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ABSTRACT

The sugar-energy sector is extremely important to the
Brazilian economy, with several other production chains
derived from it, generating some of the main products
linked to food and energy sources. This study proposes
an integration model for sugarcane harvesting logistics
processes, focusing on optimisation of industrial plant
production capacity. Dynamic modelling has been ap-
plied to study a broad range of the productive phases of
the sugar-energy chain. This paper proposes indicators
to evaluate the degree of efficiency of the production lo-
gistics processes. Preliminary results showed that phase
times in the production logistics processes can be signifi-
cantly reduced in the harvest phase. When analysed as
a coordination-oriented flow having chained activities,
the production logistics processes optimise the speeds
and travel times during the harvest phase. The devel-
oped model uses data set of the production and logistics
processes phases of a sugarcane industry. A future study
will focus on more detailed and complex stakeholder be-

haviours based on the model proposed.
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1. INTRODUCTION

The sugar-energy sector in Brazil comprises all
agricultural and industrial activities related to the
production of sugar, ethanol and bioelectricity. In
Brazil, these products are mainly produced by pro-
cessing sugarcane used for industrial purposes, and
sugarcane is also used to produce animal feed and
spirits. The sugarcane sector is extremely successful
with high sustainable energy development and an
integrated economic development strategy.

In Brazil, there are 421 ethanol and sugar indus-
trial plants scattered throughout the country, with
the greatest concentration in the region of Sao Paulo.
The sugarcane-producing farms are greater in num-
ber being mainly concentrated around the regions of
the sugar and ethanol industrial plants [1]. The level
of technology is higher on industrial farms than on
traditional farms. The industrial farms are integrat-
ed into an industrial chain requesting rapid response
from decision makers in an increasingly demanding
and changing market.

In order to maintain a competitive advantage in
global and national markets, industrial farms must
apply the latest technological innovations in various
fields of knowledge. Regarding the optimisation of
logistical and production processes, it is common to
observe the industrial farms relying on a variety of
tools for simulation and optimisation of sugar-en-
ergy processes and industrial plant management.
Most of these tools have been implemented with a
focus on steam, energy and processes. Furthermore,
regarding the production of sugarcane, Brazil re-
mains the world's largest producer of the crop. In
particular, the state of Sdo Paulo is responsible for
55% of the planted area for this crop in the country.

Consumer prices in the sugar-energy sector are
subject to fluctuations due primarily to production
competition between sugar and ethanol, global oil
price fluctuations and, particularly, demand condi-
tions. The sugarcane sector experiences problems
including the lack of efficiency in the agricultural
supply area and the lack of integration among plants
increasing the transportation cost of raw material
due to the long distances. Moreover, there has also
been an increase in maintenance costs and idle pro-
duction capacity. Since Brazil is one of the largest
food producers in the world, there is competition
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between crops produced including for agricultural
warehouses. Therefore, there are negative impacts
for the supply chain because the resources are not
only limited but also the industrial plants are usual-
ly closer to sugarcane producing regions. Moreover,
producing farms are not integrated with each other
reducing transport efficiency and increasing the ve-
hicle maintenance costs due also to the poor condi-
tion of the roadways.

Brazil has several advantages for development
in this sector including advances applying the lat-
est-generation technology to acquire agricultural
machinery and implements besides advances in in-
spection, monitoring and tracking of planted areas
and harvests. The Brazilian sugarcane sector has
also obtained data for the various information and
communication systems. Despite the technology ad-
vancements, many Brazilian farms insist to use un-
optimised and obsolete management models based
on family tradition, especially in the context of pro-
duction logistics processes of the cutting, loading
and transport (CLT) system. However, there is no
available statistical data to quantify these observa-
tions and the data applied are given by the research-
ers’ farm visits being validated by the agricultural
sector technicians.

The flows of the logistics processes of the CLT
system in the sugarcane farms need then to be opti-
mised. This study presents an approach to optimise
these flows regardless the demand fluctuations. Fur-
thermore, the developed model aims to improve the
performance of the CLT system independent of the
demand. Therefore, the research has the challenge
of modelling the CLT system, enabling the syn-
chronisation of the different operating cycles of the
CLT system. The equipment and the harvest front
team idle times and the costs involved must be mi-
nimised besides maximising the productivity of the
entire system. The main objective of the modelling
is to apply dynamic simulation to analyse viable
scenarios allowing the selection of the best scenario
based on a set of performance variables. The pro-
posed model can then aid the management of these
processes contributing to the decision-making of
farm-industry managers.

This article is divided into five sections. The first
section presents a brief introduction to the problem,
objectives and importance of the work. The second
section addresses the theoretical and bibliographic
references. The steps of the proposed model are giv-
en in the third section. The fourth section describes

the results of the dynamic model, and in the last sec-
tion, a summary of the conclusions and recommen-
dations for future research is presented.

2. APPLIED MODELS

There are several studies developed with a fo-
cus on specific models for the Brazilian sugar-ener-
gy production chain that focus primarily on stages
within the farm, especially with regard to sugarcane
production. Most of this research identified that the
harvesting process entails the highest costs and that
there is a need to efficiently coordinate the process-
es of mechanised cutting, loading and transport of
sugarcane. However, there is not much emphasis on
optimising this process, seeking to minimise costs
and improve service. The literature presents logistic
systems involving the integration and optimisation
of information flow, distribution, resource alloca-
tion, packaging and material handling [2], but little
research has been done on the harvesting process
that is the focus of this work.

