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Abstract: A further increase of biomass share in energy production in the European Union (EU) causes
an interest in new sources of this renewable fuel. Agricultural residues coming from permanent crops,
such as apple orchards, can support local actions to combat climate change. However, the amount of
pruned biomass possible to be harvested from apple orchards and, thus, the energy output, depend
mainly on their proper preparation and management. The managing actions are important because
they influence the energy balance, the productivity, and the economy of the harvesting process and
the potential benefits from the biomass marketing. In this study, two different variants of pruning
management in an apple orchard during biomass harvesting applying baling technology were
analyzed. The first variant considered the biomass collection in the orchard with scattered prunings.
In the second one, the prunings were windrowed in the middle of the inter-rows. The theoretical
potential amounted to 2.5 t (fresh mass) FM·ha−1. In the case of scattered pruning in the orchard,
the harvesting losses were 69.3% and the energy balance was only 0.76 GJ·ha−1. It resulted in a
low biomass yield and a negative economic balance. In turn, for the orchard with windrowed
pruning, the harvesting losses were 19.1% and the energy balance was 20.74 GJ·ha−1. Assuming a
biomass price of €90 t−1 dry mass (DM), the net benefit excluding transportation of pruned bales
was €32.1 ha−1. Other calculated energetic factors, such as energy input share, energy return on the
investment, productivity, and pruning intensity, confirmed additionally that proper management of
the apple orchard increases its energetic potential to be used in the local market. Baling technology
can be also competitive with mulching and chipping processes if a market analysis is carried out and
the pruned bale sales are guaranteed.
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1. Introduction

Currently, climate change is the most significant driver influencing the decisions in terms of
energy acquisition and its efficient use. From that perspective, an important solution is a replacement
of fossil fuels with renewables and improved energy efficiency in production processes [1]. Amongst
renewables, biomass is of special interest as it comes from many activities in agriculture and forestry.
Therefore, biomass is expected to be a major contributor to the renewable energy targets [2]. Agriculture
is an important part of the economy in most countries. It delivers not only food to the market but also
energy resources in different forms, including final products, substrates, by-products, and waste. In the
world, in addition to crops themselves, large quantities of residues are generated every year, amounting
to about 140 billion tons [3]. In 2012, the total supply of biomass in the world amounted to 56.2 EJ; out
of this, only 5.6 EJ was associated with the dedicated crops (3.5 EJ) or by-products (2.1 EJ) [4]. For the
future, however, the share of agricultural residues is predicted to grow significantly [5]. The average
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global energy yield from the agricultural sector is projected at 64 EJ per year (in 2035) [4], and most
of this potential should be available at a relatively low costs in the range $5–10 per GJ [6] Moreover,
from an environmental, economic, and social point of view, biomass acquisition should be in line
with a circular bioeconomy which encompasses the production of renewable biological resources and
the conversion of these resources and waste streams into value-added products, such as bio-based
products and bioenergy [7], as well as the limitation of waste generation [8].

Agricultural residues include all the organic materials which are produced as by-products from
agriculture activities. These residues constitute a major part of the total annual production of biomass
and are an important source of energy both for domestic and industrial purposes. Agricultural residues
can be divided into field-based residues and process-based residues (Table 1). The biomass materials
which are generated in the field are defined as field-based residues (e.g., straw). Residues generated
during processing of agricultural products are called process-based residues (e.g., maize cob/husk) [9].

Table 1. Examples of frequently available crops and residues.

Crop Category Residue

Wheat
Field-based Straw

Process-based Husk

Rape Field-based Straw
Process-based Rapeseed cake

Maize
Field-based Straw

Process-based Cobs

Tea
Field-based Prune branches

Process-based Refuse tea

Coffee
Field-based Prune branches

Process-based Refuse coffee

Vegetables Field-based Leaves
Process-based Spoiled vegetables

Animals
Field-based Manure

Process-based Wastewater

Apple Field-based Prune branches/leaves
Process-based Spoiled apples/pomace

Cherry Field-based Prune branches/leaves
Process-based Spoiled cherries/seeds

Vineyard Field-based Prune branches/leaves
Process-based Spoiled fruit/pomace

Such classification is important, especially under the context of energy application, as the
availability and accessibility of these sources critically depend on this attribute. The process-based
residues are usually available in a relatively high concentration and may be used as an energy source
for the same industry contributing to no or little transportation and handling costs. The availability of
field-based residues for energy application is very often seasonal and might be limited, since collection
for utilization is difficult and there are other alternative uses such as soil improvement and animal feed.

One of the field-based agricultural residues involves cut branches from regular permanent tree
crop pruning, such as vineyards, olives, apples, etc. [10–12]. Amongst permanent fruit crops in
Poland, apple orchards cover the largest area, resulting in theoretical energy potential of 9.3 PJ per
year [13]. Although these agricultural residues might be used as fuel, large amounts are wasted
via open dumping or open burning in the field and, therefore, are referred to as waste agricultural
biomass [14]. As such, use of these materials for energy applications would be an effective way of
managing the waste, while becoming a useful resource rather than a waste material under conventional
management practices (Figure 1).
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Figure 1. Management options in an apple orchard.

