26th European Biomass Conference and Exhibition, 14-17 May 2018, Copenhagen, Denmark

BEST AVAILABLE TECHNOLOGIES FOR PRUNING HARVESTING

Luigi Pari?, Alessandro Suardi'*, Daniel Garcia-Galindo?, Simone Bergonzolit, Vincenzo Alfano?, Antonio Scarfone!
*Corresponding author: Alessandro Suardi, alessandro.suardi@crea.gov.it - Phone: +39 0690675248

1Council for Agricultural Research and Economics, Research Center for Engineering and Agro-Food Processing, CREA-IT,

Monterotondo (Rome-Italy)
2 CIRCE Research Centre for Energy Resources and Consumption, Zaragoza, Spain

ABSTRACT: Farmers consider pruning (branches and shoots of the fruit trees) a problem rather than an opportunity
and, hence, it is unused or disposed incorrectly. However, the formulation of more strict regulations for the handling
of the pruning in most European countries led to a renewed interest in pruning recovery. The harvesting stage
represents a key point that influences the product quality, the type of logistic chain and the economic sustainability of
the pruning supply chain and, over the years, many machine manufacturers invested in the development of dedicated
implements for collecting pruning residue. Equipment able to facilitate the harvest and processing of agricultural
pruning are already available in the market and many machinery builders propose different models to be adapt to
various harvesting logistic chains. The purpose of this study is to provide a thorough overview of technologies
available to harvest pruning, from the more basic equipment until the most integrated approach. A review of the
studies available in literature for each technologies and the performance of the main European pruning harvesting
machine tested have been reported. Chipper, shredder, baler and integrated pruning technologies have been described
and pros and cons have been discussed. The choice of the best technology should be made on a case-by-case basis
because the economic viability of recovering orchard prunings depends on how the costs of the residue are managed
as well as on how the benefits are redistributed between orchard owners, harvesting contractors and biomass users.
The pruning supply chain is a complex process that also involve transport, storage, handling and pretreatment.
However, harvesting prunings plays a pivotal role in building a sustainable and profitable collateral production and

hence it needs to be define correctly.
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1 INTRODUCTION

Pruning from permanent crops in Europe are an
important source of renewable biomass for energy and
industrial use that amount to 13 Tg (oven-dry basis) of
wood per year [1]. However, the rational use of this
biomass source is being hindered due to the various
barriers tied to the use of prunings and the development
of a sustainable logistic chain to produce energy from it
[2]. Branches and shoots of fruit trees are considered a
problem rather than an opportunity and, hence, they are
not used or they are incorrectly disposed of, like they the
direct burning on-field [3].

The formulation of more strict regulations regarding
pruning in most European countries [4] has led to a
renewed interest in pruning recovery. Harvesting is a key
stage that influences the product quality, the type of
logistics chain and the economic sustainability of the
pruning supply chain. For this reason many machine
manufacturers have developed dedicated implements for
collecting pruning residues [5-10].

Equipments  for  harvesting and  processing
agricultural pruning are already available on the market
and many manufacturers offer different models that are
tailored to specific harvesting chains. The scope of the
present work is to provide an overview of the
technologies available for harvest pruning, from basic
equipment to the state of the art.

2 PRUNING HARVESTING AND QUALITY OF
THE FINAL PRODUCT

The quality of the woody biomass is affected by the
techniques used along all the supply chain. Apart from
aspects related to the physical and chemical
characteristics of the biomass, comminution and storage
have a strong influence on other important parameters
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such as the presence of contaminants (soil, stones),
particle size and bulk density, which may impact on the
quality of the final product. Biomass losses and
contamination are directly related to the regulation of the
pick-up device. Low-lying pick up mechanisms help to
reduce losses, but increase the inlet of soil particles, to
the detriment of fuel quality [11]. The ash content of the
shredded material has been reported to be higher than the
branch material collected directly from the trees, and the
ash are also responsible for a reduction in the heating
value as well as a number of serious power plant
problems through slagging, corrosion and fouling [12].

Biomass losses can be also a consequence of the
working width of the machine and the lack of suitable
windrowing. As hypothesized by [11] the mismatch
between windrow width and machine working width can
lead to a high loss of biomass, but with voluminous
pruning, such as those of olive orchards, building a
narrow windrow can be arduous. Losses can also increase
when the height of the pick-up is raised excessively in
order to prevent soil contamination.

