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Abstract: The management of olive pruning residue has shifted from burning to shredding, laying
residues on soil, or harvesting residues for use as a derivative. The objective of this research is to
develop, test, and validate a methodology to measure the dimensions, outline, and bulk volume of
pruning residue windrows in olive orchards using both a manual and a 3D Time-of-Flight (ToF)
camera. Trees were pruned using trunk shaker targeted pruning, from which two different branch
sizes were selected to build two separate windrow treatments with the same pruning residue dose.
Four windrows were built for each treatment, and four sampling points were selected along each
windrow to take measurements using both manual and 3D ToF measurements. Windrow section
outline could be defined using a polynomial or a triangular function, although manual measure-
ment required processing with a polynomial function, especially for high windrow volumes. Dif-
ferent branch sizes provided to be significant differences for polynomial function coefficients, while
no significant differences were found for windrow width. Bigger branches provided less bulk vol-
ume, which implied that these branches formed less porous windrows that smaller ones. Finally,
manual and 3D ToF camera measurements were validated, giving an adequate performance for
olive pruning residue windrow in-field assessment.

Keywords: biomass; mulching; bulk volume; windrow outline; windrow shape; shredding; chop-
ping; grinding

1. Introduction

The world’s olive growing surface area experienced continuous growth and had
reached 11.7 Mha, but by 2019 it had decreased to 11.5 Mha [1]. Europe is home to 55% of
the world’s olive surface, with more than 2.6 Mha in Spain, among the other main pro-
ducing countries that are located in the Mediterranean basin [2]. Keeping the olive sector
competitive and profitable is therefore an important issue, considering the outstanding
importance of olive growing for the economy and creation of employment [3] in large
rural areas. Owing to the sector’s relevance, Innolivar carries out public pre-commercial
procurement to improve the competitiveness of the olive sector through innovation in
mechanization, sustainability, olive oil quality, and biotechnology [4]. Within this project,
one line of innovation is the commitment to improving the management of olive pruning
residue and developing an integral device for windrowing, shredding, and managing tra-
ditional and intensive olive pruning residue. This residue could be harvested as biomass
or spread on the ground as mulch.
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As a source of biomass, olive pruning could provide between 2.5 t ha™ and 14 t ha™!
of pruning fresh weight in multi-trunk traditional olive orchards [5] and traditional big-
sized trees [6], respectively. Other orchard categories could provide different values of
pruning residue for biomass production, oscillating between 1 and 10 t ha™ for super-high
density olive orchards [7], while high-density orchards produce 1.2 to 18.5 t ha™ [8]. Fur-
thermore, for the olive crop, pruning biomass production is highly variable depending on
several agronomical factors such as the cultivar, pruning frequency [9], pruning system,
soil fertility, or availability of water. Pruning waste could be burned in the field, shredded
for use as a mulch to protect soil against erosion or increase soil organic matter content,
or even harvested for energetic or other productive purposes. Farmers have stopped burn-
ing pruning residue and started shredding it, mainly motivated by narrower tree spacing
and the consequent tree damage, but also due to local legal restrictions on burning aimed
at preventing wildfires [10].

Currently, there is an increase in the shredding of olive pruning residue, which con-
tributes to an improved life-cycle assessment for the carbon footprint related with olive
oil [11], which could be used as a green marketing tool [12]. Pruning residues are usually
used as mulching to mitigate soil erosion and improve soil fertility [13]. These pruning
residue management strategies are boosted within each country or region by specific legal
restrictions on groves near forestry areas [14], or by cost-saving strategies that have ex-
tended pruning residue shredding based on interactions between farmers [15]. Further-
more, environmental data could be included in an olive traceability system to give carbon
fixation or circular economy data that would be highly valued by consumers [16].

Recycling pruned orchard materials and other derivatives could improve olive or-
chard sustainability [17]. For instance, waste valorization should be considered as a tran-
sition phase towards a circular waste-based bio-economy and implemented as part of an
integral approach [18]. Olive pruning residues could be valorized by means of different
initiatives such as for energetic purposes [19] covering an important part of pellet con-
sumption [20] or processing olive pruning in biorefineries. In these facilities, olive pruning
could be processed along with olive leaves and pomace [21] as these residues are a poten-
tial source of natural antioxidants [22] or could be used to extract cellulose nanofibers [23].
However, such processes require assessment and development from sociological, biolog-
ical, and chemical perspectives [24], while for energetic uses, biomass energy policy tools
and local initiatives need strengthening to increase biomass consumption in district heat-
ing systems [25].

