsamples.

Additionally, one sample per plot was taken from the swaths directly after combine harvesting.
One grain sample was taken during the whole harvesting operation of the nine plots. It was dried at
105 ◦C for 24 h.

2.7. Evaluation of Residue Harvest Losses

During the test carried out in 2017, biomass losses were evaluated as the average of the residues
collected. This was carried out by using a vacuum system in three random transects, each measuring
9.2 m long and 0.5 m wide. The transect collection was performed by splitting the 9.2-m transect in
three parts: a central part corresponding to the width of the baler pick-up collector and two lateral
parts in which the straw and chaff could not be picked up by the baler. This allowed to compute,
for the 2017 test only, two efficiency indexes, taking into account either the total residues (straw + chaff)
deposited by the combine (referred as raw efficiency) or the sole residues that the baler was able to
pick up (referred to as net efficiency).

In 2019 test, losses were estimated as the difference between theoretical biomass of grains, straw,
and chaff collectable before the harvest (see Section 2.4) and the effective amount collected. Losses also
included the amount of biomass lost as stubble.

2.8. Statistical Analysis

The experiment in the 2017 cropping season included a comparison between SPR and ADM,
both subjected to one transversal threshing. In 2019, treatments included spreading with two rotors,
ADM with 2R or ADM with 1R. Notably, the 1R experiment in 2019 was performed by excluding, but not
turning off, the second rotor from receiving the straw and chaff. Thus, results on fuel consumption and
derived traits also depend on the combine energy needed to move the unused rotor.

The two-years experiment was subjected to a unique general linear mixed model (GLMM) by
the Glimmix procedure in the SAS/STAT 9.2 statistical package in which the role of CM (either SPR or
ADM), RN (either 1R or 2R), and their interaction was analysed. This procedure can model non-normal
data and correct for heteroscedasticity [23]. Restricted maximum likelihood was used to produce
unbiased estimates of variance and covariance parameters.

To accommodate for the unbalancing of the experiment, a Kenward-Roger estimation of the
denominator degrees of freedom of each error was used and least square means (LSmeans, see below
for a definition) of the treatment distributions were computed. When a treatment was considered
significant at p < 0.05, LSmeans p-differences were computed and corrected by the Tukey-Kramer
adjustment at 0.05. See the supplementary material in Saia et al. [24] for both a description of the
procedure and the SAS package model applied.

To take into account both the variability of the growing seasons (referred as “year”) and position
of both the plot in each field and each bale within each plot, the analyses included various random
factors depending on the variable measured. For variables relating to single straw bale, random
factors included the cropping season, replicate within the cropping season, and the position of the
bale in the field. For variables relating to the plot, random factors included the cropping seasonand
replicate within cropping season. LSmeans were used instead of the means to compare the treatment
effects. Briefly, LSmeans are estimation of a balanced population mean from an unbalanced data
population. Thus, they estimate the corresponding mean in a factor level after taking into account
both the distribution of the values of the variable within the level (fixed and random factors), and
the distribution of the values within the population. In the results sections, data provided were the
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LSmeans of the treatments and the estimation of its standard error. The raw data means and their
standard deviations were provided as supplementary material tables.

3. Results

3.1. Grain and Straw Yields, Biomass Distribution in the Residues, Straw Traits, and Straw Harvesting Efficiency

On average, the total biomass produced was 16,490 kg DW ha−1, with a mean harvest index
(i.e., the ratio between grain and total biomass) of 0.49. In contrast to our expectation, grain yield was
10.6% higher in the SPR than ADM plots, on average (Tables 1 and S1).