The shape, size, number and type of chipping
devices, and the machine settings can greatly alter the
feedstock quality [13-15]. An incorrect comminution,
can lead to serious problems with the wood fuel such as
high dry matter losses, high ash content, reduction in
energy value, and self-ignition [16]. The particle size
distribution of woody biomass plays a pivotal role in
producing a high-grade fuel, because it directly
influences the bulk density, the storage behavior, and the
transport costs, and it can also create problems in the fuel
feeding at the heating plant. Using the wrong machine
can lead to uneven-sized chips with a high proportion of
oversized or undersized particles, and any attempt to
decrease one class may result in a undesirable increase in
the other, even when refining devices are used [9,11,17].

Beside the particle size, the comminution of pruning
must take into account the morphology of the wood
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pieces. The most commonly-used shredders produce
wood particles with de-fibered ends unlike the
homogeneous pieces resulting from chipping. This
difference has significant implications during storage
because the unclean cut of the shredders can cause the
biomass to be more prone to degradation and
fermentation. All types of biological and chemical
changes in wood fuels during storage and drying leads to
changes in fuel properties. However, the use of a chipper
may also lead to a lower chip quality. This has been
observed in the wood energy chain where the wear of the
knife alters the chip quality and the productivity of the
machine [17]. When the knives are not sharp, the chipper
tends to break the wood rather than cutting it, thus
producing finer and oversized wood particles [17].

The role of quality becomes more pronounced as the
supply system varies in different countries and in
different plant systems. An important goal of quality
control is to reduce quality variations and as much as
possible to obtain a homogeneous product [12,15].

3 PRUNING MANAGEMENT

The pruning stage produces branches, shoots and
buds which are then left in the field. In several areas of
Europe is the biggest pieces of wood pruning are used for
firewood. Farmers usually obtain firewood pieces from
thick branches, with a diameter larger than 50 mm [10].

They perform the cut with chainsaws and gather the
firewood manually or with a trailer and then put it at the
side of fields. Pruning used for firewood is mainly
carried out in small plantations, for self-consumption, or
for local markets.

Due to the lack of a well organized pruning biomass
supply chain in Europe, there is no real market for
pruning residues (< 50 mm). Thus small branches and
shoots that have been pruned and left on the ground are
usually not collected, chipped and used for energy
production (excluding rare cases), but usually are
disposed of by farmers in two ways:

e they are removed from the orchard, and then
piled and disposed of or piled and burned at the
side of the field;

e they are mulched and left/incorporated on/into
the soil.

The branch removal phase is usually carried out by a
tractor equipped with a fork or similar device which
pushes the pruned branches down the rows until the edge
of the field.

Pruning can be also left on the soil after mulching.
Hammer mulchers (also known as hammer mowers or
simply mulchers) are usually used to comminute the
dendromass into small pieces. These machines are
mounted on the back of the tractor on a three-point hitch
and are supplied with the power take-off (PTO) of the
tractor.

In rare cases, prunings with a small diameter can also
be recovered for energy purposes using specific machines
that chip, shred or bale the dendromass so that it can be
transported, stored and used in specific boilers mainly for
heat production.

3.1 Pruning harvesting technology

A more environmentally sustainable use of pruning is
increasingly being proposed to replace open-air burning
[10,18]. In addition, driven by the increasing biomass
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demand and the potential amount of dry matter
obtainable by pruning, various European projects have
focused on organizing and implementing pruning supply
chains for energy production [1].

Harvest pruning generally requires one or two passes
[19]. The difference is determined by the need for
windrowing the branches to facilitate collection and
minimize biomass losses. If branches and shoots are
spread in the interrows during pruning, there needs to be
an initial pass for the mechanical windrowing and then a
second one for the harvesting. Pruning rakes are
machines that guide the pruned branches into the middle
of the row thereby making shredding or cleaning easier.

These tools are driven by the PTO shaft of the tractor,
and are composed of sweeping rotors made of steel
spring tines that can be used in different kinds of orchard
whatever the ground.