Despite biomass harvesting providing a net gain in the economic and energetic bal-
ance, careful operational planning is needed to keep harvesting costs within acceptable
values [26]. Nonetheless, pruning shredders by themselves usually have high power re-
quirements, from 50 to 150 kW [27], as well as high human labor requirements, mainly for
pruning residue windrowing, which consists of gathering the pruned branches to build a
windrow. A windrow is a row of pruned branches built manually or mechanically with
the help of mechanical rakes, which reduce operation time compared to manual wind-
rowing [28]. This operation has great importance considering that it must adapt to the
shredder, particularly in terms of windrow width, which should match the shredder’s
working width in order to avoid biomass loss during the harvesting operation [6] or ma-
chine feeders missing out branches.

The objective of this study is to develop, test, and validate a methodology to measure
the dimensions, outline and bulk volume of pruning residue windrows in olive orchards.
Validation of this methodology used both manual and 3D Time-of-Flight (ToF) camera
measurements. The article also discusses possible uses for this technology.

2. Materials and Methods

Field tests were conducted in a multi-trunk traditional olive (Olea europaea L.) orchard
in southern Spain (37.901° N, 4.621° W), planted with the cultivar. Trees had two to three
trained trunks, with pruning every two years. The pruned branches obtained during the
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2017 pruning season were used to build pruning residue windrows for subsequent shred-

ding. Trees had a spacing of 10 x 10 m, managed under regulated deficit irrigation.

Trees were pruned using trunk shaker targeted pruning [5], branches were separated
into five categories according to fresh weight, previous canopy position and cut diameter.
Branch fresh weight included wood, leaves, and twigs. Branch categories were defined
during this and previous tests in the same orchard from 2013, although we only used two
of the categories for the current research (Figure 1):

e Scaffold limbs: Branches adjoined to a tree trunk with a cut diameter over 0.12 m and
fresh weight higher than 25 kg branch-1.

e  Secondary branches: These branches usually adjoin scaffold limbs, have a cut diam-
eter between 0.12 and 0.06 m and a fresh weight between 25 and 5 kg branch.

e Third branches: They could adjoin both scaffold limbs and secondary branches, and
had a cut diameter between 0.06 and 0.03 m. For this branch category, fresh weight
was between 5 and 1 kg branch-.

e  Supporting bearing branches: these branches supported the fruit-bearing branches,
had a cut diameter between 0.03 and 0.015 m, and a fresh weight between 1 and 0.3
kg branch.

e Bearing branches: The fruit bearing branches, with very little wood, a cut diameter
under 0.015 m, and a fresh weight lower than 0.3 kg branch.

Figure 1. The five branch categories, shown on a traditional multi-trunk tree before pruning (a) and during branch classi-
fication before building the pruning windrows (b).

Two treatments were applied to build a pruning residue windrow with two different
groups of branch sizes: third branches and supporting bearing branches. We did not con-
sider other branch categories because the bigger branches had previously been chopped,
removing firewood, and bearing branches had little influence on the shredding process or
on windrow features. Four, 20 m-long windrow replications were used for both treat-
ments, maintaining a constant amount of pruning residue at 2.65 kg m™ along the whole
windrow (Figure 2). To keep the amount of pruning residue constant, the same number
of branches were placed per meter to ensure, as much as possible, a constant dose of prun-
ing residues (Table 1).
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Table 1. The two treatments applied to build windrows using different branch categories depend-
ing on fresh weight, cut diameter, and pruning residue amount.

Value Third Branches Supporting Bearing
Branches
Fresh weight (kg branch™) 2.79+1.03 0.52+0.16
Cut diameter (mm) 34.38 £ 6.23 18.34+4.3
Pruning re51d1.1e amount (kg 20410 28406
fresh weight m=2)
Pruning residue amount 341 15+3

(branches m)
Replications per treatment 4 4
Length of each windrow rep-
lication (m)
Measurements per replica-

20 20

tion

Figure 2. Windrow replication of 20 m length before shredding. Branches were placed transver-
sally to the tractor’s forward direction, leaving trunks in the center of the windrow.

