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Abstract: Background: In agricultural supply chains, unequal bargaining power often leads to eco-
nomic inequality, particularly for farmers. The fair profit distribution (FPD) approach offers a solution
by optimizing supply chain flows (materials, information, and money) to promote economic equity
among members. However, our literature review highlights a gap in applying the FPD approach
to the facility location-allocation problem in supply chain network design (SCND), particularly
in sugarcane-derived biofuel supply chains. Methods: Consequently, we propose a multi-period
optimization model based on FPD to design a sugarcane biofuel supply chain. The methodology
involves four steps: constructing a conceptual model, developing a mathematical model, designing a
solution strategy, and generating insights. This model considers both investment (crop development,
biorefinery construction) and operational phases over a long-term planning horizon, focusing on
farm location and crop allocation. Results: By comparing the FPD model to a traditional centralized
planning supply chain (CSC) approach, we examine the impact of the planning horizon, number of
farms, and sugarcane prices paid by biorefineries on financial performance. While the FPD model
results in lower overall system profits, it fosters a fairer economic scenario for farmers. Conclusions:
This study contributes to economic justice in supply chains and offers insights to promote fair trade
among stakeholders.

Keywords: fair profit distribution; economic justice; social sustainability; biofuel supply chains
optimization; location-allocation problem

1. Introduction

Food and energy security, poverty reduction, and global warming are challenges that
require the deployment of sustainable strategies in agricultural systems. Biofuel production
is a feasible alternative for addressing these challenges, not only to reduce the consumption
of fossil fuels, but also to increase growers’ incomes [1]. Biofuels can be obtained from first-,
second-, third-, and fourth-generation technologies [2,3]. Due to its high biomass yields,
first-generation technology has proven advantages for biofuel production. In particular,
sugarcane has been identified as one of the raw materials with the highest potential for
bioethanol obtention [4]. As a result, large-scale bioethanol production projects based on
sugarcane have been carried out in several countries to improve their energy matrices [5].
However, new challenges have emerged relating to the negative effects of sugarcane-based
biofuel production on the environment, food security, and specific social issues [6,7].

A sugarcane biofuel supply chain involves various operations, such as agricultural
production, transportation, processing, and distribution. Several contributions from the
so-called centralized planning supply chain (CSC) optimization approach have addressed
the sugarcane supply chain design problem, seeking an optimum solution in terms of cost
reduction or profit maximization throughout the entire supply chain [8–10]. In real-life
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scenarios, supply chain actors (farmers, producers, transporters, and marketers) normally
act independently to privilege their individual economic interests [11,12]. This approach
seems self-evident, given that the primary objective of a for-profit organization is to generate
and enhance economic gains by effectively marketing its goods and services [13]. However,
due to information asymmetries and differences in bargaining power in sugarcane supply
chains, a CSC approach can lead to member dissatisfaction due to unfair profit distribution,
especially among small farmers.

In contrast, a parallel strand of research proposes the fair profit distribution (FPD)
approach to support supply chain decisions [14]. FPD aims to improve fair individual
benefits by seeking supply chain flow optimization (materials, information, and cash)
to guarantee economic equity among its members. In the context of agricultural supply
chains, fairness is a matter of global concern and a relevant issue in the declaration of the
Sustainable Development Goals (SDGs) of the United Nations [15]. Studies by [14,16,17]
have pointed out notable differences between FPD and other approaches that seek global
supply chain optimization while ignoring the problem of asymmetric information and
bargaining power imbalances.

The FPD approach contributes to the social dimension of sustainable supply chains.
According to [18], social considerations are a growing trend in the field of supply chain
network management and design that “make companies more socially responsible, despite
the fact that it imposes more costs on them”. From this perspective, the FPD approach seeks
to promote economic justice among the supply chain members, contributing to distributive
justice [19,20]. In this way, the FPD approach aligns with the concept of fair trade, which
“. . .promotes sustainable farming by helping producers in developing countries improve
trading conditions and their own livelihoods” [21]. The Fairtrade movement “. . .is based on
the need to provide farmers–growers and their rural communities with adequate rewards
for their production in cross-continental supply chains” [22].

Although the FPD approach has been applied in various fields such as welfare eco-
nomics, telecommunications, and supply chain contracting, among others [17], our lit-
erature review reveals a significant gap regarding its application to the facility location-
allocation problem in supply chain network design (SCND). Specifically, no studies have
been found that apply this approach considering the particularities of a sugarcane-derived
biofuel SCND. Consequently, the research question addressed in this work is as follows:
How should a biofuel supply chain from sugarcane be structured in terms of farm location
and crop allocation, considering the development of a biorefinery, in such a way that a fair
distribution of benefits is achieved in the long term?

Therefore, this paper proposes a multi-objective optimization model based on the
FPD approach to support strategic decision-making in sugarcane biofuel supply chains.
From an operations research perspective, the proposed methodology involves four steps:
constructing a conceptual model, developing a mathematical model, designing a solution
strategy, and interpreting and generating insights. The commercial optimizer GUROBI
was used to solve the mathematical model and compare the FPD model with a traditional
centralized planning supply chain (CSC) approach under various scenarios to assess the
financial performance of the supply chain members. Several managerial insights suggest
the importance of establishing collaboration and negotiation agreements among supply
chain members to achieve equitable financial performance. This approach not only ensures
the long-term financial sustainability of the biorefinery, but also supports the development
of farm crops in accordance with long-term strategic planning.

The contributions of this paper can be summarized as follows:

• The proposed model maximizes and balances the profits of the supply chain members
(farmers and biorefineries) using the FPD approach. It addresses the problem of
facility location and allocation for biofuel-SCND, based on sugarcane, over a long-
term horizon (multi-period), considering both the investment stage (crop development
and biorefinery construction) and the operation stage.
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• To provide more realistic results, the model considers relevant agricultural aspects,
such as crop yields, operational day availability due to weather conditions, and
limitations of agricultural machinery, among others.

• The proposed FPD model is compared with a traditional CSC approach, and various
supply chain configurations are analyzed to improve economic justice among supply
chain members. The computational outcomes derived from the proposed optimization
model provide quantitative information to facilitate fair trade among farmers and
biorefineries.

• An output-oriented data envelopment analysis (DEA) model is proposed to establish
relative efficiencies between selected farms, considering their attributes vs. allocated
land area, economic performance, and investment.

The subsequent sections of this paper are structured as follows: Section 2 presents
a literature review. Section 3 offers a comprehensive description of the FDP-based opti-
mization model. In Section 4, to evaluate the effectiveness of the proposed model, a set of
instances is generated and presented; furthermore, the computational results obtained from
the FDP-based model are compared with those obtained using the CSC model. Finally,
Section 5 delves into the discussion and outlines the main conclusions.

2. Literature Review

A supply chain is a complex network of organizations involved in producing a partic-
ular product or service. The objective of supply chain members, including raw providers,
service providers, manufacturers, and traders, is to add economic value for both customers
and stakeholders. Supply chain network design (SCND) focuses on strategic decisions such
as facility location and capacity allocation, supplier selection, and transport mode selection,
among others [23].

Sugar production is part of agricultural supply chains (ASCs) [15,24]. Unlike in-
dustrial supply chains, in ASCs, numerous farmers typically participate as providers of
commodities, owing to their restricted capacity to produce a given good [24]. ASCs pose
numerous challenges due to their operations’ complexity and multiple influencing factors,
such as yield variability, perishability, climate conditions, transport infrastructure, and long
production cycle times, among others, which affect the performance of this kind of supply
chains [25,26].

Sugarcane is an excellent feedstock, used not only in the food industry but also for
biofuel production, fertilizers, and bioelectricity [27]. A typical sugarcane supply chain
involves several players related to growth, harvest, transport, mill processing, and distribu-
tion [9,28]. As part of ASCs, the sugarcane supply chain is also a complex system that can
be affected by factors such as crop yield variability, harvested cane perishability, climate
conditions, and long production cycle times [26,29]. These influential factors generate
operational and financial risks that mostly affect the agricultural echelon (farmers) [29,30].
Therefore, in the biofuel SCND, proper synchronization is required between farmers, trans-
port, and biorefineries to achieve supply chain goals [10,31]. However, it is not an easy task
due to the multiple interests in design and planning decisions [12,17].

According to [22,32], proper interaction among supply chain members is essential for
creating value for the entire system. Notwithstanding, this interaction can be seriously
affected by asymmetries in available information and bargaining power. These asymmetries
contribute to heightened supply costs, impacting shareholder investments. From a social
standpoint, numerous authors concur that information asymmetries among ASCs members
play a substantial role in the wastage of agricultural products and result in unfair pricing
for farmers [22,30,33,34].

To identify the most relevant publications that link the FPD approach with SCND in
general, and particularly in the field of biofuels from sugarcane, a bibliographic review
methodology like that applied in [35,36] was used. This methodology consists of the
following stages: (1) definition of the purpose and objectives of the review; (2) location,
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selection, and evaluation of scientific articles; (3) analysis of results; (4) identification of
knowledge gaps. For this purpose, the following search equations were established:

Equation (1): “Fair profit” OR “fairness profit distribution” OR “economic justice”
AND Supply chain” OR “supply chain network design”.

Equation (2): “Fair profit” OR “fairness profit distribution” OR “economic justice”
AND Supply chain” OR “supply chain network design” AND sustainability OR sustainable
OR social concerns.

Equation (3): “Fair profit” OR “fairness profit distribution” OR “economic justice”
AND Supply chain” OR “supply chain network design” AND bioenergy OR biofuel OR
ethanol OR sugarcane OR “biofuels-based biomass”.

Equation (4): “Fair profit” OR “fairness profit distribution” OR “economic justice”
AND Supply chain” OR “supply chain network design” AND sustainability OR sustainable
OR social concerns AND bioenergy OR biofuel OR ethanol OR sugarcane OR “biofuels-
based biomass”.