These types of equipments can work at high speeds
(5-7 km h1) but they require a double pass per row, i.e. in
both directions, in order to create a pruning windrow.
Otherwise, a higher degree of integration can be achieved
when the same tractor is equipped with a harvester and a
windrower, enabling the biomass to be collected in one
pass. This system may be composed of a sweeping rotor
mounted at the front of the tractor and powered by
hydraulic engines. Using the hydraulic system, it is
usually possible to adjust the distance between the rotors.

Some pruning harvesters can be equipped with two
hydraulic swath brushes mounted on both sides of the
pick-up roll in order to extend the machine's collecting
capacity. In our personal experience, this last system is
more suited to compact windrows that already exist,
although its results are not very effective for all types of
pruning.

To sum up, the supply chain considered suitable for
harvest pruning consists of windrowing which can be
done either separately or then integrated with biomass
processing. In this second step, the pruning is handled by
shredders, chippers or balers.

Out of a total of 75 commercial models, 60 are
adaptations of conventional mulchers, with different
degrees of innovation and integration for improving the
harvest pruning biomass. Chippers still lack sufficient
development and penetration in the sector, although they
are essential whenever the product needs to be
compatible with consumers of regular woodchips.

Around 78% of the models are built in Italy and
Spain (Fig. 1) and the figure reaches 86% including
France. These data are easily explained taking into
account that in the EU28, Spain, Italy and France account
for the largest areas dedicated to permanent crops (more
than 7 Mha) [19].

3.2 Shredders

Pruning shredders break the branches down into
pieces using a horizontal shaft powered by the tractor’s
PTO and by mounting elements with blunt (hammers) or
sharp (knives) blades. Shredding is a mature technology
and the number of commercial machines is increasing).

Over the years, machine manufacturers have adapted
the original implements from the incorporation of the
pruning into the soil after processing as organic substrate
to its collection in trailers using a blower or with built-in
bins (mulchers) [5,18]. The general innovation with
respect to conventional mulchers consists in the
improvement in the pick-up for pruning collection, and
the conveying system to a trailer. From a mechanical
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point of view, the working principles are very similar,
and they are in, for example, the number of teeth on the
pick-up device, or the hammers on the shredders, as well
as the type of discharge or the use of trailers or bins and
their capacity [5,20].

Shredders are usually coupled to the PTO of the
tractor and can be mounted both in front or at the rear
(depending on the model). Usually, the majority of
models are mounted at the rear of the tractor which
passes over the pruning left in windrows on the soil.

Thus, the tractor may require additional protection to
prevent damage to the electrical or hydraulic systems
located underneath the tractor body if voluminous
windrows and thick branches are present. Some shredders
are mounted at the rear of the tractor but entail the tractor
being driven in reverse.

Pruning shredders can be towed by a tractor ranging
from 50 to 70 kW, but heavier industrial units applied to
powerful farm tractors (150-200 kW) are being
developed. The cost of the most common pruning
shredder is relatively affordable (10,000 - 20,000 euros)
and thus are commonly used by farmers and part-time
contractors [18,21,22].

Table I: Type of shreddering systems for pruning
harvesting
Shredders Description
[M1] Windrowing + harvest with mulcher in front
[M2] Windrowing + harvest with mulcher at rear
[M3] Windrowing + harvest with rear mulcher and bin
Windrowing + harvest with rear mulcher and
[M4] -
big-bag
Integrated windrowing and harvest with rear
[M5]
mulcher
[M6] Integrated windrowing and harvest with rear
mulcher and bin
[M7] Integrated windrowing and harvest with rear

mulcher and big-bags

Pruning shredders have been extensively tested on
Mediterranean crops such as olive orchards and vineyards
[5,16,18,21-24], but experimental evidence has also been
increasing for fruit orchards and kiwifruit [5,18]. The
variability of technical parameters (working width,
harvesting speed, container capacity) and field conditions
(species, layout, type of plantation, amount of pruning)
lead to a varied performance and unit cost. Although
significant productivity gains have been obtained in the
last few years, the cost can still vary between €11 and
€60 per green-tone, including the extraction, regardless
the specie [5].

Despite the similar working principle, the quality of
product in terms of particle size distribution is variable
[22,23,25]. Rather than being comparable with forestry
woodchips, the product is similar to a hog material made
of broken and de-fibered parts of branches. The particle
size can vary considerably depending on the shredder.

