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Abstract: During a baling operation, the operator of the baler should decide when and where to drop
the bales in the field to facilitate later retrieval of the bales for transport out of the field. Manually
determining the time and place to drop a bale creates extra workload on the operator and may not
result in the optimum drop location for the subsequent front loader and transport unit. Therefore,
there is a need for a tool that can support operators during this decision process. The key objective of
this study is to find the optimal traversal sequence of fieldwork tracks to be followed by the baler and
bale retriever to minimize the non-working driving distance in the field. Two optimization processes
are considered for this problem. Firstly, finding the optimal sequence of fieldwork tracks considering
the constraints of the problem such as the capacity of the baler and the straw yield map of the field.
Secondly, finding the optimal location and number of bales to drop in the field. A simulation model
is developed to calculate all the non-productive traversal distances by baler and bale retrieval in
the field. In a case study, the collected positional and temporal data from the baling process related
to a sample field were considered. The output of the simulation model was compared with the
conventional method applied by the operators. The results show that application of the proposed
method can increase efficiency by 12.9 % in comparison with the conventional method with edited
data where the random movements (due to re-baling, turns in the middle of the swath, reversing, etc.)
were removed from the data set.

Keywords: optimization; straw collection; baling system; route planning; logistics; precision agricul-
ture; decision support; efficiency

1. Introduction

The limited marginal revenue, the increasing costs of agricultural production, and
shorter time slots of field operations all require modern agriculture to become more pro-
ductive in order to handle the growing global demand [1,2]. Biomass as a renewable and
clean source of energy has received considerable attention from multiple stakeholders [3–6].
However, there are two main challenges in producing energy from biomass: low bulk
density and high logistics costs [7,8]. Therefore, the logistics of biomass is an important
factor for the productivity and sustainability of bioenergy production systems [9,10].

A biomass supply chain includes these main processes: harvesting, collecting straw/
residues, and pretreatment, storing and transferring biomass to a biorefinery [8,11–13].
The harvesting and collecting systems in the biomass supply chain can be classified into
different types like chopping and baling systems [14]. This paper only focuses on the bale
hauling system, which is the proper method for harvesting and collecting biomass for the
second generation of bioethanol such as grass and wheat straw. The general benefits of
the baling system can be listed as follows: easy and controlled logistics, volume reduction,
and lower cost of transportation and storage [15]. In order to improve the efficiency of the
bale hauling system, all field activities, such as in-field bale aggregation and transportation,
should be planned and optimized [9].

Sustainability 2021, 13, 7722. https://doi.org/10.3390/su13147722 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9904-1069
https://orcid.org/0000-0002-6340-7778
https://doi.org/10.3390/su13147722
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13147722
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13147722?type=check_update&version=1


Sustainability 2021, 13, 7722 2 of 19

Precision agriculture is a farming management concept benefitting from applying
technologies such as navigation-aid systems, auto-steering technologies, remote sensing,
cloud computing, and telecommunication [16–20]. Developing a decision support system
for biomass collection and bales aggregation processes can reduce the total traversal
distance in the field and increases the total efficiency of the system [21].

In the baling system, usually, the logistics process starts by collecting the biomasses
from the field [22]. After harvesting, the balers can compress and compact the residuals
in the form of large square bales (e.g., 500 kg weight and the dimension of 1.2 × 0.9 ×
2.4 m) [23]. Bales remain dispersed in the field before stacking them at a specific location
close to one of the field’s edges or left randomly inside the field. Afterward, those stacked
or single bales are transferred to the more permanent storage locations or biorefineries
for further processes. The bale collecting problem consists of all the operations related to
several agricultural machines and the goal is to determine the best sequence in which to
spread the bales over the field and then collect them [24]. Developing the optimization
and simulation models for the bale collecting problem can help farmers to decide which
solution is the best route for making and collecting the bales in the sense of minimizing the
non-working traveled distance/time or the fuel consumption.