Using the SCOPUS database (period 2000–2024), 29 articles were identified with
Equation (1), 5 articles with Equation (2), and 2 articles with Equation (3); no articles were
found with Equation (4). After reviewing the abstracts and keywords, duplicate works or
those not directly related to the subject under study were eliminated, resulting in a final
selection of 26 articles. The literature analysis reveals that the FPD approach has been
applied in various fields such as welfare economics, telecommunications, supply chain
contracting and collaboration, and supply chain network design, among others. Although
ref. [15] conducted an extensive literature review focusing on fairness-enabling practices
and existing business applications in ASCs, the study falls short in providing practical
contributions, particularly from the perspective of mathematical modeling of supply chains
under the FPD approach. Therefore, contributions to SCND in the field of ASCs and biofuel
production from biomass remain an open field, offering multiple opportunities for research,
given its particularities and influencing factors previously described.

In the work of [17], a mixed-integer nonlinear programming model (MINLP) is pro-
posed to determine the optimal production, distribution, and capacity planning of a multi-
echelon supply chain using transfer prices. To define FPD, they analyzed the proportional
and max–min fairness criteria, considering the bargaining power of supply chain members.
Computational results showed that both FPD approaches achieved fairer profit distribu-
tions than the maximization of total profit approach. In [37], a profit distribution model
was proposed under centralized decision-making, considering the secondary ASC. The
results indicated that the distribution, based on an optimal profit distribution coefficient,
maximizes the profit of each supply chain actor. In turn, ref. [38] investigated the inter-
action between peer-induced fairness and distributional fairness in price contract design,
within the context of a supply chain consisting of one supplier and two retailers. The results
showed that both types of fairness affect economic outcomes in the supply chain, but
peer-induced fairness had a stronger impact than distributional fairness. Ref. [39] studied
how firm concerns about fairness affect the nature of optimal contracts in the marketing
channel; the analysis shows that, in a fair channel, retailers tend to achieve an equitable
outcome in channel interactions, and the maximum channel utility can be achieved when
the manufacturer considers a constant wholesale pricing policy.

To help textile fiber producers and buyers achieve fair profits by eliminating inter-
mediaries in the supply chain, ref. [40] developed an online blockchain-based sustainable
logistics management system (OBSLMS). This system enables direct communication be-
tween supply chain members, enhancing efficiency, reducing fraud, strengthening security,
and promoting transparency. To explore the impact of horizontal collaboration on the
structure of distribution networks, transportation planning, and revenue sharing, ref. [41]
proposed a location routing problem (LRP) model within collaborative initiatives for sus-
tainable urban freight transportation in Morocco’s dry food products sector. The model
evaluates individual shippers’ benefits through a profit allocation problem, considering
their contributions and level of collaboration within the supply chain.
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Later, ref. [42] proposed a mathematical model to evaluate the impact of quality
decisions under two scenarios: (i) buyer dominance, and (ii) coordination between buyer
and seller. The model demonstrates that under a coordination scenario, total supply chain
profitability increases, prices decrease, and quality levels improve. In the work of [43], a fair
profit-sharing strategy is developed for a two-echelon supply chain model to coordinate
the retailer’s safety stock level with the distributor’s visit interval and replenishment policy.
The results indicate that coordinating the visit interval and safety stock leads to better
performance for supply chain agents in terms of customer service levels and profits.

The author of [44] developed a model for a two-echelon supply chain comprising
a single manufacturer and a single retailer, with a particular emphasis on an imperfect
production system. The numerical findings highlight the effectiveness of coordination
mechanisms and defect management policy. To guarantee the success and acceptance of
local energy markets (LEMs), ref. [45] suggests a cooperative game-theoretic framework
designed to encourage prosumer participation and equitable profit distribution. The
findings underscore the advantages of a consumer-focused LEM, such as enhanced local
trading dynamics, equitable profit sharing, and increased grid stability.

The author of [46] proposed an optimization framework for a SCND focused on
repurposing retired electric vehicle (EV) batteries within distributed energy systems (DES)
to promote resource circularity. By integrating a supply chain profit allocation model
with a DES model, the framework maximizes overall supply chain profit while ensuring
fair distribution of profits among the EV sector, DES operators, and the dismantling and
recycling (D&R) sector. A MINLP model to optimize operational decisions and profit
allocation mechanisms in a cellulosic bioethanol supply chain in Illinois was proposed
by [47]. A game-theory-based Nash bargaining solution approach is employed to ensure
a fair distribution of profits among gathering facilities, biorefineries, and distribution
centers. In the context of supply chain collaboration, ref. [48] designed an integrated
vendor-managed inventory model, structured with a single capacitated manufacturer at the
first level and multiple retailers at the second level. Since a bi-objective model is proposed,
the lexicographic max–min approach is employed to obtain a fair, non-dominated solution.

To ensure FPD, ref. [49] developed a multi-objective mixed-integer nonlinear pro-
gramming (MOMINLP) framework for the production and distribution planning problem
in a supply chain system. The model achieves a balanced profit distribution among all
members, while also considering customer service levels and inventory management. In a
similar study, ref. [50] presented a multi-product, multi-stage, and multi-period scheduling
model for an uncertain multi-echelon supply chain network. The model accounted for
uncertain market demands and product prices, as well as multiple conflicting objectives
such as FPD, inventory levels, customer service levels, and decision robustness in the face
of uncertain product demands. A compromised solution was demonstrated through a
numerical example.

The author of [51] proposed a framework to coordinate the operational decisions
between pipeline carriers and oil shippers, along with a bi-level programming model to
characterize the decentralized decision-making process of the stakeholders. To achieve
coordination, a negotiation mechanism based on FPD was introduced. The method was
tested on a large-scale refined products logistics system in China, obtaining a fairer profit
distribution compared to centralized decision-making. Using the concept of fair entropy,
ref. [37] solved for the optimal profit distribution coefficient in a two-tier ASC composed of
a single cooperative and a single wholesaler. The model considered both resources and risk
as factors to determine the importance weights of each supply chain actor.

In the work of [52], a model for fair profit allocation in the sugarcane agro-industry
supply chain was developed, considering uncertain risks and value-added contributions.
The profits were distributed based on the marginal contribution, risk potential, and value-
added contribution of each supply chain actor. In a similar paper, ref. [53] formulated a
risk and value-added balancing model to determine the ideal and fair product price at each
supply chain echelon. The results indicate that upstream companies face higher risks, while
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downstream companies capture more value-added and profit. Therefore, based on a proper
balance between risk and value-added, the model determines both prices and an FPD.

Using cooperative game theory, ref. [54] studied the stable and fair allocation of profits
under vertical integration between manufacturers and retailers, considering an ex-post
change in the leadership position. Their findings demonstrate that vertical integration is
stable when all members are pessimistic, in the sense that they are certain they will not
become the contracting leader if they deviate from the grand coalition. It was also shown
that the benefits of the grand coalition should be allocated to a greater extent to retailers and
higher-cost members. Under a business collaboration scheme, ref. [55] proposes a model
for the design of a delivery service network, considering a multi-time horizon. The model
defines which company in the network should handle the delivery of certain products in
designated regions, using the infrastructure (vehicles and facilities) of the other companies.
The fair profit distribution among the companies is found through a numerical example.

Considering the diseconomies of scale and network externalities in the e-commerce
supply chain (ECSC), ref. [56] proposed a benchmark model led by an e-platform that
generates optimal decisions. By comparing the benchmark model with other extended
models, imbalances (prices vs. service) caused by network externalities and diseconomies
of scale are detected. It was demonstrated that improving network externalities promotes a
fair profit distribution in the ECSC. To study the impacts of implementing and promoting
blockchain on decision-making and coordination in the secondary supply chain under the
retailer’s fairness concerns towards the manufacturer, ref. [57] demonstrated that, under
coordination with the two-part tariff contract, the manufacturer’s blockchain level shows
the most significant growth, while the retailer’s publicity efforts and system profits also
increase significantly, and the product gains a greater price advantage.

A multi-product, multi-stage, and multi-period production and distribution planning
model formulated by [58] achieved a proper balance between multiple objectives such as
maximizing the profits of each company, maximizing the level of customer service, and
ensuring FPD. Using cooperative game analysis, ref. [59] studied a two-echelon closed-
loop supply chain comprising a risk-neutral manufacturer, a fairness-neutral, risk-averse
retailer, and a risk-neutral retailer with fairness concerns. The numerical study reveals that
the impact of the risk aversion and fairness concern parameters is dynamic, varying in
influence and not consistently positive or negative.

Although the previously mentioned articles make significant contributions, there is
a clear gap in the literature regarding the use of the FPD approach to address the facility
location-allocation problem in SCND. Although we have identified three studies that relate
the FPD approach to ASCs, specific aspects that affect this type of supply chain, e.g., crop
particularities, have not been studied. As highlighted by [26], concerns related to ASCs
are rarely explored, underscoring the pressing need for further investigation into how
agricultural specificities influence biomass production. Notably, no studies have been
found that apply an FPD approach to biofuel SCND involving sugarcane biomass. This
gap is particularly critical, as deeper analysis is required to achieve economic fairness.
From a mathematical standpoint, especially in sugarcane-based SCND, the asymmetry of
information and power imbalances between farmers and biorefineries introduce significant
obstacles to advancing economic justice, especially for the farmers involved.

