
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://hdl.handle.net/10251/188314

Esteso, A.; Alemany Díaz, MDM.; Ortiz Bas, Á.; Iannacone, R. (2021). Collaborative Plan to
Reduce Inequalities Among the Farms through Optimization. IFIP Advances in Information
and Communication Technology. 629:125-137. https://doi.org/10.1007/978-3-030-85969-
5_11

https://doi.org/10.1007/978-3-030-85969-5_11

Springer



Collaborative Plan to Reduce Inequalities among the 

Farms through Optimization 

Ana Esteso1, MME Alemany1, Angel Ortiz1, Rina Iannacone2, 

 
1 Research Centre on Production Management and Engineering (CIGIP). Universitat 

Politècnica de València. Camino de Vera S/N, 46022 València, Spain; 
2 ALSIA-Metapontum Agrobios Research Center S.S. Jonica 106, Km 448,2 - 

75012 Metaponto (MT) Italy   

{aesteso, mareva, aortiz}@cigip.upv.es, rina.iannacone@alsia.it 

Abstract. The crop planning problem consists in defining the crop and acreage 

to be planted at each farm. There are several centralized mathematical 

programming models to support crop planning in literature. However, centralized 

solutions often produce economic unfairness among the members of the supply 

chain, being especially relevant among the farmers in the agri-food sector. To 

solve it, this paper tries to answer the following research question: is it possible 

to reduce inequalities among the farmers through a collaborative plan? A 

centralized multi-objective mathematical programming model to support crop 

planning and the next decisions up to the sale of vegetables through a 

collaborative plan is proposed to answer this question. To show the validity of 

the proposed collaborative plan, results obtained are compared against those 

obtained without collaboration. The analysis of results shows that inequalities 

among the supply chain members can be highly reduced in a centralized decision-

making approach by implementing the proposed collaborative plan, reducing a 

bit the supply chain profit.  

Keywords: agri-food supply chain, crop planning, collaboration, optimization. 

1   Introduction 

Farmers decide what crops to plant at their farms and the acreage dedicated to each of 

the selected crops through the crop planning process [1]. The mathematical 

programming has proved its validity to support the crop planning process [2, 3]. Proof 

of this is the large number of models to support the crop planning in the literature (e.g. 

[4–7]). However, most of these models propose centralized approaches in which one 

single user makes decisions for the entire supply chain (SC). 

Centralized decisions lead to the best solution for the SC, however, it produces 

inequalities in the profits perceived by each SC member, leading to the unwillingness 

to cooperate among them [8]. Farmers are often the most vulnerable actors in the chain 

because they tend to have fewer business-related skills, however collaboration can be 

used to improve their results [9]. In view of given situation, this paper tries to answer 

the following research question: Is it possible to reduce inequalities among the farmers 

through a collaborative plan? 
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To answer this question, a multi-objective mathematical programming model to 

support the crop planning problem through a collaborative plan is proposed. Its results 

are compared to the equivalent model not considering the collaborative plan. This 

model not only defines the crop planning but anticipates decisions related to the harvest, 

storage, distribution, sale, and clearance sale of vegetables. It considers two objectives: 

the maximization of SC profits, and the minimization of the unfairness among farmers. 

The proposed collaborative plan is based on the three dimensions of collaboration: 

information sharing, decision synchronization, and incentive alignment [10]. The 

information on the demand for each vegetable and the available area for planting is 

shared with all members of the SC and each of them is assigned the demand that should 

satisfy according to its available area. Decisions are synchronized since a centralized 

model is used that simultaneously plans the planting, harvesting, storage, and 

distribution of vegetables. An incentive alignment is carried out since, with the sharing 

of demand, risks are redistributed among all members of the SC. In addition, by 

minimizing the unfairness among farmers, the benefits obtained are also shared. 

Therefore, the contributions of this paper are the proposal of a new collaborative 

plan to reduce the inequalities among farmers, the mathematical modelling of the 

distribution of information among the members of the supply chain, and the modelling 

of the possibility of clearing vegetables at retailers to reduce waste. 