Apple production and related activities in the orchards requires the use of energy in the form
of industrial inputs such as fuel and machinery. Energy is one of the most important factors for
sustainability evaluation of agricultural production systems [15]. Today, a considerable portion of
energy is used to mechanize agricultural operations, and the additional costs are spent to provide the
required power on agricultural mechanization.

Energy flow analysis in apple orchards allows determining the energy consumption in relation
to the inputs used, and the efficiency of energy use during the production process [16,17], such
as pruned biomass harvesting. Moreover, it helps in the management of the processes, as well
as in decision-making based on the economy of energy resources, influencing the economic and
environmental results [18], such as saving fossil fuels resources and emission reduction of greenhouse
gases [19]. Concerning sustainable development in agriculture, Poland with the largest apple orchard
area in Europe [20] could play an important role in supporting the delivery of waste biomass to the
energy market.

Unfortunately, in the case of pruning harvesting for energy purposes, additional fuel and
dedicated machinery use are required. To the group of the harvesting machineries belong various
models of chippers and balers, whose task is to pick-up the cut branches and convert them to the
expected form (wood chips or bales) [21]. However, the effectiveness of the harvesting machinery
operation is limited due to technological restrictions, variable orchard characteristics, and the need to
protect trees from damage of the machinery while passing. As a result, there are many parameters
influencing the pruned biomass yield and harvesting losses and, thus, the energy balance.

One of the parameters influencing the pruned biomass yield is the pruning technique (manual,
mechanized). Higher biomass yields were achieved in case of manual pruning of vineyards [22]. In turn,
Acampora et al. [23] investigated the influence of the settings of the pick-up system of the machinery on
the biomass properties and productivity. The authors revealed that a higher distance of the pick-up unit
from the ground resulted in higher harvesting losses. Another issue is the problem of the topography
of the permanent crop, which may also influence the biomass yield, especially in mountainous regions
(higher slopes of the terrain). Research in vineyards performed by Spinelli et al. [24] indicated an
increase of harvesting losses in the case of greater slopes. Similar observations were formulated by
Nati et al. [25].

García-Galindo et al. [26] pointed out that, although the built-in windrowers in the machinery
facilitate branches conveying toward the harvesters’ inlet, the previous pre-alignment of pruned
biomass in the inter-rows is more effective in reduction of losses and in the increase of speed
during harvesting. Similar conclusions were formulated by Velázquez-Martí et al. [27], who
investigated the influence of various management strategies (pruning options, concentration methods
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of pruned biomass, harvesting technologies) on the performance of the selected systems. Generally,
a concentration of the pruned materials before chipping or baling contributed to better results, as the
machines operated in a fixed position. Pari et al. [28] also indicated that the reduction of harvesting
losses by a new harvester–chipper was probably a consequence of the interaction of the machine
design and the efficiency of the pick-up system, which consists of a toothed roller with adjustable
height from the control panel of the tractor. Dyjakon et al. [29] revealed that the use of windrowers
in an apple orchard led to a significant reduction of harvesting losses (from 40% to 20% on average).
Moreover, the energy balance was improved, although more energy input was required during the
operation of the baler with windrowers [30]. In turn, in the report elaborated within the Europruning
project [31], attention was paid to the importance of good practices and proper management in the
orchard to proceed the production in a sustainable way with energetic benefits.

However, no direct comparisons of biomass harvesting yields and energy balances in apple
orchards oriented toward the use of pruning residues for energy purposes (pruning to energy strategy
(PtE)) were found. These data seem to be very important not only from a scientific point of view, but
also from a practical point of view, as they create a possibility to have a better insight into the energetic,
environmental, and economic aspects of orchards management in terms of pruned biomass.

Considering the benefits of energy analysis in production systems and its role for producers in
decision-making, this study aimed to determine the energy demand and the energy output of two
different strategies of pruning management in an apple orchard during biomass harvesting with the
use of baling technology, i.e., (i) the owner pruned the branches and left them scattered in the orchard,
and (ii) the owner pruned the branches and scraped them in the middle of the inter-rows for further
treatment. Additionally, the costs of biomass harvesting, and the process efficiency based on various
performance indicators were analyzed.

