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Abstract: This study evaluated the possibility of adopting haymaking farming machinery in giant
reed (Arundo donax L.) harvesting. The test shows the technical and energy aspects of mechanical
harvesting using only one specific machine, a shredding machine, designed and developed by an
Italian constructor for large biomass herbaceous crops (giant reed, sorghums, switchgrass, Mischantus,
etc). It is designed for high vegetative growth crops, as it is able to spread products over all soil
surfaces or, alternatively, carry out windrowing. Tests were conducted in the south of Italy (Campania
region) on the experimental farm Torre Lama in Bellizzi (SA). Biomass was shredded, dried in the
field, and baled for use in a logistic chain and storage. The first step was the cutting and shredding of
biomass crops with the specific shredder rear-mounted in an agricultural tractor. The biomass then
was dried on the field, constantly monitored for moisture content, and finally, baled with a trailed
round baler for storage (second step) and used in a specific logistic chain. The test showed good
performance of the shredder machine between 1.17 and 1.77 ha h−1 with an operative speed between
3.9 and 5. 9 km h−1. To define the hourly production, a high wet production level of 60.70 t ha−1 and a
low level of 56 t ha−1 were used as references. Under the climatic conditions of the experimental test,
this harvesting system showed some advantages, such as the possibility of immediate and long-term
biomass storage (less than 14% moisture content), the potential alternative use of the biomass, and
the reduced resource use compared to that of other ordinary crops growing in the area.
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1. Introduction

The fast growth rate, high biomass yield, limited input demand, ability to grow in different soil
types and under different climatic conditions, high resistance to pathogens and long drought periods,
strong weed competition, and high calorific value [1] are some of the most important characteristics
of the giant reed (Arundo donax L.), making it one of the main bioenergy crops [2]. Lignocellulose
from the giant reed represents a significant source for paper [3], rayon [4], second-generation ethanol
and biopolymers [5], biogas production [6], and for the raw materials of biodiesel production [7,8].
Moreover, its good yield coupled with the low level of input needed for its production could provide a
positive energy balance. Arundo donax is adapted to all soil types and different weather conditions,
but it is very important to determine the most appropriate harvesting technique in order to obtain
the highest level of biomass possible, together with a low level of moisture during harvesting and a
small fine fraction [9]. Several studies have confirmed that the key cost components in the logistic
chain of herbaceous crops are transportation, adopted logistics, and field operations, such as biomass
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harvesting [10–15]. Until a few years ago, the propagation system was critical; then, mechanized
techniques using rhizomes [16] were developed, which reduced the establishment costs [17]. The main
bottleneck of this herbaceous crop is the low bulk density, which causes high logistic costs [18],
and only the baling technique can reduce the harvest costs [19,20]. Modern baling machines, both
round and square balers, can increase the final density, but they require a lower moisture level in the
crop [21] to enable longer storage and reduce the fermentation risk. The moisture at harvest time
is the main parameter that determines the success of the storage phase, and this problem can be
reduced through the infield densification of dried biomass harvested in round or square balers [22,23].
The same test was conducted with a self-propelled forage harvester (SPFH) that chips dry biomass,
but the low bulk density of the chipped material and the lack of an efficient compaction field system
limits the applicability of this system by raising the harvest costs [18,22]. These parameters allow the
immediate use of it as a fuel for thermo valorization, and the low moisture of the biomass prevents
the risk of unwanted fermentation during storage, thanks to the improvement of air permeability.
A greater moisture content limits the possibility of biomass valorization in solutions of fresh biomass
(second-generation ethanol and biogas) [24]. The machine adopted for mowing and shredding the
crops is a new commercial machine with a specific rotor for herbaceous crops that comminutes the
plants into small pieces, while the harvesting of dry materials is carried out with a trailed round baler,
conventionally adopted for haymaking crops. Several studies have provided interesting information
about Arundo donax compared with other herbaceous crops in terms of its biomass and responses to
different harvest technologies, fertilizers, and other cultivation techniques [25–27].

In the southern areas of Italy, the giant reed is a newly introduced energy crop for combustion in
thermo valorization plants, and its use has sparked great interest [28]. The bales are classified as high
quality if they have a low moisture content and a high bulk density [29].

