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Abstract

Background: In the grain logistics context, pre-processing operations such as reception,
pre-cleaning, drying, storage, and shipping are performed at farm, collecting, intermediate,
sub-terminal, and terminal storage units to preserve quality, reduce losses, and add value
in the products. However, high transportation costs and limited static storage capacity
reduce the selling prices. The objective of this article is to maximize profit associated with
pre-processing, storage, and transportation along the grain flow in Brazil. Methods: A
generic post-harvest logistics network is represented as a graph connecting producers,
multi-level storage units, agribusiness facilities, and ports. A multi-period, multi-level
mathematical model is applied in a case study framework explored in three scenarios,
covering pre-cleaning, drying, storage, and transportation costs from production areas to
commercialization nodes. Results: In all three scenarios, road transport resulted in trans-
portation costs ranging from approximately US$ 49 million to US$ 492 million, mainly over
long distances. Conclusions: The location and static capacity of collecting and intermediate
storage units strongly influenced transport, storage use, CO; emissions, and post-harvest
efficiency. Also, the flow concentration increased heavy-vehicle traffic, reducing overall
logistics performance.

Keywords: logistics; post-harvest; network; linear programming; sustainability

1. Introduction

Grains are a major source of food worldwide, with Brazil and the United States being
the largest global producers [1]. Specifically in the 2024 /25 Brazilian harvest, 340 million
tons of grains were produced, contributing approximately 24% to the Gross Domestic
Product (GDP) [2]. For commercialization, the post-harvest process is adopted to preserve
quality, reduce losses, and add value to the product [3]. To preserve quality in the post-
harvest process, pre-processing operations (reception, pre-cleaning, and drying), storage,
and shipping are developed in storage units at different levels, such as farm, collecting,
intermediate, sub-terminal and terminal [4], where storage in collecting units is renowned
for providing services such as cleaning, drying, and storage [5].

The location of storage units for pre-processing, storage, and shipping influences the
grain transportation system, specifically handling costs, which depend on the intermodal
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system [6,7]. According to SteadieSeifi et al. [8], intermodal transport is the combination of
two or more modals used to transport cargoes of the same unit along the entire route, con-
tributing to the mitigation of environmental impacts by prioritizing modals with reduced
gas emissions [9]. According to Crainic et al. [10], in tactical planning, fleet sizing and route
optimization through the use of different modals are developed, in addition to delivery
itineraries, frequency, and vehicle capacity [11-14].

Thus, intermodal transport planning in the post-harvest process mitigates logistical
costs, enhancing the competitiveness of the final product price, generating attractiveness,
and, consequently, profitability for the entire production chain [15]. However, route se-
lection and the unavailability of rail transport for moving large quantities of grain are
constraints on intermodal planning, potentially increasing post-harvest logistical costs,
especially in Brazil. Additionally, the lack of on-farm storage units and low static stor-
age capacity forces producers to sell immediately after harvest, subjecting them to low
commercialization prices and influencing transport demand. Intense transport during the
harvest period causes congestion of heavy vehicles on highways and queues for unloading
at collecting-level storage units, thereby increasing pre-processing costs [3].

For pre-processing operations, the main challenge is to define the quantity of grains
to be pre-cleaned and dried, considering the equipment operational limitations and the
location of storage units [16]. Dirty and wet grains transported to storage units at the
collecting and intermediate levels increase pre-processing costs through outsourcing op-
erations. Furthermore, producers” heavy reliance on grain management at collecting and
intermediate storage units limits their control over marketing [5]. In storage and shipping,
the difficulty lies in identifying storage units with available static capacity [3]. In transporta-
tion, the difficulty lies in defining the optimal intermodal fleet size, given the multiplicity
of destinations, which hinders grain flow efficiency [15,17].

Based on the context and difficulties described, the objective of this article is to maxi-
mize profit in the pre-processing, storage, and transportation associated with grains flow
in Brazil. Proposing a mathematically modeled logistics network, the economic results are
quantified based on distances between producers, storage units, and destination points.
The mathematical model also supported the decision-making process of producers and
storage facility managers in identifying the most advantageous periods for grain commer-
cialization, also incorporating static capacity, transportation, pre-processing, and storage
costs, as well as CO, emissions.

Regarding the research limitations, the application of the mathematical model to
specific regional scenarios in Brazil was highlighted, especially in a context in which few
articles addressed grain transportation planning. The static storage capacities were consid-
ered without incorporating infrastructure expansion, operational changes, or investments
over the planning horizon, since these aspects were associated with the strategic level of
transportation planning rather than the tactical level. In addition, variability in selling
prices under market fluctuations was not considered. Grain selling prices were based on
reports from Brazilian government agencies on grain transportation and storage. Another
limitation was the calculation of CO, emissions only from transportation, without includ-
ing energy consumption and emissions associated with drying and storage operations.
The analysis of loading and unloading times, as well as congestion effects, was also not
addressed, as it falls within the operational level of transportation planning. Fleet limita-
tions were not incorporated either, because the research focused mainly on the analysis of
transported grain volumes.

The article’s structure is presented as follows. Section 2 presents a literature review
on pre-processing, storage, and transportation concepts. Section 3 describes the logistics
network structure and the mathematical model formulation associated with the grain flow.
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Section 4 details the case study and the data used to evaluate the proposed mathematical
model, followed by the sensitivity analysis. Finally, Section 5 presents the conclusions
drawn from the analysis of the results.

2. Literature Review

To measure the profits and costs associated with the post-harvest process, a logistics
network structure is developed for storage units and routes to enable grain reception,
pre-cleaning, drying, storage, and transportation. The storage units’ static capacities are
useful for determining the quantity of grain transported between origin and destination
points, where the logistics network has multiple stocking periods [18]. Storage units
undergo pre-processing operations, such as pre-cleaning to remove impurities and drying
to reduce moisture, to comply with the required technical standards for storage and sale [5].
Specifically, farm-level storage units are located in producing regions, where grains are
received immediately after harvest. Collecting-level storage units include outsourced
activities by cooperatives for pre-cleaning, drying, and long-term storage, followed by
routing to agribusinesses or ports. Intermediate-level storage units have robust operational
capacity and are strategically located between producing regions and final destinations,
such as agribusinesses or ports. Finally, terminal-level storage units are located at the
destinations in the logistics chain [19].

In the scientific literature, grain pre-processing operations in logistics network struc-
tures are observed in Seyedzadeh et al. [20], where the quantity of agricultural products
transported is determined by the deterioration rate during commercialization after pre-
processing. Li et al. [21] structured a multi-period network for the pre-cleaning, drying,
and containerization over three months. Furthermore, road and rail transport modals were
adopted to transport up to 54 grain containers between producers and ports. In Motevalli-
Taher et al. [22], a logistics network from production to export was developed, including
storage levels and pre-processing capacity for harvest seasons, with storage analyzed at
bi-weekly intervals to assess water consumption in agricultural production compared to
the variation observed in grain exports. Daneshvar et al. [23] solve the problem of storage
units and retailers for the transportation of highly perishable agricultural products. Retailer
demand uncertainty prevents meeting customers’ complete needs, and the limited number
of storage units for pre-processing results in vehicle queues in the yards. The logistics
network was designed to optimize product flow, reduce yard waiting time, and improve ve-
hicle selection to ensure efficient demand fulfillment. Similarly, Hosseini-Motlagh et al. [24]
integrate producers, silos, flour mills, and demand zones into a logistics network for the
deployment analysis of new storage units with pre-processing operations.