3. Problem Statement
3.1. Problem Description

The analyzed supply chain comprises two components: the agricultural echelon
(sugarcane crops) and the industrial echelon (biofuel production). In the agricultural
echelon, a group of farms grows sugarcane to supply a biorefinery where bioethanol,
energy and bio-fertilizer are produced. Cane stems are also produced on farms to be
used as seed. This seed can be consumed by the farm itself or sold to other farms. The
planning horizon consists of two stages: investment and operation (see Figure 1). During
the investment stage, crops are developed and a biorefinery is built simultaneously. At
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this stage, it is important to synchronize these two activities so that the sugarcane achieves
the appropriate ripeness level to supply the biorefinery. During the operational phase,
the biorefinery enters its production stage, while sugarcane cultivation must continue on
the farms. During this stage, initial incomes are generated, which permits the financial
leverage of operations.
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For the two mentioned stages, the model addresses the problem of facility location
and allocation by synchronizing the operation planning between farms and biorefineries.
In this case, it starts from a finite set of farms, on which the sugarcane crops are grown.
Each farm has a maximum available area for sugarcane cultivation. On the other hand,
there is a biorefinery that demands sugarcane stems during all time periods. Depending
on biorefinery requirements, the model assigns a crop area to be planted for each of the
located farms. It is also assumed that the sugarcane yield (crop productivity) depends on
its age: the older the crop the lower its yield. This adds greater complexity and realism to
the model.

Typically, the problem of facility location and allocation focuses on minimizing operat-
ing costs and maximizing benefits, considering the supply chain as a whole (here called
the centralized planning supply chain, CSC), which could be unrealistic in agri-industrial
contexts [60]. Under a CSC approach it is assumed that all supply chain members belong
to the same organization and, therefore, a unique decision center is in charge of optimizing
costs and profits [12]. Nevertheless, in real-world scenarios, where most supply chain
members operate as independent companies, decisions made under this approach may
lead to inequities and negotiation conflicts [17].

Our proposed model is grounded in an FPD approach that integrates max–min fair-
ness [61] within a long-term planning horizon. The objective is to identify optimal farm
locations through selection and allocate an optimal capacity level for crop growth to each
selected farm. This is done with the goal of maximizing the minimum profit attained by
both the agricultural (selected farms) and industrial echelons (biorefinery).

3.2. Assumptions and Notations

Sugarcane is a perennial crop, meaning it is initially planted, grown, harvested, and
then regrown. This regrowth process is called ratooning. For agro-industrial purposes,
the models typically consider only five ratoon cycles to account for performance decline
over time. The first index introduced is r ∈ R representing a set of ratoons in the crop
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life cycle (1, 2, 3, 4, 5). The sugarcane crop is cultivated on one of the potential farms
that can be selected for development, f ∈ F. At the industrial level, a set of potential
products can be obtained from sugarcane processing (ethanol, energy from cogeneration,
and bio-fertilizer as a by-product), j ∈ P. The final index introduced is the time horizon for
project assessment, represented as a set of discrete periods N, where t ∈ TH.

Parameter’s information is classified into three groups: investment information, op-
erating income and costs, and production rates. First, the investment parameters include:
AMI, agricultural machinery investment over a five-year period ($/ha); BPI, biofuel plant
investment ($); CAC, biorefinery construction auditing cost ($); CFI, investment in com-
plementary industrial facilities ($); ITI, information and communication technology (IT)
investment ($); PPEI, property, plant, and equipment investment made during the agricul-
tural investment stage ($); PPEII, property, plant, and equipment investment made during
the industrial investment stage ($); and SCC, sowing cost during the investment period
($/ha). Additionally, during the investment stage, the investments in the biorefinery and
farm development are subject to an execution percentage (EP), defined as follows: BIDt, EP
of the investment plan in the biorefinery for each period t during the investment stage (%);
CADt, EP of the construction auditing cost for each period t during the investment stage
(%); CFDt, EP of the investment plan in complementary facilities for each period t during
the investment stage (%); ITDt, EP of the investment plan in IT for each year t during the
investment stage (%); and finally, CTNt,f, land investment cost during period t for each
farm f ($/ha).

Another set of parameters pertains to operational costs and incomes from sales, as
outlined below: ACS, crop amortization rate for each harvested ratoon ($/ha); AE, ad-
ministrative expenses for agricultural operations ($/ha); DLC, direct workforce cost of
agricultural operations ($/ha); EPECj, sale price for each product j ($/und); HC, standard
transportation cost, $/(ton-km); inputCostj, cost of input needed to process a product j
($/und); MCO, crop maintenance cost ($/ha); OHC, operating harvest cost ($/ha); and
WHC, operating harvest cost for discarded sugarcane ($/ha). The last set of parameters
related to operational rates includes: BioCapt, annual sugarcane milling capacity of the
biorefinery during the period t (t/y); Disg

f , Manhattan distance measured between each
potential location f and others g, including the biorefinery (km); DComf, maximum amount
of land available for purchase at each farm f (ha); HarvestingCt, maximum harvesting
capacity using available equipment in period t (ha/y); SCS, amount of seed required to sow
sugarcane (t/ha); SowingCt, maximum sowing capacity considering available equipment
in period t (ha/y); TCHr, amount of sugarcane harvested at ratoon r during the cutting time
(t/ha); x0

r,f, amount of sugarcane planted at initial time by each ratoon r and each farm f (ha);
µj, production rate of product j obtained in the biorefinery (units/t). Additional information
includes: PCane, the percentage of ethanol price equivalent production based on sugarcane
(%) and td, the discount rate (%) required for assessing financial flows over time.

The decision variables required for model optimization are introduced below, in
relation to the agricultural echelon structure: areat,f, the area used for sugarcane cultivation
at period t by farm f (ha/y); Landt,f, the amount of land acquired at each farm f at the end
of each period t (ha/y); Clandt,f, the amount of purchased land available for planting a
new crop in during period t at each farm f (ha); xt,r,f, the total area sown with sugarcane,
classified into different ratoons r at the end of period t at each farm f (ha/y); Yt,f, the
amount of land sown during period t for each farm f (ha/y); Cot,r,f, the area harvested
during period t at farm f in ratoon r (ha/y). Regarding sugarcane performance: CCt,f,
the amount of sugarcane harvested and transported to the biorefinery during period t for
each farm f (t/y); CVt,f, the amount of cane discarded when ripening period is exceeded
during period t at farm f (t/y); CPt, the cane harvested but wasted because it was not sent
to the biorefinery on time during the period t (t/y); CSt, the amount of cane shortage at
biorefinery during the period t (t/y); CscIt,f, the amount of cane seed produced at the farm
f and transported to other farms during the period t (t/y); CscOt,f, the amount of cane seed
received from other farms to be used in sowing operation at farm f during the period t (t/y);
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CSCg
t,f, the amount of cane seed transported from farm f to farm g for sowing operations

at period t (t/y); and NPVFf, the net present value of profit obtained by each farm f at
agricultural tier over the time horizon ($).

Moreover, we set additional decision variables to model particular aspects of the
biorefineries, such as: SugarCant, the amount of sugarcane received in the biorefinery from
all farms during the period t (t/y); Supplyt, the amount of sugarcane to be processed in the
biorefinery during the period t (t/y); Productiont,j, the amount of final product j produced
in the biorefinery process during the period t (Und/y); and NPVI, the net present value of
profit obtained by the biorefinery over the time horizon ($). Finally, the variable K+/− is
included to represent the minimum NPV of profit obtained by each tier of supply chain
(agricultural echelon, biorefinery), This is part of the max–min modeling approach, which
reflects the FPD framework.

4. Mathematical Modeling
4.1. Methodology

This paper addresses the identified problem from the perspective of operations re-
search, which is characterized by an axiomatic and normative process [62]. The proposed
methodology follows a series of steps aimed at solving the scientific problem: constructing
a conceptual model, developing a mathematical model, designing a solution strategy, and
finally, interpreting and generating insights [62–64]. The conceptual model is based on
a literature review and the development of a conceptual framework that considers FPD
as a strategy for achieving economic justice. A mathematical model is then introduced to
operationalize the conceptual model by identifying its key elements (sets, parameters, and
decision variables), as well as the logical relationships resulting from the interaction of
the system components, represented by constraints and performance measures. The next
phase focuses on the solution strategy, using commercial optimizers (GUROBI) to solve
the mathematical models and search for an optimal solution, while using multi-objective
optimization to explore the trade-offs between the two approaches presented. Finally, in
the interpretation and knowledge generation phase, the results and key factors influencing
the ASC design are analyzed and discussed.

4.2. Objective Function

Based on the above, the objective function (see Equation (1)) maximizes the minimum
net present value (NPV) of profits obtained by each supply chain player (farmers and biore-
finery). To find a configuration that allocates profits fairly, the variable k+/− establishes
a minimum threshold of economic performance for each set of supply chain members.
Positive and negative values fall within the domain of the objective function. Positive
values reflect favorable economic performance for the supply chain, whereas negative
values indicate undesirable economic performance at one of the chain’s echelons.

Maximize : Z = K+/− (1)

4.3. Model Constraints

The objective function has two auxiliary constraints, through which a lower performance
bound is established for supply chain echelons (biorefinery and farms) (Equations (2) and (3)).
As shown in Equation (3), the minimum profit depends on both the biorefinery’s profits
(Equation (2)) and the aggregated profit of farms. The information about sets, parameters,
and decision variables are declared in Appendix A.