In logistics systems, working efficiently requires
cost management, with the premise of costing all
system activities. Costing information for all activ-
ities in the production chain is used to assess their
efficiency and effectiveness, both upstream and
downstream.

There are models to analyse maintenance ac-
tivities at sugarcane industrial plants, in which the
objective was to observe and determine the ideal in-
tervals between shutdowns for maintenance of the
industrial plant [3]. In 1995, another outstanding
work was that of Lopes, who modelled a transport
system, considering loading and towing, with the
objective of identifying, categorising and analysing
variables related to the cost of operations. 7Table I
presents other studies applied to the transport and
the harvesting of sugarcane, and the most of these
studies were applied to Brazil emphasising the op-
erational processes of the sugarcane industries.

Linear programming models were used to study
decisions related to the transport and storage of sug-
ar and alcohol [4]. lannoni and Morabito developed
a system focused on the reception of the sugarcane
using discrete simulation for analysing sugarcane
transport in 2002 [5]. Several studies have been pub-
lished presenting models and optimisation methods
related to the integration and the scheduling of cane
cutting taking into account the raw material from
field to the industrial plant [6-9].
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Table 1 — Models applied to the transport and harvesting of sugarcane

Author, year Place/Institution

Models Applications

Lopes, 1995 Queiroz

Escola Superior de Agricultura Luiz de

Transport system in the

Linear programmin .
prog & production of sugar cane

Oiticica, 2009 Universidade Federal de Sao Carlos

Mathematical programming

e Sugarcane plants
and optimization & p

Bastos, 2009 Universidade Federal de Goias

Dynamic simulation Sugarcane harvest

Silva et al., 2011 Universidade Estadual Paulista

Operational research Sugarcane plants

Morabito, 2002 Universidade Federal de Sao Carlos

Operational research Sugarcane plants

Silva et al., 2013,

2015 Universidade Estadual Paulista

Binary goal programming Sugarcane harvest

Marins, 2013 Universidade Estadual Paulista

Multi-objective models Sugarcane plants

Universidade Federal da Grande

Castilho, 2013 Dourados

Dynamic simulation Sugar cane harvest

Chankov et al., 2014 Jacobs University Bremen

Transport in manufacturing

Logistic synchronization
& yn systems

Pera et al., 2014 .
Queiroz

Escola Superior de Agricultura Luiz de

Operational research Sugarcane plants

Universidade Federal da Grande

Sotolani, 2015 Dourados

Operational research Sugarcane plants

School of Industrial Engineering,

Chankov et al., 2016 Purdue University - USA

Synchronization of logistics | Transport in manufacturing

processes systems

Marins et al. [10] proposed a mixed-binary goal
programming model to optimise aggregate produc-
tion and distribution planning in the sugar-energy
sector in Brazil. The model addressed the sugar and
alcohol production processes, and the agricultural,
industrial and distribution stages, allowing deci-
sions to be taken on a weekly planning horizon, in-
cluding the harvest and off-season. Bastos [11] de-
veloped a dynamic model to the transport processes
in the sugarcane harvest. This study was applied in
one of the largest Brazilian Midwest plants where
the displacement, loading and unloading times of
the equipment in the planting zones were evaluated.

The described models do not consider the pro-
duction planning to depend on the demand, decreas-
ing then the efficiency and the competitiveness of
the logistic-production chain from upstream of the
farm to downstream [12]. Demand forecasting al-
lows a better planning not only of the production
size and the logistics capacity but also the develop-
ment of strategic policies and investment decisions
related to the production, storage and transport in-
frastructure of the whole sugarcane system [13].

Dynamic simulation models have already been
applied to the sugar-energy sector to study all
phases of the sugar-energy production chain. They

aim to optimise the processes within the farm and
in the industrial plants. In the literature review, the
case studies published had a limited context, with-
out addressing the complexity of an entire harvest-
ing/cutting, loading and transport (CLT) system in
large farms.

There is a lack of research addressing the scale
of the principal operating equipment at the farms,
and the secondary equipment such as tanks, pumps,
tubes and valves, integrating all elements of the CLT
system to enable development of advanced process
control strategies. Dynamic modelling contributes
to the cost-benefit analysis of the process routes, the
cost reduction by scaling activities according to the
demand, and mainly to the bottleneck optimisation.

3. METHODOLOGY

The flowchart in Figure 1 shows the five steps of
the research methodology. Step five shows the three
phases in which the model validation is performed
and outlines the steps followed within each phase to
achieve the objectives. At the bottom of the figure,
the flowchart of the simulation model applied to ob-
tain the results is presented, which is part of step 5
and phase F1.
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1: Selection
of the farm

2: Mapping the

logistics system CLT —»>

3: Data
collection

v

—» 5: Validation
|

4: Building the
model

5/F1: Model structure

1) Verification structure L.
2) Extreme conditions

3) Model suitability

4) Dimensional consistency

Compare  <—  Analyze key variables

\/ v

5/F2: Model behaviour
Reproduction behaviour
2. Predictive behaviour

3. Anomalous behaviour
4. Suitability analysis

5. Behaviour sensitivity

<«———  Execute program <€——  Enter data

v

5/F3: Analysis of policy implications
1) System of improvement

2) Changes in predictive behaviour
3) Sensitivity analysis

44—

Figure 1 — Research methodology flowchart

3.1 Selection of the plant for the case study

The selected industrial plant was founded in
2008 being part of the portfolio of plants owned
by Petrobras Biocombustivel. The analysed plant
has 2,601 employees and its harvesting is 100%
mechanised. The total area of the farm covers 1.7
industrial plantation square meters, with 23 thou-
sand square meters of built area, and a modular
layout with planning for expansion of operations.
It has an industrial operations centre commanding
and checking the real-time status of all industrial
operations. The plant's processing capacity is 4.5
industrial plantation tonnes of sugarcane per year
being capable to produce 385,000 cubic meters of
ethanol per year. It is considered an industrial farm
due to its size and processing capacity.

