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Abstract
Agri-food production must increase while food waste needs to be reduced for 
improving the position of farmers. To do so it is necessary to sustainably man-
age agri-food supply chains beginning with the crop planning decisions. Although 
the centralized approach has usually been adopted for this purpose, it can lead to 
unfair solutions due to inequitable distribution of profits among farmers causing 
their unwillingness to collaborate in the implementation of decisions made. To solve 
this, in this paper a novel centralized multi-objective mathematical programming 
model is proposed to support the sustainable crop planning definition for a region 
that jointly optimize three objectives aligned to the sustainability aspects: supply 
chain profits maximization (economic objective), waste minimization (environmen-
tal objective) and unfairness among farmers minimization (social objective), being 
the last two objectives novel in the crop planning literature. It has also shown the 
conflicting nature of the three objectives finding trade-offs among them. Other nov-
elties of this proposal are: (1) anticipation of operative decisions (such as harvest, 
transport, sale, clearance sale, waste and unmet demand) when defining the crop 
planning, (2) possibility of clearing the oversupply of crops as a means of increasing 
the farmers’ profits and reducing waste, and (3) the modelling of a agri-food sup-
ply chain characterized by the lack of intermediaries between farmers and retailers, 
fostering the freshest product delivery and farmers’ power position. The model is 
solved by applying the weighted sum method concluding that the crop waste gener-
ated along the chain and the unfairness among farmers can be considerably reduced 
by little decreasing the optimal SC profits.
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1  Introduction

According to the Food and Agriculture Organization (FAO) the agri-food pro-
duction must increase by 60% by 2050 to meet the demand of a growing popula-
tion while reducing food waste which amounts for a third of production (Azevedo 
et al. 2018). To achieve these objectives, at least the production and distribution 
planning and inventory management should be done sustainably (Banasik et  al. 
2018).

Existing models to support decision making in agri-food supply chains (AFSC) 
mainly focus on economic and environmental aspects (Seuring and Müller 2008) 
by minimizing emissions or water consumption (Djekic et  al. 2018; Fang et  al. 
2018; Anastasiadis et  al. 2018). However, the importance of considering social 
sustainability when managing AFSC has been recognised (Pourhejazy and Kwon 
2016). It is necessary to develop new mathematical programming models to sus-
tainably manage AFSC that can adjust to the new context arising in the sector.

One current trend in fresh agri-food sector is to operate with short AFSC char-
acterized by the reduction of intermediaries and use of transport, and the prox-
imity sales predominance, which improves the local social and economic ben-
efits (Pérez-Mesa et al. 2019) and diminishes the environmental impact due to the 
reduction of travelling distances and gas emissions. For that, a direct relationship 
between farms and retailers, who represent the end consumers’ demand (Esteso 
et al. 2018a, b), is established. This additionally improves the competitiveness of 
small farmers by removing the gains obtained by intermediaries.

Until recently, and to maintain the freshness and quality of products, retailing 
workers collected all fresh products from shelves at the end of each day, stored 
them in a refrigerated storage, and reorganized and placed the fresh products 
again on shelves at the beginning of the following day. This way of operating 
implied a high cost related to the existence of a refrigerated storage at retailers, 
to the energy consumption, and to the workers costs. However, the new agri-food 
context aims to improve the freshness of products delivered reducing at the same 
time these operation and inventory costs derived from handling fresh products at 
the retailer. For that, all products received at a retailer in one period need to be 
sold to avoid the possibility of storing fresh products from one period to the fol-
lowing not incurring, therefore, in handling and storage costs between periods. 
This way of operating implies the need of increasing collaboration among farm-
ers and developing more exact demand forecasts with the aim of adjusting supply 
to demand, as well as to create mechanisms to sell the excess of supply in order to 
minimize waste. Some examples of these mechanisms are the clearance sales of 
products at the end of the day, promotions, or the change of location of products 
in the shop.

In this context, a commonly adopted approach to balance the supply and 
demand of crops in AFSCs that leads to the best results for the supply chain as a 
whole (Stadtler 2009) is the centralized decision-making. This approach implies 
members of the supply chain to accept and implement decisions made. However, 
the centralized decision-making usually originates inequalities in the distribution 
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of profits among members of the supply chain (Moon et  al. 2018; Zaraté et  al. 
2019). Supply chain members may not be inclined to collaborate if they feel there 
is injustice in the distribution of profits, being impossible to implement the cen-
tralized decisions. In addition, authors such as Ajmal et  al. (2018) identify the 
fairness feeling as one of the core social factors that drive the sustainability of 
organizations. Therefore, ensuring fairness in the distribution of profits among 
farmers contributes, not only to the social pillar of sustainability, but also to the 
implementation of centralized decisions, and therefore to the maximization of 
profits, the minimization of waste and unmet demand, promoting the sustainabil-
ity of the supply chain.

It draws attention that despite the extensive research adopting a centralized deci-
sion-making, we have only found one paper dealing with the unfairness in the agri-
cultural sector. For that, Li et  al. (2015) introduced in their centralized model to 
define a crop rotation scheduling for an investor that offer contracts to small farmers, 
some constraints limiting the difference in profits obtained among farmers. How-
ever, these authors did not try to reduce the unfairness by optimizing its value.

To fill this gap, in this paper a centralized model is proposed in which the unfair-
ness in the distribution of profits among farmers is minimized that is aligned with 
the with the following specific objective of the Common Agricultural Policy (CAP): 
Improve farmers’ position in the value chain (European Commission 2018) through 
the development of tools for a mutually beneficial cooperation, that allows the inte-
gration of the producers and consumers needs in a practical approach, minimizing 
the margins obtained by intermediaries, and contributing to an equitable distribution 
among farmers and to the sustainability.

For that, this paper proposes a novel multi-objective model to support the sustain-
able perishable crop planning of an AFSC operating in this agri-food context and 
accounting objectives aligned to sustainability aspects: profits maximization, and 
the minimization of waste and unfairness among farmers. The detailed description 
of the novelties of this study can be consulted at the end of Sect. 3.