Comparing eleven shredders in vineyard pruning,
[23] reported an exceedingly large proportion of
oversized and/or undersized particles. The addition of
refining devices, such as screens or counter-knives
reduced the oversized particles but increased the finest
ones. The imbalance between large and fine particles was
also observed by [22] in olive pruning with an uneven
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particle distribution among six shredder models. As a
consequence, the use of this product in conventional
facilities is constrained due to the problems of clogging
which can be caused in the conveying and feeding to
boilers. Therefore, an industrial, rather than domestic use
appears to be the most suitable outlet market for this type
of fuel [22,23].

3.3 Chippers

In the wood energy chain, the most common
commercial machines are equipped with discs or drum
chippers [13]. In both cases the biomass is forced to go
through a blade (the disc or the blades held on the drum)
and a counter-blade.

For pruning, residue chippers, in contrast to
shredders, are relatively new option. A variety of
numbers and shapes of knives are used by chippers to
comminute the pruning. However, all the types of knives
are vulnerable to all non-wood material, and
consequently the cutting system itself can be damaged,
for example, by dirt, stones and iron wires, thus
negatively impacting on product quality, performance
and the maintenance costs of the machine [17]. For this
reason, an automatic flawlessly designed pick-up is thus
critical to prevent stones and dirt from being accidentally
thrown into the chipping system during the pruning
comminution.

Chippers are produced as integrated systems or are
built with bins (Table I1).

Table I1: Type of chipper systems for pruning harvesting

Chippers Descriptions

[CH1] Windrowing + harvest with chipper in front

[CH2] \éﬂndrowmg + harvest with rear chipper and
Integrated windrowing and harvest with rear

[cH3]  chipperand bin

[CH4] Integrated windrowing and harvest with rear
chipper and big-bags

[CH5] Automotive chipper with rear trailer

Chippers have been extensively used in forestry and
in the cultivation of wood species for energy
[13,17,26,27]. Chippers process the wood with sharp
blades which enables the biomass to be cut in more
homogeneous pieces [28]. The cuts are clean, and
defibering is avoided. The type of material obtained is
handled and stored more easily than the conventional hog
material produced by shredders [16]. As fuel, the wood
chips cause less problems when being fed to boilers, such
as in screw feeders, silos or hoppers; both their domestic
and industrial usage have been questioned [5].

Beside the design characteristics, the main element of
chippers is the comminution unit. Producing chips out of
branches is a challenge firstly because the uneven shape
and variable diameter of the branches makes it difficult to
obtain regular sized chips. Manufacturers have tried to
design chipping systems that ensure the production of
uniform chips through a sharp cut in the wood and the
minimum use of tractor power [29]. This should improve
in the characteristics of the wood chip (avoiding frayed
edges) and the particle size distribution, as observed for
the ONG machine by [30] and [5].
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Pruning harvesters based on chipping systems
produce more regular-sized chips that are similar to forest
woodchips than those produced by shredders. The
evolution of these technologies is therefore necessary to
promote the agricultural pruning within the biomass
market.

3.4 Balers

Dendromass can also be collected into bales. Baling
entails re-processing the bale by chipping, however it
facilitates easier storage because, unlike chips, bales can
be kept for months [31]. In fact, the results obtained
during six months of pruning bales and wood pruning
chip storage observed by [32], highlighted that bales
presented a better quality compared with the comminuted
material. The storage of stacked apple pruning bales in
Germany and vineyard pruning bales in Spain showed a
percentage variation in combustible matter after six
months of -2.4%+0.64 and 0.0%=0.84, respectively,
while the comminuted material stored in piles showed a
variation between -3.1% to -7.8%. In order to be used as
fuel, after storage, the bales can be burned directly in
boilers with various power ranges, and which can usually
take either circular or cubed bales. Otherwise, the bales
have to be comminuted by specific stationary or mobile
shredders. This process can be carried out by stationary
shredding machines at the plant, or with mixer wagons
[33] in the field or at the plant.

Today, pruning balers are mainly used for vineyard
pruning [34,35], because the small diameter of the shoots
is easier to bale. In fact, baling long, thick branches can
be difficult and represent the real limit for this technology
which, according to our experience, works better with
thin branches like vine or kiwi shoots.