3.2 Mapping of the CLT logistics system

The first stage of modelling consisted of map-
ping the logistics system for harvesting/cutting,
loading and transport of the sugarcane to the in-
dustrial plant. This entire process is mechanised
and programmed in advance by the agricultural
mechanisation department. The purpose of this
mapping is to define the variables involved in the
CLT system measuring the time spent on each ac-
tivity. In this case, the logistics system for plant-
ing is not included, due to the long period of time
between the executions of both systems. It is im-
portant to emphasise that good planning for the
second system (CLT) depends on the planning of
the first one (Planting). Therefore, the planning of
the planting area includes an important variable
being the division of this area into plots, separated

by paths through which the equipment planned for
both planting and harvesting will circulate. These
plots depend on the size of this equipment and vice
versa.

Another important factor in the planning of the
CLT system is the definition of the harvest fronts
(HF), since the number of HFs needed for the entire
harvest depends on the industrial planting capaci-
ty of the plant, the geographical distribution of the
planting area, as well as the size of the farm and lo-
cation of the plant. The harvest fronts are worked by
a team operating a separate set of equipment suit-
able for this type of the harvesting process. Besides
stating the number of the harvest fronts required for
the CLT system, the boundaries of the areas that
each team will service must also be determined,
since the HFs work simultaneously throughout the
harvest period.

The implementation of the CLT system begins
with the mechanised harvesting and cutting of the
sugarcane, which is uninterrupted (Figure 2). This
first phase is carried out with harvesting machines
(harvesters) (phase 1) that work 24 hours a day. The
harvester cuts the cane, chops it and dumps it into
a forwarder (phase 2). This equipment is similar to
a semi-trailer being coupled to the forwarder trac-
tor, so one tractor can haul several forwarder units.
Once the forwarder (F) is full, the tractor goes to
the threshing machine (area where the trucks are
parked) and positions itself beside the semi-trailer
truck (phase 3). This forwarder has its own mech-
anism allowing it to lift the container. The opera-
tor then activates some hydraulic pistons and the
forwarder rises, transferring the load to the trucks.
After this procedure, the tractor returns the empty
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Time the harvester takes
to fill the forwarders

Time taken to return | Empty truck returns
forwarder to harvester A to the harvest area or
10
HF
Change of forwarder: Time A

interval between the exit of a full
forwarder and the arrival
of an empty one

Forwarder tractor

Time spent moving from the
forwarder to the semi-trailer
after completely full

v

Time spent moving
truck from the scale
to the harvest front

Time taken to
weigh the
empty truck

Weighing the empty 8

Tractor returning : truck
with empty forwarders % N
to the harvest :
front
Time it takes for the empty
Forwarder unloading to truck to get to the scale
semi-trailer truck
¢ Semi-trailer ”
filling: Time Hilo tipper
spent

transferring

cargo from the Time taken 79
forwar.der Fo the el = =
Loaded truck heads to semi-trailer sk @it @x .
. 3 4 . é.
the industrial plant the cane feed ‘
l bl Unloading 7
Time spent in moving the
truck to the scales
Time the Time the
; truck stays truck is

on the scale stopped at

for weight the sampling
measurement probe

Weighing the truck 5

Time spent moving
the truck to the
sampling probe

Sampling 6

Figure 2 — CLT Logistics SystemSource: Photos from phases 1 to 4 and 9 and 10 are by the author,; photo from phase 5 of
setcesp.org.br,; photo of phase 6 of stab.org.br; photo of phase 7 of the Embrapa Information Agency, photo of phase 10 of
mundobrasileiro.com

forwarder to the harvest front (phase 9) to receive
the cane being cut. This activity is performed by a
tractor called the forwarder tractor (FT).

When the semi-trailer truck C-ST completes the
load, the driver goes to the plant (phase 4). Upon
reaching the plant, the semi-trailer truck C-ST is
weighed (phase 5). The driver then heads to the sam-

pling area where an operator takes a sample using a
probe (phase 6). Soon, the driver parks the semi-trail-
er truck C-ST next to the hilo cane tipper (HT) where
it is operated by coupling the truck's cables or chains
to the tipper hooks. The HT winch lifts the load from
the truck C-ST through a mechanical drive, drop-
ping it onto a cane feed table (phase 7). After this
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operating cycle, the empty semi-trailer truck C-ST
goes to the scale again for weighing (phase 8) and
returns to the harvest front (phase 10).

For the entire operating cycle of the CLT logis-
tics system to work seamlessly without stopping, it is
necessary to synchronise all processes and activities
from the first phase of the process to the last phase, as
shown in Figure 2. The main challenge of this research
is the synchronisation of operating times and move-
ment of all equipment, so that the cut cane arrives at
the industrial plant at the right time without stopping
the process of the plant. The processes were mapped
for a cane industrial plant in the Centre-West region
of Brazil. The mapping showed that there are two im-
portant decisions in the management of the CLT lo-
gistics system which are related to the two operating
cycles of the system. The feasibility and the synchro-
nisation of these two cycles depends on the scale of
the equipment and the plant capacity.