K+/− ≤ NPVI (2)

K+/− ≤ ∑
f∈F

NPVFf (3)

Agricultural decisions are modeled from Equations (4)–(16). Initially, the profits for
each farmer are calculated using Equation (4). Farm incomes are composed of the sales of
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fresh sugarcane and the salvage value of the purchased land at the end of the time horizon.
The farm costs are determined by investment and operating costs. The former includes
crop investments, land, and equipment purchase, while the latter is composed of harvest,
crop renewal, seed purchasing, and waste costs. The mass balance is set by Equation (5),
where the total sown area is updated based on the new sown area (crop renewal) and the
harvested area; in the first period ( t = 1), X0

r,f is included as a parameter that indicates the
initial value of available land at farm f and the area sown for every ratoon r. In Equation (6),
the harvesting capacity is established for each ratoon during the entire planning horizon.
Using Equation (7), the sowing capacity is limited by the availability of seed, which can be
purchased from other farms or produced by the farms’ own crops.
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 ୲∈ୌ (1 + td)ି୲ +  Cland୲,୲∈ୌ CTN

∗ (1 + td)ି 

∀f ∈ F (4)
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(5)

x୲,,୰, − Co୲,,୰, ≥ 0 

∀𝐟 ∈ 𝐅 ∀𝐭 ∈ 𝐓𝐇 ∀r ∈ R 

(6)

𝐂𝐬𝐜𝐈𝐭,𝐟 + ൫𝐱𝐭ି𝟏,𝟏,𝐟 − 𝐂𝐨𝐭ି𝟏,𝟏,𝐟൯ ∗ 𝐓𝐂𝐇𝟏 + ൫𝐂𝐨𝐭ି𝟏,𝟏,𝐟 + 𝐱𝐭ି𝟏,𝟐,𝐟 − 𝐂𝐨𝐭ି𝟏,𝟐,𝐟൯ ∗ 𝐓𝐂𝐇𝟐 ≥  𝐘𝐭,𝐟 ∗ 𝐒𝐂𝐒  
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(7)

Regarding crop yield, Equations (8)–(10) establish the amount of cane stems pro-
duced by farmers, as well as their possible uses, such as seed for planting, raw material to 
feed biorefineries, or discarded cane. Harvested cane is a perishable raw material that, like 
other agricultural products, poses a challenge due to the time delay between harvesting 
and reaching the mill location. Therefore, cane is discarded when it exceeds its ripening 
period, or when farms generate a certain amount of it before biorefineries are built. 

(4)
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Regarding crop yield, Equations (8)–(10) establish the amount of cane stems pro-
duced by farmers, as well as their possible uses, such as seed for planting, raw material to 
feed biorefineries, or discarded cane. Harvested cane is a perishable raw material that, like 
other agricultural products, poses a challenge due to the time delay between harvesting 
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Regarding crop yield, Equations (8)–(10) establish the amount of cane stems produced
by farmers, as well as their possible uses, such as seed for planting, raw material to feed
biorefineries, or discarded cane. Harvested cane is a perishable raw material that, like other
agricultural products, poses a challenge due to the time delay between harvesting and
reaching the mill location. Therefore, cane is discarded when it exceeds its ripening period,
or when farms generate a certain amount of it before biorefineries are built. Equation (8)
ensures the balance between the sugarcane produced and used. The equation’s left-hand
side establishes the total sugarcane produced by crops, while the right-hand side is com-
posed of the total seed required, sugarcane stems transported to the biorefinery, discarded
cane stems, and the seed sold to other farms. Equation (9) guarantees the sale of sugarcane
seeds produced by farms’ own crops, and Equation (10) ensures that all purchased seeds
are used to plant new crops.
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assumed that five sowing crews are available, and each of these consists of one mechan-
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Equations (11)–(14) facilitate the development of the agricultural plan. The amount of
land sown is updated for each period by considering the new sown area, the harvested area
at the end of a productive cycle, and the area sown in the previous period (Equation (11)).
Equation (12) sets the balance of land purchased for each farmer. Equation (13) ensures
that the sown area does not exceed the total available area for each farm. Moreover, 5%
of additional area is allocated for alleys for each cultivated hectare. Finally, Equation (14)
limits the amount of land that can be acquired by each farm.
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Using Equations (15) and (16), agricultural machinery and available workforce are 
assigned to sowing and harvesting operations, respectively. Equation (15) establishes the 
maximum sowing capacity, which depends on sowing crews and seed availability. It is 
assumed that five sowing crews are available, and each of these consists of one mechan-
ical planter, two tractors, and five workers. Due to the nature of agricultural operations, 
the availability of these resources is often affected by weather conditions. Sowing crews 
are shared among all farms and are scheduled by the biorefinery, in accordance with 
farm requirements. Equation (16) establishes the maximum harvesting capacity. A har-
vesting crew is composed of mechanical harvesters, tractors, trucks, tipping trailers, and 
load trailers. This machinery also belongs to the biorefinery and is assigned to each farm 
according to the harvest schedule. Therefore, the costs of harvesting operations are de-
ducted from the sugarcane price paid to each farm.  𝐘𝐭,𝐟𝐟∈𝐅 ≤  𝐒𝐨𝐰𝐢𝐧𝐠𝐂𝐭 ∀𝐭 ∈ 𝐓𝐇 (15)
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Using Equations (15) and (16), agricultural machinery and available workforce are 
assigned to sowing and harvesting operations, respectively. Equation (15) establishes the 
maximum sowing capacity, which depends on sowing crews and seed availability. It is 
assumed that five sowing crews are available, and each of these consists of one mechan-
ical planter, two tractors, and five workers. Due to the nature of agricultural operations, 
the availability of these resources is often affected by weather conditions. Sowing crews 
are shared among all farms and are scheduled by the biorefinery, in accordance with 
farm requirements. Equation (16) establishes the maximum harvesting capacity. A har-
vesting crew is composed of mechanical harvesters, tractors, trucks, tipping trailers, and 
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∑
t∈TH

Clandt,f ≤ DComf (14)

Using Equations (15) and (16), agricultural machinery and available workforce are
assigned to sowing and harvesting operations, respectively. Equation (15) establishes the
maximum sowing capacity, which depends on sowing crews and seed availability. It is
assumed that five sowing crews are available, and each of these consists of one mechanical
planter, two tractors, and five workers. Due to the nature of agricultural operations, the
availability of these resources is often affected by weather conditions. Sowing crews are
shared among all farms and are scheduled by the biorefinery, in accordance with farm re-
quirements. Equation (16) establishes the maximum harvesting capacity. A harvesting crew
is composed of mechanical harvesters, tractors, trucks, tipping trailers, and load trailers.
This machinery also belongs to the biorefinery and is assigned to each farm according to
the harvest schedule. Therefore, the costs of harvesting operations are deducted from the
sugarcane price paid to each farm.
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Using Equations (15) and (16), agricultural machinery and available workforce are 
assigned to sowing and harvesting operations, respectively. Equation (15) establishes the 
maximum sowing capacity, which depends on sowing crews and seed availability. It is 
assumed that five sowing crews are available, and each of these consists of one mechan-
ical planter, two tractors, and five workers. Due to the nature of agricultural operations, 
the availability of these resources is often affected by weather conditions. Sowing crews 
are shared among all farms and are scheduled by the biorefinery, in accordance with 
farm requirements. Equation (16) establishes the maximum harvesting capacity. A har-
vesting crew is composed of mechanical harvesters, tractors, trucks, tipping trailers, and 
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⎥⎥⎥
⎥⎥⎥
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𝐭∈𝐓𝐇

∈ 𝐅 ∗ (𝟏 + 𝐭𝐝)ି𝐭 

∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
ethanol, electrical energy, and bio-fertilizer. 𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 =  𝐂𝐂𝐭,𝐟 𝐟∈𝐅  ∀𝐭 ∈ 𝐓𝐇 (18)

𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 = 𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐏𝐭 ∀𝐭 ∈ 𝐓𝐇 (19)𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐒𝐭 = 𝐁𝐢𝐨𝐂𝐚𝐩𝐭 ∀𝐭 ∈ 𝐓𝐇 (20)

𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(16)

Equation (17) calculates the NPV profit of the biorefinery (income minus cost). The
income is composed of the sales of bioethanol, electric power, and bio-fertilizer. The
total cost is made up of investment (capital expenditures, CAPEX) and operational costs
(operational expenditures, OPEX). CAPEX includes the cost of biorefinery construction and
machinery acquisition, including harvesting machinery and engine repowering. OPEX is
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composed of the cost of sugarcane purchase, as well as transportation, workforce, indirect
costs, and discarded sugarcane stems.

Logistics 2024, 8, x FOR PEER REVIEW 12 of 28 
 

 

  𝐂𝐨𝐭,𝐫,𝐟𝐟∈𝐅𝐫∈𝐑 ≤ 𝐇𝐚𝐫𝐯𝐞𝐬𝐭𝐢𝐧𝐠𝐂𝐭 ∀𝐭 ∈ 𝐓𝐇 (16)

Equation (17) calculates the 𝑵𝑷𝑽 profit of the biorefinery (income minus cost). The 
income is composed of the sales of bioethanol, electric power, and bio-fertilizer. The total 
cost is made up of investment (capital expenditures, CAPEX) and operational costs (oper-
ational expenditures, OPEX). CAPEX includes the cost of biorefinery construction and 
machinery acquisition, including harvesting machinery and engine repowering. OPEX is 
composed of the cost of sugarcane purchase, as well as transportation, workforce, indirect 
costs, and discarded sugarcane stems. 