We measured windrow width and height in the center of the transversal section man-
ually. Alternatively, other measurements were taken using a 3D Time-of-Flight (ToF) cam-
era (IFM electronic, Essen, Germany), with an infrared illumination unit (IFM, O3M950)
and 3D sensor (IFM, O3M151). The 3D ToF camera had an aperture angle of 70 x 23 ¢,
which were oriented to Y- and Z-axes, respectively. An aluminum supporting structure
for in-field measurements was built to hold the illumination unit and sensor in zenith
position over the pruning residue windrow. This structure held the illumination unit and
sensor 3.37 m above the soil. The sensor field of vision was constricted to 4.3 m along the
cross-windrow axis (Y-axis) and 1.3 m along the lengthwise-windrow axis (Z-axis). The
field of vision was divided into 64 regions of interest (ROIs), which were prisms uniformly
distributed in 4 rows and 16 columns. This was considered sufficient to encompass the
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whole windrow width. Each ROI determined one voxel including 16 measurements (pix-
els), of which the nearest was selected as the voxel height. Therefore, the 3D ToF camera
measured the highest point within each ROI, considering that the camera measured the
shortest distance to the sensor. Thus, pruning-residue bulk volume was measured for each
ROIL. To calculate the total section bulk volume, all measured ROI bulk volumes were
summed, using each ROI height (hror) and voxel base (Table 2) (1).

Table 2. 3D ToF camera calibration values. ROI: Region of interest.

Axis Minimum (m) Maximum (m) Voxel Size (ROI) (m) Direction
X 0 3.37 3.37 Lengthwise-windrow axis
Y -2.15 2.15 0.26875 Cross-windrow axis
Z 2.70 4 0.325 Vertical
i=1
Bulk volumego; (m?) = 2(0.26875 % 0.325 - hgoy,) 1

64

The statistical design consisted of considering each windrow replication as a block
and taking four measurements along each windrow for both manual and camera meth-
odologies. The 3D ToF camera measurements were used to determine windrow shape for
both third branches and supporting bearing branches. For this purpose, all 3D ToF camera
measurements were represented to build a regression; however, due to the windrow’s
shape, measurements need transformation to adjust to a linear function and describe the
whole windrow. Due this fact, x values were modified by applying a symmetry function
(2) into X’ values, which were only used to apply straight regressions to determine wind-
row shape. The resulting function should be considered half of the whole windrow for
calculation of the whole windrow section. All regression equations were forced to pass
through the point (0, 0) because at this point, the windrow height should be 0 m.

x' = |x —2.15| + 2.15 )

3. Results

Firstly, we determined the shape of the pruning-residue windrow section using the
height measurements of each sampled cross-section, which provided 4 rows of 16 ROIs
on the windrow cross-section axis. The Y and Z 3D ToF camera axes (Table 2) were taken
to plot windrow shape graphs. Cross ROI position varied, depending on the location of
the highest point of each ROI, providing an almost continuous cloud of points to define
windrow shape. The transversal profile of the windrow was adjusted to a polynomial or
triangular shape, obtaining similar results in both cases (Figure 3). It is important to con-
sider that when the windrow was supposed to have a triangular shape, regression only
showed half of the windrow section, considering that a symmetry function had previously
been applied to transform measured points (2).
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Figure 3. Transversal profile regression functions for the measured windrows using a polynomial function for third
branches (a) and supporting bearing branches (b). In addition, windrow shape was transformed into a linear regression
to represent triangular-shaped sections for third branches (c) and supporting bearing branches (d). Significance level in-
dicated by ** (p < 0.01). Windrow height was represented by y (vertical axis) and R was coefficient of determination.