The first operating cycle refers to the harvester
versus semi-trailer truck C-ST synchronisation, and
the second cycle to the semi-trailer truck C-ST versus
industrial plant synchronisation. Regarding the first
cycle, it is essential to obtain the quantity and the ca-
pacity of the forwarder units (F) and forwarder trac-
tors (FT). These two machineries maintain the con-
tinuous flow of cargo between the harvester and the
semi-trailer truck, ensuring that the harvester does not
stop at any time. In the second case, the number of
the semi-trailer trucks C-STs and their capacities are
required to model the studied problem. The purpose
in this case is to always keep a truck or semi-trailer
at the threshing machine or forwarder cargo point so
that the first flow is not interrupted. The other vehi-
cle will then have enough time to deliver the cane to
the industrial plant repeating the whole process in the
second operating cycle of the CLT system.

The logistical planning for the CLT system de-
pends on the objectives and strategies of each sug-
arcane company. These strategies are based on the
product's market price, demand, the company's cap-
ital and financial capacity, costs and benefits, market
positioning, limitations, etc. The sizing of the area
to be planted, as well as the sizing of equipment, in
terms of number and quantity, are decisions that can
be considered both strategic, tactical and operational.

It is important then to analyse the adoption of any
logistical plan, always seeking to achieve optimis-
ation and synchronisation of the system's operating
cycles. There are many scenarios being implemented
by business owners. In the case of the first operating

cycle, some farms prefer to use one forwarder per
tractor providing greater flexibility in the loading and
unloading process. However, there is the cost of the
equipment, as more tractors and forwarders are need-
ed to serve the harvester while the other forwarder
tractors travel to the semi-trailer truck to unload. Oth-
er farms adopt few tractors with more forwarder units
attached to them, that is, each tractor hauling more
forwarders. However, an analysis must be made of
the manoeuvring time of the forwarder convoy for
loading and unloading to know the costs and under-
stand the advantages of this process phase. Whichev-
er scenario is applied, a simulation and an economics
feasibility study is applied to ensure the best solution
for the studied scenario.

The second operating cycle process is similar to
that for forwarder tractors and forward units, except
that this cycle is dependent on the previous one. In
this operating cycle, it is important to define the geo-
graphical position of the truck at the harvest front.
This position defines not only the times from the for-
warder tractor and forwarder to the semi-trailer trac-
tor C-ST but also the travel time from the semi-trailer
tractor C-ST to the plant, going through phases 5, 6, 7
and 8 until it returns to its new position at the harvest
front (HF). This information will determine whether
another semi-trailer or trailer truck is needed to meet
the demand of the tractor and forwarder and, there-
fore, the harvester.

The study of this type of problem requires the
construction of several solution scenarios to deter-
mine the best choice. The implemented scenarios
can generate many solutions due to the combinatori-
al process taking place with the number of variables
involved in the model. The best method to study
this type of problem is simulation, and therefore this
method is addressed in this study.

3.3 Data collection for productive logistics
processes at harvest

The data collection was carried out taking care not
to include mistaken or biased evidence, which might
influence the results and conclusions. Therefore, the
entire process of cutting, loading and transporting the
sugarcane to the industrial plant was personally mon-
itored. The following data were collected.

a) Quantity and types of equipment in the CLT pro-
cess.

b) Time spent on activities and equipment move-
ments throughout all phases of the logistics sys-
tem as illustrated in Figure 2. These phases are
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related to the loading of the forwarder by the
harvester, transfer of these forwarders by the trac-
tors to the threshing machine, unloading of the
forwarder to the semi-trailer truck, transfer of the
forwarder to the harvest fronts, movement of the
full semi-trailer truck, C-ST to the plant and its
return to the HF.

¢) Geographic location of the plots, of the harvest
fronts for positioning the semi-trailer truck C-STs
in the threshing machine, the weighing station,
the sample analysis point, and the HT area, among
others. The movement times were then obtained,
and when added to the time spent in each activity,
it enabled the calculation of the total time for each
operation cycle.

d) Coupling and uncoupling times for semi-trailers
to/from trucks and forwarder units to/from trac-
tors.

e) Average speed of equipment. These data were
collected daily from the on-board system of the
equipment used on the farm.

f) Equipment efficiency levels. These parameters
were obtained evaluating the indicators de-
scribed in Table 2.

Table 2 — Efficiency indicators

3.4 Presentation of the sugarcane harvest
model

The dynamic systems methodology was used to
build the model to understand the structural causes
of the system behaviour. The study includes a set
of independent elements having interactions among
them. The dynamic system behaviour shows the
consequences of interactions among its compo-
nents, making the system phenomena observable,
measurable and reproducible.

The model was developed taking into account
the sugarcane production processes of a large sug-
arcane plant having several cutting fronts spread
around a radius of 250 kilometres (about 160 miles).
The processes were mapped, and the times for the
loading, unloading and machinery displacement
phases were collected. The model and simulations
were carried out with the computer program ISEE
System Stella 10. This software works with four
screens, interface, model map and model equations,
shown in Figure 3.

The dynamic systems technique employs four
types of variables including the stock, the flow,
the converter and the connector variables. In the

Indicators Description
Operating time(" Productive hours x downtime hours. Evaluates effect of maintenance functions on operation.
Availability® Indicates availability of equipment for work. Equipment under maintenance is considered
ty unavailable.
Utilization® Hours used x hours available. Evaluates the effect of lost hours on equipment performance.
Effectiveness It deals with the programming of the equipment’s workday. Measured by the time portion of
the day occupied by the equipment.
Efficiency® Product of the other indicators mentioned above

(1) Refers to fuel and lubricant supplies, implement adjustments and calibrations, headland manoeuvres, field change with its own displacement,
and cleanings. (2) When this indicator presents low efficiency, there is a direct association with high equipment breakage rates. (3) Very low levels
indicate a lot of lost hours per day. (4) Reveals the time that the equipment actually fulfils its productive function.