The bale collecting problem can be cast as the well-known vehicle routing problem
(VRP), in which a single capacitated agent should visit multiple spots (customers) for
delivery and it should return to the depot for refilling/unloading [25]. In order to formulate
the process of making bales and the further collection as a mathematical model, first, the
agricultural field is going to be divided into tracks (swaths) based on the working width of
the applied windrower. Afterward, a baler with a bale accumulator is going to cover all
those swaths for making bales. This process can be optimized by finding a route through
all the swaths to drop the bales in a position that can minimize the total non-working
traveled distance/time for the further collection process by considering the capacity of the
bale accumulator. Moreover, according to the position of the dropped bales in the field, the
collecting process can be optimized by finding an optimal route through the field to collect
the bales by considering the capacity of the bale wagon.

The VRP problem is classified as a non-deterministic polynomial-time hardness (NP-
hardness) problem. Due to the computational difficulty of these types of problems, usually,
meta-heuristics algorithms have been developed by researchers to find a near-optimal
solution in a reasonable time. The application of VRP for planning the agricultural in-field
operation has been demonstrated in several studies [26–31]. Several meta-heuristic algo-
rithms have been developed to solve combinatorial optimization problems such as VRP by
considering varying optimization criteria (e.g., minimizing the total non-working distance
or operational time). Bochtis et al. [26] presented an algorithmic method (B-patters) to find
the optimal sequences of fieldwork tracks for area coverage by agricultural vehicles. They
applied the Clarke–Wright savings algorithm to find the optimal sequence of tracks and
the results showed reductions in the non-working distance up to 58.65%. Jensen et al. [27]
developed an algorithmic approach based on the state-space search technique for the
optimization of capacitated field operations. Khosravani Moghadam et al. [28] developed
two meta-heuristics algorithms, ant colony optimization, and simulated annealing, and
compared the functionality of these two algorithms by applying them in a benchmark field.

This paper presents a meta-heuristics algorithm, simulated annealing, to solve the
problem of finding the optimal location for dropping the bales inside a field and the optimal
number of dropped bales in each position. The proposed method aims to improve the total
field efficiency for bale retrieval operations by providing a decision support tool that helps
the operator of the baler to decide how many bales to drop at which location.

2. Materials and Methods
2.1. Problem Definition

During a baling operation, swaths of straw from harvested crops or whole crops are
compressed into bales. When a bale is formed, it may be automatically dropped in the
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field directly following completion thereof or commanded to be dropped therefrom by an
operator of the baler at a time and location chosen by the operator. Operators often desire
to pick when and where to drop a bale to facilitate later retrieval of the bale for transport
out of the field. Manually determining the time and place to drop a bale creates extra
work for the operator and may not result in the optimum drop location for the subsequent
front loader and transport unit. Therefore, there is a need for an improved method and
apparatus for determining when and where to drop bales in a field. Estimating the number
of bales and the position of each bale will improve the selection of bale size and further
decisions about the type and the number of required transport units such as trailer or truck.
Additionally, it is expected that there are savings to be achieved from optimized route
planning for the baler in the field.

2.2. Bales In-Field Layout Planning

In the collecting operation, a baler collects the residues from the swaths and compress
them to make bales. The last part of the baling process is wrapping or tying the compressed
residues and after that the produced bale will directly drop on the ground or goes into a
bale collector dragged behind the baler. The bale collectors enable balers to transport and
unload a certain number of bales onto the ground. Once the maximum load capacity in the
bale collector is reached, the unloading process take place automatically. In a case that the
baler reaches the end of a swath before completing a bale or when there is enough space in
the bale collector, the operation is continued after turning into the next swath. In this study,
the desired pattern for the in-field layout of the bales is placing them on the virtual lines
that are perpendicular (90 degree) with the direction of the swaths. The mentioned pattern
is demonstrated in Figure 1.
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2.2.1. Correlation between Crop Yield and Number of Bales

The amount of collected residues by a baler is a function of the desired bale size and
bulk density of biomass material. Therefore, the total number of bales can be determined
based on the following formula:

NBales =
Aha ×Yha

Mb
(1)

where Aha is the field area (hectare); Yha is the dry biomass yield (ton/hectare); and Mb is
the bale dry mass (ton).