Table 1. Results of the general linear mixed analysis of the wheat biomass fraction and efficiency of the
harvesting procedures. During the combine harvesting, the wheat straw was subjected to the chaff

mixture (CM): either by admixing the chaff with the straw (ADM) or spreading the chaff in the soil
before the straw release (SPR). The procedures were performed by either using 1 or 2 rotors (1R or 2R,
respectively). Since no interaction was detectable between factors, only LSmeans data per factor are
displayed. See the text for the statistical analysis. Factors at p < 0.05 are shown in bold.

p Values LSmeans of CM LSmeans of RN

Variable CM RN CM × RN SPR ADM 1R 2R

Total Biomass (TB) kg DW ha−1 0.709 0.110 0.677 16456 ± 2781 16523 ± 2781 16262 ± 2781 16718 ± 2784

Total Grain yield
(GY) kg grain DW ha−1 0.043 0.572 0.520 8477 ± 1388 7665 ± 1388 8207 ± 1388 7935 ± 1407

Uncut residues
(i.e., stubble)

kg uncut straw
DW ha−1 0.027 0.467 0.028 1617 ± 425 1706 ± 425 1644 ± 425 1679 ± 425

Total Chaff (TC) kg chaff DW ha−1 0.058 0.685 0.453 1853 ± 102 1676 ± 105 1791 ± 105 1738 ± 125

Baled straw (BS) [kg Straw
DW ha−1] 0.478 0.426 0.266 3710 ± 1075 3829 ± 1076 3674 ± 1076 3865 ± 1081

Total potential
harvestable straw

(TPHS)
kg DW ha−1 0.023 0.088 0.175 6362 ± 973 7186 ± 974 6377 ± 974 7171 ± 993

Straw harvest raw
efficiency BS / TPHS 0.246 0.663 0.198 0.593 ± 0.075 0.534 ± 0.076 0.580 ± 0.076 0.547 ± 0.085

Such a difference was marginally significant (with the CM factor showing a p = 0.043). Notably,
such a difference cannot be attributed to the CM factor and must be considered a natural variation in
the field. Nonetheless, it was taken into account in the further analyses. At the same time, the CM
strategy strongly affected the total potential harvestable straw (TPHS), with ADM allowing to obtain
13.0% more TPHS compared to the SPR, although such an effect is very likely due to the higher grain
yield in this latter treatment compared to ADM.

Straw harvest raw efficiency, i.e., the ratio between the straw baled and total residues (except
stubble) available was 56.3%, with no differences among treatments. In general, the treatments applied
had a scarce effect on the biomass traits and straw harvest raw efficiency (Table 1) computed on the
basis of the TPHS. In 2017, the straw harvest efficiency was computed by both a raw basis, as indicated
above, and a net basis. The net harvest straw efficiency was computed by discarding from the analysis
the amount of straw that fell outside of the baler collection line. Raw and net efficiencies were found to
be strongly correlated (Figure 2).

In contrast, the effect of the CM on the fraction of biomass that was not harvested varied according
to the RN (Table 1 and Figure 3). When using 1R, no differences were found between SPR and ADM,
whereas using 2 rotors consisted of a slightly higher fraction of non-harvested biomass (i.e., the stubble)
in ADM compared to SPR. Notably, such differences did not consist of a difference in the total DW of
the straw baled, which however differed for the FW. In particular, ADM showed 4579 kg straw FW
ha−1 and SPR 4243 kg straw FW ha−1 (p of CM = 0.029; p of RN = 0.097; p of the interaction = 0.909).
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after grain threshing: either admixing the chaff with the straw (ADM, grey bars) or spreading the chaff

in the soil before the straw release (SPR, white bars) and number of rotors for the threshing operation:
either 1 (clean bars) or 2 (hatched bars), indicated as 1R or 2R, respectively. Means with a letter in
common cannot be considered different according to a conservative Tukey-Kramer test applied to the
p differences of the LSmeans.

Biomass distribution along the culm was also measured in 2017 (Figure 4) showing a homogeneous
distribution along the first 50 cm of the culm, which is abundantly higher than the cutting height, and
a tendency to decline at the 50-cm height.

Rotor number, but not the CM strategy, affected the bale and straw traits (Tables 2 and S2).
In particular, 2R allowed for a 5.3% higher bale weight compared to 1R. At the same time, 2R consisted
of dramatically shorter straw pieces compared to 1R: 24.1% of length reduction, consisting of 9.0 cm.
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source not found.  and Table S2). In particular, 2R allowed for a 5.3% higher bale weight compared 
to 1R. At the same time, 2R consisted of dramatically shorter straw pieces compared to 1R: 24.1% of 
length reduction, consisting of 9.0 cm.  