(Almeida, 2018)

Mapp ng of Data collection
productive ._) Model _) -
logisti -} of process . Validation
ogistics ; construction
times
processes
\ Logic for building the model of productive logistics process ) ) Sensitivity
Simulations -)
/ analyses
Analysis of Volati!iti.es N Analysis Model integration
demand ”| transmission 7
! of results
behaviour model
Logic of the volatility transmission model in the sugarcane production chain

Figure 3 — Logical steps for building the model
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flowchart shown in Figure 4, the stock or the level
variables are the elements showing the status of
the model. Therefore, they have an accumulation
of values varying as a function of the elements
called flows. The variables having this accumula-
tion or stock behaviour are the sugarcane and the
semi-trailer trucks C-ST taking part in the process-
es of mechanised harvesting and ethanol produc-
tion.

The flow variables will always be connected to
a stock variable. The stock flow can be connected
either as an input flow or as an output flow, and
these two flows can be bidirectional. The connec-
tors establish the relationships between two com-
ponents when building the model.

The developed model is a very complex one
due to the size of the planted area requiring several
harvest fronts and involving several key variables
for modelling the CLT system that supplies the in-
dustrial plant. This model was structured in three
modules including two mechanised harvest fronts
and one industrial plant module. When implement-
ing the harvest fronts modules, the flow of the har-

vest has four harvester machines and their respec-
tive loading times in the forwarders were used.
The developed model included the productivity of
the field efficiency, the capacity of the forwarders,
the average speed of the forwarder tractors, the
forwarder loading and unloading times, the move-
ment time to the semi-trailer trucks C-STs, the
semi-trailer truck C-ST loading time, the coupling
and the decoupling times, the displacement time
to the industrial plant and the average weight of
sugarcane loads (Figures 4 and 5).

The plant module then considered the following
variables related to the reception of the sugarcane
from the harvest fronts, time to the weighing scale,
the sampling time, travel time to the hilo tipper,
the time for the semi-trailer trucks C-STs to unload
to the feed table and the return of the semi-trailer
trucks C-STs. The model is inserted into the plant
module and connected to the production outputs,
Figure 5. In the layout of the model's control inter-
face, each variable can be controlled and several
simulations performed.

Time movement field F1

Effici Cslpeed Cl Time trucks exit F1 ® . Truck exit F1
1ciency ~ /’\ ‘/'CS\ s it
Y e @TCHCI ®
@ ® ‘{/%l Movement cane Cargo welght
Cl ~\ Transhipment Cl _ Loading queue F1 Loading F1 flow F1 Cane stock ﬁeld F 1 Cane stock F 1
Ny \
2 | T H——p =0/ =0— S ] |
~ Cap cut C1 t‘ Loadlng flow Fl ] Loadmg flow F1 * Movement Cane field Fl Tmck F1 :‘
Speed C2 flow F1 "‘
Efficiency gz @I ‘ E\TCH 2 Transl‘npment Cc4 Cap cut C4 f
@ % — R
Ckz i \( / Transhlpment C2 Loadmg Tlow C4 | % L S
Nty /| T®@TCHC4 p
G } N Transh1pment c3 _Cap cut C3 /A ® J:( =
Cap cut C2 Loadmg flow C2 ‘ = ~ c 4< ®) Speed c4
\j4 7 Efficiency C4 Truck stock F1
Loadlng ﬂow C3 yaa T |
Y ) TCH 3 [ Cane stoc 300,00
@ ® = &) Speed C3 | Truck Stock F1] 5,0
Efficiency C3
Figure 4 - Modelling the principal harvest front
. Truck stock F1 Truck stock F2
Balance Courtyard ~, ruck stock &1, e ,,,S,,Qc
o AN = __Truck exit F1 i PO
\_J L) —_ ] . . bl Total et
Balancing flow . Speed 1ndu§r1al plant trucks
a O Speed cane Tt T
L Truck exit F2 ST
Tipping time e Tipping fine Cane stook Fl T3 Cor siock P2
K Movement to hilo N Cargo Welght O cane

Samplmg time

@ ®

F low queue sampling

% Movement Truck queue Cane total
o Pe sampling Samplmg to hilo to hilo Unloading hilo Unloading trucks
—=o—p =0~ o s
Sampling Flow hilo Flow queue Flow 2
flow hilo

Figure 5 - Modelling industrial plant
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3.5 Validation of the sugarcane harvest
model

The approach of Forrester et al. (1990) was
selected to validate the model showing that the
validation process begins with the analysis of the
construction of the model, evaluating whether its
behaviour is in accordance with the objective for
which it was developed, also known as the struc-
ture verification test. The model is validated by the
following phases, including its structure, behaviour
and analysis of policy implications (Figure 7). In the
first validation phase, the model is implemented and
the model variables are stressed to verify the out-
puts. The results are then compared with the field
observations at the plant determining if the model
is viable. The second and third phases followed the
steps shown in Figure I in the process of develop-
ment.

4. RESULTS
4.1 Field research results

The results obtained from the field research are
presented in three categories corresponding to the
2017/2018 harvest. In the first and second catego-
ries, the times spent per event/activity was obtained
from the 13 observations. In the third category, the
speeds recorded for the on-board systems of the
equipment used in the farm-industry are presented.