Despite the 3D ToF camera’s accuracy, we intended to develop a simplified method
to enable the quick measurement of windrow bulk volume using a manual method. This
manual method could become an automatic measurement using cheap and simple sensors
installed on shredding machines. To achieve the development of this method, we meas-
ured height in the middle of the windrow cross axis (h) and windrow width along the
cross section (w). Applying a polynomial windrow shape, a system of linear equations
was established to estimate windrow shape based on these manual measurements, calcu-
lating a and b coefficients separately for each branch size windrow (Table 3) (3).

h=a><(W/2)2+ bxw

O=axw?+bxw

©))
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Table 3. Coefficients and windrow dimensions calculated for manual measurements of pruning
windrows depending on branch size. Signification column calculated according to Student’s test.
NS (No significant) p > 0.05; * p < 0.05; ** p <0.01.

Coefficient/value Third Supporting bearing Signifi-
branches branches cance
a -0.38 £0.15 -0.53+0.21 0.049*
b 1.02+0.30 1.40 £0.40 0.016*
Windrow m?r:)mum height - 2>+ 015 0.94+0.20 0.006**
Windrow width (m) 2.93+0.62 2.75+0.37 0.408Ns

Third branches and supporting bearing branches provide different coefficients for a
polynomial fitting (Table 3), but both branch sizes were adjusted to a polynomial shape
in the form y = ax? + bx (Figure 3). Therefore, it was possible to calculate the equation that
determined the shape of the windrow for each sampling point by integrating this polyno-
mial function within width limits. A windrow was considered as centered with respect to
the Y-axis for calculation of the mean windrow section using a polynomial fitting (4.3 m)
(4). Figure 3 shows that it was also possible to define windrow shape by a triangular func-
tion, after applying an inverse symmetry function to previously transformed data. Thus,
it was possible to calculate the mean windrow section using maximum height and width
®).

(43+w)/2

Mean windrow section (polynomial) = f ax? + bx x dx
(4.3-w)/2 (4)
. . . wh
Mean windrow section (triangular) = — (5)

2

The manual method for windrow bulk volume measurement was validated based on
3D ToF camera measurements, providing a highly significant correlation (R? = 0.691; p <
0.01), which indicated that, despite showing differences for absolute values (Table 4),
manual measurements were suitable to determine windrow bulk volume. It should be
highlighted that windrow bulk volume, calculated by manual measurements using trian-
gular fitting, underestimated real windrow bulk volume compared to the camera bulk
volume. Moreover, the greater the windrow bulk volume, the higher the deviation of
manual bulk volume using triangular fitting, as the validation models show. Therefore,
calculation of windrow shape using manual measurements should use polynomial fitting
rather than triangular fitting to avoid high deviation at high windrow volumes (Figure 4).



Agronomy 2021, 11, 1209

8 of 12

3,5 1

Table 4. Windrow bulk volumes and section for the different calculation processes and treatments.

Branch Size Third Branches Supporting Bearing Branches
Calculation Manual Manual Manual Manual
Camera . . Camera . .
process triangular Polynomial triangular Polynomial
Measured bulk 70 /e 1361038 1824051 1.96+054 1.68+0.39 2.23+0.52
volume (m3)
Mean wind-
row section 1.35+0.37 1.05+0.29 140+039 151+042 1.29+03 1.72+0.40
(m?)
Pruning resi-
due amount 3+1 15+3

(branches m)
Pruning resi-
due amount
(kg fresh
weight m?)

29+1.0 28+0.6

3,5 7

WE a) ”E b)

I = = ’

B 50| ¥=0903xx+0308 o § 301 y=0677xx+0231 //
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Figure 4. Validation of manual bulk volume based on camera bulk volume for manual polynomial fitting (a) and for
manual triangular fitting (b). Solid lines define linear regression, while dashed lines define y=x function. Significance level
indicated by ** (p < 0.01). Vertical axis was represented by y and R was coefficient of determination.

4. Discussion

Manual and 3D ToF camera measurements provided similar windrow bulk volume,
providing a similar windrow height. Both methods also coincided in windrow width
measurements; however, windrow width was almost twofold in these tests compared
with other tests performed in Italy, whereas windrow height was only slightly higher [6].
Differences in windrow dimensions were not justified based on pruning residue fresh
weight, which varied between 8.4 + 2.8 t ha for third branches and 7.8 + 1.6 t ha! for
supporting bearing branches, while in the Italian tests it was 14 t ha™’. Nonetheless, the
absence of a relationship between pruning residue amount and windrow dimensions
could be due to differences in the way branches are laid on the windrow. This fact could
also be due to the windrowing method employed, which may cause differences between
mechanical and manual windrowed branches. Moreover, for manually built windrows, it
should be considered that operating time for this task increases when the windrow is nar-
rower [27]. It could be hypothesized that branch size may influence windrow size, but in
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our research, this fact only significantly affected windrow height, whereas windrow
width was independent of branch size. Supporting bearing branches provided higher
windrows than third bearing branches, which could be due to higher windrow porosity
when branch size is smaller. Furthermore, windrow shape depended on branch size,
providing different coefficients for each treatment (Table 3).