The aim of this study was to analyze two-steps (shredding and baling) of the harvesting system of
Arundo donax in southern Italy. We considered two production levels and two different settings of the
mechanized harvesting line.

2. Material and Methods

2.1. Environmental Aspects of the Experimental Site

The experimental site was located in Bellizzi (SA) at the experimental farm Torre Lama of
the University of Naples Federico II (Table 1). The soil in the experimental plots was deep Vertic
Luvisol [30], with a texture ranging from clay-loam (topsoil) to sandy clay (subsoil) without gravel.
The experiment site was in a Mediterranean climate, where the yearly temperature ranged from 2.6 to
37.5 ◦C, the annual average rainfall was 651 (±135) mm, and the evapotranspiration (ET0) was 1105
(±14) mm year−1 (climatic period 2009–2013) [31].

Table 1. Characteristics of the experimental field and crop management.

Latitude 40◦36′50.49”

Longitude 14◦55′19.46”
Total area, m2 7450

Transplant, year 2007
Inter-row spacing, m 1
Plants density, n ha−1 10,000

Shredding date 12/03/2015
Baling date 13/04/2015

2.2. Crop Management

In autumn 2007, the soil was prepared and a deep ripping (60 cm) was made up, followed by soil
milling (20 cm), pre-plant fertilization (150 kg ha−1 K2O and 150 kg ha−1 P2O5). A total of 50 kg N
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ha−1 from urea was distributed. Giant reed rhizomes were planted on February 2008 at a soil depth of
10–20 cm and a density of 1 × 1 m.

The characteristics of the investigated crops that were measured before harvesting were as follows:
the average and maximum height, plant density, moisture content, average and maximum diameter,
and the average weight of the plant and biomass that could be harvested. These data were collected at
the 3rd and 4th cropping cycles, because this stage can be considered the ordinary yield stage [12,31].
Tissues from different plant organs (leaves, culms, and rhizomes) were oven-dried at 105 ◦C until
constant weight to determine the dry matter content.

The harvesting operations started from the two long sides of the external plot, always identifying
a turning phase for each setting, and continued towards the inside of the experimental field, thus
defining the different setting in a precise order.

2.3. Machine Characteristics and Performance

The study on the harvesting of the giant reed took place in March when the biomass of the crop
was shredded and spread on the surface of the field. In the first phase, the operations involved cutting,
shredding, and spreading without windrowing with the rear mounted shredder. The machine used
was a biotriturator produced by the company Nobili S.r.l. (Bologna, Italy), which combines all of the
above-mentioned operations. The Windrower Shredder (WS) series was specifically designed and
developed for this category of energy crops [30]. It was composed of a main rotor with 40 hammers
installed on 8 lines and driven by 5 parallel belts (Figure 1) and it was rear-mounted (Figure 2) using
three-point linkage on a four-wheel drive tractor with a 206 kW engine (make: Fendt, model: 828 Vario).
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Before harvesting, some tests were carried out to monitor the performance of the machine in
terms of its settings (working speed and rotor speed). In the first two years of development, the test
field was divided into two and each part was treated differently. One part was irrigated and fertilized
as described; the other only underwent transplant irrigation. In the following years, the plants were
treated in the same way without external intervention. However, two levels of production—high and
low yield—were characterized. The data were obtained from manual harvesting of a specific sample
area of 4 m2. For the two yield classifications (high and low), we used two working speeds obtained
with the same gear but varying the motor speed from 2200 to 1890 revolutions/minute (r.p.m.) and
using two rotor rotational speeds (1170 and 1000 rpm). For each of the eight settings identified by two
passages for the entire length of the test field, three replicates were monitored (Figure 3).

The manufacturer of the biotriturator indicated that it was specifically designed and developed
for use at a main rotor speed of 1000 rpm; this was applied by setting the power take off of the tractor
to this speed.
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2 (T2)—high yield and setting machine 2 (SM2); Treatment 3 (T3)—low yield and setting machine 1
(SM1); Treatment 4 (T4)—low yield and setting machine 2 (SM2).