4.2 Sugarcane harvest front time analysis

In the analysis of the 13 observations taken, vari-
ations in the displacement times of the semi-trailer
trucks returning to the harvest fronts were recorded,
as shown in Table 3 and Figure 6. In the case of the
semi-trailer trucks leaving the thresher to the weigh-
ing scales, the variation in travel times exhibits a

060
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Minutes

stochastic behaviour (Figure 6), and the average of
these values is higher than the average of the times
of the first event (7able 3). In both cases, these differ-
ences are due to the positioning of the equipment on
the harvest fronts varying with the advances in the
harvest area even though the routes are predefined
in advance.

When analysing the set of all of the semi-trailer
truck C-ST displacements from all harvest fronts to
the weigher scale, there is a large variation in times,
due to the difference between teams, the yield of
each harvester, the formation of queues during load-
ing and the movement of the trucks on the roads.
Of the 13 analyses carried out in the primary HF
module, an average time of 87 minutes and a stan-
dard deviation of 26 minutes were obtained. In the
secondary HF module, with 14 observations, the
obtained mean time reached was much higher, 139
minutes, and the standard deviation was 44. It must
be emphasised again that the size of the analysed
plant is quite huge covering an area of about 250
km of radius (about 150 miles). Moreover, the avail-
ability of the data set is very scarce, not only for the
studied plant but also for the other existing ones in
Brazil. It is believed that there must be as many as
40 other plants in Brazil with similar capacity, and if
their data set is available in the future, they could be
considered to improve the data set accuracy.

The coupling and decoupling times had a more
linear behaviour having a lower standard deviation,
0.22 (Table 3) since it is a standard procedure. There-
fore, the coupling and the decoupling times will
only increase in exceptional cases when there is a
mechanical-operational problem. Considering ar-
eas with similar productivity, the forwarder loading
times were measured, the average was 12.97 min-
utes (7able 3). These values depend on the produc-
tivity per square meters of the sugarcane changes.
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Figure 6 — Average times per observation per event
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The forwarder changeover time is not consid-
ered a relevant activity in the process. However,
some bottlenecks such as queues when unloading
the forwarders to the semi-trailer trucks C-ST and
the lack of operator training can increase the for-
warder changeover times being relevant in some ob-
servations (7able 3). Delays in the forwarder change-
over result in long delays when returning them to
the harvester, and the system is hampered because
the harvester is idle. The displacement activity from
the forwarder to the semi-trailer truck C-ST tends
to have a high standard deviation (7able 3) because it
depends a priori on the distance between the loading
and the harvesters that are in operation.

The filling time for the semi-trailer trucks C-ST
showed low variation because it is a standard pro-
cedure, i.e. the hydraulic lifting of the equipment
resulting in the average time of 3.621 minutes and
standard deviation of 1.478. The travel time of the
forwarder tractor to the harvester showed a high
standard deviation in some samples again because
of the distance from the loading front to the location
of the harvesters (line 7 of Table 3).

4.3 Analysis of times within the plant area

The average time for weighing on the scale had
several peaks due to the formation of queues, even
with an automated system that tends to generate
standardised time (7able 4). As the scale cannot be
duplicated in the system because of the long queues,
some ethanol plants use the normal average weight
releasing the semi-trailer trucks C-Rs to continue to
the next phase without having to weigh.

The travel time of the semi-trailer truck C-ST to
the sampling location where the sugarcane test is
performed resulted in high values. Nevertheless, it
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must be said that only 30% of the trucks CR are
subject to this process, decreasing the travel time
average value to 5.781 minutes and standard devi-
ation of 1.077. The displacement of the truck C-R
to the hilo tipper was less than one minute, with a
standard deviation of 0.121, having a low represen-
tation in the system as a whole. The tipping time
depends on the industrial planting process inside the
plant, thus, there were some oscillations in the ob-
servations made, as shown in Figure 7 and in Tuble 4.
The displacement time to empty the truck CR from
the hilo tipper to the scale showed some significant
variations having an average of 0.787 minutes but
this procedure depends on the vehicle performances
and the driver performances.

4.4 Speed of sugarcane harvesting
equipment

The average speeds for the studied observations
did not show large oscillations, with an average of
40.02 km/h in the plant-field direction, and 31.32
km/h in the field-plant direction, as shown in Table 5
and Figure 8.

The average speed of the forwarder units shown
in Tuble 6 refers to a sample of 20 tractors at the plant,
covering only productive time periods, and exclud-
ing refuelling time, transit speed and cleaning, for
instance. The speed varied from 4.38 to 6.87 km/h
averaging 5.83 km/h.

Table 7 then shows the average speed of 20 har-
vesters being 5.89 km/hour, and it was based only on
productive time. Therefore, the time spent in transit
away from the field, fuelling, cleaning and change of
area were not included. The data variations are due

NN
¢ & &
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Observations

— Weighing

Tipping

Figure 7 — Times per observation by event/activity
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Figure 8 — C-ST speed by observation by event/activity

to different harvester models available, some with
a track system, and others with an undercarriage of
tires.

4.5 Model simulations and synchronised
system performance

The model simulations were developed based on
the sugarcane processing capacity, and the machin-
ery speeds and the times of the current activities. A
synchronised production plan is implemented based
on the manufacturing capacity and the current stock
levels besides the future forecasting demand [12—
14].