The amount of traveled distance by a baler to generate one bale (DBales) can be
estimated based on the following formula:

DBales =
TLS

NBales
(2)

where TLS is the total length of swaths and NBales is the total number of bales.
The total length of swaths (TLS) can be estimated by dividing the field area (m2) by

the swath width (S).

TLS =
A
S

(3)

2.2.2. Determine the Minimum Number of Virtual Lines That Define the Dropping
Location of Bales

The longest fieldwork track (swath) derived from the field polygon is considered
as a reference line for calculating the required number of virtual lines (VL). Equation (4)
determines the number of bales in the longest swath:

NBLS =

⌊
LLS

DBales

⌋
(4)

where LLS is the length of the longest swath and DBales is the amount of traveled distance
by a baler to generate one bale. The minimum number of virtual lines (VL) calculated by
Equation (5):

NLines =
NBLS

C
(5)

where NBLS is the number of bales in the longest swath and C is the capacity of the bale
collector. The VLs divide the longest swath into several parts. The number of divided
parts is equal to the number of lines plus one. The length of each part is determined by the
following formula:

Lp =
LLS

NLines + 1
(6)

The following formula shows how to check whether the number of VLs are enough to
let the baler cover the longest swath and drop the bales on the defined VLs:

I f : NBLS−
⌊

NLines×Lp
DBales

⌋
< C → (NLines = NLines);

Else : (NLines = NLines + 1)
(7)

2.2.3. Determine the Coordinates of the Bales Dropping Location

In this study, the intersect points between swaths and VLs define the dropping location
for bales. The procedure for finding the coordinates of the bale dropping locations are
listed as follows: First of all, to be sure that the VLs can be projected on all the swaths, the
longest swath in the field is going to be extended from both sides (top and down) until it
reaches the in-field boundaries. As a result, a line segment AB is generated and is going to
be divided based on the length of the parts calculated by Equation (6). Figure 2 shows how
to divide the longest swath in the field.
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The number of divisions for line AB can be determined using the following formula:

NdivAB =

⌊
LAB
Lp

⌋
(8)

where LAB is the length of the line AB and is equal to the Euclidean distance between
points A and B.

The coordinates of each division point can be determined by applying the steps in the
following diagram (Figure 3):

∆x =
i× Lp× |LatitudeB − LatitudeA|

LAB
; i = 1, 2, . . . , NdivAB (9)

∆y =
i× Lp× |LongitudeB − LongitudeA|

LAB
; i = 1, 2, . . . , NdivAB (10)
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After determining the coordinates of the division points in the AB line, the next step is
to project lines from each division point (on the AB line) to the other swaths inside the field.
The slope of projected lines can be calculated based on the slope of swaths. Equation (11)
shows how to calculate the slope of projected lines.

slpProjL = −
(

1
∑ slpSwt

n

)
, n = number o f swaths (11)
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The equation of swaths can be determined based on the coordinates of swaths’ nodes
as follows:

Y− y1 =

(
y2 − y1

x2 − x1

)
(X− x1) (12)

Y− y1 = slpProjL(X− x1) (13)

where, (x1, y1) are the coordinates of the division points on the AB line. By determining
the equation of swaths and projected lines, the coordinates of all the intersection points
located inside the field can be calculated by solving Equations (12) and (13) for each pair of
swaths and projected lines. These intersection points define the locations of dropping bales
inside the field.