For storage and shipping, Rahbari et al. [25] assess the resilience of a grain transport
network in Ukraine during the war, considering disruptions in supply, pollution reduction,
and stock levels to meet expected demand. The logistics network structure includes
producers, storage units at different levels, and market demand analyzed over a three-
month horizon, with the focus on determining the quantity of grain shipped through
the logistics network. Next, intermediate-level storage units intended for shipping to
the final destination or redistribution are analyzed in Sharma et al. [26], in the context
of COVID-19, to achieve a faster financial return for producers, subject to flow-blockade
constraints. Maiyar and Thakkar [27] structured a logistics network to meet market demand
through public and private storage units. However, when public storage units fail to meet
market demand, private storage units assume the shipping to cover the unreached market
demand. The shipments between storage units occur via road and rail transport, with the
simultaneous use of both modals for the same destination not being permitted. Maiyar
and Thakkar [28,29] subsequently adopted intermediate-level storage units to distribute
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grains via road and rail in India. Grain shipments between surplus and deficit storage units
are always mediated by intermediate-level storage units, strategically located on major
transport routes. Furthermore, the logistics network accounts for the impact of operational
interruptions at storage units on grain transport.

The logistics network structure in Mogale et al. [30,31] analyzes the impact of installing
storage units near production regions to expand the storage units’ static capacity across all
levels, with a focus on reducing the environmental impacts of heavy vehicles transporting
grains over long distances. Similarly, Mogale et al. [7] analyze market location and openness
for grain purchases by the Indian government. In addition, Mogale et al. [32] developed a
logistics network to address the lack of static storage capacity, with a focus on grain losses
during transport and storage. Furthermore, the logistics network in Mogale et al. [33,34]
describes the problem of grain transport and storage in India’s public distribution system.
The first logistics network stage concerns road shipments between acquisition centers
(origin nodes) and storage units in producing states. The second logistics network stage
depicts the shipment between producing states’ storage units and destination nodes (silos
in consuming states) via rail or road. The logistics network also focuses on planning
intermodal transport for grains flow.

Maiyar and Thakkar [35] concentrate the storage units in specific regions to facilitate
logistics network structuring and flow management. The storage units are classified into
different storage and transshipment levels, interconnected by road and rail modals, with the
logistics network structured to minimize grain losses during transshipment operations for
an intermodal system. K.P. et al. [36] analyze the total or partial rail transport usage when
transporting grains between storage units of different levels, focused on reaching a monthly
stored quota prioritizing the transport for storage units with the lowest penalty associated
with the full or partial use of static capacity, in addition to defining penalty applications
on storage units with shipments lower than the average volume of past three months.
Similarly, K.P. et al. [37] present a logistics network spanning four weeks to analyze total or
partial rail transport usage. The discounts offered by the rail transport company depend
on the storage units’ static capacity, market demand, and vehicle availability.

Faria et al. [38] discuss a simulation-optimization-based planning approach to mini-
mize carbon emissions in intermodal grain transport by road and rail in Brazil. The logistics
network is subject to uncertainties associated with seasonal production and market de-
mand. The integration of collecting-level storage units and terminals, along with seasonal
uncertainties, determines the quantity of grain transported and reduces heavy-vehicle
pollutant emissions. Finally, Lépez and Qassim [39] evaluate a logistics network with
two levels. The upper level, composed of producers, and the lower level, composed of
storage units connected by different transport modals. The logistics network interconnects
the upper and lower levels, reducing road transport and expanding the use of waterways
and rail, highlighting the economic and environmental advantages.

Based on the configuration of the logistics network for grain transportation, storage,
and pre-processing, Mixed-Integer Linear Programming (MILP) and Mixed-Integer Non-
linear Programming (MINLP) are used to represent and optimize the post-harvest system,
according to the network objectives, the adoption of multi-period, and the CO, emissions
analysis, as shown in Table 1.

Table 1. Summary of the explored literature articles.

Article Type Multi-Objective Multi-Period CO; Emissions
Mogale et al. [7] MILP No No Yes
Seyedzadeh et al. [20] MILP Yes No Yes
Lietal. [21] MILP Yes Yes No
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Table 1. Cont.
Article Type Multi-Objective Multi-Period CO; Emissions
Motevalli-Taher et al. [22] MILP Yes Yes No
Daneshvar et al. [23] MINLP No No No
Hosseini-Motlagh et al. [24] MINLP Yes Yes No
Rahbari et al. [25] MILP Yes No Yes
Sharma et al. [26] MILP Yes No Yes
Maiyar and Thakkar [27] MINLP No No No
Maiyar and Thakkar [28] MILP No Yes Yes
Maiyar and Thakkar [29] MINLP No No Yes
Mogale et al. [30] MINLP Yes Yes No
Mogale et al. [31] MINLP Ye Yes Yes
Mogale et al. [32] MILP No Yes Yes
Mogale et al. [33] MINLP No Yes No
Mogale et al. [34] MINLP No Yes No
Maiyar and Thakkar [35] MINLP Yes Yes Yes
K. P. etal. [36] MINLP Yes Yes No
K.P. et al. [37] MINLP No Yes No
Faria et al. [38] MILP No No Yes
Loépez and Qassim [39] MILP Yes No Yes

The MINLP is the most recurrent mathematical model type adopted for reducing
grain transportation costs, incorporating constraints related to the storage facilities’ static
capacity, grain flow conservation, and modal use, balancing logistics costs, environmental
impacts, and demand service levels in the post-harvest stage. Articles on mathematical
models applied to grain logistics also explored the use of different commercial solvers.
Loépez and Qassim [39], for example, solve a two-level mathematical model using LINGO
optimization modeling software. Li et al. [21] adopted the SCIP solver to minimize grain
pre-processing costs. Sharma et al. [26] and Rahbari et al. [25] used CPLEX in GAMS with
the augmented epsilon-constraint method to reduce production costs and CO, emissions.
In contrast, Motevalli-Taher et al. [22] apply the branch-and-bound method to solve an
exact mathematical formulation to reduce transportation costs and water use in grain
production through Meta-Goal programming. Seyedzadeh et al. [20] combine the Data
Envelopment Analysis (DEA) and the neural networks to minimize transportation costs and
CO; emissions, while also maximizing the generation of fixed and variable jobs associated
with grain pre-processing. Faria et al. [38] and Mogale et al. [32] combine scatter search
and tabu search with neural networks in a simulation-optimization environment to obtain
reliable approximate solutions for minimizing transportation costs.

Daneshvar et al. [23] and Mogale et al. [30,33,34] employ genetic algorithms com-
bined with the arithmetic optimization algorithm to minimize grain pre-processing, stor-
age, dispatch, and transportation costs, as well as vehicle waiting time. Maiyar and
Thakkar [27-29,35], and Mogale et al. [30,31] also address multi-objective mathematical
models by using a modified version of Multi-objective Particle Swarm Optimization (MOP-
SODE) to minimize transportation costs, storage costs, and CO, emissions. K. P. et al. [36]
solve the grain wagon allocation problem through the Optimum Rake Allocation Algo-
rithm (ORAA) to reduce transportation costs associated with delay penalties. Similarly,
K.P. et al. [37] address the same problem by using an ad hoc heuristic called MGAA/ORAA,
specifically developed to optimize railway wagon distribution and to incorporate technical
and logistical factors, such as inventory and the static capacity of storage facilities. Finally,
Hosseini-Motlagh et al. [24] used Hybrid Robust Possibilistic Programming (HRPP) com-
bined with nonlinear programming to minimize transportation costs and economic losses
due to demand non-fulfillment.
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Logistics networks constitute a key element in managing grain flows among producers,
storage units, and market demands, since they provide the structure for systematically
evaluating pre-processing, storage, and transportation operations under different modal
conditions in the post-harvest stage. As highlighted in the literature, static storage capacity
constraints and the technical requirements of pre-processing directly shape flow config-
uration, transported volumes, and the network’s ability to respond to market demand,
without accounting for grain losses resulting from the removal of different impurity and
moisture levels. Despite this relevance, traditional grain logistics models largely focus
on isolated transportation and storage decisions, without integrating pre-cleaning and
drying operations into large-scale logistics planning. To address this gap, the present
research proposes a multi-period and multi-level mathematical model that integrates,
within a single decision-making framework, the costs and constraints of pre-processing,
storage, and transportation, while also considering grain losses associated with impu-
rity removal and moisture reduction, as well as profit maximization for producers and
cooperative managers.