The industrial plant processing capacity is 4.5
million tonnes per year operating currently with
78% of its total capacity. According to Almeida et
al. in 2018 [15], there must be a Brazilian ethanol
market expansion of almost 15% to satisfy the fleet
of bi-fuel vehicles [15]. Two non-synchronised sce-
narios were then considered, with demand growth
of 5% and 10%, and for the synchronised system, a
growth of 15% was applied (Figure 9). Thus, the av-
erage of 500 observations performed in the simula-

Tipping time
Travel time to hilo
Sampling time i

Travel time to sampling

Time on the scale
Engagement and disengagement time ]
Travel time from semi-trailer to scale
Transhipment change time [
Travel time from transshipment to harvester

Semi-trailer filling time

Overflow travel time LSk

Overflow filling time M

1900ral  1900ral  1900ral

Synchronised system Scenario 2 (10%)

1900ral

tions of the current system model was considered as
a non-synchronised scenario with sensitivity anal-
ysis, and it was developed considering the plant's
demand perspectives to simulate a scenario with
synchrony between supply and demand.

The times in the synchronisation scenario are
generally shorter (-13.31 min) being the exception
the weighing time due to the limitation of the num-
ber of scales. Therefore, as there is an increase in
the number of vehicles for the synchronised sys-
tem, there will also be longer queues on the scales.
Furthermore, with the increase in the production
system, the agricultural sector optimises the har-
vesting processes, using the machinery in a more
efficient way (7able 8).

4.6 Model implications

In the synchronised scenario, the model showed
a reduction in the times of the sugarcane harvest ac-
tivities, mainly in the gain of scale. When a great-
er demand is forecasted, the machinery used in the
cutting fronts is increased reducing the overall times
and then increasing the industrial plant productivity.

1900ral  1900ral  1900ral 1900ral 1900ral 1900ral

Minutes

[ Scenario 1 (5%) M Current system average

Figure 9 — Synchronised system results
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Table 8 — Vehicle speed performance, and productivity

Variables Current system Scenario 1 (5%) | Scenario 2 (10%) Synchronised Variation
average system

Cane weight on semi-trailer [t] 60.48 60.33 60.12 59.28 -1.2

Full truck speed [km/h] 31.32 313 30.87 30.13 -1.19
Empty truck speed [km/h] 40.02 40.02 40.02 40.02 0
Harvester speeds [km/h] 5.89 5.89 5.89 5.89 0
Efficiency of harvesters [%] 4191 41.91 4191 4191 0
Sugarcane productivity [t/ha] 75.3 75.3 75.3 75.3 0

The developed model optimises the decision making

processes for the machinery use besides increasing
the system performance indicators including speed
and processing times.

According to Almeida et al. [15], fluctuating
market demand for sugar and ethanol products caus-
es imbalances in the plant production systems. Lo-
gistics synchronisation has already been examined
in other studies and it occurs when a flow-oriented
coordination is present in the chain of the produc-
tion-logistics process. This reduces the negative ef-
fects in the planning process of logistics activities in
the harvest phase [15].

There is empirical evidence that all of the links in
the sugar-energy chain transmit volatility to each oth-
er, both via shock and via volatility [15]. The series
has co-movement characteristics and can possibly be
called cointegrates. In the results of Almeida's study
(2018), the presence of persistence of volatility in re-
sellers was also presented, a common characteristic
in more downstream links of the production chain.

Therefore, vehicles, teams, machinery and pro-
cesses are optimised with a view to their more pro-
ductive uses, reducing the time of production logis-
tics processes in the main activities of the harvesting
phase.

5. CONCLUSION

This study proposes a dynamic model that rep-
resents the functioning of the production logistics
processes in the sugarcane harvest phase focused
on ethanol fuel production. Unlike traditional mod-
els, this research assumes that harvesting equipment
speeds are optimised when all of the production
processes are systematised up to the industrial plant
(production) phase, while activity times are opti-
mised when taking into account ethanol and sugar
demand forecasts.

It should be noted that this study assumes that
the demand is adjusted to the potential productive
capacity of the industrial plants. An interesting
field for future study is to apply the model to de-
termine the impact of the demand fluctuations on
the production logistics processes.

The developed model showed that the system-
atisation of the harvesting logistical processes
is important to collect the machinery data, mak-
ing it also possible to confirm the idleness of the
analysed industrial plant. Therefore, the studied
industrial plant was non-optimised with the co-
ordination of the activities across time and space
a key concept for logistical efficiency. The entire
analysed system became then a more efficient one
when the processes were synchronised. This arti-
cle defines a series of indicators (variables) for as-
sessing the efficiency of machinery utilisation and
processes within the farm.

The presented model can be considered a tool
for decision-making and analysis of opportunities
to improve the transport processes and the machin-
ery use methods. Brazil has enormous financial
difficulties due to the devaluation of the national
currency impacting negatively the producers who
buy productive inputs in dollars. The implemented
model improves the performance of the production
logistics processes in the harvest systems helping
the producers to achieve better financial results.