The results of the preliminary tests were used to assess the level of crushing and the obtainable
cutting height at different advanced and rotor speeds. They were considered to be the limit values of
crop crushing that could give a maximum length of 100 cm of unshredded material (1000 r.p.m. main
rotor) and a minimum working speed (1800 r.p.m. engine speed) that allowed good precision cutting.
The machine used to harvest the dry-biomass was a roundbaler (Claas model Rollant 250) trailed by
four wheels and driven by agricultural tractor (Valtra model N141). The machine adopted for baling
has specific features for the management of different categories of crops, for example, the compression
chamber is fixed and composed of multiple parallel roller systems and a specific feeding device. This
compression system is adapted for dried and wet biomass, is equipped for tying on both mesh or
twine, and is quickly editable by the operator cab. For the test, it was decided to use mesh tying, as this
is able to reduce the loss of small particles, especially during the tying phase. It is important to choose
the most suitable tying system (on mesh or twine) to suit the characteristics of the biomass crop and
influence the baling costs. To determine the round baler efficiency, we recorded the turning times at the
field end, and the periodical time losses due to the tying and discharge of bales were also considered.

We assumed that the appropriate performance measure of the investigated machine was the
working time according to American Society of Agricultural and Biological Engineers (ASABE) [32,33].
Other references included the Commission International de l’Organisation Scientifique du Travail en
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Agriculture (CIOSTA) and the Italian Society of Agricultural Engineering (AIIA) 3A R1 [34]. Based on
the classification proposed by the CIOSTA, work times have been classified as follows (the acronyms
of times derived from Latin were used). Tempus operandi (TO) is the operative time and is given by
tempus efficientiae (TE) that is the effective time and tempus adiuvandi (TA) that is the accessory time. The
equation can be formalized as:

TO = TE + TA, where TA = TAS + TAV + TAC,

where tempus adiuvandi supplendo (TAS) represents the maintenance time, tempus adiuvandi vertendo
(TAV) represents the turning time, and tempus adiuvandi curandi (TAC) represents the adjustment time.
All of these parameters are expressed in % of TO.

Considering that the machine was operating in the field, it was important to determine its effective
field capacity (EFC), which can be expressed as the area capacity (Ca):

Ca = TFC × Ef

where Ca is the area capacity (ha h−1), TFC is the theoretical field capacity:

TFC = (S ×W)/10

where S is the field speed (km h−1), W is the implemented working width (m), and Ef is the field
efficiency (%). The field efficiency is computed as follows:

Ef = EFC/TFC × 100%.

During baling, the working time, performance, and fuel consumption were recorded. Fuel
consumption was measured during the experimental trial by starting with a full tank and refilling the
tank at the end of the work.

2.4. Quality of Work

At the end of the shredding phase, three replicate plots (7.5 m2) in the test area were randomly
chosen for height-cut and loss evaluation. Forty-five plants per treatment (15 plants per replicate)
were measured to determine ground losses. To represent the shredder efficiency, all non-shredded
Arundo donax plants less than 1 m long remaining on the field after step 1 of harvesting were harvested
and weighed.

The drying time of the biomass in the field was evaluated using a completely randomized design.
The number of drying days was calculated from shredding to baling. A sample of each replicate was
collected randomly on seven different dates, immediately weighed, and sealed in a plastic bag after
harvesting. It was then sent for moisture measurement according to DD CEN/TS 14774-2:2004 [35].
After an initial period with quite variable data between the different samples, the drying step showed
a loss of moisture that was enough to adjust the minimum value indicated. This was almost stable
for two successive sampling intervals. A few days later, when the value was stable, the round baling
step began.

At the end of baling, three replicates per treatment (1 × 1 m) were randomly chosen for ground
loss evaluation. For the twelve plots (3 replicates × 4 treatments), all ground losses were collected in a
plastic bag and weighed.

2.5. Statistical Analysis

Data recorded on the heights of stems and the losses at steps 1 and 2 were analyzed using analysis
of variance procedures (free software PAST version 2.12, Øyvind Hammer Natural History Museum,
University of Oslo). The shredding stem heights and losses at steps 1 and 2 were used as variables;
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the treatments from 1 to 4 were the analyzed factors. Mean separations were performed using the
post-hoc Tukey’s HSD test at p ≤ 0.05.