Figure 4. Biomass distribution along the total height of the straw (split by 10-cm pieces) in 2017.
Each fraction represents a 10-cm piece, except for the upper fraction (white bar) that represents a 2-cm
piece. Means with a letter in common cannot be considered different according to a Tukey-Kramer
test applied to the p differences of the LSmeans. The results of the statistical analysis are shown in
the picture.

Table 2. Results of the general linear mixed analysis of the single bale traits (mean dry and fresh weight
and density) in the complete dataset and length of straw pieces (in 2019, only). During the combine
harvesting, the wheat straw was subjected to the chaff mixture (CM): either by admixing the chaff with
the straw (ADM) or spreading the chaff in the soil before the straw release (SPR). The procedures were
performed by either using 1 or 2 rotors (1R or 2R, respectively). Since no interaction was detectable
between factors, only LSmeans data per factors at p < 0.05 are displayed. See the text for the statistical
analysis. In 2019, arithmetic mean is shown since the dataset was balanced. Factors at p < 0.05 are
shown in bold, the estimation of the degrees of freedom (d.f.) by the Kenward-Roger procedure and
the standard error (S.E.) are shown.

Mean Bale Weight Mean Bale Weight Bale Density Mean Length of Straw Pieces

d.f. F p d.f. F p d.f. F P d.f. F p

CM 10.8 1.67 0.223 10.07 0.42 0.534 9.88 0.44 0.524 n.a. n.a. n.a.

RN 8.57 10.34 0.011 9.60 0.64 0.443 9.19 0.68 0.432 89 60.54 <0.0001

CM×RN 8.25 0.02 0.896 8.29 0.01 0.919 8.24 0.01 0.920 n.a. n.a. n.a.

Least Squares Means (LSmeans) Means (in 2019, only)

Value S.E. N Value S.E. n *

2R 187.9 2.3 37 28.40 0.75 60

1R 178.4 2.5 63 37.42 0.91 60

* 10 sub-replicates per replicate.
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3.2. Efficiency of Combine Grain Harvesting and the Baling Procedures, and Fuel Consumption

Field efficiency (FE) of the grain harvesting procedures was markedly influenced by RN (Tables 3
and S3), with 1R harvested treatments showing an 8% absolute higher field efficiency than the 2R
treatment. In contrast, neither the CM nor the RN affected the TFC, EFC, and fuel consumption.

The CM strategy also affected the material capacity of the combine and such an effect was evident,
with SPR treatments allowing to collect 14.9% more grain in the same unit time compared to ADM.

On average, TFC and EFC were 3.72 ha h−1 and 2.28 ha h−1, respectively and the combine required
11.8 l fuel h−1.

In contrast to the grain harvesting procedures, the straw baling procedures were not affected by
the treatments applied (Tables 3 and S1). In particular, TFC and EFC of the baling operation resulted on
average 3.96 ha h−1 and 2.01 ha h−1, thus consisting of a mean field efficiency of 0.51. No information
is available about the fuel needed for the baling procedure.
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Table 3. Results of the general linear mixed analysis of the grain harvesting and straw baling procedures. During the combine harvesting, the wheat straw was
subjected to chaff mixture (CM): either by admixing the chaff with the straw (ADM) or spreading the chaff in the soil before the straw release (SPR). The procedures
were performed by either using 1 or 2 rotors (1R or 2R, respectively). Since no interaction was detectable between factors, only LSmeans data per factors are displayed.
See the text for the statistical analysis. Factors at p < 0.05 are shown in bold.

p Values LSmeans of CM LSmeans of RN

CM RN CM × RN SPR ADM 1R 2R

Data for the grain harvesting procedures

Theoretical Field Capacity (TFC) [ha h−1] 0.69 0.17 0.41 3.68 ± 1.66 3.76 ± 1.66 3.51 ± 1.66 3.92 ± 1.67