The rest of the paper is structured as follows: Sect. 2 describes the problem under 
study. A literature review of optimization models addressing similar problems is 
made in Sect. 3. Section 4 proposes the multi-objective model designed to address 
the problem. Section 5 analyses the main results of the model and Sect. 6 outlines 
main conclusions and future research lines.

2 � Problem description

One current trend in the agri-food sector is to reduce the intermediaries between 
farms and retailers to improve the power position of farmers, reduce transport, stor-
age, and operation costs and to increase the freshness of the product delivered. In 
this context, the AFSC under study is characterized by the lack of intermediaries 
between farms and retailers, so it is comprised by a set of farming locations and 
retailers directly linked that produces and commercializes multiple perishable crops 
(Fig. 1).
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At the farmers’ stage the crop planning problem is addressed that consists in 
selecting the crops to be planted by farmers and defining the area allocated to 
each of them (Dury et al. 2012). In order to synchronize supply and demand, it is 
necessary to anticipate jointly with planting decisions more operative ones, such 
as the time periods and quantities to harvest and their transport through the AFSC 
with the aim of satisfying demand not only in the right quantity but also at the 
right time and freshness.

On their part, retailers sell products to end consumers. Retailers avoid stor-
ing fresh products from one period to the following one in order to sell fresher 
products and to eliminate costs related to the handling and storage of products. 
Therefore, to balance supply and demand at the retailer level is also essential to 
minimize the generation of waste and unmet demand. Therefore, in cases of over-
supply, a new demand for the excess of product can be generated by using a clear-
ance sale strategy (Sebatjane and Adetunji 2021). Products not sold or cleared are 
finally wasted.

It is important to note, that the problem under study and the considered assump-
tions are derived from real problems and practices identified in the framework of an 
European project (RUC-APS 2016) being most of them also supported by previous 
research. Therefore, the following assumptions are considered in our problem that 
are in concordance with real-life practices:

•	 Each farmer disposes one location with a determined available planting area 
(Ahumada et al. 2012).

•	 Farmers define the area to be planted in their location with each crop per period 
(Dury et al. 2012). Periods in which it is possible to plant each crop are known.

•	 The total area planted with all crops cannot exceed the available area at the loca-
tion (Nguyen et al. 2019).

CONSUMERS

FARMER F

FARMER 1

Planting Harvest Transport

Waste

Planting Harvest Transport

Waste

RETAILER R

Waste

Sales

Clearance sales

RETAILER 1

Waste

Sales

Clearance sales

Fig. 1   Supply chain configuration and main decisions
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•	 Due to technical reasons, a minimum area needs to be planted per crop and 
period when it is decided to do so (Tan et al. 2017).

•	 Harvest periods for each crop depend on the planting period. The quantity of 
product to be harvested, or yield of the crop plant, depends on its planting and 
harvest date (Zaraté et al. 2019).

•	 All matured product has to be harvested when it is mature so no product can be 
left on the plant (Ahumada and Villalobos 2011b).

•	 Farmers have all the necessary resources (such as machineries) to carry out the 
planting, cultivation and harvesting of crops.

•	 Products need to be transported to retailers in the same period of their harvest 
(Ahumada and Villalobos 2011b).

•	 Harvested products that are not transported to retailers, are wasted at the farming 
location.

•	 Trucks are used to transport products from farming locations to retailers. Trucks 
are rented so a fixed cost is related to their use (Blanco et al. 2010). There is also 
a variable cost dependent on the distance between locations and the crops trans-
ported (Jonkman et al. 2019).

•	 To use one truck a minimum percentage of the cargo capacity needs to be loaded.
•	 Due to the high perishability of crops, products transported to retailers are sold 

(Darby-Dowman et al. 2000) or wasted (Mason and Villalobos 2015) in the same 
period of their arrival. Consequently, no inventory is allowed between periods, 
and therefore, no handling nor holding costs are considered.

•	 If there is an excess of supply, waste can be reduced by looking for new demand 
for the clearance sale of crops with lower prices. Demand for cleared products is 
limited by a percentage of demand.

•	 A minimum level service is ensured when meeting the demand of each crop 
(Flores et al. 2019).

•	 If supply is lower than demand, unmet demand is produced and penalized in the 
economic objective function (Forrester et al. 2018).

•	 The crop planning objectives are aligned to the three pillars of sustainability: 
maximize AFSC profits, minimize crop waste, and minimize economic unfair-
ness among farmers.

•	 Farmers perceive unfairness when there is a difference between the profit per 
hectare obtained by farmers and the mean profit per hectare for the farming 
region.

When facing the above problem farmers use to make crop planning decisions 
individually increasing the production of the most profitable crops of the previous 
season. This leads to the existence of some crops with overproduction and others 
with under production in the next season resulting in high levels of waste and unmet 
demand, respectively. Coordination among farmers’ decisions is necessary to bal-
ance supply and demand reducing, therefore, waste and unmet demand (Prima Dania 
et al. 2018), and consequently benefiting farmers, consumers, and the environment 
(Suthar et al. 2019).

For this purpose, a centralized decision-making approach in a multi-farmer con-
text is usually adopted. It is noteworthy that centralized approaches can produce 
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economic inequalities among farmers also known as economic unfairness (Li et al. 
2015), leading to the unwillingness of farmers to collaborate. Therefore, when 
implementing a centralized decision-making in a multi-farmer context, it is neces-
sary to take this aspect into account.

In this paper a centralized multi-objective model is proposed that aims to support 
the crop planning, harvest and transport decisions at the farm level, as well as the 
sale, clearance sale, and waste decisions, at the retailer level. The proposed model 
aims to optimize three objectives aligned to the three pillars of sustainability, which 
are: (1) maximization of AFSC profits (economic), (2) minimization of products’ 
waste (environmental), and (3) minimization of economic unfairness among farmers 
(social).

In this context, this paper seeks to answer the following research questions (RQ):

	RQ1.	Which optimization model can be developed to support the crop planning 
decisions for a multi-farmer and multi-retailer agri-food supply chain with the 
described characteristics?