𝐍𝐏𝐕𝐈 = 
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡  𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭𝐣 ∗ 𝐄𝐏𝐄𝐂𝐣𝐣∈𝐏 −  𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭𝐣 ∗ 𝐢𝐧𝐩𝐮𝐭𝐂𝐨𝐬𝐭𝐣 − 𝐣∈ 𝐏 𝐂𝐂𝐭,𝐟 ∗ (𝐄𝐏𝐄𝐂𝟏 ∗ 𝐏𝐂𝐚𝐧𝐞 + 𝐃𝐋𝐂 + 𝐀𝐄𝐟 𝐢𝐧∈𝐅 ) + 𝐂𝐏𝐭 ∗ 𝐖𝐇𝐂 −[𝐁𝐏𝐈 ∗ ൫𝐁𝐈𝐃𝐭 + 𝐈𝐓𝐈 ∗ 𝐈𝐓𝐃𝐭 + 𝐂𝐀𝐂 ∗ 𝐂𝐀𝐃𝐭 + 𝐂𝐅𝐈 ∗ 𝐂𝐅𝐃𝐭𝐲൯ +       𝐏𝐏𝐄𝐈𝐈𝐂𝐩𝐱𝐏  𝐢𝐟 𝐭 ∈ 𝐂𝐩𝐱𝐏 𝐞𝐥𝐬𝐞   𝐏𝐏𝐄𝐈𝐈 ∗ 𝐒𝐮𝐩𝐩𝐥𝐲𝐭𝐁𝐢𝐨𝐂𝐚𝐩𝐭 + 𝐀𝐌𝐈] −                   𝐂𝐂𝐭,𝐟 ∗ 𝐃𝐢𝐬𝐟𝐁𝐢𝐨 ∗ 𝐇𝐂𝐟 ∈𝐅                                                                       ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤

𝐭∈𝐓𝐇

∈ 𝐅 ∗ (𝟏 + 𝐭𝐝)ି𝐭 

∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
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𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 = 𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐏𝐭 ∀𝐭 ∈ 𝐓𝐇 (19)𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐒𝐭 = 𝐁𝐢𝐨𝐂𝐚𝐩𝐭 ∀𝐭 ∈ 𝐓𝐇 (20)

𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance
and maximum processing capacity are calculated in Equations (19) and (20), respectively.
Additionally, Equation (21) establishes production planning to transform biomass into
bioethanol, electrical energy, and bio-fertilizer.
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⎥⎤

𝐭∈𝐓𝐇

∈ 𝐅 ∗ (𝟏 + 𝐭𝐝)ି𝐭 

∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
ethanol, electrical energy, and bio-fertilizer. 𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 =  𝐂𝐂𝐭,𝐟 𝐟∈𝐅  ∀𝐭 ∈ 𝐓𝐇 (18)
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(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(18)
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⎥⎥⎥
⎥⎥⎥
⎥⎤

𝐭∈𝐓𝐇

∈ 𝐅 ∗ (𝟏 + 𝐭𝐝)ି𝐭 

∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
ethanol, electrical energy, and bio-fertilizer. 𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 =  𝐂𝐂𝐭,𝐟 𝐟∈𝐅  ∀𝐭 ∈ 𝐓𝐇 (18)

𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 = 𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐏𝐭 ∀𝐭 ∈ 𝐓𝐇 (19)𝐒𝐮𝐩𝐩𝐥𝐲𝐭 + 𝐂𝐒𝐭 = 𝐁𝐢𝐨𝐂𝐚𝐩𝐭 ∀𝐭 ∈ 𝐓𝐇 (20)

𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(19)
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𝐭∈𝐓𝐇

∈ 𝐅 ∗ (𝟏 + 𝐭𝐝)ି𝐭 

∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
ethanol, electrical energy, and bio-fertilizer. 𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 =  𝐂𝐂𝐭,𝐟 𝐟∈𝐅  ∀𝐭 ∈ 𝐓𝐇 (18)
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𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(20)
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𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied
from farm f to other farms, and Equation (23) guarantees that the seed produced on farm f
can be transported to other farms.
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∀𝐟 ∈ 𝐅 (17)

Biorefinery operations are modeled in Equations (18)–(21). Equation (18) determines 
the amount of sugarcane (raw material) supplied from farms. The sugarcane balance and 
maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
ditionally, Equation (21) establishes production planning to transform biomass into bio-
ethanol, electrical energy, and bio-fertilizer. 𝐒𝐮𝐠𝐚𝐫𝐂𝐚𝐧𝐭 =  𝐂𝐂𝐭,𝐟 𝐟∈𝐅  ∀𝐭 ∈ 𝐓𝐇 (18)
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𝐒𝐮𝐩𝐩𝐥𝐲𝐭 ∗ 𝛍𝐣 = 𝐏𝐫𝐨𝐝𝐮𝐜𝐭𝐢𝐨𝐧𝐭,𝐣 ∀𝐭 ∈ 𝐓𝐇 ∀𝐣 ∈ 𝐏 
(21)

To develop new crops, Equation (22) guarantees the amount of seed to be supplied 
from farm 𝐟 to other farms, and Equation (23) guarantees that the seed produced on farm 𝐟 can be transported to other farms.  𝐂𝐒𝐂𝐭,𝐟𝐠𝐠∈𝐅,𝐟ஷ𝐠 = 𝐂𝐬𝐜𝐈𝐭,𝐟 ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 

(22)

𝐂𝐬𝐜𝐎𝐭,𝐟 =  𝐂𝐒𝐂𝐭,𝐠𝐟𝐠∈𝐅,𝐟ஷ𝐠  ∀𝐭 ∈ 𝐓𝐇 ∀𝐟 ∈ 𝐅 
(23)

Finally, all decision variables must be greater than or equal to zero (see Equation 
(24)). 

(22)
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maximum processing capacity are calculated in Equations (19) and (20), respectively. Ad-
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Finally, all decision variables must be greater than or equal to zero (see Equation (24)).
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4.4. Sub Model to Analyse Agricultural Echelon Efficiency 
As each farm selected by the FPD model has specific attributes, such as distance to 

biorefineries, available versus allocated land area, economic performance, and invest-
ment, it is exceedingly challenging to rank them in terms of overall efficiency. To conduct 
an impartial comparison (with data envelopment analysis, DEA) of farms, an output-ori-
ented DEA-CCR model [65] is proposed to determine the relative efficiencies among the 
selected farms. DEA methods have been widely applied in the development of decision-
making tools. Specifically, in the field of supply chain network design (SCND) and biofuel 
production, the works of [66–69] are particularly notable. 

In the work of [66], a common weight data envelopment analysis (CWDEA) method 
is proposed for optimizing the location of feedstock cultivation within a biodiesel supply 
chain. The model incorporates a comprehensive set of sustainability criteria to evaluate 
potential locations. In a case study conducted in Iran, the model identifies optimal loca-
tions for biomass cultivation, aiming to balance socioeconomic development with envi-
ronmental benefits in marginal and largely underdeveloped lands. To support the policy-
makers to make strategic and tactical level decisions related to biodiesel supply chain 
planning in Iran, ref. [67] proposed an integrated hybrid approach based on a data envel-
opment analysis (DEA) and mathematical programming techniques for a biodiesel SCND 
from Jatropha Curcas L. (JCL) and waste cooking oil (WCO). In the first phase, the model 
assesses JCL cultivation areas using a unified DEA (UDEA) model, with locations achiev-
ing better efficiency scores considered as candidate locations for JCL cultivation.  

The author of [68] developed a transformed TSN (T-TSN) DEA method by applying 
a multi-criteria DEA model to address inconsistencies in assigning overall efficiency 
scores to the DMUs under evaluation. The proposed approach was validated in a biomass-
biofuel logistics network through a case study in South Carolina, USA, demonstrating its 
superiority over the traditional TSN-DEA model. In the research work developed by [69], 
a methodological framework is proposed to define, assess, and prioritize strategies aimed 
at minimizing social life-cycle impacts across the supply chain of energy products. The 
framework integrates social life cycle assessment (S-LCA) with multi-criteria decision 
analysis (MCDA). The weighted sum method (WSM) and data envelopment analysis 
(DEA) were employed as MCDA tools to evaluate fifteen strategies within the specific 
supply chains of oil and fertilizers, assessing their suitability in a case study conducted in 
Portugal.  

The DEA model is presented in Equations (25)–(29). The sets are as follows: DMU is 
the set of selected farms (decision-making units); I is the set of used resources, including 
distance, exploited area, and investment; and O is the set of performance measures, rep-
resented by the NPV of farms. Regarding the parameters introduced: Y୨,୩ indicates the 
level of utilization of resource j ∈ I  by the farms k ∈ DMU ; X୨,୩  indicates the perfor-
mance measure j ∈ O  obtained by each farm k ∈ DMU ; and ∈ expresses the efficiency 
penalty due to excessive resource consumption or poor performance. Finally, the decision 
variables used in the model include: λ୩,୪, which represents the weight assigned to each 
farm k ∈ DMU, forming a linear combination with all the other farms l ∈ DMU; S୨,୧ା , indi-
cating the NPV surplus of the farms for each performance measure j ∈ O୨ and farm i ∈DMU; S୧,୨ି, the slack variable related to the used resources i ∈ I for each farm j ∈ DMU; and 
most importantly, θ୧, representing the relative efficiency of farm i ∈ DMU. 
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an impartial comparison (with data envelopment analysis, DEA) of farms, an output-
oriented DEA-CCR model [65] is proposed to determine the relative efficiencies among the
selected farms. DEA methods have been widely applied in the development of decision-
making tools. Specifically, in the field of supply chain network design (SCND) and biofuel
production, the works of [66–69] are particularly notable.

In the work of [66], a common weight data envelopment analysis (CWDEA) method
is proposed for optimizing the location of feedstock cultivation within a biodiesel supply
chain. The model incorporates a comprehensive set of sustainability criteria to evaluate
potential locations. In a case study conducted in Iran, the model identifies optimal locations
for biomass cultivation, aiming to balance socioeconomic development with environmental
benefits in marginal and largely underdeveloped lands. To support the policymakers to
make strategic and tactical level decisions related to biodiesel supply chain planning in Iran,
ref. [67] proposed an integrated hybrid approach based on a data envelopment analysis
(DEA) and mathematical programming techniques for a biodiesel SCND from Jatropha
Curcas L. (JCL) and waste cooking oil (WCO). In the first phase, the model assesses JCL
cultivation areas using a unified DEA (UDEA) model, with locations achieving better
efficiency scores considered as candidate locations for JCL cultivation.

The author of [68] developed a transformed TSN (T-TSN) DEA method by applying a
multi-criteria DEA model to address inconsistencies in assigning overall efficiency scores
to the DMUs under evaluation. The proposed approach was validated in a biomass-
biofuel logistics network through a case study in South Carolina, USA, demonstrating its
superiority over the traditional TSN-DEA model. In the research work developed by [69], a
methodological framework is proposed to define, assess, and prioritize strategies aimed
at minimizing social life-cycle impacts across the supply chain of energy products. The
framework integrates social life cycle assessment (S-LCA) with multi-criteria decision
analysis (MCDA). The weighted sum method (WSM) and data envelopment analysis (DEA)
were employed as MCDA tools to evaluate fifteen strategies within the specific supply
chains of oil and fertilizers, assessing their suitability in a case study conducted in Portugal.