3. Materials and Methods

A generic logistics network for the post-harvest process was modeled as a graph
G(V, A), based on Vieira et al. [40], where V represents the set of nodes and A the set of
edges, as illustrated in Figure 1. The set of nodes is definedas V = PUFUCUN UH,
where P = {1,2,---,1,} denotes the set of producers, F = {1,2,--- ,lf} the set of farm
storage facilities, C = {1,2,---,I.} the set of collection centers, N = {1,2,---,1,,} the
set of intermediate storage facilities, and H = {1,2,---,I;,} the set of agribusiness port
terminals. For each producer, a production is assigned. In each storage unit, a static storage
capacity per period and a pre-cleaning and drying cost for each grain moisture content
are considered. In agribusinesses and ports, all demand of each period must be reached.
The edges connect the nodes, indicating the use of road transport (black lines) or rail
transport (dashed green and blue lines).

The logistics network outlines are established as follows: (i) single direction transports
from producers to other nodes; (ii) all production must be harvested and undergo pre-
cleaning and drying at storage units within the first two periods; (iii) the storage units
receiving, pre-cleaning, drying, storage, and shipping capacity is limited, and the initial
quantity of grain stored is equal to zero; and (iv) approximately 40% of clean and dry
grains are used to cover production costs and are not used for sales, while the remaining
60% are transported to reach the demand from agribusinesses (local and national markets)
and ports (international market) in a commercial format. The technical logistics factors
for transportation include transportation costs, the quantity of grains transported, and the
distance traveled. Regarding storage units, the technical logistics factors include pre-
cleaning and drying costs, static capacity, quantity of clean and dry grains stored and
transported over time, and grain losses.

Therefore, the optimization model defined on G(V, A) aimed to maximize the profit
of the logistics network on the basis of grain production and market demand through
the joint deduction of pre-cleaning and drying costs (cls;), storage costs (cs;), and trans-
portation costs (ct;,) associated with grain flows from producers to agribusiness facilities
and ports. The mathematical model consists of a multi-period, multi-level linear program-
ming formulation for analyzing grain transportation across periods and among different
levels of storage units. The formulation also simultaneously considers grain losses from
pre-processing, selling prices across different periods, and transportation costs calculated
based on actual distances between network nodes, supporting the decision-making process
of producers and storage-facility managers in identifying the most advantageous periods
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for grain commercialization. The combined integration of transportation, storage, pre-
processing, grain losses, selling prices, and real distances does not appear in the scientific
articles examined in the literature review.

Figure 1. Generic representation of the logistics network graph.

The decision variables represent the quantity of dirty and wet grains transported
per period from producers to storage units by the road transportation mode, denoted by
Xijm,q, the quantity of clean and dry grains transported per period from storage units to
agribusinesses and ports by road modal 1, denoted by y; ; 4, and the quantity of clean and
dry grains stored per period at storage units, denoted by s; ;. The parameters v; and d; ;
denote the selling price in period g and the distance between nodes i and j, respectively. All
decision variables and parameters incorporated into the mathematical model were based
on the systematic literature review developed by Vieira et al. [41].

Parameters:

®  P: Sets of nodes representing the producers p;

*  F: Sets of nodes representing farm-level storage units f;

*  (: Sets of nodes representing the collecting-level storage units c;

*  N: Sets of nodes representing the intermediate-level storage units #;

*  H: Sets of nodes representing agribusinesses and ports h;

*  (Q: Set of periods, indexed by g;

*  M: Sets of modals, indexed by m;

* 0, Sale price in the period g;

e ity Cost of modal m;

*  cs;: Storage cost at node i;

*  cls;: Cost of pre-processing at node i;

*  perd;: Proportion of grains lost during pre-processing at node i;

* 2, Produced grains of producer p in the period g.

* d,;: Distance from node i to node j;

*  UBsj,: Static capacity to node i in period g;

*  demy,: Market demands of agribusinesses and ports / in the period 4.
Decision variables:

*  Xjjmg Quantity of dirty and wet grains transported from i to j using the road transport
modal m, in period g;

*  Yijmgq Quantity of clean and dry grains transported from i to j using a modal m in
period g;

* s, Quantity of grains stored at node i in period 4.
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Mathematical model:

Maximize Z Z Z Z OqYijmg — Z Z Z (Ctmdl‘,]‘ + Cls,-)xl-,]-,mhq

i€eFUNUC jeH meM geQ ieP je FUNUC qeQ
— Z Z C5iSiq — Z Z Z Z Ctm di,j Yijmg 1
ieFUNUC geQ i€ FUNUC je FUNUCUH meM qeQ
j#i
s.t.
Z Xijme,q = Ziq Vi e P, Vq ceQ (2
jeFUNUC
Sig =Siq—1 + Z 0.6 perdi Xiimq
jepP
Y X Yiime — ) X Yijma
jEFUNUC meM j€EFUNUCUH meM
j#i J#i
Vie FUNUC, Vg€ Q,q>0 (©))
Y Y Vijmag = demjg VjeHVqeQ )
ie FUNUC meM
Xij g = 0 Vie P,je FUNUC,Vge Q (5)
Yijmg > 0 Vie FUNUC,Vje FUNUCUH,i#jVme M, Vg€ Q (6)
0 <s;y < UBsj, i€e FUNUCVYg€Q (7)

The objective function (1) maximizes sales profit, accounting for transportation, pre-
cleaning and drying, and storage costs. In the first part of the objective function, the quantity
of clean and dry grains is multiplied by the selling price to define the revenue value.
The second part calculates the transportation cost by multiplying the quantity of dirty and
wet grains, the distance traveled, and the cost of modal used, in addition to the cost of
pre-cleaning and drying in relation to the quantity of dirty and wet grains transported.
In the third part, the storage cost is multiplied by the quantity of clean and dry grains per
period. Finally, in the last part, the cost of transporting is calculated by multiplying the
quantity of clean and dry grains, the distance traveled, and the cost of the modal used.

Constraint (2) ensures that all production of dirty and wet grains harvested by produc-
ers is transported in period g using the road transportation mode m,. Constraint (3) limits
the quantity of clean and dry grains stored at node i during period g, based on the stock
from the previous period. The inventory is updated by adding the quantity of clean and
dry grains received and then subtracting the quantity of clean and dry grains sent to the
next logistics structure levels. Also, only 60% of the dirty and wet grains are incorporated
into the pre-processing, storage, and selling operations, because 40% are used to pay the
producers’ production costs. In addition, the quantity of clean and dry grains is calculated
on the basis of the loss rate resulting from impurity removal and moisture reduction. For
each node i, a static storage capacity was assigned to the storage facilities during period
g. For each node i, a static capacity in the storage units in period g for storage is assigned.
Constraint (4) defines the complete fulfillment of all demand for clean and dry grains from
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agribusinesses and ports in each period g. Finally, constraints (5)—(7) describe the ongoing
decision variables regarding the quantity of dirty and wet grains x; ; , 4, clean and dry
grains y; ; 4, and the quantity of stored grains s; ;, where s; ; is a box-constrained variable
bounded between 0 and the upper limit UBs; ;.

Based on the origin-destination distances obtained after obtaining the optimal solu-
tion, the amount of CO; emitted by grain transportation was calculated by multiplying the
transported quantity by the traveled distance and by the emission factor of each transport
mode, as described by MAPA [42]. CO, emissions are not included in the objective function,
given that the corresponding result represents a physical quantity of emissions, whereas
the objective function is based on monetary values. Also, CO, emissions are not included
in the mathematical model constraints as the main objective focused on the grain flow anal-
ysis and the monetary values associated with transportation, storage, and pre-processing.
Finally, the environmental analysis is developed to quantify the impact of grain transporta-
tion on CO; emissions rather than to constrain logistics decisions. The multi-objective
function was not considered because the mathematical model prioritizes profit maximiza-
tion based on monetary variables, whereas CO, emissions are treated as a complementary
physical indicator, calculated afterward to assess the environmental impact of the logistics
solutions obtained.