	RQ2.	Are the defined objectives (maximization of AFSC profits, minimization of 
waste, minimization of economic unfairness among farmers) in conflict among 
them?

	RQ3.	Is it possible to find a satisfactory solution for all the objectives (maximiza-
tion of AFSC profits, minimization of crops’ waste, minimization of economic 
unfairness among farmers) despite their conflicting character?

	RQ4.	Has the clearance sale of the excess of supply a positive impact on the supply 
chain profits, waste and economic unfairness among farmers?

3 � Literature review of crop planning and harvest models

In this section, mathematical programming models addressing the crop planning 
problem while considering the crops demand are analysed to identify the already 
modelled features and gaps in literature related to the problem under study.

Note that it is not intended to provide in-depth details of all features of reviewed 
models, but only those closely linked to the problem under study. The used frame-
work to analyse selected models was divided into six dimensions related to the 
described problem: (1) problem type; (2) number of products; (3) horizon, (4) 
model type, (5) objectives, and (6) modelling approach. The results of this analysis 
are displayed in Tables 1 and 2, where differences between existing models and the 
proposed in this paper are also highlighted. In addition, conclusions reached after 
analysing these tables and relevant specific characteristics of analysed models are 
explained hereunder.

Most models addressing the crop planning problem do not take into account 
decisions related to the harvest (32% of models), transport (24% of models) or 
sales (15% of models) of products. Moreover, the joint modelling of these deci-
sions is only considered in 11% of models. Considering these decisions is neces-
sary to determine the commercialization of products and to anticipate the future 
balance between supply and demand of products at end consumers. Indeed, few 
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Table 1   Literature review of crop planning and harvest models (Part I)

CP crop planning, H harvest, T transport, S sales, CS clearance sale, W waste, UD unmet demand, SP 
single period, MP multiple period

Reference Problem type No. prod-
ucts

Horizon

CP H T S CS W UD 1 > 1 SP MP

Darby-Dowman et al. (2000) X X X X X X
Sarker and Quaddus (2002) X X X
Rǎdulescu et al. (2008) X X X
Sarker and Ray (2009) X X X
dos Santos et al. (2010) X X X
Alfandari et al. (2011) X X X
Ahumada and Villalobos (2011a) X X X X X X
Ahumada and Villalobos (2011b) X X X X X X
Ahumada et al. (2012) X X X X X
Catalá et al. (2013) X X X X
Radulescu and Radulescu (2013) X X X
Rǎdulescu et al. (2014) X X X
Cid-Garcia et al. (2014) X X X
Santos et al. (2015) X X X
Adekanmbi and Olugbara (2015) X X X
Alfandari et al. (2015) X X X
Mason and Villalobos (2015) X X X X X X X
Jarin et al. (2016) X X X
Filippi et al. (2017) X X X X
Albornoz et al. (2017) X X X
Tan et al. (2017) X X X
Flores and Villalobos (2018) X X X X X
Forrester et al. (2018) X X X X
Hasuike et al. (2018) X X X
Mellaku et al. (2018) X X X
Cid-Garcia and Ibarra-Rojas (2019) X X X
Flores et al. (2019) X X X X X
Hong et al. (2019) X X X
Jaya Brindha and Gopi (2019) X X X
Najafabadi et al. (2019) X X X X X
Nguyen et al. (2019) X X X X X X
Ren et al. (2019) X X X
Villa et al. (2019) X X X
Albornoz et al. (2020) X X X X
This paper X X X X X X X X X
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Table 2   Literature review of crop planning and harvest models (Part II)

SO single objective, MO multi-objective, Ec economic, En environmental, So social

Reference Model 
type

Objectives Modelling approach

SO MO Ec En So LP ILP MILP NLP MINLP

Darby-Dowman et al. (2000) X X X
Sarker and Quaddus (2002) X X X
Rǎdulescu et al. (2008) X X X
Sarker and Ray (2009) X X X X
dos Santos et al. (2010) X X X
Alfandari et al. (2011) X X X
Ahumada and Villalobos (2011a) X X X
Ahumada and Villalobos (2011b) X X X
Ahumada et al. (2012) X X X
Catalá et al. (2013) X X X
Radulescu and Radulescu (2013) X X X
Rǎdulescu et al. (2014) X X X X
Cid-Garcia et al. (2014) X X X X
Santos et al. (2015) X X
Adekanmbi and Olugbara (2015) X X X X X
Alfandari et al. (2015) X X X
Mason and Villalobos (2015) X X X
Jarin et al. (2016) X X X
Filippi et al. (2017) X X X
Albornoz et al. (2017) X X X X
Tan et al. (2017) X X X X
Flores and Villalobos (2018) X X X
Forrester et al. (2018) X X X
Hasuike et al. (2018) X X X
Mellaku et al. (2018) X X X
Cid-Garcia and Ibarra-Rojas (2019) X X X
Flores et al. (2019) X X X
Hong et al. (2019) X X X
Jaya Brindha and Gopi (2019) X X X
Najafabadi et al. (2019) X X X X
Nguyen et al. (2019) X X X
Ren et al. (2019) X X X X
Villa et al. (2019) X X X
Albornoz et al. (2020) X X X
This paper X X X X X
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papers model what happens when an imbalance between supply and demand is 
produced such as the generation of waste (3% of models) or unmet demand (9% 
of models). It is remarkable that none of the analysed models consider the possi-
bility of clearing the oversupply of crops in order to reduce waste and costs asso-
ciated to the management of perishable products at retailers, which is arising as a 
new and important trend in the agri-food sector. This paper aims to fill this gap by 
modelling the possibility of clearing the oversupply of crops. Therefore, the mod-
elling of the crop’s clearance sale as well as the joint modelling of crop planning, 
harvest, transport, sales, waste, and unmet demand decisions are novelties for the 
crop planning literature.