3. Results and Discussion

3.1. Harvesting—Step 1 (Shredding) and 2 (Baling)

At the harvest time, the crop field was uniform and without a laid out area. The plant density was
14.2 ± 0.04 stems m−2, the average plant height was 3.98 ± 0.09 m, and the average diameter was 16 ±
2 mm.

The shredding level obtainable in the different machine settings was very heterogeneous, with
excessive fragmentation of herbaceous parts such as leaves and simultaneous presence of stem parts
longer than 50 cm that were not or partially crushed. The working times and performance characteristics
of the first step are reported in Table 2.

Table 2. Working time and performance characteristics of the shredding phase of Arundo
donax harvesting.

Parameter
T1 T2 T3 T4

Values % Values % Values % Values %

Effective time (TE), s 344 90.05 229 89.8 349 91.84 234 92.49
Accessory time (TA), s 38 9.95 26 10.2 31 8.16 19 7.51
Turning time (TAV), s 38 9.95 26 10.2 31 8.16 19 7.51

Total, s 382 100 255 100 380 100 253 100
Effective Speed, km h−1 4.33 6.51 4.27 6.37

Operating Speed, km
h−1 3.9 5.84 3.92 5.89

Effective field capacity
(EFC), ha h−1 1.17 1.75 1.18 1.77

Material capacity, t h−1 35.15 52.66 32.68 49.09

The favorable conformation of the plots and the reduced time loss for logging positively influenced
the performance of the machine with an effective field capacity of over 1.1 ha h−1 for the low speed (T1
and T3) and 1.7 ha h−1 for the high-speed treatments (T2 and T4). The same result was obtained for
both high and low yield areas. The working speeds were always slightly higher than the originally
set values for the treatments, because the automatic engine management system permitted different
engine settings, i.e., constant speed and/or power take off (PTO) speed. For this test, the engine
management was set to a constant PTO speed with a low speed variation caused by a low variation in
the engine torque.

Regarding the effective field capacity, the high yield obtained is 60.70 t ha−1 and the low one is
56 t ha−1, in terms of material capacity, at a moisture level of 42.51%.

After shredding, the biomass drying in the field was monitored to define the harvest date (baling).
The second step was carried out when the biomass moisture was 6.09%—much less than the minimum
level of 12–14% cited in reference [36].

In the feeding step, the pick-up of the harvester was able to operate efficiently, and the collection
of the larger particles of the chopped yield was regular, as shown in Figure 4.
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As shown in Table 3, the study of the working time demonstrated that the highest efficiency
occurred when the tying time was between 14 and 30 s (because at the beginning, the number of
wrappings was very low, causing some deformation of the bale). This value is increased as the number
of wrappings and the turning times became uniform at 21–25 s. The speed was about 5 km h−1 for T2
and T3; however, for thesis 4, it was the highest (6.55 km h−1). Regarding the round bale performance,
values were fairly low, but they were still associated with a low biomass moisture content at baling
time, about 7 times less moisture than that produced by cutting.

Table 3. Time and performance characteristics for step 2 (baling).

Parameter
T1 T2 T3 T4

Value % Value % Value % Value %

Effective time (TE), s 127 58.26 302 78.85 288 75.2 140 68.63
Accessory time (TA), s 91 41.74 81 21.15 95 24.8 64 31.37
Turning time (TAV), s 25 11.47 21 5.48 23 6.01 22 10.78

Maintenance time
(TAS), s 66 60 72 42

Total, s 218 100 383 100 383 100 204 100
Effective Speed, km h−1 5.81 4.89 5.13 6.55

Operating Speed, km
h−1 3.39 3.85 3.85 4.5

Effective field capacity,
ha h−1 0.71 0.81 0.81 0.95

Material capacity, t h−1 18.5 21.05 19.46 22.76

During shredding (Table 4), the hourly consumption for chopping remained low for the class of
tractor power adopted. However, the engine power was oversized because of the needing to have a
tractor with reversible drive system. For this reason, the material consumption was not influenced by
yield (high or low).

Table 4. Fuel consumption for shredding (step 1) and baling (step 2).