2. Materials and Methods

2.1. Study Site, Experimental Design, and Data Collection

The tests were carried out in an apple orchard located in Piaseczno (Warka community,
Mazowieckie Province, Poland). The orchard was 10 years old. The apple variety was Idared (rootstock
M9). The apple trees were irrigated, and the tree spacing was 3.4 m × 1.0 m (2940 trees per hectare).
The field was flat and covered by grass. The total area of cultivated apple orchard by the owner was
10 ha. The tree pruning was performed in the months of January–February, whereas the harvesting
activities of the pruned biomass took place in April 2018. To harvest the biomass residues, a modified
baler machine SIMPA Z279/1 Classic (Simpa S.A., Lublin, Poland) was applied (Figure 2). The baling
machine was equipped only with a pick-up system and a rolling–pressing chamber. The available
collection width for pruned residues harvested by the baler was limited to 1.8 m. The baler was
designed to produce bales with a diameter of 1.2 m and a height of 1.2 m. The baler machine was
powered through power take-off (PTO) by a John Deere 5075 GV tractor (Deere & Company, Moline,
IL, USA) with a power of 57 kW.
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The tests were carried out in the apple orchard for two different pruning management strategies
(Figure 3). In the first variant, the biomass harvesting took place in a part of the orchard where the apple
trees were pruned, and the cut branches were left where they fell on the ground. In the second variant,
the pruned biomass was windrowed in the inter-row corridor prior to further activities. The biomass
residue harvesting step was applied, which removed the branches, creating the opportunity for their
use for energy purposes.
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Figure 3. Investigated management variants with pruning biomass in the apple orchard.

2.2. Biomass Properties and Productivity

To perform laboratory analyses, 12 samples of about 1500 g of each pruning residue was collected
in sealed bags. The samples came from both the produced bales (six samples) and the remaining
biomass on the ground within the reference plots (six samples). In accordance with International
Organization for Standardization (ISO) Standards, the moisture content [32], ash content [33], and
higher heating value [34] were determined. To obtain the bale density, the weight of each bale was
divided by its volume.

The pruning biomass yield (PB) was calculated as a total sum of the bale mass (kg) collected
during the tests from the field divided by the investigated area (ha). To measure the mass of the bale,
an industrial scale Ditta-Seria DS. 1.5 × 1.5/P (Ditta-Seria, Nowe Miasto, Poland) with an accuracy
of ±1 kg was used. The harvested area of the orchard to generate bales was measured by a digital
laser measure Bosch Professional GLM 50C (Bosch GmbH, Stuttgart, Germany). Harvesting losses
due to the machine and process imperfections were determined by weighing the pruned biomass left
on the field. For this purpose, six replicated plots with an average area of 70 m2 (3.5 m × 20 m) were
randomly selected on the field for each variant. Each plot was selected from an area of not less than
1000 m2. Next, all pruning residues located inside the plot were manually collected and weighed with
a digital gauge Lutron FG-5100 (Lutron Electronic Enterprise Co., Taipei, Taiwan), with an accuracy of
±50 g. Finally, the theoretical pruning potential was determined as the sum of pruning biomass yield
and harvesting losses.

In both variants, the fuel consumption was measured by starting the test with a full tank and
refilling the tank at the end of each cycle [11]. The change in weight of the canister with diesel was a
measure of the level of fuel consumed during the test.
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2.3. Economic Parameters and Working Time

Data collection for both variants consisted of cost estimation and a set of detailed time and motion
records conducted at a cycle level, in accordance with References [25,35]. Regarding the boundary
conditions (Figure 4), as a full cycle, the production of a single bale was considered.
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(PtE) scheme).

The boundaries of this study excluded obligatory pruning costs (tree cutting), as this activity
must be done regardless of the final treatment strategy of the biomass residues by the orchard’s owner.
Similarly, if the farmer wants to get rid of most of pruning from the orchard applying a mulching
procedure, the cut branches must be placed in the middle of the inter-row corridor (windrowed).
Therefore, in the PtE strategy, these costs are not taken into account either.

The cost estimation of the harvesting process in the apple orchard was performed according to
the methodology proposed by Dyjakon [36] with the main data shown in Table 2. Concerning the
harvesting activity, ownership costs were based on data provided by the orchard’s owner (purchasing
cost, service life, machinery usage), while operating costs were estimated using the data directly
obtained during the field research, such as fuel consumption (dm3 per scheduled machine hours
(SMH), field capacity (SMH·ha−1), and pruning biomass yield (Mg fresh mass (FM)·ha−1).

Table 2. Pruning harvesting cost data.

Parameter Unit Tractor
John Deere 5075 GV

Baler
SIMPA Z279/1 Classic

Power kW 54.0 -
Investment € 37,000 15,000
Service life yr 15 10
Trial work SMH·yr−1 1500 500

Resale % 20 28
Interest rate % 7 7
Inflation rate % 2 2

Taxes, insurance, and housing % 1 1
Labor cost €·h−1 19 -
Fuel cost €·dm−3 1.3 -

Lubricant cost €·dm−3 5 5
Repair and maintenance factor * % 80 50

SMH—scheduled machine hours (the operation time of the machinery (including delays)); * in accordance with
Reference [11].
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A labor cost of €19.0 h−1 was assumed as an average value in the agricultural sector in the
European Union (EU), although the cumulative labor cost of agriculture in Poland is ca. €6.0 h−1.
This very conservative approach was applied to display a safe margin of the total costs on the farmer’s
side, as well as to allow a more realistic comparison of the results against the background of the
European bioenergy market.