Approximately half of analysed models consider a one period planning horizon 
and only support decisions related to the crop planning problem. However, given the 
perishability of crops and the impact that crop planning decisions have on the future 
supply of crops, it is important to take into account the multi-period approach when 
addressing the harvesting and distribution decisions jointly with the cropping plan 
ones to satisfy the market demand. This aspect is even more crucial when limited 
capacity of resources per period exist for implementing more operative decisions 
being necessary to efficiently plan their use. For this reason, in this paper, a multi-
period horizon is contemplated.

Most models (71% of models) optimize only one objective when addressing the 
crop planning problem, considering only one aspect of sustainability. Meanwhile the 
rest of papers consider more than one objective related to the same (12% of models) 
or different (17% of models) aspects of sustainability. It is remarkable that only one 
paper optimizes objectives related to the three aspects of sustainability. The 85% of 
models optimize economic objectives such as the maximization of profits (41% of 
models), expected profits (24% of models), gross margin (9% of models), net value 
(3% of models) or the minimization of economic risk (12% of models), working 
capital (6% of models) or costs (6% of models). The 29% of models optimize envi-
ronmental objectives such as the minimization of land use (15% of models), envi-
ronmental risks (6% of models), water consumption (9% of models), fertilizers and 
pesticides use (3% of models), or the maximization of water productivity (3% of 
models) and vegetation coverage (3% of models). Finally, the 9% of models con-
sider social objectives such as the minimization of unmet demand (3% of models), 
or the maximization of crop production (3% of models), employment (3% of mod-
els) or food safety (3% of models). The model proposed in this paper optimizes three 
objectives related to the three aspects of sustainability, which are the maximization 
of supply chain profit (economic objective), minimization of waste (environmental 
objective) and minimization of economic unfairness among farmers (social objec-
tive). According to the literature revised, these last two objectives are modelled for 
the first time, in the crop planning literature, in this paper.

The analysed papers propose centralized models to support the mentioned 
decision-making processes. However, unless all lands belong to the same farmer, 
obtained solutions would be difficult to implement in a real agri-food supply chain 
since the centralized decision making usually produces inequalities among the sup-
ply chain members (Ertogral and Wu 2000) leading to the unwillingness of farms to 
collaborate. In order to reduce such inequalities, and therefore to make the obtained 
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centralized solution implementable and interesting for farmers, this paper minimizes 
the economic unfairness among farmers.

As mentioned before, it is remarkable that none of the analysed models consid-
ered the reduction of waste and unfairness among farmers as objectives nor con-
straints of the model while these aspects are fundamental for the Sustainable Devel-
opment Goals (SDG) set by the United Nations (2019).

In short, the main novelties of our proposal as regards the revised literature are: 
(1) modelling of an agri-food context characterized by the lack of intermediaries 
between farmers and retailers, shortening the supply chain, increasing the fresh-
ness of products delivered and improving the farmers’ position, (2) joint model-
ling of more operative decisions such as harvest, transport, sales, clearance sales, 
waste, and unmet demand decisions when defining the crop planning, (3) possibil-
ity of clearing the oversupply of crops assessing their impact on the improvement 
of the supply chain profits and generated waste, (4) modelling of a multi-objective 
approach aligned to the three dimensions of sustainability: the profits maximiza-
tion (economic dimension), the waste minimization (environmental dimension), and 
the minimization of the economic unfairness among farmers (social objective) as a 
mean also to foster the implementation of centralized decision, (5) determination 
of the conflict between these objectives and (6) identification of trade-offs among 
them.

4 � Multi‑objective model formulation

This section aims to formulate an optimization model to support the crop planning 
problem in an AFSC with the characteristics described in previous sections, giving 
answer to the Research Question 1: Which optimization model can be developed to 
support the crop planning decisions for a multi-farmer and multi-retailer agri-food 
supply chain with the described characteristics?

The nomenclature used to formulate the model is exposed in Table 3, where c 
refers to crops, p to planting periods, t to time period, l to farming locations, r to 
retailers and PTcp to the set of periods t in which crop c planted in period p can be 
harvested.

4.1 � Objective functions

Three conflicting objectives represent the three aspects of sustainability: economic, 
environmental, and social.

The economic objective, called ZEC , maximizes the supply chain profits (1). Prof-
its are comprised by sales, clearance sales, costs derived from planting, cultivating, 
harvesting, and transporting product, and economic penalizations for unmet demand.
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The environmental objective, called ZENV , minimizes crop waste at farming loca-
tions and retailers (2).

(1)

ZEC =

∑

r

∑

c

∑

t

(

sprct ⋅ Srct + gprct ⋅ Grct − bcrct ⋅ Brct

)

−

∑

l

∑

c

∑

p

pcc ⋅ Alcp −

∑

l

∑

r

∑

c

∑

t

tclrc ⋅ Tlrct −
∑

l

∑

r

∑

t

cc ⋅ Nlrt

(2)ZENV =

∑

c

∑

t

(

∑

r

Wrct +

∑

l

WLlct

)