Machine Setting Yield
Hourly Consumption, l h−1 Area Consumption, l ha−1 Material Consumption, l t−1

Step 1 Step 2 Step 1 Step 2 Step 1 Step 2

SM1 high 18

n.s

17.5 b 15.3 b 24.7 b 0.51 b 0.95 b
SM2 high 20 19 b 11.4 a 23.4 b 0.38 a 0.9 b
SM1 low 21 13 a 17.9 b 16 a 0.64 b 0.67 a
SM2 low 22 12 a 12.3 a 12.6 a 0.45 a 0.53 a

Mean separation using Tukey’s HSD post-hoc test at p ≤ 0.05. n.s.—not significant.
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The consumption per unit of area between the two speeds is significantly reduced exceeding 25%.
This seems to be an aspect of particular importance if the same homogeneity of shredding is used.

The Nobili WS 320 BIO was used for the management of herbaceous plant biomass. The rotor
of this device operated at all working widths with a good shredding efficiency, even though a small
component exceeding 50 cm remained. This did not cause problems during the baling phase. The
presence of larger particles can also increase the stability of the biomass, reducing the risk of harmful
fermentation at moisture levels >15%. The chopped biomass was well spread over the entire working
front, although there was often a tendency toward central accumulation, leaving the side edges slightly
empty. Although this aspect may limit the efficiency of solar radiation, especially during the biomass
drying step, it can simplify the subsequent loading operation by allowing baling pick-up where the
operator can be used for machine driving.

During baling (Table 4), the area consumption showed significant reductions from T1 and T2 to
T3 and T4. This is difficult to explain because the harvesting differences were rather contained. Similar
considerations can be made regarding the consumption per unit of harvesting, where the consumption
per ton of yield in the T1 was twice as much as that of T4. The lower power output was probably
caused by the higher yield and the increased consumption per unit of harvested product in comparison
to the lower yield treatments. The average total fuel consumption for Arundo donax harvest in the two
steps was 1.25 l t−1, (0.50 l t−1 shredding and 0.76 l t−1 baling). This is interesting and favorable for the
energy aspect of mechanical harvest. Once the setup phase of the harvester finished, no problems with
baling were observed thanks to the use of a compression system with the steel parallel rollers of the
Rollant 250 model without belts, which could be damaged by sharp surfaces of the stem shredded
of Arundo donax. Good functionality was verified at the tying system levels. The bales, as shown in
Figure 5, were well formed with defined edges and a fairly consistent compression level throughout
the profile, especially inside the bales. Once ejected from the compression chamber, the bales were able
to maintain their shape and to support storage with other bales.
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3.2. Quality of Work

The average values for the four treatments for the cutting height and losses during steps 1 and
2 are reported in Table 5. During shredding, the cutting height was statistically different in the four
treatments. In particular, the stem height of T2 (on average 13.3 cm) was statistically higher than the
others. The losses of the four treatments during steps 1 and 2 were not statistically different.
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Table 5. Cutting heights and harvesting losses in steps 1 and 2.

Machine Setting Yield Stem Height, cm Dry Matter Losses t ha−1

Step 1 Step 2

SM1 high 10.5 b 2.65

n.s.

3.38

n.s.SM2 high 11.6 b 1.46 3.10
SM1 low 13.3 a 1.35 3.01
SM2 low 14.4 a 1.35 3.01

Mean separation using Tukey’s HSD post-hoc test at p ≤ 0.05. n.s.—non-significant.

T1 showed a slight increase in losses of stem particles over one meter in length, but the difference
was not statistically significant. There was a loss of biomass that was not harvested (shredded or
over-sized). This represents a real loss also due to the difference in the working width between the
shredding and baling machines. The cutting height was always greater than 10 cm, which is directly
related to the loss of product that did not enter the harvest process (Table 6). The losses for the cutting
height were low. They were limited to 1.06 and 1.11 t ha−1, respectively, for high and low yield (Table 6),
However, the high speed led to higher loss (1.1 t ha−1) due to the higher cutting difficulty and the
propensity to plant lower. The stems confirmed a higher recorded cutting height at higher working
speeds: from 11.9 to 12.5 cm (data not shown).