The performance was evaluated by time records including the main indicators of operating times,
such as total operating time (TO), effective operative time (TE), accessory time (TA), and wrapping
time (TW). All time elements were recorded with a stopwatch. Total operating time was calculated as
a sum of TE, TA, and TW. Effective operative time was related strictly to the harvesting step (pick-up
of the branches and pressing in the chamber while driving in between the tree rows). Accessory time
included the time for turning, as well as all necessary maintenances and stops (i.e., breaks in operation
caused by the blocking of the baler machine feeding system by the cut branches). The wrapping time
covered the temporary stopping of the machine to wrap the bale with a rope and discharge it outside.
The records excluded all activities that were not directly related to the real operating conditions in the
orchard (i.e., frequent refueling of the tank).

2.4. Energy Factors

The energy balance is an important tool to determine the efficiency of use of an agricultural
system, quantifying input and output flows [37]. The energy flows and other related factors used
during the analysis are presented in Table 3. The use of machinery in orchards with a total area of
400 ha was assumed for the calculation of energy indicators.

Table 3. Energy factors used in the analysis [16,30,36].

Factor Symbol Equation Unit

Direct energy input DE DEF,L = MF,L × EF,L MJ·ha−1

Indirect energy input IDE IDE =
(

MM×EM
tSLM×tM

)
× tOP MJ·ha−1

Energy input flow EIF EIF = DE + IDE MJ·ha−1

Energy output flow EOF EOF = PBFM ×
(

100−MCFM
100

)
× LHV MJ·ha−1

Energy balance EB EB = EOF − EIF MJ·ha−1

Energy return on investment EROI EROI = EOF
EIF -

Energy input share EIS EIS = EIF
EOF × 100% %

Energy productivity EP EP = PBFM
EIF kg FM·MJ−1

Energy intensity EI EI = EOF
PBFM

MJ·kg−1 FM

MF,L is the total fuel (F) or lubricant (L) consumption by the machinery during pruned biomass harvesting, kg; EF,L
is its energetic value of fuel or lubricant (51.50 MJ·kg−1 for diesel and 83.7 MJ·kg−1 for lubricants), MJ·kg−1; MM
is the mass of machine, kg; EM is the energy used for machine production, MJ·kg−1; tSLM is the total service life
of the machine, yr; tM is the assumed yearly use of the machine in the orchard, SMH·yr−1; tOP is the cumulated
scheduled machine hours in the orchard to harvest the pruned biomass, SMH; PBFM is the pruning biomass yield
(fresh mass (FM)), t FM·ha−1; MCFM is the moisture content in the fresh mass of harvested biomass, %; LHV is the
lower heating value of the pruned dry apple tree biomass, MJ·kg−1.

3. Results

3.1. Harvested Biomass Analysis

The harvested pruning residues were in the form of cylindrical bales with a diameter of
1.25 ± 0.05 m and a height of 1.25 ± 0.05 m. The average weight of the bales was 262 ± 4 kg having
a moisture content of 40.88 ± 1.66%, whereas the bulk density was 167 ± 7 kg FM·m−3. The higher
heating value was 19.02 ± 0.13 MJ·kg−1 dry mass (DM) and the lower heating value was calculated as
17.71 MJ·kg−1 DM (9.48 MJ·kg−1 FM). The ash content was 1.43 ± 0.11% (DM).
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3.2. Pruning Harvesting Productivity and Operation Time

The theoretical pruning potential in the investigated apple orchard (Figure 5) was slightly above
2.50 t FM·ha−1. The area requested to produce one bale in the apple orchard prepared for pruning
harvesting (windrowed pruning) was 1298 ± 108 m2, whereas, in the case of scattered pruning in
the orchard, the area increased to 3179 ± 41 m2. In other words, in the case of the scattered pruned
biomass in the orchard, the PB was only 0.76 t FM·ha−1 (0.45 t DM·ha−1), resulting in significant
harvesting losses amounting to 69.3%. In turn, in the orchard with windrowed pruned biomass, the
PB was 2.04 t FM·ha−1 (1.20 t DM·ha−1), and the harvesting losses were 19.1%.
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Figure 5. Harvesting of the pruned biomass in the apple orchard.

The pruning harvesting for energetic purposes is strongly influenced by the management
strategy in the apple orchard. The productivity in the sections with scattered branches amounted to
0.54 ± 0.11 Mg FM·SMH−1. In contrast, if the branches were windrowed within the fruit tree corridors,
this parameter reached a value of 1.16 ± 0.19 Mg FM·SMH−1. The mean fuel consumption in the
scattered and windrowed orchard was 5.32 ± 0.61 dm3·ha−1 and 7.73 ± 0.81 dm3·ha−1, respectively.
The detailed results of the baler performance are shown in Table 4.