2.2.4. Determine the Number of Bales in Each Dropping Location

After determining the location for dropping the bales, it is necessary to calculate the
number of released bales in those locations. The following diagram (Figure 4) summarizes
the steps to determine the number of bales in each dropping location.
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2.3. Field Representation Model

A field representation model is developed to generate a geometrical representation of
the target field. One of the common methods in this concept is using the spatial configu-
ration planning approach, which applies the geometric primitives to represent the field.
This method consists of three tasks: First, representing the field with simple geometry
shapes; second, determining the driving direction in the field and third, generating the
work areas (tracks) based on the driving direction. The output from this method is a
set of line segments or polylines that depict the field boundaries, obstacles, fieldwork
areas, and headland passes that can be followed by the machine [2,30]. These outputs
can be used to generate a field graph consisting of all the edges in the field with their
corresponding weight (which is the actual length of the edge). Further, the field graph can
be used to make a cost matrix for a field. Figure 5 demonstrates the overview of the field
representation model.
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2.4. Optimization Model

The problem explored in this study is to find the optimal traversal sequence of field-
work tracks to follow by a baler and collector to minimize the non-working driving distance
in the field. The objectives of this study are listed as follows: first, the application of route
planning for the baler by considering the constraints of the problem such as the capacity
of the baler and the yield of the field. Second, find the number of bales and the location
of them inside the field. Figure 6 shows the overview of the optimization model. There
are different approaches to finding the location of bales inside the field. The first method
is clustering, which is a way of locating the bales close to some predefined centers in the
field. The second approach, which is proposed in this study, is trying to locate bales in
straight lines. In this approach based on the capacity of the baler and the estimated traveled
distance for making one bale, the number of lines was calculated and each time that baler
reaches the intersect points, it can drop some bales on the ground. The meta-heuristic
algorithm simulated annealing (SA) is applied to find the local optimum solution for
this problem. The optimization model was developed using the PYTHON programing
language (version 3.7) [32].
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2.4.1. Simulated Annealing (SA) Algorithm

The simulated annealing, as a stochastic algorithm, is implemented in several prob-
lems in various fields such as computer design, route planning, image processing, etc. The
performance structure of this algorithm is based on the simulation of the cooling process,
which is called annealing, where a solid is gradually cooled. The values related to the
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primary features of the SA algorithm such as the initial temperature, cooling rate, and
termination policy, are empirically defined and showed in Table 1.

Table 1. Primary features of the simulated annealing (SA) algorithm.

Primary
Features Main Iterations Internal

Iterations
Initial

Temperature (◦C) Cooling Rate

Values 1000 60 200 0.9

For each annealing iteration, the temperature is reduced in some sub iterations where
the current temperature is multiplied by the cooling rate. The algorithm starts with
an initial solution and for each sub iteration, it evaluates the current solution against a
modified solution using a neighborhood operator [2,28]. An overview of the SA algorithm
is demonstrated in Figure 7.
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2.4.2. Neighborhood Operators

In the simulated annealing (SA) algorithm, a new solution can be generated by ap-
plying neighborhood operators (random swaps, random swaps of subsequences, random
insertions, random insertions of subsequences, reversing a subsequence, and random swaps
of reversed subsequences). Table 2 demonstrates the functionality of these operators.

2.4.3. Initial Solution Generation

The initial solution in this application of the SA algorithm is a tour that includes a
sequence of nodes to be visited by a baler in order to cover all the swaths inside a field.
Figure 8 helps to better understand the steps for generating an initial solution.
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Table 2. Neighborhood operators. Numbers with bold changed after applying the neighborhood operator.

Random Swaps Random Swaps of Subsequences

0 3 8 2 5 1 0 0 3 8 2 5 1 0
0 5 8 2 3 1 0 0 5 1 2 3 8 0

Random insertions Random insertions of subsequences

0 3 8 2 5 1 0 0 3 8 2 5 1 0
0 3 1 8 2 5 0 0 2 5 3 8 1 0

Reversing a subsequence Random swaps of reversed subsequences

0 3 8 2 5 1 0 0 3 8 2 5 1 0
0 3 8 1 5 2 0 0 3 2 8 1 5 0
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The following diagram (Figure 9) summarizes the process of generating an initial solution:

2.4.4. Cost Matrix Generation

The cost matrix can be used for evaluating the quality of the generated solution by the
algorithm. The element of the cost matrix represents the transition cost between every pair
of vertices of the field graph. The cost matrix is square (n × n) with an element Cij which
represents the transition cost from vertex i to vertex j, where i 6= j; otherwise, the cost is
equal to 0 [2,30]. The shortest path selected by the Dijkstra algorithm [33] was applied for
calculating the transition cost between every pair of nodes. The corresponding transitional
cost for a solution can be calculated based on the following formula:

TC = ∑
i,j

Cij, ∀ i, j ∈
(

f ield′s vertices
)

(14)
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3. Results
3.1. Case Study

An agricultural field was considered as a case study to demonstrate the efficiency
derived from applying the proposed optimization method to the bale production and col-
lection operations. The location of the field is presented in the following figure (Figure 10).
The field size is 79.37 hectares and the baling operation was done by two balers. The baler
type was a Krone BigPack 1290 HDP II XC large square baler, with a working width of
10.5 m determined by the combine harvester swath width, and with a Kinematic turning
radius of 7.6 m, producing bale sizes of 1.2 m × 0.9 m × 2.7 m with an average weight of
580 kg. A POMI bale collector was attached behind the baler to transport and unload up to
three bales. Once the third bale was finished and stored on the POMI bale collector, the
maximum load capacity in the number of bales was reached and the unloading had to take
place. The position of the tractor pulling a baler were registered with Aplicom A1 units
(Aplicom Oy, Äänekoski, Finland) and sent wirelessly via a GPRS network to a server and
IoT platform (Clara Cloud, Conpleks A/S, Tokyo, Japan). The position of the baler during



Sustainability 2021, 13, 7722 11 of 19

the operation was recorded at 0.5 Hz. The position of individual bales left behind by the
baler on the fields was manually measured by RTK-GPS. Data were inspected manually
in QGIS, e.g., double registrations of bales were removed. Data for the balers’ route was
retrieved from the Clara Cloud IoT platform. The coordinate transformation from WGS84
latitude and longitude to UTM Northing and Easting was done by the Danish KMS Trans2
tool (Agency for Data Supply and Efficiency).
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inside the field; (b) Field representation after partitioning the field.

The grain yield was registered by yield sensors on a CLAAS Lexion 770 combine. The
yield sensor was calibrated according to the combined instruction manual on the day of
the harvest of the field. The straw yield can be estimated with the multiplication of the
median of the crop yield per field by the straw-weight in the percentage of crop yield. The
median of the crop yield can be calculated by the yield logging from the combine, which is
equal to 9.46 (ton/hectars). The straw-weight percentage of crop yield is dependent on the
local field conditions and the crop variety. For this sample field it is equal to 33.9%.