Effective Field Capacity (EFC) [ha h−1] 0.71 0.66 1.00 2.29 ± 0.85 2.27 ± 0.85 2.26 ± 0.85 2.30 ± 0.85

Field efficiency (FE) EFC/TFC 0.63 0.01 0.24 0.63 ± 0.06 0.62 ± 0.06 0.66 ± 0.06 0.58 ± 0.06

Fuel consumpion [l ha−1] 0.81 0.11 0.37 11.8 ± 2.0 11.8 ± 2.0 12.1 ± 2.0 11.5 ± 2.1

Material Capacity [t grain h−1] 0.01 0.34 0.11 19.6 ± 2.5 17.1 ± 2.5 18.8 ± 2.5 17.8 ± 2.5

Data for the baling procedures

Mean ball weight [kg Straw FW per bale] 0.78 0.36 0.35 210 ± 17 211 ± 17 208 ± 17 212 ± 17

Bale density [kg Straw FW m−3] 0.75 0.34 0.33 134 ± 17 134 ± 17 133 ± 17 135 ± 17

Theoretical Field Capacity (TFC) [ha h−1] 0.38 0.76 0.64 3.86 ± 0.17 4.06 ± 0.15 3.92 ± 0.15 3.99 ± 0.17

Effective Field Capacity (EFC) [ha h−1] 0.70 0.49 0.49 1.98 ± 0.29 2.04 ± 0.29 1.92 ± 0.29 2.10 ± 0.32

Field efficiency (FE) EFC/TFC 0.81 0.48 0.61 0.52 ± 0.07 0.51 ± 0.07 0.49 ± 0.07 0.54 ± 0.08

Material Capacity [t straw h−1] 0.18 0.12 0.65 8.82 ± 4.32 9.50 ± 4.32 8.58 ± 4.32 9.74 ± 4.33
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4. Discussion

The above ground residual biomass of cereals has a high energy value and can have a high
economic value. Nonetheless, it is an untapped by-product that could provide an extra amount of
biomass for the production of bio-commodities. From this point of view, its collection should in
theory be as high as possible, in order to reduce the fixed energetic costs of collection, as also recently
suggested, taking into account that the producing bioenergy from the straw may have lower impacts
compared to that from the grain [25] and that combining food and energy systems may allow for a
further reduction of the environmental impact and to mitigate the climate-related fluctuations of the
agricultural production and commodity value [26].

Concerns have arisen about the straw removal from the soil and its likely negative impact on soil
organic carbon (SOC) accumulation. However, it is quite established that SOC accumulation mostly
depends on the root carbon rather than above ground carbon [11] and that straw use for bioenergy
processes can save various times the CO2 the soil is able to sequester as SOC [27]. In addition, no SOC
loss was found depending on the straw removal in various environments in both short- and long-term
experiments [7,8].

In this work, a device developed to incorporate the chaff into the swath and thus allow its recovery
as baled straw, in contrast to the most common operation of spreading it onto the soil, was tested.
This device was tested in combination with a milder process, compared to a harsher threshing operation
(i.e., 1R compared to 2R, respectively), which can affect the length of the straw pieces and thus the
straw aptness to be baled. Notably, the two operations were performed by taking the whole combine
devices turned on. This implies that both the ADM and SPR mode had the chaff-to-straw mixer on,
but it did not receive the material when in the SPR mode. Similarly, both 1R and 2R modes had the
second rotor turned on, which did not receive material when in the 1R mode.

This implies that differences in the combine performance were likely due to the additional energy
required to overcome the friction of the plant biomass being processed into the combine, rather than to
the energy required to get the device turned on. Nonetheless, this was enough to produce a difference
in the field efficiency (FE) of the system, with the 1R showing higher FE than the 2R. In particular,
it was shown that such a friction can be responsible for scarce energy demand by the combine [28–30],
but it can still demand more time for the operator to allow the complete threshing of the grain and
cutting of the straw. It should be, however, highlighted that field efficiency in this experiment likely
differed from a normal cultivation due to the high time needed for turning and stopping compared in
the plots, whose size was definitely smaller than that of most fields.