In the considered variants (Figure 6), the highest manpower demanded TE (harvesting and baling)
of 70.2% in the windrowed orchard and 79.0% in the scattered orchard. The TA covered 16.3% and
13.4% for the windrowed and scattered orchard, respectively. The least time was required for the
wrapping process (for windrowed TW = 13.5%; for scattered TW = 7.6%).
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Table 4. Performance and fuel consumption of the pruning biomass baler.

Parameter Unit
Scattered Pruning

in the Orchard
Windrowed Pruning

in the Orchard

Mean SD Mean SD

Theoretical potential Mg FM·ha−1 2.53 0.30 2.54 0.26
Pruning biomass yield Mg FM·ha−1 0.76 0.14 2.04 0.19

Harvesting losses % 69.33 5.02 19.17 5.14
Pruning capacity SMH·ha−1 1.49 0.17 1.81 0.25

Pruning productivity Mg FM·SMH−1 0.54 0.11 1.16 0.19
Mg DM·SMH−1 0.32 0.06 0.68 0.10

Fuel consumption
dm3·SMH−1 3.65 0.31 4.32 0.59

dm3·ha−1 5.32 0.61 7.73 0.81
dm3·bale−1 1.69 0.27 1.00 0.12

Energies 2018, 11, x FOR PEER REVIEW  9 of 16 

  

Figure 6. A share of time elements for harvesting activity in the apple orchard as a percentage of total 

operating time (TO). 

In the considered variants (Figure 6), the highest manpower demanded TE (harvesting and 

baling) of 70.2% in the windrowed orchard and 79.0% in the scattered orchard. The TA covered 16.3% 

and 13.4% for the windrowed and scattered orchard, respectively. The least time was required for the 

wrapping process (for windrowed TW = 13.5%; for scattered TW = 7.6%). 

3.3. Economic Cost Analysis 

In the case of scattered pruning in the orchard, the harvesting and baling cost calculated for one 

hectare was €60.26 ha−1 (Table 5). For the windrowed orchard, this value amounted to €75.42 ha−1. In 

relation to the pruning biomass yield, the harvesting costs for the scattered and windrowed orchard 

were €79.29 t−1 FM (€133.91 t−1 DM) and €36.97 t−1 FM (€62.85 t−1 DM), respectively.  

Table 5. Unit costs and potential profits for the evaluated pruned biomass harvesting variants in the 

apple orchard. 

Parameter Unit 
Scattered Pruning 

in the Orchard 

Windrowed Pruning 

in the Orchard 

Harvesting and baling 

€∙SMH−1 40.51 41.63 

€∙ha−1 60.26 75.42 

€∙t−1 FM 79.29 36.97 

€∙t−1 DM 133.91 62.85 

Bale (pruning) price €∙t−1 DM 90.0 90.0 

Income (bale selling) €∙ha−1 40.5 107.6 

Profit (net) €∙ha−1 −19.8 32.1 

In turn, assuming the selling price of the bales (€90.0 t −1 DM), the net profit for the orchards with 

the scattered pruning was negative (−€19.8 ha−1). In contrast, the net profit for the windrowed orchard 

was €32.1 ha−1. 

3.4. Energetic Analysis 

The energetic data of the fuels and lubricants consumed throughout the duration of the study, as 

well as of the machineries employed including the mass, service life, and their operation time, are 

shown in Table 6.  

70.2%

16.3%
13.5%

79.0%

13.4%
7.6%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Effective operative time

(TE)

Accessory time

(TA)

Wrapping time

(TW)

S
h

a
re

o
f 

ti
m

e 
el

em
en

t

Time elemets

Windrowed pruning

Scattered pruning

Figure 6. A share of time elements for harvesting activity in the apple orchard as a percentage of total
operating time (TO).

3.3. Economic Cost Analysis

In the case of scattered pruning in the orchard, the harvesting and baling cost calculated for one
hectare was €60.26 ha−1 (Table 5). For the windrowed orchard, this value amounted to €75.42 ha−1.
In relation to the pruning biomass yield, the harvesting costs for the scattered and windrowed orchard
were €79.29 t−1 FM (€133.91 t−1 DM) and €36.97 t−1 FM (€62.85 t−1 DM), respectively.

Table 5. Unit costs and potential profits for the evaluated pruned biomass harvesting variants in the
apple orchard.

Parameter Unit Scattered Pruning
in the Orchard

Windrowed Pruning
in the Orchard

Harvesting and
baling

€·SMH−1 40.51 41.63
€·ha−1 60.26 75.42

€·t−1 FM 79.29 36.97
€·t−1 DM 133.91 62.85

Bale (pruning) price €·t−1 DM 90.0 90.0
Income (bale selling) €·ha−1 40.5 107.6

Profit (net) €·ha−1 −19.8 32.1

In turn, assuming the selling price of the bales (€90.0 t −1 DM), the net profit for the orchards
with the scattered pruning was negative (−€19.8 ha−1). In contrast, the net profit for the windrowed
orchard was €32.1 ha−1.
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3.4. Energetic Analysis

The energetic data of the fuels and lubricants consumed throughout the duration of the study,
as well as of the machineries employed including the mass, service life, and their operation time,
are shown in Table 6.