However, the harvesting of other orchard plantations
has been documented [4,7,36]. Baler is towed by a tractor
and supplied with power from the PTO.

The main configurations of the balers are reported in
Table 111

Table I11: Type of baling systems for pruning harvesting

Chippers | Descriptions
[BL1] Windrowing + harvest with standard hay baler
[BL2] Windrowing + harvest with rear baler
[BL3] Integrated windrowing and harvest with rear baler
[BL4] Windrowing + harvest with front-mini-baler

As previously mentioned, balers are essentially an
adaptation of conventional straw balers, or are designed
specifically for baling pruning residue, which lack the
necessary uniform shape. The size (height and width) is
an important requirement for the machines to be able to
move along different crop layouts. Various commercial
mini roto-balers for harvest pruning are available on the
market. These have the same function as the standard
forage balers but produce smaller bales (30 kg bales) and
the characteristics of the branches to bale has to be
controlled (thickness and length).

Some balers producing round bales of standard
dimensions (1200 mm x 1200 mm) have become
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available but could be improved by including a crushing
system in the pick-up before going into the round baler
chamber.

A machine was developed by the Anderson Group as
model WB-55 [37,38]. The system was tested on willow
[37] and eucalyptus [39] with an average harvest
productivity of 7.7 (willow) or 8.9 (eucalyptus) t h™%. The
machine cuts standing stems, partially shreds the cut
stems providing a sort of a coarse mastication rather than
a fine comminution [39]. A mulcher roll produces
uneven-size fragments that facilitates baling and reduces
the risk of microbial attack. However, it was conceived
for harvesting SRC energy crops and forestry residues
and no data are available on harvest pruning.

Large-sized bales are efficient in terms of pruning
collection, but create more problems since comminution
is required before use these at the plant [19,36]. An
alternative has been proposed in [33] using a mixer
wagon, commonly used for cattle feeding with a
comparable cost to a small-medium chipper. However,
the preferential use on vineyard plantations posed some
problems related to the length of the pruning, the width of
the rows and the slope of the terrain. [33] tried to find the
best compromise between the machine width and bale
size by replacing the tires with iron rollers. Other
implements have been developed for constrained spaces
and/or steep terrain such as hillside vineyards and
mountain viticulture. The a mini-baler system has been
proposed as a possible solution [34]. However, it was
more expensive than full-size tractor-powered residue
harvesters, but lower than the cost for field burning or
pruning disposal [34]. Thus, [34] proposed concentrating
pruning residues in alternate rows, to double the field
stocking. Although, this recommendation specifically
referred to mountain vineyards [34], the concept could be
extended to all pruning and considered as a general rule
in pruning collection.

Experiences in olive and peach pruning in some cases
confirmed the problems related to the movement of
machines in narrow spaces [7], also highlighting new
issues regarding the variability of biomass in terms of
length, diameter and flexibility of pruning. The baler
(mod. PRB 1.75) [32], trailed by the tractor (minimum
power of 40 kW), was designed to rake and press into
bales different size prunings and produced on different
soil conditions. It includes a pick-up system in which the
height is controlled by a wheel or anti-sinking skids.

Material is picked up by an over-ground rotating
raking device, using tines in stony soils.

For the balers, the maneuverability of the machine in
fields with different plant distances, the harvesting speed,
the loss of products are challenging for manufacturers
and researchers. Bale collection has some advantages
especially when prolonged storage and a higher biomass
health are required. However, the entire chain (including
logistics, transport and comminution at the plant) needs
to be further optimized through the effective organization
of bale collection.

3.5 Pre-pruners integrated with harvesting

Pruning is an obligatory operation usually carried out
manually, and aimed at improving the fruits’ yield and
quality. Mechanical pruning has been phased out, in
order to integrate the tree architecture and the type of
mechanization [40]. However, it has only been extended
to vineyards [41], even if it is becoming common also in
other plantations.
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Multiple machinery builders have mechanical pre-
pruners which could be adapted for an integrated
collection of biomass. This is not necessarily a
complicated issue, but more a question of conveying the
pre-pruned branches effectively to a container:

e Pre-pruning integrated  with  collection and
shredding/chipping. Although such a solution does not
for the moment exist in Europe, this is more straight
forward than the automotive option.

e Pre-pruning integrated  with  collection and
shredding/chipping in an automotive machine. The
machinery cuts the branches and conveys them to a
shredder. From there, a fan blows the pieces into a bin.