3.2. Determine the Driving Distance in the Sample Field

To calculate the traveled distance by a baler inside the sample field, the recorded GPS
data from the baler was considered. In the first step, the recorded coordinates of the bale
position were used to make a shapefile and then to plot the location of bales in the QGIS
software. The source coordinate reference system was set to (EPSG: 25832-ETRS89/UTM
zone 32N) to precisely show the location of bales in the sample field. Figure 11 (1st step)
illustrates the location of bales in the sample field. The next step is to use the log file to
demonstrate the driving patterns of the baler inside the field. In this way, the coverage
of the field, as well as the paths and the maneuvers of the baler, can be studied. Each
line of the log file refers to an event that has a time and two coordinates to show the
location of the baler at that specific time. To define the direction of traveling inside the
paths, different parameters should be calculated in advance. The first one is the amount of
traveled distance between two events, which can be calculated as the Euclidean distance of
the sequential events. The second parameter is the forward speed of the baler, which can
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be determined by dividing the traveled distance by the duration of time between events.
The direction of travel in degrees (0–360) was determined by first calculating the distance
between the subsequent position in the Northing (Y) and Easting (X) direction individually.
Second, a calculation of the degree of the direction of travel is carried out by adding π or
2π depending on the sign of the distances in the X and Y direction, which affiliates the
direction within quadrants of the unit circle. The direction of driving paths can be defined
based on the calculated heading degree. To better study the movement of the baler inside
the field, each event was labeled by a number based on its order in the log file. Figure 11
(2nd step), demonstrates the chronological order of events in the log file of the sample
field. In the 3rd step, the QGIS plugin “POINTS TO PATH” was applied to plot the paths
(driving lines) inside the field. Driving lines could be useful to show the type of maneuvers
in the headland part as well as to determine the turning radius of the baler.
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In order to validate the proposed method, the non-working traveled distance for the
conventional method was calculated and compared with the solution derived from the
proposed optimization algorithm. Therefore, the recorded log file for the sample field was
analyzed to determine the total amount of non-working traveled distance. The amount of
covered area in the conventional method is calculated by multiplying the total traveled
distance by the baler into the working width of the baler (51,370.8 × 10.5). The same
procedure was applied to the optimization method to find the area covered (64,346 × 10.5).
The difference between the area covered in the conventional and optimized methods refers
to the fact that in the conventional method the field was covered by two balers and the
information corresponding to only one of them was available. However, in the optimized
method, the entire field was covered by one baler. Dividing the total driven non-working
distance by the amount of covered area shows the amount of non-working distance per
hectare, which can be used later for comparison of the optimized and conventional methods.
Table 3 demonstrates the comparison between optimized and conventional method.

Table 3. Comparison between the optimized and conventional method for the sample field.

Method Non-Working
Distance (Meter)

Amount of Covered
Area (ha)

Non-Working Distance
Per Hectare (Meter/ha)

Conventional 9694 53.9 179.8
Optimized 10,571 67.5 156.6

The comparison of non-working distance per hectare shows that the optimization
model can bring 12.9% efficiency in comparison with the conventional method in this field.
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3.3. Scenarios

Different scenarios were defined to investigate the effects of the number of dropping
lines and the location of aggregating points on the total non-working distance and oper-
ational time of the baler and collector. The machine considered for in-field hauling is a
self-propelled, self-loading unit with the capacity to handle eight bales (big square four ×
four) at a time. This machine loads with a tilting action, which allows non-stop bales to
pick up their speed up to 7 miles per hour. The traveled distance and time for the collector
are calculated based on the defined aggregating point in the field.

3.3.1. Number of Dropping Lines

Six different scenarios based on the number of dropping lines were defined to better
study how this factor affects the total traveled distance/time of the baler or collecting unit.
Figure 12 shows each scenario with the corresponding dropping lines. The position of bales
is represented by dots on the dropping lines. The color of the dots illustrates the number of
dropped bales in that position, which is red for one bale, blue for two bales, and black for
three bales.
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The results of the simulation model for each scenario are represented in Table 4.
Figure 13 demonstrates the amount of traveled distance and time for all the defined

scenarios. The comparison shows that the lowest traveling distance and time for the baler
belongs to the last scenario with 10 dropping lines inside the field. Moreover, the amount
of traveled distance and time for the collecting unit was calculated based on each defined
scenario. The yellow dot in Figure 12 represents the aggregating point for the sample field.
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The results of the simulation model for collecting the bales inside the sample field are
presented in Table 5.

Table 4. The comparison of scenarios for the number of dropping lines for the baler.

Scenarios Non-Working
Time (Minutes)

Non-Working
Distance (Meter)

4 lines 243.3 55,758
5 lines 222 50,999
6 lines 93.4 21,403
7 lines 90.7 20,784
8 lines 72.8 16,686

10 lines 46.1 10,571
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Figure 13. The comparison of the baler’s travel time and distance for the defined scenarios based on
the number of dropping lines in the field.

Table 5. The comparison of defined scenarios for travel time and distance of the collecting unit.