The 3D ToF camera measurements provided a reliable and highly accurate method
to determine windrow bulk volume. However, an important consideration is that com-
pleting one section measurement with the 3D ToF camera takes 4-6 min per measured
point (to establish the supporting structure, straighten the camera and take measure-
ments), whereas manual measurements provide a faster method to measure windrow
bulk volume. In addition, it is important to highlight that post-field data processing re-
quired further time to calculate the windrow section with the 3D ToF camera. Considering
that the amount of pruning residue was similar, the windrow bulk volume of supporting
bearing branches was significantly higher (p > 0.05 according to Student’s T test). This fact
confirmed that smaller branches provided windrows that are more porous, which could
affect some machine parameters such as the feeding system dimensions, power require-
ments, or the amount of biomass harvested. Furthermore, other factors may influence
power requirements, such as the type of hammers or blades [29], pruning residue mois-
ture, the cross-sectional area of the wood, or the cultivar [30]. Once pruning residues were
shredded, biomass logistics was a key factor. The density of chipped material determined
transport requirements, although other methods could be used to increase biomass den-
sity, such as baling [31].

Further research should develop uses for windrow bulk volume and dimensions to
acquire data or to automatize shredding of windrowing operations such as pruning resi-
due feeding system adjustments. The manual measurements used to determine windrow
bulk volume were validated based on the 3D ToF camera (Figure 4), which could be sub-
stituted by other automatic technologies capable of measuring windrow dimensions such
as a laser scanner [32], ultrasonic sensors [33], or LIDAR [34] to calculate windrow bulk
volume supposing a polynomial windrow shape (Table 4; Figure 4). Other research has
compared UAV-based technologies and RGB-D reconstruction methods to estimate bio-
mass height and dry biomass in pastures, describing how an on-ground RGB-D system
provides more accurate results [35]. Such systems might be highly useful to control ma-
chine feeding and shredding systems by continuous measurement of windrow height and
width alone, and to optimize shredding power requirements. Windrow bulk volume
could constitute a quick method to evaluate the harvested amount of tree pruning biomass
in olive orchards, assessing the influence of branch size on windrow bulk volume and
porosity. Pruning residue linear density along the windrow also influences operating
time, although biomass harvesting productivity is directly proportional to linear density
[36], which may justify concentrating residue on alternate inter-rows [8]. However, this
strategy would make branch windrowing more difficult for both manual and mechanical
procedures. Olive pruning residue windrowing slows down subsequent shredding oper-
ations. Furthermore, the use of mechanical windrowers improves the energy balance of
the biomass harvesting operation, increasing energy outputs to a greater extent than en-
ergy inputs, also improving the profitability of pruning residue harvesting [37].

5. Conclusions

We developed, tested, and validated two methods to measure windrow bulk volume:
one method based on 3D ToF camera zenithal measurements and the other on quick and
simple manual measurements processed through polynomial fitting. It was determined
that windrow shape could be described as either a polynomial function or a triangular
function. However, manual measurements require processing with polynomial fitting to
reduce errors. Furthermore, it was demonstrated that for the same amount of pruning
residue, bigger branches provided less bulk volume, which implied that the branches
formed less porous windrows. For this reason, branch size should be controlled to give an
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accurate estimation of biomass production by windrow bulk volume measurements. Fur-
ther research could tackle the installation of sensors on pruning shredders and control of
machine variables by adapting the machine to windrow features. Such machine adaption
to working conditions is of great importance when shredder power requirements are close
to the maximum power of the tractor. Nevertheless, in-field windrowing for commercial
orchards results in mixing of branch sizes, which should be evaluated to fit bulk volume
calculation in each case.
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