Table 6. Energetic inputs and outputs for the evaluated pruned biomass harvesting variants in the
apple orchard (the assumed operated orchard area was 400 ha).

Parameter Unit

Scattered Pruning
in the Orchard

Windrowed Pruning
in the Orchard

Tractor Baler Tractor Baler

JD 5075 GV Sipma Z279/1
Classic JD 5075 GV Sipma Z279/1

Classic

Direct input

Fossil product (diesel) kg 1836 0 2645 0
Energetic value (diesel) MJ·kg−1 51.5 51.5 51.5 51.5

Energy input (diesel) MJ 94,538 0 136,222 0
Fossil product (lubricant) kg 36.7 45.3 52.9 55.1

Energetic value (lubricant) MJ·kg−1 83.7 83.7 83.7 83.7
Energy input (lubricant) MJ 3073 3788 4428 4613

Indirect
input

Mass kg 2655 2010 2655 2010
Energetic value MJ·kg−1 92.0 69.0 92.0 69.0

Total energy input MJ 244,260 138,690 244,260 138,690
Service life SMH 22,500 5000 22,500 5000

Harvesting time SMH 595 595 725 725
Energy input MJ 6460 16,506 7867 20,101

Direct
output

Pruning biomass yield t DM 180 480
LHV (dry mass) MJ·kg−1 17.71 17.71
Energy output GJ 3189.2 8469.2

The cumulated energy input flow (EIF) was 310.9 MJ·ha−1 for the scattered pruning and
433.1 MJ·ha−1 for the windrowed one (Table 7), whereas the energy output flow (EOF) factor for
these two variants was almost 8.0 MJ·ha−1 and 21.2 GJ·ha−1, respectively. Based on the energy flows
in the orchard, the energy indexes were calculated. The energy return on investment (EROI) index
for the orchard with scattered pruning reached a value of ca. 25, which was nearly half that of the
properly windrowed orchard (EROI = 49).

Table 7. Energy flows and indexes for evaluated pruned biomass harvesting variants in the
apple orchards.

Factor Unit Scattered Pruning
in the Orchard

Windrowed Pruning
in the Orchard

Direct energy input DE MJ·ha−1 253.5 363.2
Indirect energy input IDE MJ·ha−1 57.4 69.9

Energy input flow EIF MJ·ha−1 310.9 433.1
Energy output flow EOF MJ·ha−1 7973 21,173

Energy balance EB MJ·ha−1 7662 20,740
Energy return on investment EROI - 25.64 48.89

Energy input share EIS % 3.90 2.05

Energy productivity EP
kg FM·MJ−1 2.45 4.72
kg DM·MJ−1 1.45 2.76

Energy intensity EI
MJ·t−1 FM 408.4 212.0
MJ·t−1 DM 690.8 362.3

From an energetic point of view, the determined energy input share (EIS) values were
very positive and accounted for less than 4% for both variants. Moreover, energy productivity
(EP) = 1.45 kg DM·MJ−1 and energy intensity (EI) = 690.8 MJ·t−1 DM during the biomass harvesting
in the apple orchard with scattered pruning were obtained. However, the proper management of



www.manaraa.com

Energies 2019, 12, 632 11 of 16

the orchard thanks to the windrowing of the pruning caused a significant improvement in these
parameters, i.e., EP = 2.76 kg DM·MJ−1 and EI = 362.3 MJ·t−1 DM.

4. Discussion

The theoretical pruning potential in the investigated apple orchard was 2.5 t FM·ha−1. This value
is below the average potential amount of 3.5 t FM·ha−1 determined for this kind of permanent crop in
Poland [38]. However, the potential might still be sufficient if proper management is engaged. In this
study, when the harvesting activity took place in the orchard with scattered pruning, PB was very low
(0.76 t FM·ha−1) with high harvesting losses reaching ca. 70%. This resulted from a large distance
between the trees rows, which, in apple orchards, is usually not less than 3.2 m, in comparison to the
working width of the round baler (1.8 m). As a result, the branches lying closer to the tree trunks could
not be collected. Although it is possible to pass the rows twice with the machine to cover the entire
available area in the inter-rows, such a solution is not practiced, because the height of the baler is ca.
2.0, and its housing elements can damage trees and cause losses in fruit production while driving next
to the trees.