Scenarios Non-Working
Time (Minutes)

Non-Working
Distance (Meter)

4 lines 332.4 61,824
5 lines 315.6 58,707
6 lines 341.8 63,577
7 lines 332.1 61,763
8 lines 349.8 65,063

10 lines 350.8 65,247

According to Figure 14, the second scenario with 5 lines has the lowest amount of
traveled distance and time among the other scenarios for the collecting units.

The important factor in decision making between these scenarios is whether or not the
baling process is more critical than the collecting process. Since there is usually a shorter
time window for bail processing then bail collecting, it is better to focus on optimizing the
baler movements and choose the last scenario with 10 lines. Moreover, Figure 14 shows
that the differences between traveled distance and time in each scenario for the collector
are much smaller than the baler, which again gives more attention to the baling process
rather than the collecting.
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Figure 14. The comparison of the collector’s travel time and distance for defined scenarios based on
the number of dropping lines in the field.

3.3.2. The Number and Location of Aggregating Points

Selecting a location for aggregating the bales inside the field is an important factor
that can affect the amount of travel time and distance of the collecting units. Three different
scenarios were defined by varying the location and the number of aggregating points in
the field to show how much operational efficiency can be achieved based on these changes.
Figure 15 demonstrates these three (A, B, C) scenarios with 10 dropping lines in the field.
The yellow points represent the location of aggregating points in the field.
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Figure 15. Defined scenarios based on the different locations for aggregating points in the field (with
10 dropping lines).

The results of the simulation model for collecting units are presented in Table 6. The
comparison of scenarios in Figure 16 shows that varying the location of the aggregating
point can increase operational efficiency by 9%. Moreover, the results illustrate that increas-
ing the number of aggregating points can reduce the collector’s traveled distance and time.
Three aggregating points in the third scenario increase operational efficiency by 44% in
comparison with the first scenario with one aggregating point in the field.
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Table 6. Comparison of scenarios based on the location of the aggregating point for the collector.

Scenarios Non-Working
Time (Minutes)

Non-Working
Distance (Meter)

1 350.8 65,247
2 319.2 59,366
3 196 36,456
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Figure 16. The comparison of the collector’s travel time and distance for defined scenarios based on
the location of aggregating points in the sample field.

4. Discussion

The minimum number of dropping lines in the sample field can be calculated as
follows: First of all, the straw in the headland part of the sample field was chopped by a
combine harvester, and there is no swath in this part for the baler. Therefore, the headland is
taken out and the corrected field area is equal to 68.70 hectares. The straw yield is estimated
based on the harvest index and crop yield and is equal to 3.21 (ton/ha). The number of
produced bales can be estimated based on Equation (1) and it is equal to 380 bales. The
traveled distance for producing one bale inside the field can be determined according to
the Equation (2) and it is equal to 172 m. Therefore, the minimum number of divisions for
the longest track in the field is equal to two. By continuing the process of division for all
the tracks, at the end there are a minimum of four dropping lines in total for the sample
field. Other options with more than 10 dropping lines result in the same amount of baler
non-working distance as 10 lines. Therefore, in this paper between 4 and 10 lines were
considered as the options for the number of dropping lines in the sample field.

The results of the simulation model for traveled time and distance corresponding to
the different number of dropping lines show that, by increasing the number of lines from 4
to 10, the amount of traveled time and distance is reduced. The reason behind this fact is
that when the baler reaches the end of one track, based on the remaining capacity, there
are limited options to choose for the next node for visiting to be sure that there is enough
capacity to reach the next dropping line. As many divisions as there are in the tracks, there
are many more options for the baler to choose from. Therefore, when there are at least
10 dropping lines in the sample field, the baler can follow the optimal route and at the
same time, it can drop the bales on the dropping lines.

The comparison of simulation results for collecting units shows that based on the
distance from dropping lines to the depot (aggregating point), the total traveled time
and distance vary. In the first scenario, dividing the sample field into two halves with a
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horizontal line can better show how many bales are located in the north part of the field
and closer to the depot.