Nonetheless, similar behavior may have occurred when comparing the combine performance in
the CM modes, where SPR showed a higher material capacity than ADM. Indeed, ADM consisted of
higher amounts of both straw FW baled and TPHS. Therefore, the differences in the material capacity
may have been due also to the higher amount of biomass the ADM mode had to process. In SPR,
the chaff is spread laterally to the swath, and the chopper is bypassed, which also reduces the wear and
energy consumption on the combine. It was excluded that such differences may have been due to a
differential regulation by the combine driver of the cutting height since the stubble was slightly heavier
(+5.5%) in the ADM compared to the SPR; however, such a difference only corresponds to 0.8–1.1 cm of
stubble, that may have been due to a local difference in soil-carrying capacity. In addition, the biomass
distribution in the culm was strongly homogeneous below 50 cm height and, above all, this may have
not produced a difference in the grain harvested, thus suggesting that local conditions in the ADM
plots may have affected the stubble biomass. This confirms the results by Boyden et al. [31] who found
that stubble height is not directly and linearly related to the straw baled, despite their stubble height
being 50%–100% more than the one in the present study. It was also excluded that difference in the
grain harvested could have been due to a higher loss of grain as non-threshed material in the ADM
compared to the SPR since no grain was found in the soil after the combine harvesting or into the bales
when these were sampled to be analysed. Notably, these differences between SPR and ADM did not
consist of a difference in the combine fuel demand.
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In contrast to the combine, the treatments applied did not affect baler performance. However,
the efficiency of straw removal (i.e., the straw removed per unit total residues available) dramatically
differed with the strategy of computation of the efficiency. When taking into account the whole TPHS,
including that which fell out of the baler swaths, such an efficiency was 16% lower than when taking
into account the only residue fraction in the baler collection swath.

Similar results of the percentage of straw removed were found by other authors [32–34].
In particular, Bergonzoli et al. [34] also found similar effects on machine performance by varying the
chaff collection device. A higher percentage of straw removed was found in the present study than
others [7,35]. This can explain the lack of difference among treatments. Indeed, in the Lafond et al. [7]
experiment, both grain and straw yields were 65% and 75% lower, respectively, when compared to the
present experiment, and straw losses ranging from 60% to 78%. In conditions of low yields and high
straw losses, little additional straw recovery can determine marked difference in the percentage of
straw baled. In addition, SPR and ADM did not differ by mean bale weight, whereas 2R consisted of
heavier bales than 1R. Since 2R consisted of definitely shorter straw pieces, this may be an indirect
outcome of a better baling procedure. This can explain the higher bale unit DW in the 2R than 1R.
Lack of differences in the bale unit weight or density by the chaff management systems could have
been due to the scarce amount of chaff compared to the straw, which resulted in 23–29% of the TPHS.
Similar or slightly higher results were found by others [7,36].

5. Conclusions

In conclusion, alternative management strategies of the chaff and the degree of straw cutting into
the combine scarcely affected both grain harvesting and baling procedure performances. Chaff mixing
with the straw allowed for slightly higher straw FW yields (+336 kg straw FW ha−1), but it may slightly
reduce the material capacity of the combine. In contrast, using 1 rotor in the threshing line of the
combine can increase combine field efficiency, but it can reduce the bale unit weight, which can have
drawbacks in the energy demand of the pipeline of the bale logistics. The strategies applied in the
present study consisted of straw losses of 41–47%. If considering that chaff represented 23–29% of the
total residues, this implies that an efficient collection of the chaff can allow halving the loss of residues.
This could occur without loss in performance of the whole harvesting, baling, and bale handling chain,
if considering that chaff management can represent a negligible cost compared to the fixed costs of the
whole baling procedure and bale handling [14]. However, further studies are needed to optimise both
chaff and the straw recoveries, with special emphasis on the ability to collect it separately from the
straw within the combine or better incorporating it into the straw before baling. A main limitation of
the present study indeed is the relatively high straw biomass in this field, which may have masked the
role of the chaff management, and limited information on the rotor effects.
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