The DEA model is presented in Equations (25)–(29). The sets are as follows: DMU
is the set of selected farms (decision-making units); I is the set of used resources, includ-
ing distance, exploited area, and investment; and O is the set of performance measures,
represented by the NPV of farms. Regarding the parameters introduced: Yj,k indicates the
level of utilization of resource j ∈ I by the farms k ∈ DMU; Xj,k indicates the performance
measure j ∈ O obtained by each farm k ∈ DMU; and ∈ expresses the efficiency penalty due
to excessive resource consumption or poor performance. Finally, the decision variables used
in the model include: λk,l, which represents the weight assigned to each farm k ∈ DMU,
forming a linear combination with all the other farms l ∈ DMU; S+j,i , indicating the NPV
surplus of the farms for each performance measure j ∈ Oj and farm i ∈ DMU; S−i,j , the slack
variable related to the used resources i ∈ I for each farm j ∈ DMU; and most importantly,
θi, representing the relative efficiency of farm i ∈ DMU.
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  Subject to   Y୨,୩ ∗ λ୩,୪୩∈ୈ − S୪ା = Y୨୪ ∀𝐥 ∈ 𝐃𝐌𝐔 ∀j ∈ O 
(26)

           X୨,୩ ∗ λ୩,୪୩∈ୈ + S୪ି = θ୪ ∗ X୨୪ ∀𝐥 ∈ 𝐃𝐌𝐔 ∀j ∈ i (27)

 λ୩,୪   ୩∈ୈ = 1 ∀l ∈ DMU (28)

λ୩,୪, θ୪, S୪ି , S୪ା ≥ 0 (29)

5. Results and Analysis 
5.1. Preliminary Outcomes and Analysis 

To assess the efficacy of the FPD model, a series of instances were generated. Drawing 
from the research of [4,70], a processing capacity of 5500 tons per day was assumed for 
the biorefinery, considering an ethanol production rate of 72.5 L per ton of processed sug-
arcane stems. Through analysis of various studies, as presented in Table 1, the costs, 
prices, and technical information pertaining to agricultural operations were generated. 
Furthermore, additional information regarding the number of farms, their respective ar-
eas in hectares, locations (coordinates), and distance from each farm to the biorefineries 
was randomly generated. 

Table 1. Contributions employed in constructing the instances. 

Source Information Obtained from the Source 

[70] 
• Biorefinery capacity (5500 tons of cane per day) 
• Effect of weather on agricultural operations 
• Effect of weather on harvest season duration 

[71] • Crop yield per harvested ratoon 
[4] • Cane yield (72.5 liters of ethanol per ton of cane) 

[72] • Production of concentrated vinasse (bio-fertilizer) 

As illustrated in Figure 2, each selected farm is positioned in relation to the biorefin-
ery at a random length radius. To compute the distances between the biorefineries and 
each farm, as well as the distances between each pair of farms, the Manhattan method was 
employed. The climatic factor plays a significant role in ASCs, as rainfall can impact har-
vesting operations and, consequently, the capacity of the biorefinery. As such, to create a 
more realistic scenario, as outlined by [70], the projected impact of weather on the number 
of days available for harvest operations was considered. 

(25)
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the biorefinery, considering an ethanol production rate of 72.5 L per ton of processed sug-
arcane stems. Through analysis of various studies, as presented in Table 1, the costs, 
prices, and technical information pertaining to agricultural operations were generated. 
Furthermore, additional information regarding the number of farms, their respective ar-
eas in hectares, locations (coordinates), and distance from each farm to the biorefineries 
was randomly generated. 

Table 1. Contributions employed in constructing the instances. 

Source Information Obtained from the Source 

[70] 
• Biorefinery capacity (5500 tons of cane per day) 
• Effect of weather on agricultural operations 
• Effect of weather on harvest season duration 

[71] • Crop yield per harvested ratoon 
[4] • Cane yield (72.5 liters of ethanol per ton of cane) 

[72] • Production of concentrated vinasse (bio-fertilizer) 

As illustrated in Figure 2, each selected farm is positioned in relation to the biorefin-
ery at a random length radius. To compute the distances between the biorefineries and 
each farm, as well as the distances between each pair of farms, the Manhattan method was 
employed. The climatic factor plays a significant role in ASCs, as rainfall can impact har-
vesting operations and, consequently, the capacity of the biorefinery. As such, to create a 
more realistic scenario, as outlined by [70], the projected impact of weather on the number 
of days available for harvest operations was considered. 

(26)
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5. Results and Analysis
5.1. Preliminary Outcomes and Analysis

To assess the efficacy of the FPD model, a series of instances were generated. Drawing
from the research of [4,70], a processing capacity of 5500 tons per day was assumed for
the biorefinery, considering an ethanol production rate of 72.5 L per ton of processed
sugarcane stems. Through analysis of various studies, as presented in Table 1, the costs,
prices, and technical information pertaining to agricultural operations were generated.
Furthermore, additional information regarding the number of farms, their respective areas
in hectares, locations (coordinates), and distance from each farm to the biorefineries was
randomly generated.

Table 1. Contributions employed in constructing the instances.

Source Information Obtained from the Source

[70]
• Biorefinery capacity (5500 tons of cane per day)
• Effect of weather on agricultural operations
• Effect of weather on harvest season duration

[71] • Crop yield per harvested ratoon

[4] • Cane yield (72.5 liters of ethanol per ton of cane)

[72] • Production of concentrated vinasse (bio-fertilizer)

As illustrated in Figure 2, each selected farm is positioned in relation to the biorefinery
at a random length radius. To compute the distances between the biorefineries and each
farm, as well as the distances between each pair of farms, the Manhattan method was
employed. The climatic factor plays a significant role in ASCs, as rainfall can impact
harvesting operations and, consequently, the capacity of the biorefinery. As such, to create a
more realistic scenario, as outlined by [70], the projected impact of weather on the number
of days available for harvest operations was considered.

In various countries, biofuel prices are regulated by national governments through
price policies that establish upper and lower limits depending on international sugar prices,
regional gasoline prices, and the export parity price of gasoline. Since biofuel prices are
not set by the market, the proposed model uses the average price according to the study
outlined by [70]. In the case of sugarcane (raw material), prices are set through contracts
between biorefineries and growers and depend on the sugarcane yield (kilograms of sugar
or liters of ethanol obtained per ton of cane). A yield of 116 kg of sugar per ton of cane was
used as the basis for setting the price of the raw material. In this case, the price of a ton of
sugarcane stems corresponds to 50% of the final sale price of 116 kg of sugar as outlined
by [73].

Using the dataset described above, an initial instance was created for a planning
horizon of 15 years, consisting of 10 farms distributed in the northeast quadrant. The
farms had sufficient area to guarantee the supply of sugarcane stems for biorefiner-
ies, with sizes (in hectares) as follows: Farm 1 = 1730, Farm 2 = 3090, Farm 3 = 12,280,
Farm 4 = 1540, Farm 5 = 5190, Farm 6 = 5630, Farm 7 = 8210, Farm 8 = 4320, Farm 9 = 2690,
Farm 10 = 13,150. The biorefinery was located at coordinates (0,0). Two sugarcane seedbeds
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were randomly defined, one on Farm 4 (42 hectares) and another on Farm 6 (56 hectares).
The sugarcane seedbeds were used to supply the farms and facilitate crop growth.
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To compare the results of the FPD model, the generated instance was used to formulate
the traditional centralized supply chain (CSC) model. As mentioned before, this model
aims to maximize the profits of the supply chain (using NPV formula). To implement this
approach, Equations (2) and (3) were replaced by Equation (30). The two models formulated
in this paper (FPD vs. CSC) were solved using the Gurobi 9.0 computational tool.

K+/− ≤ NP + ∑
f∈F

NPVFf (30)

As illustrated in Figure 3, the FPD model assigns four farms (2, 4, 6, and 10), whereas
the CSC model assigns five farms (1, 2, 4, 6, and 9). Although the total NPV obtained by the
FPD approach ($ 324,210 = $ 143,157 + $ 181,053) was lower than that obtained by the CSC
approach ($ 366,678 = $ 127,534 + $ 239,144), it is important to analyze the results from the
FPD perspective. In the FPD model, the farms’ share (Tier1) of the total NPV was 44.15%
($ 143,157/$ 324,210), while in the CSC model, it was only 34.78% ($ 127,534/$ 366,678). In
other words, although the CSC model generated a higher NPV for the entire supply chain
($ 366,678), most of the profits (65.21%) were obtained by the biorefinery (Tier2).

Figure 4 displays the harvested area of each farm, as well as biorefinery productivity,
over a 15-year planning horizon. As depicted, the biorefinery productivity growth in the
CSC model outpaced that of the FPD model. However, this increase was achieved by
allocating more farms and generating greater sugarcane waste. This, in turn, led to higher
costs for the farms, thereby affecting their profitability. In contrast, the FPD model (with
slower biorefinery productivity in the initial years) is better aligned with the growth of
harvesting operations, which reduces sugarcane waste and enhances farmer profitability.

Table 2 displays the economic performance attained by the supply chain players
in the FPD approach. It shows that farms 2, 4, and 6 utilized all their available land,
while Farm 10, being the farthest, only utilized 24.4%, which directly affected its relative
efficiency (93%). Using this model, the total profit for the entire supply chain was $ 324,210
($ 143,157 + $ 181,053), and the average profitability (NPV/CAPEX) was 60.1% and 47%
for farms and the biorefinery, respectively.
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Table 2. Economic performance of supply chain players from the FPD approach.