4. Results and Discussion

This section presents the application of the proposed mathematical model. Section 4.1
describes the case study, composed of three scenarios. Section 4.2 details the profit analysis
of the scenarios, as well as the CO, emissions associated with transportation in Section 4.3,
the number of storage units used in Section 4.4, and the quantity of grains received per
period in Section 4.5. Finally, Section 4.6 presents a sensitivity analysis to assess the
variation in profit across storage units, grains moisture content, and total CO; emissions.
The computational experiments were processed using a Ryzen 5-3550H processor (Acer,
Sao Paulo, Brazil) (3.6 GHz) with 16 GB of RAM, and Windows 11. The mathematical model
was solved using the commercial solver CPLEX Studio IDE 20.1.0 with computational time
ranging from 0.03 s (0.90 ticks) to 0.30 s (4.70 ticks).

4.1. Case Study

Information was collected from databases of Brazilian government agencies, and with
a diagnosis from Vieira et al. [40] applied to eight producers and three cooperative man-
agers. The diagnosis gathered relevant information for the logistics network G(V, A)
construction and for the characterization of grain transportation and storage planning,
including the production origin municipalities, harvested volume, transportation modals
and service types used, criteria adopted for transport choice, transportation costs, trans-
shipment terminal usage, grain flow recurrent delays, grain losses during transportation,
storage locations, storage costs, destination changes motivated by capacity constraints
or operational costs, as well as the highest volume of transported grains periods. Data
obtained from government agencies provided the input parameters required for the mathe-
matical model, such as transportation, storage, and pre-processing costs, transportation
losses, storage units static capacities, selling prices, demand, production, and grain losses
associated with impurity and moisture rates.

Thus, three scenarios were defined to represent different realities of the Brazilian
soybean logistics network. Scenario 1 represents the southern region, characterized by
consolidated storage units and road infrastructure for the grains flow. The logistics network
includes 71 storage units at the collecting level, 31 storage units at the intermediate level,
two ports, and nine agribusinesses. Scenario 2 corresponds to the central-west region,
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which has underdeveloped storage units for transportation. The logistics network con-
siders 50 storage units at the collecting level, 18 storage units at the intermediate level,
two ports, and 12 agribusinesses. Scenario 3 represents the northeast region, where infras-
tructure is in its early stages of development. The logistics network includes 26 storage
units at the collecting level, five storage units at the intermediate level, three ports, and
one agribusiness [4]. Figure 2 shows the map with the location of the producers and ports,
as well as the road and rail routes of the three scenarios. The 12-month period considered
for analysis is between March 2024 and February 2025 [43].

Productor [
Road s
Rail ——
Port A
Scenario 1 [}
Scenario 2 [}
Scenario 3 [

500 km 1000 km

Figure 2. Locations in the Brazilian logistics network context.

The producers in the three scenarios are the ten largest producers by production
volume, ranging from 100,000 to 2 million tons of grain per year [44]. In addition, in each
scenario, only 20% of producers operate on-farm storage facilities, and harvested grains con-
tain between 13% and 18% moisture and impurities [43]. Storage units have static capacities
ranging from 70,000 to 300,000 tons [4], and the geographic location and distances between
producers and storage units were defined using QGIS v3.44 and Google Maps (v 19.0.0.).
Furthermore, the moisture content of incoming dirty and wet grains at each storage unit is
assumed to be random during the drying operation. Market demands from agribusinesses
and ports were defined based on data from the Ministry of Agriculture and Supply [42].
Of the total clean and dry grains, 40% are reserved for paying producers’ production costs
to storage units at the collecting level, 24% are reserved for agribusinesses” market demand,
and 36% are reserved for ports, with a focus on international market demand.

For storage in storage units, impurity removal during pre-cleaning and a moisture con-
tent of 12% during drying are required to ensure clean, dry grains. Impurity removal
results in a 5% loss of the initial quantity, while the drying process causes losses of
2% to 8% [5]. The combined cost of pre-cleaning and drying in farm-level storage units
ranges from US$ 2/t to US$ 3/t, and in intermediate-level and collecting-level storage units
from US$ 3/t to US$ 5/t [45]. Chemical and biochemical processes were not considered in
this research, and grains are stored at a fixed cost of US$ 2/1.
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The selling prices are based on the average of the last 10 years, ranging from US$ 330/t
to US$ 360/t [46]. The unitary operational cost for road transport is US$ 50/t, and for rail
transport, it is US$ 30/t [43]. CO, emissions associated with road transport are 0.164 kg of
CO; per ton per 1000 km traveled, and with rail transport, 0.0481 kg of CO, per ton per
1000 km [47].

4.2. Profit

The profit maximization in the scenarios was achieved by considering the market
demands of agribusinesses and ports, influenced by sales prices per period and subject to
constraints related to factors such as transportation costs, storage unit location, and quantity
of clean and dry grains, similarly explored in Mogale et al. [34] and Dwivedi et al. [48].
Table 2 presents the quantity of grains received by storage units, agribusinesses, and ports.
The dirty and wet grains received by storage units come from producers, while the grains
sold are clean and dry, received by agribusinesses and ports from storage units. Finally,
the total profits obtained in each scenario after the sale are shown, discounted for trans-
portation, pre-cleaning and drying, and storage costs. A description of the three scenarios’
parameters and results found is provided in Appendix A, in Table A1.

Table 2. Quantity of grains (in tons) received and the profit (in million US$) obtained in each scenario.

Storage unit Scenario 1 Scenario 2 Scenario 3
Farm 593,760 2,841,597 1,217,074
Dirty and Collecting 2,171,526 8,663,868 2,664,900
wet grains Intermediate 418,386 873,225 298,692
Grains received 3,208,915 12,378,690 4,180,666
Destination Scenario 1 Scenario 2 Scenario 3
Clean and Agribusiness 678,843 3,019,733 780,030
drv erain Port 989,631 3,664,974 1,477,521
y grams Grains sold 1,668,474 6,684,492 2,257,551

Profit (US$) 213,356,482.00  391,261,504.00 52,025,523.00

In all three scenarios, more than 60% of dirty and wet grains are directed to collecting-
level storage units for impurity removal and moisture reduction. The location of the
collecting-level storage units is the main factor in directing dirty and wet grains, given
their proximity to producers, agribusinesses, and ports. The second factor that determines
the direction of dirty and wet grains is the availability of static capacity. For example,
in Scenario 1, the collecting-level storage units are selected based on location and available
static capacity, receiving 67% of all dirty and wet grains. In Scenario 2, 8,663,868 tons of
dirty and wet grains (69% of the total) are received at the collecting-level storage units.
In addition, the storage units’ static capacity is directly related to the potential volume of
dirty and wet grains received for pre-cleaning and to the waiting time to unload heavy
vehicles, which influences the formation of waiting lines in parking yards.

The results verified in the three scenarios agree with those of Mogale et al. [34],
with profit being directly influenced by the volume of dirty and wet grains and clean and
dry grains received by storage units at the farm, collecting, intermediate, agribusiness,
and port levels, a volume conditioned by static capacity and the unloading rate of heavy
vehicles. Furthermore, Faria et al. [38] estimate a profit of US$ 43.82 million for grain
transportation using the rail modal exclusively. However, the economic result is based on
rail transportation cost reduction rather than grain selling price. Similarly, Sun [9] reports
an economic value of approximately US$ 323 thousand for the transport of about 1863 tons
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of grains, corresponding to approximately US$ 173/t. The value is close to that observed in
Scenario 1, where the profit reached about US$ 127/t.