In the case of the windrowed pruning, the PB increased to 2.0 t FM·ha−1 with the harvesting
losses below 20%. The obtained value is satisfactory, and the coefficient of harvesting losses is close to
that reported by Dyjakon et al. [29], who revealed that the use of windrowers mounted to the baler
caused a decrease in harvesting losses in apple orchards from 40% to 20%. Therefore, to increase the
biomass yield, the farmer should focus firstly on the concentration of the biomass residues in the
middle of the inter-row corridor. It should be marked, however, that the concentration of pruned
biomass is a common practice in the case of the mulching process to get rid of most of the cut branches
and leave the chipped material in the apple orchard. As this mandatory procedure is currently the
most popular across the apple orchards [14], the energy input and costs related to this activity (pruning
concentration) were not taken into account.

The PB increase affects both the energy output and the energy input. The consequence of higher
productivity in the windrowed orchard is an increased fuel consumption (7.73 dm3·ha−1 versus
5.32 dm3·ha−1 for the orchard with scattered pruning) and pruning capacity (1.81 SMH·ha−1 versus
1.49 SMH·ha−1 for the orchard with scattered pruning). More biomass collected from one hectare
required more time spent to harvest, wrap, and unload the bales. Similar correlations were observed
by Velazquez-Marti et al. [27] during pruning, harvesting, and chipping.

Concerning the TO parameter in detail, the performed calculations revealed that the TE parameter
in both cases represented the greatest share of TO, which is in line with the results obtained by other
researchers during the pruning harvesting activities in different permanent crops [11,39]. A higher
TE value for the orchard with scattered pruning resulted from a lower PB and fewer problems with
the collection of cut branches. This correlation was confirmed by higher values of TA (including
also delays) and TW (Figure 6). In the case of windrowed pruning in the orchard, more bales were
generated. Therefore, more time was spent to wrap the bales (13.5% versus 7.6%), as well as to
overcome some technical difficulties occurring during machinery operation (16.3% versus 13.4%).

A larger number of pruned branches also forces a better matching of the passing speed in the
orchard [40] to maintain efficient harvesting and prevent unexpected stops and delays. The speed of
the tractor should not exceed the speed of the pick-up and the feeding system of the baler. A lower
velocity reduces the probability and the risk of blockage/clogging of the feed shaft chamber. PB also
influenced the power demand. At a higher load of the baler, more energy is transferred from the tractor
by PTO (the difference in fuel consumption in Table 4). However, while relating the average unit fuel
consumption to the production of one bale in the orchard, the indexes are much more favorable for
greater PB values. The fuel consumption in the orchard with scraped branches was 1.00 dm3·bale−1,
which was much lower than that in the orchard with scattered pruning (1.69 dm3·bale−1). The results of
the research performed by Mathanker and Hansen [41] also revealed that, although fuel consumption
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was directly correlated to miscanthus yield, the ratio between fuel consumption and unit mass of the
harvested material was positive.

The pruning capacity significantly influenced the costs of the harvesting and baling process in the
apple orchard. In relation to the orchard area of one hectare, the costs of a cumulative working hour
in the orchard with windrowed pruning (€75.42 ha−1) were ca. €15 higher than those in the orchard
with scattered pruning (€60.26 ha−1). However, referring the operation costs to one ton of harvested
biomass, the costs for an orchard with windrowed pruning amounted to €36.97 t−1 FM, ca. €40 cheaper
than for the orchard with scattered pruning (€79.42 t−1 FM). This indicates that PB is essential for
harvesting costs and final economic indicators. Furthermore, an increase in PB reduces unit harvesting
costs [42]. For the considered management variants, the harvesting costs in the orchard with scattered
pruning (very low PB) exceeded the potential profits from the pruned bale selling. Therefore, the
balance of the harvesting costs and the selling price was −€19.8 ha−1. Thus, improper management or
low biomass potential can make the harvesting process economically unjustified. However, it should
be noted that the costs of mulching one hectare would generate an even worse balance, as the unit
cost of mulching is in the range of €35–50 SMH−1 [25,36]. Assuming the operation time of a tractor
with a mulcher in the orchard (1.49 SMH·ha−1 for the harvester in this study, lowered by 30% for the
mulching process time) and the unit cost of mulching in the amount of €40 SMH−1, the total mulching
process cost can be estimated at €41.7 ha−1. As the mulching process does not provide any direct
income, its economic balance is −€41.7 ha−1. Thus, it is better to collect the pruning than to mulch it.
Furthermore, if the costs of mulching in the orchard are assigned as avoided costs, the final balance
could be determined as positive (ca. €22 ha−1).

In the case of the windrowed pruning in the orchard, the financial balance was positive (€32.1 ha−1)
regardless of the mulching costs. By additionally including the avoided costs of mulching, the profits
rose to €83 ha−1. From a practical point of view and management strategy of the orchard, knowledge
of the minimum PB is important, which ensures reimbursement of expenses (without consideration of
the avoided costs of mulching). Using the obtained data, it can be concluded that positive economic
results may be achieved at the minimal PB = 0.68 t DM·ha−1.