The solution is also equivalent to an automotive
system conveying the pieces to a trailer.

Only one practical commercial solution exists which
performs both pruning and pruning residue recovery in
olive groves [31]. The machine integrates a pruning
system (a lateral multiple-disc cutting bar) with some
elements more typical of a shredder, such as a collection
tube, a swinging-hammer grinder, and a dischargeable
rear bin. Tested in an olive grove, a material capacity has
been reported of between 0.33 and 1.03 tf.b. h't [31]. The
machine is of interest for future developments mainly in
olive groves where fully-mechanized pruning is carried
out.

3.6 Stationary chipping of the pruning stored at the side
of fields

Chippers or shredders can be mounted on a truck fed
by a mechanical crane or manually by operators, and
work in a fixed position at the border of a field after the
pruning has been collected together by a tractor with
fork. Many firms produce stationary chippers and various
types of machines are available on the market. The
majority of these have been developed for forestry use.

This type of equipment and pruning management are
not analysed in this survey which focuses on mobile
pruning harvesters.

However, according to the evaluation of systems for
harvesting biomass residues carried out by [42], this
method was more efficient than mobile chippers, which
are driven inside the orchard. Even though, it must be to
highlight that the pruning handling with tractor equipped
with fork could dramatically increase the soil and stones
incorporation in the wood residues that will be chipped
afterwards (after drying), with all the problems this
entails.

However, accumulating prunings and the subsequent
comminuting should be considered as a good alternative
to the mobile chippers or shredders when a new pruning
supply chain is planned for development, and the space to
store the pruning at the border of the fields is not a
limiting factor.

4 A CHALLENGING CHOICE

The machinery cited in the present review is already
available on the market, however the business volume of
pruning harvesters in Europe is a very small segment of
the market for regular shredders, chippers and balers.

The types of plantation where the pruning can be
collected are extremely varied. This has generated a
corresponding creative effort to optimize the equipment
and the combination of implements to produce a high
grade fuel. For example, the pruning characteristics
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(quantity, length, and diameter) or the shape of the field
can mean that the performance of the harvest varies a
good deal in terms of time, fuel consumption and quality
of product obtained. Many machines are shredders
equipped with a medium/small size hopper, or a big
container. Some models have been developed to
discharge the product into a big-bag hanging on the frame
of the machine, or in a trailer that can be towed by a
second rear tractor or beside the pruning harvesting
machine. One implement performs the pruning and
pruning collection in one step and is well suited to fully
mechanized orchards. Some equipment has been
developed for the forestry sector to process prunings with
a large diameter.

Of the types of pruning, vineyard pruning residues
are the most common, however most vineyards offer
difficult harvesting conditions which means that
conventional equipment cannot be used to collect the
prunings. As a consequence, some manufacturers have
developed machines that work in specific planting
patterns, which are sometimes very narrow [8]. In
general, the more integrated the machinery is, the more
efficient the harvest, and thus, the higher the potential
savings in terms of economics and GHG emissions
during the harvest.

Thus, apart from the innovations in the pick-up,
integrated windrowing, chipping system and built-in bins,
other aspects should be taken into consideration when
selecting a system of pruning collection. Some regard the
technical issues of the built-in components, and
incorporate advanced techniques and unique innovations,
such as the size and position of wheels (side vs under
body), maneuverability on slopes, height control, pick-up
roller design, conveying system for the pruning,
discharge system, overload protection, and clogging
prevention.

On the other hand, there are other issues related the
shape and type of field and type of pruning. These factors
included the size for maneuvering between trees (width,
height), length and maneuverability (for turning at the
headland), type of pick-up (which influences the
efficiency in pruning collection and maximum speed), the
adaptability of the system to different sizes of branches,
among others. In addition to issues related harvesting
prunings and influence harvesting performance, the
pruning stage itself represents the previous phase that is
critical in starting an economically sustainable pruning
supply chain for energy production. Some studies have
observed an improvement in fruit quality, fruit
production, and amount of woody biomass obtained by
the combination of mechanical and manual pruning [42].

Thus, equipment such as “Speedy-cut”, a self-
propelled machine that provides one pass pruning and
harvest pruning [31], may further improve the cost
effectiveness and efficiency of the pruning supply chain.