Consequently, the unloading capacity and the distance between storage units and
producers impact the logistics network’s profit, since the transportation cost, calculated by
multiplying the quantity of grain transported between storage units, the distance traveled,
and the transport modal cost, subtracts the revenue value obtained by agribusinesses
and ports. A profit of US$ 391,261,504.00 was obtained from the sale of 6,684,492 tons
of clean and dry grains in Scenario 2. In Scenario 1, the profit of US$ 213,356,482.00 is
associated with the sale of 1,668,474 tons of clean and dry grains. In Scenario 3, the profit is
US$ 52,025,523.00, 76% lower than in Scenario 1, despite selling 27% more grains. The profit
difference observed between scenarios 1 and 3 is influenced not only by the volume sold,
but also by the distance between the storage units and the destinations. In Scenario 3,
the average distance traveled between a storage unit of any level and an agribusiness or
port is 624 km, 65% greater when compared to the average distance traveled between a
storage unit of any level and an agribusiness or port in Scenario 1.

Table 3 shows the transportation costs throughout the storage units for the
grains received.

Table 3. Cost of transportation (in million US$) for received grains (in tons) in each scenario.

Storage unit Scenario 1 Scenario 2 Scenario 3
Farm - - -
Dirty and Collecting 16,433,601.00  110,544,013.93 159,611,073.45
wet grains Intermediate 2,249,357.00 15,214,493.86 4,454,311.98
Cost (US$) 18,682,658.00  125,758,507.78 164,065,385.42
Destination Scenario 1 Scenario 2 Scenario 3
Collecting 991,559.74 47,615,682.60 -
Clean and Intermediate 119,771.82 15,319,882.26 5,033,713.34
drv orains Agribusiness 9,020,583.37 17,828,569.11 13,577,239.77
Y8 Port 20,953,230.78  285,900,186.80 54,954,732.88
Cost (US$) 31,085,145.97  366,664,320.77 73,565,685.99

Total cost (US$) 49,768,102.97  492,422,828.55  237,631,071.42

As transportation is impacted by the quantity of grain transported and the cost of the
modal used, in Scenario 3, the cost of transporting dirty and wet grains is a consequence of
the distances exceeding 1000 km between producers and storage units using heavy vehicles.
Similarly, the transport of clean and dry grains between storage units at the farm, collecting,
and intermediate levels to ports is covered over distances of less than 500 km by heavy
vehicles. In Scenario 2, the total cost of transporting clean and dry grains is approximately
90% higher than that observed in Scenario 1 and 80% higher than that observed in Scenario 3,
mainly due to the long distances exceeding 1500 km between storage units and ports using
heavy vehicles. Conversely, in Scenario 1, transportation costs for both dirty and wet
grains, and for clean and dry grains, are approximately 86% lower than in Scenario 2 and
89% lower than in Scenario 3, due to the geographical proximity among producers, storage
units, ports, and agribusinesses, which favors logistical efficiency.

Modal choice and operational speed influence the transportation costs by up to
US$ 25 million, equivalent to 50% of the transportation cost verified in Scenario 1. Ja-
hani et al. [15] show that transportation costs depend on interactions among transporta-
tion modal choice, cargo quantities, and distances traveled. Specifically, for Maiyar and
Thakkar [28], road transport adoption for dirty and wet grains between producers and
storage units is driven by the accessibility and operational flexibility of road vehicles.
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The transportation cost in Mizanbekov and Kalym [16] is approximately US$ 7.85/t,
a value close to that observed in Scenario 1 (US$ 10.20/t). The similarity is associated with a
more developed infrastructure of storage units and roadways in Scenario 1 compared with
the other scenarios. In contrast, Mogale et al. [30] report substantially higher transportation
costs, around US$ 102.40/t, a difference explained by the distinct analytical approach
adopted. While Mogale et al. [30] minimize the overall logistics network cost, Mizanbekov
and Kalym [16] focus on increasing operational efficiency per trip, considering grain losses
as part of the logistics cost. In the present research, the transportation cost calculation
considers traveled distance, transportation cost by mode, the quantity of grains transported,
and grain losses resulting from grain pre-processing. Thus, logistics costs depend not only
on the available infrastructure and the distances traveled, but also on the losses incorporated
into the system and on the configuration of the logistics network.

In scenarios 1 and 2, rail transport is used to transport 33,000 and 1,755,542 tons
of clean and dry grains, respectively, representing only 2% sold in Scenario 1 and
26% in Scenario 2. The difference in rail transport use between scenarios 1 and 2 is due to
the average distance between intermediate-level storage units and ports: approximately
600 km in Scenario 1 and 1200 km in Scenario 2, which favors rail transport for moving
large quantities of grains in Scenario 2. In Scenario 3, rail transport was not used because
the transshipment storage unit is farther from producers and farm-level storage units than
from agribusinesses and ports. Similarly, Mogale et al. [30] consider the transportation
of 5.2 million tons of grains over approximately 800 km by rail, which reinforces the
efficiency of rail transport for moving large volumes over long distances, as observed in
Scenario 2. Uchuya Lépez and Qassim [39] report a reduction in annual operating costs
from US$ 4057.97 million to US$ 1034.54 million through the adoption of an intermodal
system, corresponding to approximately 25% of the annual operating costs originally
associated with the exclusive use of road transportation. In Scenario 3, transportation costs
remain high, and rail transport is not adopted.

4.3. CO, Emissions

By minimizing transportation costs, the distances traveled by different modals be-
tween producers, storage units, agribusinesses, and ports are obtained to quantify CO,
emissions in the three scenarios. Thus, Table 4 presents the CO, emissions associated with
transportation, by multiplying the distances covered by each modal, the quantities of grain
transported, and the CO, emission factors of each modal.

Table 4. CO, emissions (in kg) of transport to storage units and for sale.

Storage unit Scenariol  Scenario2  Scenario 3
Farm - - -
Dirty and Collecting 56.739 381.668 551.078
wet grains Intermediate 7.766 52.530 15.379
CO; emission (kg) 64.505 434.198 566.457
Destination Scenario 1 Scenario2  Scenario 3
Collecting 3.423 164.399 -
Clean and Intermediate 413 52.894 17.380
drv erains Agribusiness 20.787 61.555 46.877
Y& Port 72.344 971.661 189.738
CO; emission (kg) 96.554 1.250.510 253.995
Total CO; emission (kg) 161.059 1.684.708 820.453
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The CO, emissions from transporting dirty and wet grains in Scenario 3 are 99% higher
compared to Scenario 1 and 24% higher compared to Scenario 2, due to the long distances
traveled by road between producers and storage units at the collecting level. In con-
trast, the emissions associated with transporting clean and dry grains are reduced primar-
ily by the storage units” proximity to agribusinesses and ports at the collecting level in
Scenario 1. In scenarios 2 and 3, CO, emissions for transporting clean and dry grains
destined for storage units, agribusinesses, and ports are 78% and 54% higher, respectively,
compared to Scenario 1 due to the distances traveled by road.

In addition to the distances traveled, the choice of transport modal directly influenced
CO, emissions, as observed in Faria et al. [38], with a 2.8% reduction in CO, emissions
when considering the emission rate per liter of diesel consumed in the rail transporta-
tion of 51 million tons of grains. A similar pattern is observed especially in Scenario 2,
in which the rail transportation of 1.755 million tons of clean and dry grains generated
219,330 kg of CO,, whereas road transportation for the same quantity resulted in
442,576 kg of CO;. In Scenario 1, the rail transportation of 33,000 tons of clean and dry
grains generates 971 kg of CO,, while road transportation generates 2229 kg of CO,. In
Scenario 3, all transportation is developed exclusively by road, reinforcing the emis-
sions. Maiyar and Thakkar [29] estimate CO, emissions ranging from 12 thousand kg to
617 thousand kg for different logistics network sizes, showing that both network configura-
tion and modal choice significantly influenced the environmental system performance.