The rest of the paper is structured as follows. Section 2 describes the problem under 

study and the proposed collaborative plan. Section 3 formulates the multi-objective 

model to support the crop planning with the established collaborative plan. Section 4 

implements the model and applies it to the Argentinean tomato case study, identifying 

the effect of implementing the proposed collaborative plan. Finally, Section 5 outlines 

the main conclusions and future research lines. 

2   Problem Description 

This proposal focuses on the crop planning problem which consists in selecting the 

crops to be planted in a farm and the area allocated to each selected crop [1]. To balance 

the supply and demand of vegetables at markets it is necessary to anticipate the impact 

that such crop planning will have on the production and distribution of vegetables [11].  

Because of that, this paper focuses on an entire SC and on processes carried out from 

the planting of vegetable plants to their sale to end consumers. The SC under study is 

composed of farms, cooperatives, and retailers (Fig. 1), and commercializes vegetables 

with an annual planting (such as tomatoes or peppers), which shelf life is limited. 

Farmers are responsible for the planting and harvest of vegetables, their storage, and 

their transport to the cooperative with which the farm is associated. Farms can only be 

associated with one cooperative. Farmers can also waste vegetables when their shelf 

life is consumed, being the vegetables unfit for human consumption. Cooperatives act 

as a consolidator of vegetables received by their associated farms. Therefore, 

cooperatives can store vegetables, transport them to retailers, or waste them in case they 

deteriorate. Finally, retailers sell the vegetables received to end consumers. Storage is 

not allowed at retailers to avoid the need of collecting the fresh vegetables from shelves 

at the end of each day, store them in a refrigerated warehouse located at the retailer, 
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and putting back vegetables on their shelves at the beginning of the next day. In this 

way, fresher vegetables are sold to consumers, and costs related to the refrigerated 

warehouse and laboring dedicated to those handling tasks are avoided. Therefore, all 

vegetables available at retailers should be sold in the same period of their arrival. 

Otherwise, vegetables should be wasted. To facilitate the sale of the oversupply of 

vegetables and reduce the waste that can be generated at this point, it is possible to clear 

some vegetables at a lower price. 

 

 

Fig. 1. SC configuration and decisions.  

In this paper, we also propose to establish a collaborative plan between the different 

levels of the SC, being the main contribution of this paper. This collaborative plan is 

based on minimum information sharing, and more concretely the sharing of the demand 

for each vegetable and of the area available for planting at each location. In this way, 

retailers share the information on their demand for each vegetable among the 

cooperatives in such a way that the demand is distributed among cooperatives according 

to the total area of farmers affiliated with the cooperative. Once cooperatives know the 

demand for each vegetable that they should meet, they break down said demand among 

their members according to their areas. So, the demand for each vegetable is distributed 

among the SC members according to their available area for planting (Fig. 2) with the 

aim of adjusting the supply to the demand as much as possible, and reduce inequalities 

among the members of the supply chain. 
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Fig. 2. Distribution of demand with the collaborative plan. 

 

In exchange, cooperatives agree to buy from farms a minimum quantity of 

vegetables equivalent to 90% of the demand assigned to them, and a maximum quantity 

equivalent to 110% of the demand. Similarly, retailers commit to buy from cooperatives 

a number of vegetables ranged between 90% and 110% of their assigned demand. Note 

that these percentages are set as an example and their values could be modified 

according to the agreement reached by the members of the SC. 

This collaborative plan is expected to offer several benefits to the SC: i) demand is 

distributed among all SC members ensuring that all of them will at least partially use 

their facilities and will sell vegetables to the next SC level; ii) as demand is distributed 

according to the areas of the SC members, economic unfairness among farms is 

expected to be reduced; iii) all this will make farms feel a lower economic risk when 

planting, being more inclined to implement the crop planning centrally defined. 

3   Multi-Objective Model Formulation 

Table 1 exposes the nomenclature used to formulate the model, where 𝑓 refers to farms, 

𝑐 to farms cooperatives, 𝑟 to retailers, 𝑣 to vegetables, 𝑝 to planting periods, ℎ to harvest 

periods, 𝑡 to time periods comprising the planning horizon, 𝐹𝐶𝑐 to the set of farms 𝑓 

belonging to the cooperative 𝑐, 𝑃𝑣 to the set of planting periods 𝑝 in which vegetables 

𝑣 can be planted, and 𝑃𝐻𝑣𝑝 to the set of harvest periods ℎ in which vegetables 𝑣 planted 

in period 𝑝 can be harvested. 
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Table 1.  Nomenclature.  