However, these values also depend on the labor costs, which vary across the EU countries.
As shown in Figure 7, for windrowed pruning in the orchard, a decrease in labor costs led to higher
benefits for the owner. This resulted mainly from the high PB value achieved thanks to the effective
harvesting procedure. It is important to note that, despite higher labor costs, the economic balance
was beneficial. Unfortunately, if the orchard is not properly managed (scattered pruning), even a
significant reduction in labor costs is not able to generate acceptable profits. The economic balance is
only positive for labor costs in the range of €6–7 h−1 (if the avoided costs of mulching are excluded).
The main reason seems to be a small value of the PB parameter, resulting in low income from the sale
of biomass residues.
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The results must be treated with care, as the calculations are limited to the costs at the orchard
gate, and the transportation/delivery costs to the final user are excluded from this analysis.

In the context of energy flow, both variants characterize positive results. However, there are
significant differences in EOF and finally in energy balance (EB). For the windrowed pruning in
the orchard, EB (20.74 GJ·ha−1) was almost three times larger than for the scattered pruning in the
orchard (7.66 GJ·ha−1). Such a disproportion was caused mainly by high harvesting losses (69.33%) for
scattered branches, reflected in the biomass yield accounting for only 0.76 Mg·ha−1 and a low EOF of
7.97 GJ·ha−1. In turn, for the windrowed pruning in the orchard, the harvesting losses were remarkably
lower (19.17%), transforming into a high EOF of 21.17 GJ·ha−1. In order to emphasize the importance
and energy efficiency of the pruned biomass acquisition from the orchard for energy purposes, the
indicator EIS was specified, as well. For the scattered orchard, EIS = 3.90%, and it was roughly twice as
large as that for the windrowed orchard (EIS = 2.05%). Consequently, if more energy input is required
in the orchards with windrowed pruning and EIS is still lower, then it might be concluded that PB
is the most important index influencing the energy performance. It proves that management of the
orchard should focus on the creation of operation conditions facilitating the harvesting process and,
thus, increasing EB.

Another issue is the assessment of the competitiveness of the two variants used alternatively to
harvest the biomass residues in the orchards for energy purposes, namely pruned biomass baling
and pruned biomass chipping. In the considered cases, EIFs amounted to 0.31 GJ·ha−1 (the scattered
pruning) and 0.43 GJ·ha−1 (the windrowed pruning). These values are in line with the estimated EIF
parameters during the pruning baling performed in other apple orchards, where EIF was in the range
of 0.33–0.50 GJ·ha−1 [30,36]. On the other hand, analyzing EB in an apple orchard where the chipping
technology was applied [25], EIF related to the harvesting and chipping only was 0.86 GJ·ha−1. Thus,
from a strictly energetic point of view, the baling process in the orchard is less energy intensive. The EB
for the scattered pruning in the orchard (7.66 GJ·ha−1) is even better for the baling technology than for
the chipping (5.44 GJ·ha−1) [25].

However, the positive results arising from lower costs and higher EB on the baling technology side
may turn out to be useless if there is no demand for such form of fuel (round bales) on the local energy
market. The transportation of biomass and logistics issues should also be taken into account [43].
In this context, a proper market analysis must be carried out in order to ensure the continuity of the
logistics process and the implementation of the PtE strategy [36].

5. Conclusions

The performed analysis and applied energy indexes revealed that the management strategy in
the orchard has great importance in terms of energetic and economic consequences. The analysis
concerned a specific orchard. The collection of pruning in a scattered orchard resulted in a very low
productivity, low biomass yield, and high harvesting losses. In the case of pruning being windrowed
to the middle of the apple tree corridors, higher productivity, higher biomass yield, and low harvesting
losses were obtained. In both variants, the energy balance was positive. However, a positive economic
balance was achieved only for the windrowed orchard.

In comparison to the mulching process, the results showed that, regardless of the orchard
preparation, pruning harvesting can at least reduce the costs of orchard cleaning. With proper
management, the income from biomass sale can be significantly higher, leading to a lowering of the
total apple production costs.

This study highlights that orchard management is a critical parameter affecting energy recovery,
as well as financial returns.

Further work should address important topics, such as the principles of best selection of the
harvesting procedure in terms of the pruning methods, the width of the inter-rows, and the equipment
and the settings of the machinery. Finally, there are still unsolved issues related to the management
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strategy, including the correlations between machine productivity, settings, harvesting losses, and
fuel quality.
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Abbreviations

DE direct energy
DM dry mass
EB energy balance
EI energy intensity
EIF energy input flow
EIS energy input share
EOF energy output flow
EP energy productivity
EROI energy return on investment
FM fresh mass
HHV higher heating value
IDE indirect energy
LHV lower heating value
MC moisture content
O&M operation and maintenance
PtE pruning to energy
PTO power take-off
PB pruning biomass yield
SD standard deviation
SMH scheduled machine hours
TA accessory time
TE effective operative time
TO total operating time
TW wrapping time
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