4.4. Quantity of Storage Units Used

Table 5 presents the origin-destination relations for receiving grains across the three
logistics network scenarios, in terms of quantity and the proportion of storage units
at the farm, collecting, and intermediate levels to meet the agribusinesses’ and port
market demands.

Table 5. Origin—destination relation for grain reception.

Scenario 1 Scenario 2 Scenario 3
Origin Destination - - - - - -
Quantity Proportion Quantity Proportion Quantity Proportion

Farm 2 20.00% 2 20.00% 2 20.00%
Producer Collecting 50 70.42% 30 60.00% 16 69.57%
Intermediate 12 38.71% 5 27.78% 4 80.00%

Farm 2 20.00% 2 20.00% - -
Collecting  Agribusiness 32 45.07% 21 42.00% 11 47.83%

Intermediate - - - - - -
Farm 1 10.00% 2 20.00% 2 20.00%
Collecting Port 23 32.39% 38 76.00% 5 21.74%
Intermediate 8 25.81% 5 27.78% 4 80.00%

All farm-level storage units available to producers are completely full, since only
20% of producers have storage units on their properties, forcing producers to transport
their products to storage units at other levels of the logistics network. Thus, more than
60% of the collecting-level storage units, distributed throughout the logistics network and
with higher static capacity than farm-level storage units, are used by producers, thereby
increasing transportation costs and CO, emissions.

Due to the distances involved, intermediate-level storage units are not used as desti-
nations for agribusinesses, with almost all receiving, pre-cleaning, and drying operations
concentrated in the collecting-level storage units, as verified in Mardaneh et al. [49] and
Daneshvar et al. [23]. The use of storage units to receive clean and dry grains for ports
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varies across the three scenarios. In Scenario 3, approximately 80% of intermediate-level
storage units are used to transport grains to ports, a behavior linked to their favorable
geographic location relative to both producers and ports. In Scenario 2, 76% of collecting-
level storage units concentrate transport to ports, again due to their proximity to produc-
ing areas, thereby favoring grains flow consolidation given transportation costs. Finally,
Scenario 1 shows a non-concentrated use of collecting-level and intermediate-level storage
units for ports, characterizing a dispersed spatial distribution in the logistics network
among producers, storage units, and final destinations, with lower operational intensity
than the other two scenarios.

In Mogale et al. [30], variation in the number of storage units used for grain procure-
ment directly influences the performance of the logistics network. When the number of
centers increases or decreases by 60%, the total cost varies by 41% and 27%, respectively,
while the lead time varies by 122% and 45%, respectively. Comparison with the present
research indicates that the spatial configuration of the network and the degree of con-
centration of storage units directly influence logistics cost, operational intensity, and the
environmental performance of the system.

4.5. Quantity of Grains Received per Period

To illustrate the grains flow dynamics in the logistics network by period, Table 6
shows the quantity of grains received by storage units in Scenario 2. Dirty and wet
grains in periods 1 and 2 are sent by producers and received by storage units at the farm,
collecting, and intermediate levels. From period 3 onward, only clean and dry grains are
transported to intermediate units, agribusinesses, and ports. Throughout periods 3 to 12,
the agribusinesses and ports maintain a constant reception rate, while the intermediate
storage units vary, resulting in differences in total received in each period.

Table 6. Quantity of grains (in tons) received per period in Scenario 2.

Dirty and Wet Grains Clean and Dry Grains
Period Total
Farm Collecting Intermediate Collecting Intermediate Agribusiness  Port
1 1,602,349 4,414,819 172,177 901,374 - - - 7,090,719
2 1,239,348 4,249,049 701,048 698,038 - - - 6,887,483
3 - - - 282,448 303,773 368,708 954,929
4 - - - 88,584 303,773 368,708 761,065
5 - - - 206,120 303,773 368,708 878,601
6 - - - - 303,773 368,708 672,481
7 - - - 36,248 303,773 368,708 708,729
8 . - - 295,818 303,773 368,708 968,299
9 - - - 113,858 303,773 368,708 786,339
10 - - - 204,838 303,773 368,708 877,319
11 - - - 204,838 303,773 368,708 877,319
12 - - - 145,596 303,773 368,708 818,077

The first two periods involve harvesting, followed by pre-cleaning and drying of the dirty
and wet grains destined for storage. In scenarios 1 and 3 (Appendix A—Tables A2 and A3),
the static capacity of the farm-level storage units is fully utilized in the first two periods
due to the proximity of the producing regions, significantly reducing transportation costs
in the logistics network. Furthermore, the costs associated with pre-cleaning and drying
are 30% lower compared to storage units at other levels, due to outsourced services. Given
the limitations of static capacity and the distances between storage units, the flow of
dirty and wet grains is distributed differently across the logistics network in the three
scenarios. In Scenario 1, approximately 17% of the dirty and wet grains are received by

https://doi.org/10.3390/logistics10050099


https://doi.org/10.3390/logistics10050099

Logistics 2026, 10, 99

16 of 24

farm-level storage units, 65% by collecting-level storage units, and 14% by intermediate-
level storage units. In Scenario 2, 20% of the dirty and wet grains are received by farm-level
storage units, 60% are directed to collecting-level storage units, and the remaining 20% are
mandatorily transported to the next level of the logistics network. In Scenario 3, farm-level
storage units receive 28% of the dirty and wet grains, collecting-level storage units 53%,
and intermediate-level storage units 9%.

Variations in the distribution of dirty and wet grains across storage units increase
the complexity of logistics planning and transportation routes, requiring coordination
among pre-cleaning, drying, storage, and transportation operations throughout the periods
analyzed, as verified in Mogale et al. [30]. In addition, managing grain flow through
collecting-level and intermediate-level storage units increases pre-cleaning, drying, stor-
age, and transportation costs due to the outsourcing of operational services. In Maiyar
and Thakkar [35], demand continues to be attended, but the average total cost increases
by 14%. Furthermore, the concentration of 40% of grain transportation in a single period,
coupled with multiple disruptions, determines a stronger dependence on intermediate and
transshipment units, and increases logistics network costs and operational vulnerability.

Next, periods 1 to 5 and 7 to 12 are used for receiving 46% of clean and dry grains
in Scenario 2 by storage units at the collecting and intermediate levels, highlighting the
volume received in periods 3 and 8, which contributes to the final cost of storing clean
and dry grains of approximately US$ 60 million, 75% higher compared to Scenario 1 and
66% higher compared to Scenario 3. In addition, in 11 periods in Scenario 2, clean and dry
grains are stored rather than sold, resulting in additional costs, whereas in scenarios 1 and 3,
costs are reduced due to higher turnover. Thus, the use of static capacity to store clean and
dry grains varies across scenarios, depending on the structure and location of available
storage units within the logistics network. In this way, the quantity of clean and dry grains
during the highest-volume reception periods helps identify logistical bottlenecks.

The high volume of grains received by storage units in a single period causes unloading
delays and intensifies operational bottlenecks. In K. P. et al. [36], within a four-week
planning horizon, only one weekly allocation per warehouse is allowed. Therefore, the risk
of delay penalties associated with unloading a full train is 2.52 times higher than that
observed for a partially loaded train, due to the higher penalty cost and the difference in
free unloading time. Thus, periods with higher grain unloading volumes between storage
units place greater pressure on receiving capacity and require stricter planning of unloading
and storage operations.

Understanding the dynamics of grain quantities received, the distribution over periods,
and the storage units with the highest intake contributes to the unloading operations plan-
ning and to the reduction of operational bottlenecks, as verified for example in Li et al. [21],
where a reduction of US 10.15 million in transportation and storage costs through the
advance planning at intermediate-level storage units over the three analyzed periods
is observed.

4.6. Sensibility Analysis

A sensitivity analysis was performed to evaluate the controlled variations in static
capacity, moisture content, and production effect on the profit maximization associated
with grain flow, based on the scenarios explored.