Parameters 

𝑎𝑝𝑓 Available area for planting in farm 𝑓 

𝑎𝑐𝑐  Available area for planting in all farms belonging to cooperative 𝑐 

𝑎𝑚𝑣 Minimum area to be planted with vegetable 𝑣 when it is decided to plant it 

𝑦𝑣
𝑝ℎ

 Yield of vegetable 𝑣 planted at 𝑝 and harvested at ℎ 

𝑑𝑒𝑣𝑟
𝑡  End consumers’ demand of vegetable 𝑣 at retailer 𝑟 at period 𝑡 

𝑒𝑣𝑟
𝑡  Percentage of demand of vegetable 𝑣 that can be sold at retailer 𝑟 at a clearance sale 

price at period 𝑡 

𝑚𝑑𝑐𝑐  Percentage of demand that farms should meet when serving cooperative. 

𝑀𝑑𝑐𝑐   Percentage of demand that farms can oversupply when serving cooperative. 

𝑚𝑑𝑟𝑟 Percentage of demand that cooperatives should meet when serving retailers. 

𝑀𝑑𝑟𝑟  Percentage of demand that cooperatives can oversupply when serving retailers. 

𝑠𝑝𝑣𝑐
𝑡  Selling price of one kg of vegetable 𝑣 to cooperative 𝑐 at period 𝑡 

𝑚𝑝𝑣𝑟
𝑡  Market price of one kg of vegetable 𝑣 at retailer 𝑟 at period 𝑡 

𝑔𝑝𝑣𝑟
𝑡  Clearance sale price of one kg of vegetable 𝑣 at retailer 𝑟 at period 𝑡 

𝑢𝑐𝑣𝑟
𝑡  Penalty cost for not meeting one kg of vegetable 𝑣 demand at retailer 𝑟 at period 𝑡 

𝑤𝑐𝑣
𝑡  Penalty cost for wasting one kg of vegetable 𝑣 at period 𝑡 

𝑝𝑐𝑣 Planting, cultivation, and harvest cost per hectare planted with vegetable 𝑣 

𝑡𝑐𝑓𝑣𝑓𝑐  Cost of transporting one kg of vegetable 𝑣 from farm 𝑓 to cooperative 𝑐 

𝑡𝑐𝑐𝑣𝑐𝑟 Cost of transporting one kg of vegetable 𝑣 from cooperative 𝑐 to retailer 𝑟 

ℎ𝑐𝑣 Holding cost for vegetable 𝑣 

𝑠𝑙𝑣 Shelf life of vegetable 𝑣 after harvest 

𝑚𝑠𝑙𝑣 Minimum required shelf life of vegetable 𝑣 at sale  

𝑚𝑙𝑣 Minimum service level for each vegetable 𝑣 

Decision variables 

𝐴𝑣𝑓
𝑝

 Area planted in farm 𝑓 with vegetable 𝑣 at planting period 𝑝 

𝐻𝑣𝑓
ℎ  Quantity of vegetable 𝑣 harvested at farm 𝑓 in period ℎ 

𝐼𝐹𝑣𝑓
ℎ𝑡 Quantity of vegetable 𝑣 harvested at farm 𝑓 in period ℎ stored at period 𝑡 

𝑊𝐹𝑣𝑓
ℎ𝑡 Quantity of vegetable 𝑣 harvested at farm 𝑓 in period ℎ wasted at period 𝑡 

𝑇𝐹𝑣𝑓𝑐
ℎ𝑡  Quantity of vegetable 𝑣 harvested at farm 𝑓 in period ℎ transported to cooperative 𝑐 

at period 𝑡 

𝐷𝐹𝑣𝑓𝑐
𝑡  Demand of vegetable 𝑣 at cooperative 𝑐 that should be met by farm 𝑓 in period 𝑡 

𝐼𝐶𝑣𝑐
ℎ𝑡 Quantity of vegetable 𝑣 harvested in period ℎ stored at period 𝑡 at cooperative 𝑐 

𝑊𝐶𝑣𝑐
ℎ𝑡 Quantity of vegetable 𝑣 harvested in period ℎ wasted at period 𝑡 at cooperative 𝑐 