Table 6. Correlations between ground losses and cutting height in relation to the yield.

Cutting Height, cm Ground Loss, t ha−1

High speed 12.50 1.11
Low speed 11.90 1.06

This study, which was carried out on giant reed harvesting in two fields at the Torre Lama farm in
Bellizzi (Sa), highlighted some peculiarities of the crop and the adopted harvesting system; this system
required meticulous management of the two phases, and careful monitoring of the soil and weather
conditions was needed before the second phase (baling) to limit losses.

The two-step harvest method showed some advantages, such as immediate biomass storage,
12–14% moisture, allowing long-term storage, better use of farm mechanization, the diversified use of
the dried biomass (combustion, second-generation ethanol, etc.), and fuel consumption in line or even
less than other herbaceous crops for the Italian area [37]. Fuel consumption for chopping and stacking
remained below 1.5 l t−1, and in some cases, there was close to 1 l t−1 of dried collected product with
values rather similar to those of wheat harvest and equal to 1/3–1/4 of that required for the direct
shredding of fresh product performed with SPFH but using machines with less economic engagement
always for the management of fresh products [38].

Some limits were highlighted such as the high product losses in the ground (>12%, mainly due to
the loss of fine fractions), the need for specific machines (both shredders and balers), the prolongation
(>10 days) of field drying due to exposure to meteorological events and negative climatic events (e.g.,
rain), and the execution of repeated passages in the field with machines that were not equipped for
the reduction of soil compaction. Regarding economic aspects, bibliography data suggest that it is
not always easy to divide the costs between different harvest methodologies. As a consequence, costs
are frequently estimated and grouped according to different machine and utilization levels [39]. The
application of predictive software and models which, according to requirements and parameters, permit
these costs to be defined at different yield levels is also frequent [40,41]. The machine performance, in
terms of both working speed and field capacity, agrees with data recorded on sorghum fiber by Bentini
and Martelli [19]. The small differences found are due to the different incidences of turning times in
the two different treatments.

The total harvest loss for the two phases was 5.33 t ha−1 for the high yield area and 4.41 t ha−1 for
the low yield areas—rather high values for this harvest system mostly due to the high values found in
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shredding phase of MS1. In addition, the losses were not distributed equally between the two phases,
as shown in Table 7.

Table 7. Total harvest losses t ha−1.

High Yield Low Yield

Shredding 2.17 1.46
Baling 2.3 2.13
Total 4.47 3.59

All round bales obtained were weighed, and the total biomass production at a moisture content
of 6.09% was found to be 22.68 t ha−1 for the high input area and 20.64 t ha−1 for the low input area,
with an average single weight of 333.23 kg. The dry matter (DM) yield for the total harvest area was
27.29 t ha−1. There was considerable loss at a cutting height over 10 cm that showed an additional
quantity of product loss of just under 1 t ha−1 (Table 6).

The local logistic chains for Arundo donax were not considered in the test, and we did not evaluate
the economic aspect due to both the small available surface area for the test and the modest annual use
of machines that cannot have a positive effect on the hourly cost.

4. Conclusions

The machines adopted in the test allowed the harvesting cycle to be completed with promising
results, even when it rained during the drying phase. In particular, they provided good results despite
the use of non-specific machine for Arundo donax, such as the round-baler developed for forage harvest.
The interesting aspect of this experiment was the reduction of biomass loss in the field (less than
13% of the potential DM). These values are even more interesting because the mechanized method
tested was less expensive than those tried in previous CREA (Consiglio per la ricerca in agricoltura
e l’analisi dell’economia agraria) experiments with a SPFH. From an energetic point of view, the
two-stage harvest allowed the containment of fuel consumption per unit of product, and if machines
were already present on a farm, there would also be better rationalization of the machinery in terms of
annual employment.

In this first test, the round-baler was adopted, and if there is increase interest in the Arundo donax
biomass harvesting system, the adoption of square baler technology, which is characterized by better
performance especially in terms of working capacity, could be necessary. This harvesting system will
permit more haymaking farm machines to be used, and in the future, more economic assessments will
be needed to determine the most suitable harvesting system and logistics chain.
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