According to Coradi et al. [5], farm-level storage units allow pre-cleaning and drying
of dirty and wet grains, with operational costs up to 30% lower than storage units at other
levels. Therefore, to understand the impact of pre-cleaning and drying costs, the static
capacities of the farm-level storage units were increased to accommodate the complete
pre-cleaning, drying, and storage of all dirty and wet grains required by the market. Table 7
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presents the quantity of grains received, the transportation costs, and the profits obtained
considering the proposed static capacity change.

Table 7. Quantity of grains (in tons) received and the profit obtained in each scenario, changing the
farm-level storage units’ static capacities.

Storage unit Scenario 1 Scenario 2 Scenario 3
Dirtv and Farms 3,183,672 12,042,641 4,180,666
Wei yrZins Collecting - 296,212 -
& Intermediate - - -
Destination Scenario 1 Scenario 2 Scenario 3
Collecting 1,007,739 5,901,562 -
Clean and Intermediate - 1,843,542 985,014
dry grains Agribusiness 678,843 3,055,734 780,030
Ports 989,631 3,687,084 1,477,521
Transport cost (US$) 27,160,174.12 413,450,929.37 77,491,185.80
Profit (US$) 248,349,674.18 467,403,213.10 69,957,855.97

Compared to the results obtained with profit maximization for the case study explored
(Table 1), the quantity of dirty and wet grains received by farm-level storage units in
Scenario 1 increases by 81%, reducing transportation costs by 46% by eliminating transport
to collecting and intermediate-level storage units, resulting in an increased profit by 15%.
Also, the farm-level storage units are close to the collecting and intermediate-level storage
units. In Scenario 2, profit increased by 13% due to a 6% reduction in transportation costs,
a consequence of 77% more grains received by farm-level storage units. In Scenario 3, profit
increased by 26%, reducing transportation costs by 67% and shifting the dirty and wet grain
destination to farm-level storage units by 70%. Thus, the new farm-level storage capacity
available reduces the cost of pre-cleaning all dirty and wet grains, improving producers’
competitiveness and achieving higher profit margins. Furthermore, storing in on-farm
storage units allows producers to control marketing, focusing on sales primarily during the
off-season, when prices are higher.

In Mardaneh et al. [49], storage at farm-level storage units is economically advanta-
geous for grain producers, providing a profit increase of 4.3% in all scenarios compared with
the baseline case. The argument received additional support in Motevalli-Taher et al. [22],
which highlights the storage as an essential stage for preserving grain quality after harvest,
where wheat is stored in silos before transport to factories, showing the storage time rele-
vance to supply chain performance and the demand for storage capacity expansion close to
the origin to increase logistics flexibility.

Next, the moisture removed after harvesting affects the quantity of grains transported
between storage units and, consequently, sold to industries and ports, mainly due to losses
during drying [43]. Table 8 presents the quantity of grains sold and the profit obtained,
changing the moisture of all dirty and wet grains provided by the producers to a moisture
rate of 12%, using as a reference the random moisture tax adopted in the case study
explored. Considering all scenarios, the moisture rate, which increased from 13% to 18%,
progressively reduced the quantity of grain sold and, consequently, altered profits, with a
moderate average sensitivity of 13%.

The 13% level generates the highest profit in all three scenarios, whereas the gradual
increase up to 18% simultaneously reduces profit and the quantity of clean and dry grains
sold. Between the 13% and 18% levels, profit decreases from 11.5% to 53.6%, with the
highest sensitivity observed in Scenario 3. The reduction in profit is due to higher grain-
drying costs and increased transport costs when transporting grains with higher moisture
content. The increase in transport cost due to higher moisture content is also observed
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in Motevalli-Taher et al. [22], with a 38% increase in transportation cost in relation to an
88% increase in grain moisture content.

Table 8. Profit (in milion US$) and quantity of grains (in tons) available for sale defined according to
the dirty and wet grains’ moisture rate.

Moisture Scenario 1 Scenario 2 Scenario 3
Rate Profit Quantity Profit Quantity Profit Quantity

Random 213,356,482.00 1,668,474 391,261,504.00 6,684,493 52,025,523.00 2,257,551
13% 217,001,476.00 1,686,658 391,797,510.00 6,742,810 52,907,092.00 2,215,751
14% 212,869,205.00 1,654,834 382,552,210.00 6,493,077 52,567,509.00 2,173,944
15% 208,748,366.00 1,623,010 376,099,929.00 6,368,210 52,209,576.00 2,132,138
16% 204,637,980.00 1,591,187 368,387,113.00 6,243,343 51,831,900.00 2,090,331
17% 196,137,648.00 1,527,539 353,727,123.00 5,993,609 39,713,809.00 2,006,718
18% 192,028,929.00 1,495,715 345,906,192.00 5,868,742 24,523,511.00 1,964,911

According to MAPA [42], the Brazilian grain production increased by approximately
30% over 10 years, affecting mainly the road transport demand and, consequently, increas-
ing CO, emissions. Table 9 presents the relation between the profit obtained with a greater
quantity of grains produced and CO; emissions for all three scenarios over two years,
considering the production used in the case study as a reference.

Table 9. Profit (in milion US$) and quantity of CO, (in kg) emitted according to the production
increase.

Increased Scenario 1 Scenario 2 Scenario 3
Production Profit CO; Emission Profit CO, Emission Profit CO; Emission
0% 213,356,482.00 161,473 391,261,504.00 1,665,664 52,025,523.00 774,494
6% 228,845,840.00 174,057 414,572,912.00 1,779,702 55,146,923.00 841,995
12% 241,799,594.00 183,908 438,235,547.00 1,871,206 58,268,600.00 892,923
18% 254,749,841.00 193,760 461,710,768.00 1,924,957 61,390,132.00 919,936
24% 267,703,302.00 203,610 485,186,769.00 2,071,679 64,511,832.00 958,842
30% 280,729,958.00 213,348 508,665,119.00 2,170,468 67,633,214.00 1,050,658

Increasing production by 30% in Scenario 1 resulted in an approximate increase of
51,875 kg of CO,, associated with an average distance traveled of 261 km using road
transport. In Scenario 2, an additional 504,804 kg of CO, are emitted over an average
distance traveled of 507 km using road transport. In Scenario 3, an additional 276,164 kg
of CO; are associated with a distance traveled of 624 km. The 76% difference in profit
and the 80% difference in CO, emissions between scenarios 1 and 3 occurred due to the
distance traveled between producers, storage units, agribusinesses, and ports by road
transport. The lack of storage facilities and adequate road infrastructure to accommodate
the increased production in Scenario 3 forced heavy vehicles to travel longer distances,
increasing CO; emissions by 80%, even though sales volume is approximately 23% higher
than in Scenario 1.

The increase in CO; emissions after the 30% production expansion is a combined effect
of longer road-haul distances, the road transport predominance, and the lack of storage
capacity close to production areas, as is verified in Rahbari et al. [25], in Sharma et al. [26],
and in Mogale et al. [30]. Therefore, the lower profit and higher CO, emissions observed
in Scenario 3 can be explained not only by the larger production volume, but mainly
by the longer road distances imposed by the lack of nearby storage facilities and
adequate infrastructure.
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The sensitivity analysis reveals the influence of distance and static capacity on the
mathematical model results, especially profit and post-harvest transportation, storage,
and pre-processing costs. Distance directly affects transportation cost, profit, and CO,
emissions, according to Rahbari et al. [25]. Static capacity conditions the quantity of grains
transported between storage units and the grain flow across periods, with direct effects
on storage costs. K. P. et al. [36] emphasize the role of storage unit capacity in grain
reception, unloading operations, and total post-harvest cost. Within the evaluated ranges,
the parameters associated with pre-processing costs, storage costs, and grain losses during
pre-cleaning and drying have a lower relative influence on profit and post-harvest costs
than distance and static capacity. A similar interpretation appears in Li et al. [21], since
transportation represents the largest share of total supply chain cost, at 69.7%, whereas
inventory accounts for 21.1% and operating costs for 9.2%, highlighting the predominance
of logistics movement components over the remaining cost elements.