Where only manual pruning is applicable, pruning
alignment (accumulation of the prunings in windrows)
represents a cropping practice that is crucial to improving
the performance of the pruning harvesting phase and
consequently to reducing the harvesting costs. In fact,
accumulating pruning residues in windrows increases the
field stocking and consequently the field capacity of the
harvesting machine chain, thus reducing the additional
times required due to maneuvering the harvester in the
field. Therefore, a better performance is possible where
the prunings are accumulated in alternate rows [43].

In addition, where mechanical pruning is not
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applicable, accumulating the biomass directly in
windrows during the manual pruning stage would make
the subsequent mechanical windrowing unnecessary with
a consequent reduction in the supply chain costs and the
residue losses. Again, the manual alignment of the
pruning would also improve the quality of the final
comminuted product. In fact, when the prunings are
pulled in swaths by mechanical windrowers (e.g. rotary
rakes), the increased dust (soil particles) created during
the process could contaminate the pruning more than
with manual alignment with a consequent increase of the
ash content in the final product.

5 FUTURE PERSPECTIVES

Innovations in pruning harvesters should mainly
focus on improving machine performance and wood-fuel
quality. Prunings harvested by shredding produce a low-
quality hog-fuel which can create problems during the
biomass storage (high dry matter losses, low energy
content, environmental emissions) with consequent
problems during the thermochemical conversion, and
possible clogging during the feeding to the boiler. Thus,
designing machines that produce high-grade woodchips
is key for the development of a sustainable and cost-
effective supply chain for pruning. This can be achieved
by introducing new cost-effective approaches such as:
 designing modular machines;
 using non-stop baling;
 increasing the energy content of the fuel.

Modular pruning harvesting machines should be
adaptable for use in different field conditions and
logistical situations. Modularity should be provided by
both the cutting system and the temporary storage of the
chips. The main features of the cutting system (type and
number of cutting tools, speed of the rotors, rate of
feeding) should be adjustable in relation to the pruning
characteristics (length, thickness, age, amount, type of
wood) so as to obtain a chip size distribution that
complies with customer requirements. The same machine
should also enable the most suitable system to be selected
(big-bag) for storing the biomass during harvesting.

Modular machines for harvest pruning do not
currently exist, but are becoming proposed [44].

Baling has advantages over chipping in terms of
storage. On the other hand, it requires additional steps
before being used in power plants. For instance, baling
performance is affected by the time required to unload
the bale in the field. For forage and straw balers, new
prototypes have been designed that provide a non-stop
round baling. The first models are about to be marketed
by companies such as Vermeer
(https://www.vermeer.com), Lely(https://www.lely.com),
Vicon (http://ien.vicon.eu) and Kverneland
(http://ien.kvernelandgroup.com). It is likely that the
same technology could be applied to pruning in the near
future.

One of the weak points of the supply chain is the
transportation of the biomass to the power plant. Wood
biomass from short rotation forestry is transported by
large trucks which require specific loading equipment
and have a high rental cost [45]. Similar systems are used
for pruning, as residues are also have a low energy
content and decay rapidly. Thus in order to produce
marketable wood-products, future pruning shredders
should account for the densification of the woody
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material on-field during the harvesting. The direct
production of agripellets or briquettes would increase the
bulk density and the energy content of the fuel, thus
reducing the transportation cost.

The first harvester combined with a pelletizer for the
recovery of wheat residues was developed by Krone
(Premos 5000). While performing the harvesting, the
machine produces pellets (600-700 kg m=3) that work
with wheat straw with a 13-18% of moisture content,
which is crucial for pelletizing.

Nazzareno Costruzioni Srl has developed a stationary
truck with an on-board pellet plant that produces
agripellets (400 — 500 kg h'1) at the field edge starting
from open-air dried pruning biomass [46]. As soon as the
moisture content has decreased from 40-45% to 18-20%,
the biomass can be pelletized directly on-field. The lack
of an artificial drying process (which is common in the
industrial production of wood pellets) has important
consequences in view of the development of a sustainable
agripellet supply chain [46]. In fact, it opens up the
possibility of producing agripellets by pruning directly at
the farm level, thus simplifying the logistics (no need for
an external pelletizing machine), and reducing the
production costs. This would shorten the supply chain of
solid biofuel with a strong impact on product quality and
the maximization of revenues. However, due to the high
moisture content of the fresh pruning, harvesters
combined with a pellettizer are not available on the
market at present. In addition, initial results in prunings
from vineyards and olive orchards have raised some
reservations regarding the quality of the pellets [47,48].