Table 3   Nomenclature

Parameters

apl Available area for planting in location l
amc Minimum area to be planted with crop c when it is decided to plant it (technical reasons)
ycpt Yield of crop c planted at p and harvested at t
drct End consumers’ demand of crop c at retailer r at period t
erct Percentage of demand of crop c that can be sold at retailer r at a clearance sale price
sprct Selling price of one kg of crop c at retailer r at period t
oprct Market price of crop c at retailer r  at period t
gprct Clearance sale price of one kg of crop c at retailer r at period t
bcrct Penalty cost for not meeting one kg of crop c demand at retailer r at period t
pcc Planting, cultivation, and harvest cost per kilogram of crop c
tclrc Cost of transporting one kg of crop c from location l  to retailer r
slc Minimum service level for each crop c
cc Fix cost of using one truck
cap Capacity of one truck in kilograms
mc Minimum percentage of the truck capacity that should be filled to be used
Variables
Alcp Area planted in location l  with crop c at planting period p
Hlct Quantity of crop c harvested at location l  in period t
WLlct Quantity of crop c wasted at location l  at period t  after its harvest
Tlrct Quantity of crop c transported from location l  to retailer r in period t
Nlrt Number of trucks required to transport crops from location l  to retailer r in period t
Wrct Quantity of crop c wasted at retailer r at period t
Srct Quantity of crop c sold at retailer r at period t
Brct Unmet demand of crop c at retailer r at period t
Grct Quantity of crop c cleared at retailer r at period t
Dl Difference between the region and location l  profit per area (absolute value)
YPlcp Binary variable that takes value equal to one when location l  plant crop c at period p
Yrct Binary variable that takes value equal to one when there is unmet demand of c at period t
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Finally, the social objective, called ZSOC , minimizes the economic unfairness 
among farmers. Farmers perceive unfairness when there is a difference between 
the profit per hectare that they obtain and the mean profit per hectare obtained 
in the region. Therefore, the economic unfairness is calculated as the absolute 
difference between the mean farming profits per hectare and the profit per hec-
tare for each farming location (3). The overall profit of farming locations (4) and 
the profit for each farming location l (5) are composed by their sales of crops to 
retailers, transport costs, and planting, cultivation and harvest costs.

4.2 � Constraints

Set of constraints (6) indicates that planted area at all planting periods for all 
crops cannot exceed the available area per location.

Set of constraints (7) defines that, when it is decided to plant a crop in one 
period, the planted area should be ranged between a minimum area defined due to 
technical reasons and a maximum area defined by the location area.

Set of constraints (8) establishes that the harvest depends on the area planted 
and the yield of each crop. It is also assumed that all crop ready for harvest in a 
period is harvested, not being possible to keep mature product on the plant.

Set of constraints (9) indicates that crops need to be transported to retailers at 
the same period of their harvest due to products’ perishability. In case some crops 
are not transported, they will be wasted at farming location at the same period of 
their harvest.

(3)ZSOC =
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(7)aminc ⋅ YPlcp ≤ Alcp ≤ apl ⋅ YPlcp ∀l, c, p ∈ Pc

(8)Hlct =

∑

p∈Pc

ycpt ⋅ Alcp ∀l, c, t
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Set of constraints (10) defines that, a minimum capacity of trucks used to 
transport product should be filled. In addition, the transported quantity cannot 
exceed the capacity of the used trucks.

Set of constraints (11) indicates that the transported product is immediately 
available at the market and must be used in that same period. Thus, crops avail-
able in the market can be both sold or cleared at the same period of their harvest. 
In the case in which crops are not sold nor cleared, they are wasted at the mar-
ket in this same period. Therefore, it is not allowed to stock crops for the next 
period.

Set of constraints (12) ensures that only demanded products are sold at their 
sale price. If there is not enough product to satisfy the demand, unmet demand 
will be produced.

Set of constraints (13) defines that, if there is an excess of crops supply, crops 
can be cleared at a lower price. In this case, the quantity of crop to be cleared 
cannot exceed a determined proportion of crop demand.

Set of constraints (14) ensures that unmet demand cannot be produced when 
crops are cleared.

Set of constraints (15) indicates that a minimum service level should be satis-
fied per crop throughout the planning horizon.

Finally, set of constraints (16) shows the nature of decision variables.

(9)Hlct = WLlct + Tlct ∀l, c, t

(10)cap ⋅ mc ⋅ Nlt ≤

∑

c

Tlct ≤ cap ⋅ Nlt ∀l, t

(11)
∑

l

Tlrct = Srct + Grct +Wrct ∀r, c, t

(12)Srct + Brct = drct ∀r, c, t

(13)Grct ≤ erct ⋅ drct ⋅
(

1 − Yrct
)

∀r, c, t

(14)Brct ≤ drct ⋅ Yrct ∀r, c, t

(15)
∑

t

Srct ≥
∑

t

slc ⋅ drct ∀r, c

(16)
Alcp,Hlct,WLlct, Tlrct,Wrct, Srct,Brct,Grct,PR,PLl CONTINUOUS,

Nlt INTEGER,

Yrct, YPlcp BINARY
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4.3 � Resolution methodology

To solve the model, it is necessary to linearize the objective ZSOC since it has 
been defined as a non-linear equation. Then, a multi-objective resolution method 
needs to be applied.

4.3.1 � Linearization of objective Z
SOC

As seen in Sect. 4.1. Objectives, the objective ZSOC is defined by a non-linear equa-
tion. This objective consists of reducing the economic unfairness among farmers. 
This unfairness indicator is calculated for each farmer as the difference between the 
mean profit per hectare obtained in the farming region and the profit per hectare 
obtained by the farmer.

If these calculated unfairness for all farmers were aggregated, the obtained global 
unfairness would be equal to zero. This is because some of the farmers will obtain 
more profits per hectare than the mean while other will obtain less profits per hec-
tare than the mean, so these positive and negative deviations would be compensated. 
To solve this, and to find a solution with a minimum deviation of the profits per 
hectare obtained by farmers over the mean, such deviations are evaluated in terms of 
absolute values, thus reducing both positive and negative deviations.

The need of considering an absolute value converts Eq.  (3) into a non-linear 
equation. This makes it necessary to linearize the equation to be able to solve the 
proposed model. To linearize this absolute difference, it has been replaced by a 
new continuous decision variable called Dl that represents the absolute difference 
between the profit per hectare obtained by each farming location and the average 
profit per hectare obtained at the farming region. Such substitution is shown in 
Eq. (17).

On the other hand, the value for the variable Dl is calculated as the difference 
between the mean profit per hectare obtained in the farming region and the profit per 
hectare obtained by the farmer. To obtain an absolute value for this calculus, both 
Eqs. (18) and (19) are considered.