Location of aggregating points can affect the traveled time and distance of collecting
units inside the field. As can be seen in scenario A (Figure 15), the depot is located north
of the field, and it is too far from those bales that are located on the lower dropping lines.
Changing the location of the aggregating point in scenario B reduces the amount of driving
distance and time by the collecting units since the distance between the dropping lines and
the depot is shorter in this scenario. Moreover, adding two more aggregating points in a
different part of the field and close to the main road can reduce the traveled distance and
time by 44%.

In this study, a self-propelled and self-loading bale collector was considered for in-
field hauling operation. The capacity of this machine is eight bales for each load. The
collecting process is carried out continuously and without stops and with a relatively high
working speed (7 miles per hour). Other in-field hauling options such as bale loader and
transporting wagons can be used. The capacity of these transporting wagons exceeds
the capacity of the applied in-field hauling unit. However, due to the heavy weight
of these wagons, they are quite slow. Moreover, these types of collecting units have a
reduced capacity and the operator of the bale loader needs to have a special skill to do this
operation efficiently.

There are different strategies and patterns for dropping the bales on the field during
the collection of the residues along the fieldwork tracks. Clustering is a method in which
the operator of the baler tries to drop the bales in a position where, at the end of covering
the field, the bales are located closer to the center to form a cluster. After that, all the
bales belong to a cluster aggregated in the center of that cluster. In the end, either all
the aggregated bales in each cluster are directly transported to the biorefinery or they are
transferred to the corner of the field closest to the road for further transportation. There
is another method that tries to drop the bales as close to the headland part of the field
as possible. Figure 11 shows that in this sample field, the operator of the baler tried to
follow this method and drop the bales close to the headland part. The result shows that
the proposed method in this study can bring higher efficiency (12.9%) in comparison with
that method.

One of the challenges in collecting the bales inside the big fields where there are
different elevations inside the fields is that sometimes it is so hard for the collecting units to
find the location of scattered bales on the field. One of the benefits of the proposed method
is that all the bales are located on a straight line and thus it is easy for the operator of the
collecting units to collect them by driving straight through all the bales on a dropping
line. Moreover, another benefit of this method is that it is possible to reduce the amount of
traveled non-working distance in the field for the baler and collecting units. consequently,
there is less fuel consumption and fewer greenhouse gas (GHG) emissions by applying
this method in tandem with conventional methods.

Future perspectives include improving the presented method and providing a real
time solution as well as the application of robotics in the baling system, especially how
to apply a fleet of robots instead of collecting units to aggregate the bales and collect the
residues from the field.

5. Conclusions

A route planning algorithm was developed for a baling system to find the optimal
traversal sequence of fieldwork tracks to follow by baler and bale retriever to minimize
the non-working driving distance in the field. A meta-heuristics algorithm, simulated
annealing, was applied to solve the problem of finding the optimal location for dropping
the bales inside the field and the optimal number of dropped bales in each position. The
operations efficiency of the optimized plan generated by the proposed method in this study
were compared with the conventional, non-optimized method used by baler operators. The
results showed that applying this new method could reduce the non-working distance per
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hectare by 12.9%. The proposed algorithm in this paper can be used as part of a decision
support tool to facilitate the baling process by providing the location and the number of
bales to drop on the field when the crop yield is known from, e.g., combine harvester
digital yield monitoring. Future research will focus on improving the presented method
and providing a real time solution as well as the application of a robotic solution to a baling
system and how to use a fleet of robots instead of collecting units to aggregate the bales
and collect the residues from the field.
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Nomenclature

NBales : Number of bales
Aha : Field area
Yha : Dry biomass yield
Mb : Bale dry mass
DBales : Traveled distance to make one bale
TLS : Total length of swaths
S : Swath width
NBLS : Number of bales in the longest swath
LLS : The length of the longest swath
NLines : Minimum number of virtual lines
C : The capacity of bale collector
Lp : The length of divided part of LLS
LAB : The length of line AB
NdivAB : The number of divisions for line AB
slpProjL :. The slope of projected lines
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