Tier Player NPV (Million
COP)

Percentage
of Land Used

(%)

Distance
(Km)

CAPEX
(Million COP)

NPV/
CAPEX

(%)

Relative
Efficiency

(%)

1

Farm 2 31,068 100 8 47,194 66 100
Farm 4 18,910 100 3 30,382 62 100
Farm 6 61,259 100 10 108,038 57 100

Farm 10 31,918 24.4 15 52,780 60 93

Total for farms 143,157 238,394 60.1

2 Biorefinery 181,053 384,490 47

As discussed earlier, the CSC model improves biorefinery profitability but reduces
farm benefits. According to Table 3, five farms were allocated, and four of them achieved
relative efficiencies of 100%. With this model, the total profit for the entire supply chain
was $366,678 (127,534 + 239,144). However, the average farmer profitability was only 50.9%,
while the biorefinery achieved 61.4%.
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Table 3. Economic performance of supply chain players from the CSC approach.

Tier Player NPV
(Million COP)

Percentage
of Area Used

(%)

Distance
(Km)

CAPEX
(Million COP)

NPV/
CAPEX(%)

Relative
Efficiency

(%)

1

Farm 1 16,703 100 4 35,219 47 91
Farm 2 25,641 100 8 53,936 48 100
Farm 4 17,066 100 3 31,909 53 100
Farm 6 43,377 83.03 10 76,017 57 100
Farm 9 24,745 100 6 53,715 46 100

Total for farms 127,534 250,796 50.9

2 Biorefinery 239,144 389,037 61.4

A Pareto front is generated using a multi-objective framework to compare the CSC and
FPD approaches. One of the most widely used multi-objective optimization methods, the
ε-constraint method, was employed. This method involves solving a series of constrained
single-objective problems, allowing for the identification of a set of Pareto optimal, non-
dominated solutions. The goal is to find solutions that are economically more efficient from
the FPD perspective, even though these may result in a slightly less competitive aggregate
economic performance compared to the base-case solution.

The synthesis problem involves solving a sequence of M problems, denoted as
(LP − CSC)i, which optimize FPD while being constrained by a single relative CSC index.
Equation (31) is added, with the value of ϵm iteratively increasing within the range of
total NPV, spanning from FPD to CSC extreme solutions. Despite the conflicting nature
of these two approaches, eight non-dominated solutions provide an adequate balance
between maximizing the economic benefits of the entire supply chain and ensuring a fair
distribution of profits among all stakeholders involved (see Figure 5).

NPVI + ∑
f∈F

NPVFf ≥ ϵm (31)
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Table 4 shows the numerical results of the two extreme solutions (FPD = solution 1,
CSC = solution 10) and the eight non-dominated solutions (solutions 2 to 9). As shown,
solutions 6 to 9 offer the best balance in terms of the NPV/CAPEX ratio, assigning six farms
to supply the biorefinery.



Logistics 2024, 8, 122 18 of 27

Table 4. Non-dominated solutions for a multi-objective framework.

Solution Number
of Farms

Average
NPV/CAPEX
for Farms (%)

NPV/CAPEX
for

Biorefinery (%)

NPV
CCS *

NPV
FPD *

1 4 61 47 324 143
2 7 61 48 329 143
3 7 62 50 334 143
4 7 59 51 338 143
5 5 60 52 343 143
6 6 60 53 348 143
7 6 59 55 353 141
8 6 57 56 357 139
9 6 56 58 362 137

10 6 51 61 367 128
* Given in millions of COP.

5.2. Computational Experiments and Sensitivity Analysis

The proposed model was used for two computational experiments. The first exper-
iment analyzes the effect of the planning horizon and number of farms on the financial
performance of the supply chain, while the second examines the influence of sugarcane
prices paid by the biorefinery on crop allocation decisions. For both experiments, a compar-
ison was made between the CSC and FPD approaches.

5.2.1. The Influence of Time Horizon and the Number of Farms on Supply Chain Financial
Performance

The influence of the time horizon (TH) and number of required farms on supply chain
financial performance was analyzed to assess profitability. To generate realistic instances,
farm sizes were defined in accordance with [73]. Farm sizes were established using a
logistic growth model, considering the radius (km) as a rising rate, and a range of farm
sizes between 100 Ha and 6000 Ha. Instances were generated using random coordinates(

x f , y f

)
which, on the one hand, allows for radius calculation, and on the other, derives

the farm sizes and distances. Biorefinery production capacity was calculated based on
the findings of [70], who assessed the effect of weather conditions (specifically, rainfall)
on supply chain performance. Using a Markov chain, these authors generated random
instances to determine the number of days without rainfall, or annual operative days.

The experiment considered two factors and five levels: (1) the number of farms (5,
13, 21, 29, and 37) and (2) time horizons (8, 10, 12, 14, and 16 years). The experiment was
conducted by crossing the five levels for each factor. In Figure 6, the experimental results
are shown for each model (FPD vs. CSC). As shown for the FPD model, a shorter TH
negatively affects biorefinery NPV, regardless of the number of farms. Starting from a TH
of 10 years, the biorefinery NPV becomes profitable, except for a scenario with five farms.
This performance grows as the TH increases. The agricultural echelon (farms) presents
a similar behavior, showing negative performance in a scenario with 37 farms and eight
years of TH. Regarding the CSC model, farms are always profitable, but the biorefinery is
only financially feasible for a long TH. Again, a scenario with five farms is never attractive
for the biorefinery. Therefore, two relevant facts are noted in Figure 6: First, regardless of
the model (FPD vs. CSC), the biorefinery is not profitable in a short planning horizon (five
and eight years of TH). Second, as of year 12, biorefinery profitability rapidly grows for the
CSC model, at the expense of farm profitability.
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5.2.2. The Influence of Sugarcane Prices Paid to Farmers on Crop Allocation Decisions

Based on the percentage of equivalent production as a negotiation strategy between
the farmers and the biorefinery, six price levels were considered (32.5%, 36%, 39.5%, 43%,
46.5%, and 50%). In this case, it was assumed that 72.5 liters of bioethanol are obtained per
ton of sugarcane. Therefore, in the worst scenario, the farmer would obtain the sale price of
23.56 liters of bioethanol (23.56/72.5 = 32.5%) per ton of sugarcane as income. In contrast,
the best income is obtained in a scenario of 50% equivalent production.

As shown in Figure 7, the total NPV (TNPV) of a CSC performs consistently at all
levels of sugarcane pricing. However, upon closer inspection of this model, an unfair
distribution among the two supply chain echelons is clearly observed, especially when
sugarcane prices are either very low or very high. Although the TNPV obtained by the FPD
model sacrifices global economic efficiency, it achieves a fairer distribution profit among
supply chain members, especially for 39.5% and 43% of equivalent production. In this
experiment, the optimal sugarcane price (39.5%) was found when sugarcane transportation
was operated by the biorefinery, and the price was paid depending on average crop yields.

A complementary experiment was conducted to analyze the level of incidence of other
factors (distance between the farms and the biorefinery, farm utilization, total investment,
and financial performance) on farm profits. The experiment considered 30 farms, and
three different strategies were used to set the sugarcane prices as follows:

• Strategy 1: Percentage of equivalent ethanol production (BEP = 32.5%).
• Strategy 2: Percentage of equivalent sugar yield (BSY = 50%).
• Strategy 3: Best percentage found (39.5%).
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Figure 8 shows the Pareto fronts for each pricing strategy. For Strategy 1, we observe a
set of non-dominated solutions that achieve growth in the global financial performance of
the supply chain, without significantly affecting the fair distribution of profits. However,
as the NPV approaches the extreme CSC solution, the level of inequality between supply
chain members increases. Although Strategy 2 generates a significant reduction (45%) in
global supply chain financial performance, the minimum profit obtained by each echelon
is better than that achieved by Strategy 1. Finally, Strategy 3 achieves the best result in
terms of the FPD, and the gap between the two extreme solutions (CSC vs. FPD) is reduced.
With this strategy, it is possible to find a reduced set of non-dominated solutions that allow
for an adequate balance between the two approaches, with respect to the utopian solution
(FPD*, CSC*).
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The DEA model (Equations (24)–(28)) was applied to obtain farm efficiencies and
facilitate a comparison between them. Additionally, the FPD and CSC approaches were
used for contrast (see Figure 9 and Table 5). The relative efficiency of each farm represents
its general performance measure, which depends on available resource utilization and
economic performance obtained. In Strategy 1, the FPD model allocates 11 farms, achieving
an average efficiency of 94%. On the other hand, the CSC model allocates 21 farms, but
the average efficiency is reduced to 84.48%, which affects farm profit distribution. With
Strategy 2, the CSC model achieves a better farm financial performance than that obtained
with the FPD model. However, as previously discussed, in this scenario, biorefinery profits
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are affected. In Strategy 3, both models perform similarly, in terms of average efficiency
and number of farms allocated.
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Table 5. Farms efficiencies under three sugarcane pricing strategies.

BEP Strategy BSY Strategy Best Percentage Strategy

NF ARE F-NPV NF ARE F-NPV NF ARE F-NPV

FPD model 11 94% 55,039 25 89.4% 116,677 20 94.8% 153,339

CSC model 21 84.5% 31,408 21 97.1% 298,127 22 96.14% 138,950

NF: number of farms, ARE: average relative efficiency, F-NPV: total farmer NPV (millions of COP).