5. Conclusions

The production and marketing of grains highlight Brazil in the international market,
which demands strict physical control qualities. In the post-harvest process, excessive
outsourcing of reception, pre-cleaning, and drying operations, focused on quality con-
trol, in collecting-level storage units, increases operational costs by 30%. In addition, for
80% of Brazilian producers, farm-level storage units with reception, pre-cleaning, and dry-
ing operations are unavailable, creating a lack of static capacity near producers and compli-
cating transport planning and control due to the multiplicity of routes to collecting-level
storage units.

The transport of dirty and wet grains to storage units shows the predominance of
road transport, which concentrates logistical flows, increases congestion, and raises trans-
portation costs due to the distances traveled. The presence of impurities and moisture in
harvested grains increases the weight transported, allowing material displacement that
could be removed during pre-cleaning and drying operations within farm-level storage
units rather than in collecting-level storage units.

To aid post-harvest logistical planning, a mathematical model based on a G(V, A)
graph of a generic logistics network was proposed, enabling analysis of three distinct
scenarios in the Brazilian grain flow context, specifically for soybeans. The mathematical
model was solved through a deterministic approach to maximize profit based on revenue
from grain commercialization discounted by transportation, storage, and pre-processing
costs, defining the origin—destination pairs, as well as the quantities of dirty and wet grains
and clean and dry grains transported in each period to reach the market demand. As a
limitation, the mathematical model did not consider heavy vehicles’ loading and unloading
times, nor the uncertainty associated with grain selling prices.

In Scenario 1, sales yield a relatively high profit due to shorter distances between
origins and destinations (producers, storage units, agro-industries, and ports), with grain
flow concentrated in only three periods. Consequently, CO, emissions are low. The use
of storage units for reception, pre-cleaning, and drying operations is decentralized due to
the available quantity and spatial distribution of the storage units. Scenario 2 produces
the largest quantity of grains, resulting in higher proportional profits and CO, emissions.
The distance between origins and destinations affects transportation costs, even as rail
transport use increases. The distances between producers and storage units concentrate
the reception, pre-cleaning, and drying operations, reinforcing the outsourcing effect on
transportation costs. Grain transport between storage units at the collecting and interme-
diate levels is verified in almost all periods, intensifying CO, emissions and dependence
on road transport. Scenario 3 presents the lowest profit, as well as proportionally high
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transportation costs and CO, emissions relative to the quantities of grain transported.
The long distances traveled and the lack of storage units near producers led to the transport
of mainly dirty and wet grains over long distances. Another aggravating factor is the lack
of intermediate-level storage units for rail transport transshipment, given the distances
between producers and ports that require road transport.

In summary, the location and static capacity of storage units at the collecting and
intermediate levels directly influence grain transportation and the use of storage units in
the post-harvest process. This concentration increases the use of heavy vehicles to transport
dirty and wet grains, raising transportation costs and CO; emissions and compromising
the efficiency of the post-harvest process. The location and static capacity of collecting-level
and intermediate-level storage units directly influenced grain transportation and the use of
storage units in the post-harvest process. The flow concentration in storage units increased
the use of heavy vehicles for transporting dirty and wet grains, raised transportation
costs and CO, emissions, and reduced post-harvest processing efficiency. In addition,
traffic congestion and deficiencies in Brazil’s road infrastructure further aggravated grain
outflow. The intense movement of heavy vehicles on highways increases congestion, while
poor pavement conditions and structural limitations of the roads hinder the grains flow.
Moreover, the lack of integration with rail and waterway systems contributed to higher
demand for heavy vehicle transportation, increasing CO, emissions.

To improve grain transportation, the Brazilian government published the National
Logistics Plan (PNL), with emphasis on expanding and modernizing the transport corridors
used for the outflow of agricultural production. However, the PNL did not include a specific
analysis of storage unit locations. In this context, the present research contributed to
identifying the routes that require attention and urgent rehabilitation between storage units.
For producers, the results supported decision-making regarding grain destination, storage
unit selection, and the most advantageous period for commercialization. For cooperative
managers, the research contributed to intermodal routing planning and to the efficient use
of storage units’ static capacity.

For future research, a detailed analysis of the influence of loading and unloading
times at storage units was recommended in order to reduce queues and vehicle waiting
times in storage yards. The development of an operational schedule for the heavy vehicles’
arrival and the trains’ departure is also recommended, as well as the synchronization
between transport modals through stochastic methods, allowing a representation of the
uncertainties associated with vehicle arrival times, variations in loading and unloading
times, operational equipment availability, and grain flow fluctuations across periods.
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Appendix A

Table Al. Case study parameters and results found for the three scenarios.

Scenario 1 Scenario 2 Scenario 3
Parameters
Grain production (dirty and wet grains) (tons) 3,208,915 12,378,690 4,180,666
Producers (quantity) 10 10 10
Farm-level storage units (quantity) 2 2 2
Collecting-level storage units (quantity) 71 50 23
Intermediate-level storage units (quantity) 31 18 5
Agribusiness (quantity) 11 14 3
Ports (quantity) 2 2 3
Results
Clean and dry grains (tons) 1,668,474 6,684,492 2,257,551
Profit (US$) 213,356,482.00 391,261,504.00 52,025,523.00
Profit per ton (US$) 127.87 58.53 23.04
Transport cost (US$) 49,768,104.97 492,422,828.00 237,631,071.42
Transport cost per ton (US$) 10.20 25.83 36.90
Total emissions (kg) 161,059 1,684,708 820,453
Total emissions per ton (kg) 0.03 0.08 0.12
Average distance (km) 261 507 624
Farm-level units used (quantity) 2 2 2
Collecting-level units used (quantity) 50 30 16
Intermediate-level units used (quantity) 12 5 4
Agribusiness units used (quantity) 11 14 3
Ports used (quantity) 2 2 3
Table A2. Quantity of grains (in tons) received per period in Scenario 1.
Dirty and Wet Grains Clean and Dry Grains
Period Total
Farm Collecting Intermediate Collecting Intermediate Agribusiness Port
1 296,880 1,067,273 287,306 73,089 - - - 1,665,425
2 296,880 1,104,254 190,202 73,089 - - - 1,664,425
3 - - - - 1660 67,884 98,963 168,507
4 - - - - - 67,884 98,963 166,847
5 - - - - 51,334 67,884 98,963 218,181
6 - - - - - 67,884 98,963 166,847
7 - - - - - 67,884 98,963 166,847
8 - - - - - 67,884 98,963 166,847
9 - - - - 3324 67,884 98,963 170,171
10 - - - - - 67,884 98,963 166,847
11 - - - - - 67,884 98,963 166,847
12 - - - - - 67,884 98,963 166,847
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Table A3. Quantity of grains (in tons) received per period in Scenario 3.

Dirty and Wet Grains Clean and Dry Grains
Period Total
Farm Collecting Intermediate Collecting Intermediate Agribusiness Port
1 608,537 1,194,490 287,306 - - - - 2,090,333
2 608,537 1,104,254 113,867 - - - - 2,192,814
3 - - - - - 78,003 147,752 225,755
4 - - - - 22,040 78,003 147,752 247,795
5 - - - - - 78,003 147,752 225,755
6 - - - - 35,007 78,003 147,752 260,762
7 - - - - 54,723 78,003 147,752 280,478
8 - - - - - 78,003 147,752 225,755
9 - - - - 109,446 78,003 147,752 335,201
10 - - - - 109,446 78,003 147,752 335,201
11 - - - - 109,446 78,003 147,752 335,201
12 - - - - - 78,003 147,752 225,755
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