Compared to the limit values of EN 1SO 17225,
pellets from vine shoots and olive branches might have a
high ash content or low a lower heating value [49]. A
viable path to exploiting pruning residues for pellet
production could be to blend the residues with other
wood biomasses in order to obtain an ideal pelletization
[47,48].

An interesting solution for increasing the level of
energy content transported with chips could derive from
compactors. On poplar and locust wood chips, [50] tested
an Orkel MP2000 Compactor used for baling urban waste
or for wrapping silage and milling products. The machine
produced bales from piled woodchips. Interestingly, the
processed material had a higher moisture content than
required for pelletization (45-55%). However, as it was
focused on the performance of the compactor, the work
did not mention any decay problems. The system appears
interesting for the logistics of agro-forestry residues such
as the comminuted pruning, however the packing cost
was still high.

6 SUCCESSFUL EXAMPLES OF PRUNING
SUPPLY CHAINS FOR ENERGY PRODUCTION

Various successful examples of well-designed
pruning supply chains for energy production are already
available in Italy. Fiusis s.r.l. (Calimera, LE, Apulia) use
olive prunings collected by nine municipalities around
the 1 MWe cogeneration plant which produces electricity
(which is then sold on to the national grid) and heat.

Fiusis’s well-established harvesting solution entails
the use of three Facma harvesters (Comby model) for use
on farms that have up to 400 olive trees. For farms with a
higher number of olive trees, prunings are collected at the
edges of the fields and chipped with a stationary
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shredder, a Caravaggi, with a production capacity of 10 t
h-L. Chipping in both cases is carried out after a 25-30
day period in which the prunings are left in the field to
ensure drying and leaf shedding.

Lungarotti Societa Agricola a.r.l (Torgiano, PG,
Umbria) is another interesting and successful example of
an Italian company that integrates wine production with
energy production by vineyard pruning. This company
uses roundbalers that produce 1.1 m wide and 1 m
diameter bales of vineyard pruning. The bales are
shredded by a mixer wagon, commonly used as animal
feed, which has a comparable cost to a small-medium
chipper but has the capacity to manage big bales like a
more expensive large-sized wood-chipper. The shredded
biomass is burned and the steam produced is used for
washing and sterilizing the bottling line, while the hot
water is used to heat various areas of the winery
(malolactic fermentation in barrique cellars, warehouse,
offices). In this way the company is able to save 200 Mg
per year of CO2 and has reached almost 70% self-
sufficiency in thermal energy.

This is an easily replicable process in other wine-
growing companies. In fact, the potential availability of
annual residues obtained from vineyard pruning is more
than one Tg per year of dry matter. Approximately 200-
500 kW electric power plants could be powered from the
recovery of these residues giving an annual output of 0.8
TWh, which could meet the electrical requirements of
200 four-person families. Unfortunately, the excessive
fragmentation of winegrowing companies makes this
goal difficult to reach, but already recovering half of the
pruning would be reduce emissions and increase farm
income.

7 CONCLUSION

The collection phase has a pivotal role in ensuring the
profitability of pruning recovery and use. One specific
type of machinery or solution does not exist, and
currently-used machines do no match all types of field
conditions. The choice of the best technology should be
made on a case-by-case basis because the economic
viability of recovering orchard prunings depends on how
the costs of the residue are managed as well as on how
the benefits are redistributed between orchard owners,
harvesting contractors and biomass users.

However, harvesting is only one component upstream
of the more complex chain of logistics, a process also
involving transport, storage, handling and pretreatment.
In logistics and supply chain management, optimization
is a key issue, in order to reduce transport costs and lower
carbon emissions generated by the machines. This entails
analyzing factors such as the amount of pruning
potentially available, the selection of the best harvesting
method, the location of the energy plants, transport and
pre-treatment, and a route optimization analysis.
Traceability could also be added to this list , which is a
key issue for the food sector, but still lacking in the
biomass chain.
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