𝑇𝐶𝑣𝑐𝑟
ℎ𝑡  Quantity of vegetable 𝑣 harvested in period ℎ transported from cooperative 𝑐 to 

retailer 𝑟 at period 𝑡 

𝐷𝐶𝑣𝑐𝑟
𝑡  Demand of vegetable 𝑣 at retailer 𝑟 that should be met by cooperative 𝑐 in period 𝑡 

𝑊𝑅𝑣𝑟
ℎ𝑡 Quantity of vegetable 𝑣 harvested in period ℎ wasted at period 𝑡 at retailer 𝑟 

𝑆𝑣𝑟
ℎ𝑡 Quantity of vegetable 𝑣 harvested in period ℎ sold at retailer 𝑟 at period 𝑡 

𝐺𝑣𝑟
ℎ𝑡 Quantity of vegetable 𝑣 harvested in period ℎ cleared at retailer 𝑟 at period 𝑡 

𝐵𝑣𝑟
𝑡   Quantity of unmet demand of vegetable 𝑣 at retailer 𝑟 at period 𝑡 

𝐷𝑓 Difference between the region and farm f margin per area (absolute value) 

𝑌𝑃𝑣𝑓
𝑝

 Binary variable that takes value equal to one when farm 𝑓 plant vegetable 𝑣 at period 

𝑝 
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2.1   Objectives 

The model takes into account two objectives: the maximization of the SC profits, and 

the minimization of the economic unfairness perceived by farmers. 

SC profits (𝑍𝐸) are composed of sales, clearance of vegetables, costs related to the 

planting, cultivation, and harvest of vegetables, their storage and transport between the 

nodes of the SC, and economic penalties for waste and unmet demand. In this way, this 

objective is not only promoting the economic sustainability of the SC, but also the 

environmental and social sustainability by including penalties for waste and unmet 

demand respectively, thus promoting their reduction (1).  

𝑍𝐸 = ∑ ∑ ∑ ∑ 𝑆𝑣𝑟
ℎ𝑡 · 𝑚𝑝𝑣𝑟

𝑡
𝑡ℎ𝑟𝑣 + ∑ ∑ ∑ ∑ 𝐺𝑣𝑟

ℎ𝑡 · 𝑔𝑝𝑣𝑟
𝑡

𝑡ℎ𝑟𝑣 − ∑ ∑ ∑ 𝐴𝑣𝑓
𝑝

·𝑝∈𝑃𝑣𝑓𝑣

𝑝𝑐𝑣 − ∑ ∑ ∑ ∑ 𝐼𝐹𝑣𝑓
ℎ𝑡 · ℎ𝑐𝑣𝑡ℎ𝑓𝑣 − ∑ ∑ ∑ ∑ 𝐼𝐶𝑣𝑐

ℎ𝑡
𝑡ℎ𝑐 · ℎ𝑐𝑣𝑣 −

∑ ∑ ∑ ∑ ∑ 𝑇𝐹𝑣𝑓𝑐
ℎ𝑡 · 𝑡𝑐𝑓𝑣𝑓𝑐𝑡ℎ𝑐𝑓𝑣 − ∑ ∑ ∑ ∑ ∑ 𝑇𝐶𝑣𝑐𝑟

ℎ𝑡 · 𝑡𝑐𝑐𝑣𝑐𝑟𝑡ℎ𝑟𝑐𝑣 −

∑ ∑ ∑ ∑ 𝑊𝐹𝑣𝑓
ℎ𝑡 · 𝑤𝑐𝑐

𝑡
𝑡ℎ𝑓𝑣 − ∑ ∑ ∑ ∑ 𝑊𝐶𝑣𝑐

ℎ𝑡 · 𝑤𝑐𝑐
𝑡

𝑡ℎ𝑐𝑣 − ∑ ∑ ∑ ∑ 𝑊𝑅𝑣𝑟
ℎ𝑡 ·𝑡ℎ𝑟𝑣

𝑤𝑐𝑐
𝑡 − ∑ ∑ ∑ 𝐵𝑣𝑟

𝑡 · 𝑢𝑐𝑣𝑟
𝑡

𝑡𝑟𝑣  . 