(17)ZSOC =

∑

l

Dl

(18)Dl ≥
PLl
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−
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∑

l apl
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(19)Dl ≥
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∑

l apl
−

PLl

apl
∀l
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4.3.2 � Weighted sum method

The weighted sum method is used to create a single objective function (Sarker 
and Ray 2009) by assigning weights to each objective and aggregating their 
results. The sum of weights assigned to objectives should be equal to one 
( wEC + wENV + wSOC = 1 ). The closer the weight assigned to an objective is to one, 
the stronger impact of this objective in the global objective function. The objectives’ 
values should be scaled so they acquire values between zero and one (20). For that, 
the objectives’ values are divided into their maximum value ( Zmax ) obtained by max-
imizing each single objective.

After applying the weighted sum resolution method, the resulting model is for-
mulated as follows:

Subject to: Eqs. (4)–(16), (18)–(19)
Note that ZEC , ZENV , ZSOC are calculated through Eqs.  (1), (2), and (17) 

respectively.

5 � Experimental design: application to the Argentinean tomato case 
study

The aims of the numerical tests defined in this section are threefold: (1) to validate 
de proposed multi-objective model, (2) to give response to the Research Questions 
defined in Sect. 2, and (3) to analyse the computational efficiency of the model.

5.1 � Input data

The model is applied to the Argentinean tomato case study in which a set of farmers 
located in La Plata should define the crop planning for three tomato varieties (round, 
pear, and cherry). Demand and prices data are obtained from the Buenos Aires Cen-
tral Market webpage (www.​merca​docen​tral.​gob.​ar/). The rest of data is gathered 
from interviews with Argentinian farming experts from the Universidad de la Plata 
inside the European Project RUC-APS.

(20)MaxZ = wEC ⋅

ZEC

ZECmax

− wENV ⋅

ZENV

ZENVmax

− wSOC ⋅

ZSOC

ZSOCmax

Jul Sep Oct Nov Dec Feb Mar Apr May JunAug
Planting

Jan

Harvest

Fig. 2   Planting/harvest calendar

http://www.mercadocentral.gob.ar/
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A 1-year time horizon with weekly periods is considered. The planting/harvest 
calendar for all crops is shown in Fig. 2 where three planting seasons are defined. 
When one crop is decided to be planted, a minimum area of 0.3 hectare should be 
planted. The yield of crops depends on the crop, the planting and the harvest peri-
ods, being ranged from 2933 to 13,475 kg/ha week for round tomatoes, from 2688 to 
12,750 kg/ha week for pear tomatoes, and from 277 to 4268 kg/ha week for cherry 
tomatoes. Farming cost related to the planting, cultivation and harvest of crops is 
estimated to be 1473  €/kg for round tomatoes, 1473  €/kg for pear tomatoes, and 
1272 €/kg for cherry tomatoes.

The considered AFSC is composed by ten farmers and one retailer. The available 
area for planting at each farm as well as costs related to the transport of crops to the 
retailer are displayed in Table 4. Transporting costs differ from one farmer to other 
since they are dependent on the distance between farmers and the retailer. In addi-
tion, it is assumed that there is a fixed cost related to the use of trucks equal to 300 €. 
Trucks have a capacity of 8000 kg, and it is assumed that a minimum cargo equiva-
lent to the 85% of the truck capacity should be filled in order to use a truck.

Demand has been generated by randomly varying the last year supply of toma-
toes according to the Buenos Aires Central Market (www.​merca​docen​tral.​gob.​ar/). 
Demand data has only been generated for harvesting periods since the demand for 
the rest of periods is met by external supplies A minimum service level of 85% 
should be met for each crop. In case there is oversupply of crops, a 1% of the crops’ 
demand can be cleared at a lower price. Penalties related to waste and unmet demand 
are assumed to be equal to the price of crops.

5.2 � Experimental results

In this subsection, different set of scenarios were solved with the proposed model to 
give response to the defined Research Questions. The original data instance exposed 

Table 4   Information about 
farmers

Farmer Available 
area (ha)

Farmer Transport cost (€/kg)

Round Pear Cherry

1 8.9 1 0.116 0.130 0.274
2 7.1 2 0.008 0.009 0.019
3 6.2 3 0.068 0.076 0.161
4 8.5 4 0.134 0.150 0.318
5 9.8 5 0.048 0.054 0.113
6 10.7 6 0.096 0.108 0.228
7 11.6 7 0.073 0.082 0.173
8 8 8 0.026 0.029 0.062
9 8.5 9 0.098 0.110 0.232
10 10.7 10 0.024 0.027 0.057

http://www.mercadocentral.gob.ar/
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in Sect. 5.1 and provided by partners from the European project RUC-APS was used 
for all executions.

5.2.1 � Objectives’ conflict

This subsection aims to give response to the Research Question 2: Are the defined 
objectives (maximization of AFSC profits, minimization of waste, minimization of 
economic unfairness among farmers) in conflict among them?

Before using a multi-objective approach, it is necessary to determine if the pro-
posed objectives are in conflict. This is because, if the objectives were demonstrated 
not to be in conflict, the model could be solved by considering a single objective, 
making its resolution simpler.

To prove that the considered objectives are in conflict, a partial correlation 
analysis of non-dominated solutions obtained with the proposed model was made 
as proposed in Esteso et  al. (2018b). The non-dominates solution (Pareto optimal 
solutions) were obtained by applying a lexicographic optimization proposed by 
Mavrotas (2009) to the model (Table 5). This method consists in solving the model 
by optimizing only one objective, and to repeat this process with the rest of objec-
tives by fixing the values obtained by previous objectives. This process is repeated 
as many times as necessary in order to obtain non-dominated solutions for all com-
bination of objective. For example, in a model with two objectives (O1 and O2), the 
optimal value for O1 would be obtained, and then the optimal value for O2 would 
be obtained for the case in which O1 is equal to its optimal value. To obtain another 
non-dominated solution, the process would be repeated by first optimizing the objec-
tive O2, and then the objective O1 by fixing the value of O2 to its optimal value.