Finally, Figure 10 illustrates the main factors that affect farm efficiency for each ana-
lyzed scenario (comprising 30 farms). In terms of farm economic performance (output),
the main issue was observed in Strategy 2 (BSY) under the FPD approach, as 10 farms
were affected due to poor economic performance. Regarding input values, the distance
between farms and investment levels (CAPEX) are the two main aspects influencing farm
efficiency. Specifically, for Strategy 1 (BEP), 19 farms were impacted by excessive CAPEX
under the CSC approach. On the other hand, 14 farms were affected by their distance to
the biorefinery under the FPD approach. In strategies 2 (BSY) and 3, distance was the factor
that most influenced farm inefficiency. Overall, Strategy 3 (the best pricing percentage
found) displayed the lowest number of inefficient farms (outputs/input).
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6. Managerial Insights

Although the adoption of the FPD approach results in a lower total NPV for the system
compared to the CSC, it allows for a more balanced financial performance (NPV/CAPEX)
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between the farmers and the biorefinery. This outcome highlights the need for negotiation
agreements where the number of farms and the amount of land to be cultivated are aligned
with the growth of biorefinery capacity. In this case, well-coordinated planning between
the construction phase and the full operation of the biorefinery, as well as the growth of
crops (number of farms and cultivated area), should be part of such negotiations.

It is also important to consider that, due to transportation costs, farms located farther
from the biorefinery will face reduced demand. In other words, it is crucial to avoid
unplanned crop growth on distant farms for which demand is not synchronized with the
growth of biorefinery capacity. This necessary balance between biorefinery capacity and
the number of assigned farms is clearly supported by the Pareto analysis. This balance
helps to avoid losses from unused crops in biofuel production and underutilized capacity
in the biorefinery, leading to a better profit distribution and greater economic fairness for
the supply chain members.

Another practical implication relates to the effect of the time horizon on the financial
performance of the supply chain. The sensitivity analysis indicates that, regardless of the
approach used (FPD vs. CSC), there is a higher financial risk for the biorefinery due to the
significant investments required during the construction phase. This highlights the need
for a win-win negotiation strategy based on a planning horizon of at least 10–12 years. In
this case, the results suggest that negotiations between the parties should carefully define
the long-term growth of the cultivated areas (number of farms and cultivated area per farm)
to ensure the feasibility of the biorefinery during the said timeframe.

The price paid by the biorefinery to the farms for sugarcane is another aspect that both
parties must carefully review and negotiate. The results show that a price too low or too
high, regardless of the approach (FPD vs. CSC), leads to an unfair distribution of profits.
Since, in the context of ASCs, the literature typically indicates that farmers have borne the
brunt due to their low bargaining power, for the biorefinery to thrive in the long term, it
must offer a fair price for the sugarcane. On the other hand, farmers must also understand
that a price set too high is not feasible for the biorefinery either. In this case, promoting
a collaborative logistics strategy focused on reducing costs in harvesting, loading, and
transportation operations could improve the price negotiation schemes between the farms
and the biorefinery.

Finally, in SCND, the location of farms with respect to the biorefinery is a key factor
in its financial performance. This is quite logical, as greater distances result in higher
transportation costs. In this case, price negotiations between farmers and the biorefinery
must consider the effect of transportation costs. The present study indicates, for instance,
that when transportation is carried out by the refinery, better financial performance is
achieved for both parties. However, in countries with poor road infrastructure, it is the
responsibility of local and national governments to make the necessary investments to
reduce freight transportation costs, thereby enabling the participation of farmers whose
location is less favorable in these types of agro-industrial projects. Although the longer
distance between facilities is a disadvantage, it has been proven that costs can be reduced
with more efficient transportation systems.

7. Conclusions

The literature review on SCND presents various research challenges under the FPD
approach. In the agricultural context, one of the biggest problems is the unfair distribution
of profits among supply chain members. The present study’s literature review reveals that,
due to information asymmetries and differences in bargaining power, most of the profits
go to industrial and commercial players in the supply chain, which affects the economic
interests of farmers, especially small growers. This inequity is reflected in greater poverty
conditions and negotiation conflicts, making it a highly concerning problem in sugarcane
biofuel supply chains. Despite the relevance of the situation, most contributions on FPD
have been applied to welfare economics, telecommunications, or supply chain contracting.
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Therefore, investigations addressing the design of ASCs under an FPD approach constitute
a fertile research field, especially from the standpoint of SCND optimization.

To tackle this problematic situation, the proposed FPD model supports the design
decisions of an ASC for biofuel production using sugarcane, seeking to achieve a fairer profit
distribution between farmers and biorefineries. By analyzing the effect of time horizons
and the number of farms on financial supply chain performance, as well as the influence
of different price-setting strategies on crop allocation decisions, various configuration
alternatives for the supply chain were proposed. The two sensitivity analyses provide
valuable quantitative information to facilitate fair sugarcane price negotiation between
farmers and biorefineries.

The numerical results also allow the evaluation of various scenarios for the investment
and operation decisions of the supply chain, establishing the most convenient number
of farms to achieve improved profit distribution. Although the CSC approach achieves
maximum profit for the supply chain as a whole, the largest portion goes to biorefineries.
In contrast, with the FPD approach, although the total utility of the system is lower, a
better economic scenario is observed for farmers. Thus, the present paper contributes to the
field of social justice, providing insights to facilitate fair trade among the sugarcane supply
chain members for biofuel production. On the other hand, via the DEA analysis, it was
determined that the distance between farms and biorefineries, as well as the investment
level for crop development (CAPEX), are the two factors that most affect profit distribution.

Considering the model limitations and assumptions, multiple research lines may be
suggested to improve this contribution. Specifically, it is important to consider sources
of uncertainty, such as the influence of climatic conditions on crop yields, harvest season
length, and agricultural machinery availability, which can affect farm financial performance.
Economic performance assessment, using the so-called economic value added (EVA) model,
offers a holistic measure that deserves further analysis from the FPD approach. Additionally,
involving the environmental dimension will allow for performance assessment from a
sustainability perspective, guaranteeing an economically profitable, socially responsible,
and environmentally friendly supply chain design.
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Appendix A

Table A1. Subscript indices.

Sets Description

r ∈ R Set of ratoons in the crop life cycle (1, 2, 3, 4, 5)
f ∈ F Set of potential farms to be selected for developing sugarcane crop
t ∈ TH Time horizon for project assessment (periods) (N).

j ∈ P Set of potential products to be obtained by sugarcane processing (Ethanol, Energy by cogeneration,
bio-fertilizer as by-product)
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Table A2. Parameters.

Parameter Description Unit

ACS Crop amortization rate for each harvested ratoon $/ha
AE Administrative expenses for agricultural operations $/ha
AMI Agricultural machine investment over a five-year period $/ha
BPI Biofuel plant investment $

BIDt
Execution percentage of the investment plan in the biorefinery for each period t during the
investment stage. %

BioCapt Annual sugarcane milling capacity of the biorefinery during the period t t/y

CADt
Execution percentage of the construction auditing cost for each period t during the investment
stage %

CAC Biorefinery construction auditing cost $

CFDt
Execution percentage of investment plan in complementary facilities for each period t during the
investment stage %

CFI Investment in complementary industrial facilities $
CTNt,f Land investment cost during period t for each farm f $/ha
Disg

f Manhattan distance measured between each potential location f to others g including biorefinery km
DComf Maximum amount of land available for purchase at each farm f ha
DLC Direct workforce cost of agricultural operations $/ha
EPECj Sale price by each product j $/und
HarvestingCt Maximum harvesting capacity using available equipment in period t ha/y
HC Standard transportation cost $

t−km
inputCostj Cost of input needed to process a product j $/und
ITI Information and communication technology (IT) investment $
ITDt Execution percentage of the investment plan in IT for each year t during the investment stage %
MCO Crop maintenance cost $/ha
OHC Operating harvest cost $/ha
PCane (%) percentage of ethanol price equivalent production based on sugarcane %
PPEI Property, plant, and equipment investment executed during the investment agricultural stage. $
PPEII Property, plant, and equipment investment executed during the investment industrial stage. $
SCS Amount of seed required to sow sugarcane t/ha
SCC Sowing cost during the investment period $/ha
SowingCt Maximum sowing capacity considering the available equipment in period t ha/y
TCHr Amount of sugarcane harvested at ratoon r during the cutting time t/ha
td Discount rate %
x0

r,f Amount of sugarcane planted at initial time by each ratoon r and each farm f ha
WHC Operating harvest cost of sugarcane discarded $/ha
µj Production rate of product j obtained in the biorefinery. Und/t

Table A3. Decision variables.

Variable Description Unit

areat,f Area used for sugarcane crop at period t by farm f ha/y
CCt,f Amount of sugarcane harvested and transport to biorefinery during period t for each farm f t/y
Clandt,f Amount of purchased land available to plant a new crop in during period t at each farm f ha
Cot,r,f Area harvested at period t at farm f in ratoon r ha/y
CscIt,f Amount of cane seed produced in the farm f transported to other farms during the period t. t/y
CscOt,f Amount of cane seed received from other farm, to be used in sowing operation at farm f during the period t. t/y
CSCg

t,f Amount of cane seed transported from the farm f to farm g, for sowing operations at period t. t/y
CVt,f Amount of cane discarded when ripening period is exceeded during period t in farm f t/y
CPt Cane harvested and wasted because it was not sent to the biorefinery on time during the period t t/y
CSt Amount of cane shortage at biorefinery during the period t t/y
K+/− Minimum NPV of profit obtaining by each tier of supply chain (agricultural echelon, biorefinery) %
NPVFf Net present value of profit obtained by each farm at agricultural tier over the time horizon $
NPVI Net present value of profit obtained by the biorefinery over the time horizon $
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Table A3. Cont.

Variable Description Unit

SugarCant Amount of sugarcane received in the biorefinery from all farms during the period t t/y
Supplyt Amount of sugarcane to be processed in the biorefinery during the period t t/y
Productiont,j Amount of final product j produced in the biorefinery process during the period t Und/y
Landt,f Amount of land acquired at each farm at the end of each period t ha/y
xt,r,f Total area sown with sugarcane, which is classified in different ratoons r at the end of period t at each farm f ha/y
Yt,f Amount of land sown during period t for each farm f ha/y
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