(1) 

The perception of economic unfairness among farms (𝑍𝑈) is calculated as the 

difference in absolute value of the margin per hectare obtained by farm and the average 

margin per hectare obtained by all farmers (2). 𝑃𝐹𝑓 indicates the margin obtained by 

farm f and is calculated as the difference of the sale of vegetables to cooperatives and 

costs related to planting, cultivation and harvest of vegetables, their transport to 

cooperatives, and the penalty for waste in the farm (3) 

𝑍𝑈 = ∑ |
𝑃𝐹𝑓

𝑎𝑝𝑓
−

∑ 𝑃𝐹𝑓𝑓

∑ 𝑎𝑝𝑓𝑓
|𝑓  . 

(2) 

𝑃𝐹𝑓 = ∑ ∑ ∑ ∑ 𝑇𝐹𝑣𝑓𝑐
ℎ𝑡 · (𝑠𝑝𝑣𝑐

𝑡 − 𝑡𝑐𝑓𝑣𝑓𝑐)𝑡ℎ𝑐𝑣 − ∑ ∑ 𝐴𝑣𝑓
𝑝

· 𝑝𝑐𝑣𝑝∈𝑃𝑣𝑣 −

∑ ∑ ∑ 𝐼𝐹𝑣𝑓
ℎ𝑡

𝑡ℎ · ℎ𝑐𝑣𝑣 − ∑ ∑ ∑ 𝑊𝐹𝑣𝑓
ℎ𝑡 · 𝑤𝑐𝑐

𝑡
𝑡ℎ𝑣           ∀𝑓 . 

(3) 

2.2   Constraints 

The model is subjected to the following constraints. The area planted with all vegetables 

throughout the planning horizon at each farm cannot exceed its available area (4). 

∑ ∑ 𝐴𝑣𝑓
𝑝

𝑝∈𝑃𝑣𝑣 ≤ 𝑎𝑝𝑓           ∀𝑓 . (4) 

Due to technical reasons, a minimum area should be planted for each vegetable when 

it is decided to do so (5), and the maximum area is limited to the available area at farm. 

𝑌𝑃𝑣𝑓
𝑝

· 𝑎𝑚𝑣 ≤ 𝐴𝑣𝑓
𝑝

≤ 𝑌𝑃𝑣𝑓
𝑝

· 𝑎𝑝𝑓          ∀𝑣, 𝑓, 𝑝 ∈ 𝑃𝑣 . (5) 

The quantity of vegetables to be harvested depends on the planted area and the yield 

of plants (6). It is assumed that all matured vegetables at the plant should be harvested.  

𝐻𝑣𝑓
ℎ = ∑ 𝐴𝑣𝑓

𝑝
· 𝑦𝑣

𝑝ℎ
𝑝∈𝑃𝐻𝑣𝑝

          ∀𝑣, 𝑓, ℎ . (6) 
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Once harvested, vegetables can be stored at farm, transported to cooperative, or 

wasted (7). Vegetables can be stored until their remaining shelf life gets lower than the 

required by consumers (8). Thus, the inventory for vegetables with lower remaining 

shelf lives should be equal to zero (9).  

𝐼𝐹𝑣𝑓
ℎ𝑡 = 𝐻𝑣𝑓

ℎ − ∑ 𝑇𝐹𝑣𝑓𝑐
ℎ𝑡

𝑐 − 𝑊𝐹𝑣𝑓
ℎ𝑡           ∀𝑣, 𝑓, ℎ, 𝑡 = ℎ . (7) 

𝐼𝐹𝑣𝑓
ℎ𝑡 = 𝐼𝐹𝑣𝑓

ℎ𝑡−1 − ∑ 𝑇𝐹𝑣𝑓𝑐
ℎ𝑡

𝑐 − 𝑊𝐹𝑣𝑓
ℎ𝑡    ∀𝑣, 𝑓, ℎ, ℎ < 𝑡 ≤ ℎ + 𝑠𝑙𝑣 − 𝑚𝑠𝑙𝑣  . (8) 

𝐼𝐹𝑣𝑓
ℎ𝑡 = 0          ∀𝑣, 𝑓, ℎ, 𝑡 ≥ ℎ + 𝑠𝑙𝑣 − 𝑚𝑠𝑙𝑣  (9) 

Each farm should transport to the cooperative a quantity of vegetable within the 

range agreed with the cooperative (10). This forces all farms to plant all vegetables.  