Table 5   Non-dominated 
solutions obtained by 
lexicographic optimization

# Z
EC

(€) Z
ENV

(kg) Z
SOC

(€/ha)

1 842,176.11 3,442,926.96 104,264.78
2 842,176.11 3,442,926.96 104,264.78
3 534,289.53 498,391.81 52,952.00
4 234,768.91 498,391.81 1,883.40
5 786,591.35 3,321,149.63 0.00
6 218,135.33 505,358.92 0.00

Table 6   Partial correlation 
analysis on non-dominated 
solutions

Z
EC

Z
ENV

Z
SOC

ZEC 1.00 0.90 0.61
ZENV 0.90 1.00 0.42
ZSOC 0.61 0.42 1.00
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A partial correlation analysis (Table 6) is made to study the relations between the 
values obtained for the considered objectives, and to determine if the objectives are 
in conflict.

The values of the supply chain profit ( ZEC ) and generated waste ( ZENV ) positively 
correlated in such a way that, when profits increased, the quantity of harvest finally 
wasted also increased. This proves the conflict between economic and environmen-
tal objectives.

On the other hand, the analysis shows a moderated and positive correlation 
between the supply chain profit ( ZEC ) and the economic unfairness among farm-
ers ( ZSOC ). So, when supply chain profits increase, the economic unfairness among 
farmers increase too. Thus, economic, and social objectives are in conflict.

In the case of the environmental and social objectives, a low positive correla-
tion is obtained between their values. This denotes that there is no clear corre-
lation between the generated waste ( ZENV ) and the economic unfairness among 
farmers ( ZSOC ) values, so improving one of them does not necessarily imply 
the improvement the other objective. Therefore, optimizing the environmental 

Fig. 3   Results for objectives, % waste, % unmet demand, and planted area in function of weight distribu-
tion among objectives
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objective does not imply the optimization of the social objective, thus consider-
ing that these objectives are in conflict.

Therefore, from the partial correlation analysis made on the non-dominated 
solutions obtained for the proposed model through a lexicographic optimization 
it is concluded that the considered objectives are in conflict, giving answer to the 
Research Question 2.

5.2.2 � Impact of objectives

This subsection aims to give response to the Research Question 3: Is it possible to 
find a satisfactory solution for all the objectives (maximization of AFSC profits, 
minimization of crops’ waste, minimization of economic unfairness among farm-
ers) despite their conflicting character?

To determine so, the model is solved for 18 scenarios in which different weights 
distributions are assigned to the model’s objectives. Each Scenario is named as a-b-c 
where a, b and c are the weights assigned to the profit maximization, waste mini-
mization, and unfairness minimization, respectively. Figure 3 shows the results for 
each scenario in terms of the objective functions, the percentage of harvest that is 
wasted, the percentage of demand that is not met and the total area planted.

The maximum profit obtained is 840,000 €, while the minimum quantity of waste 
that can be generated when meeting the defined level service is 500,000 kg and the 
minimum unfairness is equal to zero (Fig. 2a). When only the economic objective is 
optimized, a great unfairness is obtained among farming locations making farmers 
reluctant to collaborate in the implementation of the defined crop planning. In addi-
tion, more than 50% of harvested products would be wasted in this Scenario.

However, near to optimal profits can be obtained while considerably reducing 
waste and unfairness among locations. For example, Scenario 30–30–40 decreases 
profit by 10% from the optimal profit while waste and unfairness are reduced by 

Fig. 4   Economic unfairness among farmers versus weight assigned to the unfairness minimization objec-
tive
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50% and 96% respectively. For that, the three objectives should be simultaneously 
optimized. As shown in Fig.  2a, profits remain up to 700,000  € for all cases in 
which more than 30% of weight is assigned to this objective, waste are lower than 
a million kg when its weight is higher than 50% and the unfairness is very low for 
assigned weights superior to 30%. Because of that, it seems that Scenarios in which 
the weight distribution is close to such percentages can obtain solutions with good 
values for the three objectives. This is the case of the Scenario 30–40–30, which 
obtains 760,000 € in profits, 1,600,000 kg of waste and 6200 €/ha of unfairness.

The distribution of values among scenarios is similar for the total waste, the pro-
portion of harvest wasted, and the area planted (Fig. 2a–c). Meanwhile the percent-
age of unmet demand increases as waste and planted area diminish (Fig. 2b, c). This 
means that the quantity of harvest increases with the planted area. A small part of 
this harvest reduces the unmet demand while the rest of product is wasted. In addi-
tion, five Scenarios (60–20–20, 20–40–40, 20–60–20, 20–20–60, 40–40–20) reach 
solutions with percentage of waste lower than 30%, that is the real mean indicator in 
the agri-food sector, being this a great improvement for real supply chains. Two of 
these Scenarios (20–20–60, 40–40–20) also reduce the unfairness among farmers, 
obtaining unfairness values between 3700 and 4200 €/ha.

The simple fact of considering the minimization of the economic unfairness 
among farmers in the global objective function, considerably reduces this factor as 
can be seen in Fig. 4. In those scenarios in which a 10% of the weight is assigned to 
this social objective, the economic unfairness is reduced by up to 78% with respect 
to the scenario with the greatest unfairness (100–0–0). In the rest of scenarios, in 
which a weight greater than 10% is assigned to the objective related to unfairness, 
it is observed that unfairness is reduced between 83 and 100% with respect to the 
100–0–0 scenario. Therefore, it can be concluded that the results obtained through 
the proposed model can contribute to the achievement of the Sustainable Develop-
ment Goal “10. Reduced inequalities” from the United Nations.

On the other hand, the proposed model and obtained results contribute to the 
achievement of the Sustainable Development Goal “12. Responsible consumption 
and production”. More specifically, this paper contributes to the responsible produc-
tion by proposing a centralized decision-making process that tries to adjust demand 
to supply (and therefore, to production) in which the waste generated is also mini-
mized along the AFSC. In this way, decision-makers could choose to implement in 
the real AFSC, a solution obtained by the proposed model that obtains good eco-
nomic results while adjusting the production to demand as much as possible.

Therefore, it is concluded that near to optimal solutions can be obtained for the 
AFSC profits while highly improving the waste or products generated and the eco-
nomic unfairness among farmers. Therefore, it is possible to find a satisfactory solu-
tion for all objectives despite their conflicting character.