Paulo ALMEIDA, Mastre, estudante de doutorado'
E-mail: paulorvalmeida@gmail.com

Reinaldo GARCIA, Ph.D, Professor associado!
E-mail: rcgarcia@unb.br

Adelaida FONSECA, Ph.D, Professora associada!
E-mail: ixcanil@unb.br

! Departamento de Pés Graduagdo em Transportes

Universidade de Brasilia
Asa Norte, 70910-900 Brasilia (DF), Brazil

Promet — Traffic& Transportation, Vol. 34, 2022, No. 4, 595-608

607




Almeida P, Garcia R, Fonseca A. Advances in Modelling of the Integrated Production Logistics in Sugarcane Harvest

AVANCOS NA MODELAGEM DA LOGISTICA
DE PRODUCAO INTEGRADA NA COLHEITA
DE CANA

RESUMO

O setor sucroenergético é de extrema importancia
para a economia brasileira, com diversas outras cade-
ias produtivas derivadas dele, gerando alguns dos prin-
cipais produtos ligados a alimentos e fontes de energia.
Este estudo propée um modelo de integracdo dos proces-
sos logisticos de colheita da cana-de-aciicar, com foco na
otimizagdo da capacidade produtiva da planta industrial.
A modelagem dindamica tem sido aplicada para estudar
uma ampla gama de fases produtivas da cadeia sucroen-
ergética. Este artigo propoe indicadores para avaliar o
grau de eficiéncia dos processos logisticos de produgado.
Os resultados preliminares mostraram que os tempos de
fase nos processos logisticos de produg¢do podem ser sig-
nificativamente reduzidos na fase de colheita. Quando
analisados como um fluxo coordenado e com atividades
encadeadas, os processos logisticos de produgdo otimizam
as velocidades e os tempos de deslocamento durante a fase
de colheita. O modelo desenvolvido utiliza conjunto de da-
dos das fases dos processos produtivos e logisticos de uma
industria sucroenergética. Um estudo futuro se concen-
trard em comportamentos mais detalhados e complexos
das partes interessadas com base no modelo proposto.

PALAVRAS CHAVE
modelagem; logistica, produgdo sucroenergética;
energia,; otimizagdo.

REFERENCES

[1] Nova C. Processos da fabrica¢do do etanol. 2020.
https://www.novacana.com/etanol/fabricacao [Accessed
19th Aug. 2020].

[2] Rodrigue J, Slack B, Comtois C. The Handbook of Lo-
gistics and Supply-Chain Management. In: Brewer A,
Button K, Hensher D. (eds.) Handbooks in Transport.
27 Ed. London: Pergamon/Elsevier; 2001.

[3] Yoshizaki H, Muscat A, Biazzi, J. Decentralizing ethanol
distribution in southeastern Brazil. Brazil: Interfaces;
1996. p. 24-34.

[4] Kawamura M, Ronconi D, Yoshizaki H. Optimizing
transportation and storage of final products in the sugar
and ethanol industry. International Transactions in Op-

erational Research. 2006;13(425-439): 1475-3995. doi:
10.1111/5.1475-3995.2006.00556.x.

[S] Iannoni A, Morabito R. Andlise do Sistema Logistico de
Recepgio de Cana de Agucar: Um estudo de caso uti-
lizando simulagdo discreta. Brazil: Gestdo e Produgdo;
2002. p. 107-128.

[6] Higgins A, et al. A framework for integrating a complex
harvesting and transport system for sugar production.
Agricultural Systems. 2004;82(2): 99-115. doi: 10.1016/
j.agsy.2003.12.004.

[71 Cock J, Luna C, Palma A. The trade-off between total
harvestable production and concentration of the econom-
ically useful yield component: Cane tonnage and sugar
content. Field Crops Research. 2000;67(3): 257-262.
doi: 10.1016/S0378-4290(00)00100-3.

[8] Milan E, Fernandez S, Aragones L. Sugar cane transpor-
tation in Cuba, a case study. https://www.sciencedirect.
com/science/article/abs/pii/S0377221705001554  [Ac-
cessed 21st Jan. 2020].

[9] Silva A, Dias E, Marins F, Luche J. Analise da incerteza

no planejamento agregado da produgo e cogeragdo de

energia utilizando um modelo de programagao por metas
multiescolha revisado: uma aplicagdo em uma usina su-
croenergética. In: XLVII Simpdosio Brasileiro de Pesquisa

Operacional, 2015, Porto de Galinhas - PE. Anais do

XLVII SBPO. Vol. 1. Rio de Janeiro - RJ: Sobrapo; 2015.

p. 1403-1415.

Marins F, Montevechi B, Arnaldo J, Silva A. Aplicagao

de programagd@o por metas binaria: Mista em uma em-

presa do setor sucroenergético. Gestdo & Produgdo.
2013;3(321-336):  1806-9649. doi: 10.1590/S0104-
530X2013000200006.

Bastos K. Modelos de simulagdo para andlise e apoio

a decisdo nos processos de corte mecanizado, carrega-

mento e transporte no agronegocio da cana-de-agucar.

Brazil: UFG; 2009. p. 1-54.

Becker T. Chankov M. Windt K. Synchronization mea-

sures in job shop manufacturing environments. Procedia

CIRP. 2013. p. 157-162.

Manrubia S, Mikhailov S, Zannette D. Emergence of Dy-

namical Order: Synchronization Phenomena in Complex

Systems. London: World Scientific; 2004.

Ching, H. Gestdo de Estoques na Cadeia de Logistica

Integrada. Sao Paulo: Atlas; 2010. p. 254.

Almeida P, Fonseca A, Figueiredo R. Analise das relagdes

de longo prazo no setor sucroenergético: Uma aborda-

gem utilizando cointegracdo e causalidade de granger.

Gestdo Inovagdo e Negocios. 2018;4(60-71): 2447-8520.

doi: 10.29246/2358-9868.2018v4i1.p60-71.

(10]

[11]

(14]

[15]

608

Promet — Traffic& Transportation, Vol. 34, 2022, No. 4, 595-608