5.2.3 � Impact of clearance sales

This subsection aims to give response to the Research Question 4: Has the clearance 
sale of the excess of supply a positive impact on the supply chain profits, waste and 
economic unfairness among farmers?
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To determine so, the model is solved for 11 scenarios in which different quanti-
ties of product can be cleared. The total quantity of product that can be cleared is 
the equivalent to a percentage of the demand, defined by the parameter ecrt . The sce-
narios have been created by assigning different values to ecrt ranging between 0 and 
100%. In this way, if ecrt is equal to 0%, clearance sales are not allowed. Whereas if 
ecrt is equal to 100%, the created demand for cleared products is equal to the demand 
of products.

All scenarios have been run for a balanced weight distribution among the consid-
ered objectives (33–33–33). Figure 5 shows the results for each scenario in terms of 
the objective functions, the percentage of harvest that is wasted, the percentage of 
unmet demand and the total area planted.

Results show that the supply chain profits increase as a greater quantity of prod-
uct is allowed to be cleared. However, at the same time it is observed that the planted 
area increases as the possibility of clearance sales increase, so the model not only 

Fig. 5   Results for objectives, % waste, % unmet demand, and planted area in function of allowed clear-
ance sales
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tries to sell the excess of supply but also decides to plant more, to obtain more pro-
duction and thus be able to have a greater amount of sales.

On the other hand, results for unmet demand remain more or less stable in all 
scenarios, so between the 4 and 5.5% of demand cannot be met. This means that 
as planted area increases, and production grows, a small part of production goes to 
reducing unmet demand while the rest goes to cover the demand created for clear-
ance sales.

Despite the increase in production dure to the increase in the planted area, it is 
observed how the percentage of harvested product that has finally been wasted has 
decreased significantly, going from 36% in the case in which clearance sales are not 
allowed ( ecrt = 0%∀c, r, t ), to 21% in the case in which the amount equivalent to 
the demand for the product can be cleared ( ecrt = 100%∀c, r, t ). Therefore, clearance 
sales represent a sustainable solution for reducing waste in agri-food supply chains.

Unfortunately, these results are linked to a tendency to worsen the economic 
unfairness perceived by farmers. However, some of the scenarios obtain an interest-
ing trade-off between the supply chain profits, the percentage of crop wasted, and 
the unfairness among farmers. An example is the case in which clearance sales are 
limited to 40% of the demand for products. In this scenario, obtained products are 
15% greater than in the scenario in which clearance sales are not allowed, while 
the percentage of harvested product that is finally wasted is reduced from 36 to 
26%, the percentage of unmet demand is reduced from 5 to 4.2%, and unfairness 
increases in approximately 2000 €/ha (being this the second-best value obtained in 
this experimentation).

Therefore, and giving response to the Research Question 4, after this experimen-
tation, it can be concluded that the clearance sales of the excess of supply has a 
positive impact on the supply chain profits and the waste generated along the supply 
chain. On the contrary, experimentation has shown that unfairness among farmers 
has worsened in all the scenarios in which clearance sales were allowed. Despite 
this, interesting trade-offs between the supply chain profits, generated waste and 
unfairness among farmers can be obtained when clearance sales are allowed.

5.3 � Computational efficiency

The proposed model was implemented in MPL® 5.0.8 and solved by using the 
solver Gurobi™ 8.1.1 in a computer with an Intel® Xeon® CPU E5-1620 v2(C) 
@3.70  GHz processor, with an installed capacity of 32  GB and a 64-bits operat-
ing system. Microsoft Access Database was used to store input data and obtained 
results.

Optimal solutions have been found for all Scenarios with a mean resolution time 
of 2  min and 46  s. The multi-objective model counts with 4852 constraints, 90 
binary variables, 520 integer variables, and 5415 continuous variables.
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6 � Conclusions and future research lines

A multi-objective model to centrally define the sustainable crop planning of a supply 
chain is designed. The model optimizes three objectives aligned to the three aspects 
of sustainability: maximization of profits (economic), and minimization of waste 
(environmental) and of economic unfairness between farming locations (social), 
being the optimization of the last two objectives and the joint optimization of all of 
them novelties of this paper. The modelling of the possibility of clearing the crops’ 
oversupply in a new agri-food context, and the anticipation of operational decisions 
when defining the crop planning are other novelties of the paper. A single global 
objective function is comprised by applying the weighted sum method.

The model is executed for different set of scenarios to solve the exposed Research 
Questions. First, it is shown that the considered objectives are in conflict by means 
of a partial correlation analysis performed on non-dominated solutions. Then, the 
model is executed for a set of scenarios defined by considering different weight 
distribution between the objectives. With this experimentation it is found that near 
to optimal profits can be obtained while considerably reducing the quantity of 
waste and the economic unfairness among farming locations for certain balanced 
combination of weights. As it has been shown, this model and its results contrib-
ute to the achievement of the following Sustainable Development Goals from the 
United Nations: (10) Reduced inequalities, and (12) Responsible consumption and 
production.

Finally, the impact of clearance sales of the excess of supply on the sustainabil-
ity of AFSC is analysed by executing the model for 11 scenarios in which different 
quantities of product can be cleared. Results show that clearance sales positively 
impact on AFSC profits and on waste reduction while negatively impact on the 
unfairness among farmers, and interesting trade-offs between these factors can be 
obtained.

In the future, the uncertainty inherent to the agri-food sector could be included 
in the model. Some parameters that could be considered as uncertain are demand, 
prices, yield of plants, or demand of cleared products. In addition, other uncontrol-
lable factors that highly impact on AFSC performance such as the climatic events 
could be included in the model.

On the other hand, the weighted sum method employed in this paper needs the 
subjective definition of the weights assigned to objectives. This approach obtains a 
unique optimal solution for such distribution of weights. However, other approaches 
like the ε-constraint method could be used to obtain non-dominated solutions with-
out the subjectivity of decision makers. A system to choose between the obtained 
non-dominated solutions should be developed.
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