𝐷𝐹𝑣𝑓𝑐
𝑡 · 𝑚𝑑𝑐𝑐 ≤ ∑ 𝑇𝐹𝑣𝑓𝑐

ℎ𝑡
ℎ≤𝑡 ≤ 𝐷𝐹𝑣𝑓𝑐

𝑡 · 𝑀𝑑𝑐𝑐           ∀𝑣, 𝑐, 𝑓 ∈ 𝐹𝐶𝑐 , 𝑡 . (10) 

Once vegetables arrive to cooperatives can be stored, transported to retailer, or 

wasted (11). Vegetables can be stored until their remaining shelf life gets lower than 

the required by consumers (12) 

𝐼𝐶𝑣𝑐
ℎ𝑡 = 𝐼𝐶𝑣𝑐

ℎ𝑡−1 + ∑ 𝑇𝐹𝑣𝑓𝑐
ℎ𝑡

𝑓 − ∑ 𝑇𝐶𝑣𝑐𝑟
ℎ𝑡

𝑟 − 𝑊𝐶𝑣𝑐
ℎ𝑡             

∀𝑣, 𝑐, ℎ, ℎ ≤ 𝑡 ≤ ℎ + 𝑠𝑙𝑣 − 𝑚𝑠𝑙𝑣 . 

(11) 

𝐼𝐶𝑣𝑐
ℎ𝑡 = 0          ∀𝑣, 𝑓, ℎ, 𝑡 ≥ ℎ + 𝑠𝑙𝑣 − 𝑚𝑠𝑙𝑣  (12) 

Each cooperative should transport to retailers a quantity of vegetable within the 

range agreed with the retailer (13). 

𝐷𝐶𝑣𝑐𝑟
𝑡 · 𝑚𝑑𝑟𝑟 ≤ ∑ 𝑇𝐶𝑣𝑐𝑟

ℎ𝑡
ℎ≤𝑡 ≤ 𝐷𝐶𝑣𝑐𝑟

𝑡 · 𝑀𝑑𝑟𝑟           ∀𝑣, 𝑐, 𝑟, 𝑡 . (13) 

Once vegetables reach the retailer, it must be sold in the same period of its arrival. 

If there is an excess of supply, vegetables can be cleared or wasted (14). 

∑ 𝑇𝐶𝑣𝑐𝑟
ℎ𝑡

𝑐 = 𝑆𝑣𝑟
ℎ𝑡 + 𝐺𝑣𝑟

ℎ𝑡 + 𝑊𝑅𝑣𝑟
ℎ𝑡           ∀𝑣, 𝑟, ℎ, ℎ ≤ 𝑡 ≤ ℎ + 𝑠𝑙𝑣 − 𝑚𝑠𝑙𝑣 . (14) 

The quantity of vegetables to be cleared is limited by a percentage of demand (15). 

∑ 𝐺𝑣𝑟
ℎ𝑡

ℎ≤𝑡 ≤ 𝑒𝑣𝑟
𝑡 · 𝑑𝑒𝑣𝑟

𝑡           ∀𝑣, 𝑟, 𝑡 . (15) 

If there is not enough vegetable at retailer to meet demand, unmet demand is 

produced (16). 

∑ 𝑆𝑣𝑟
ℎ𝑡

ℎ≤𝑡 + 𝐵𝑣𝑟
𝑡 = 𝑑𝑒𝑣𝑟

𝑡           ∀𝑣, 𝑟, 𝑡 . (16) 

A minimum service level should be met at each retailer in the planning horizon (17). 

∑ ∑ 𝑆𝑣𝑟
ℎ𝑡

𝑡≥ℎ
𝑡≤ℎ+𝑠𝑙𝑣−𝑚𝑠𝑙𝑣

ℎ ≥ ∑ 𝑚𝑙𝑣𝑡 · 𝑑𝑒𝑣𝑟
𝑡           ∀𝑣, 𝑟 . (17) 
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Retailer distributes its demand between cooperatives according to the available area 

of the farms belonging to cooperatives (18). 

𝐷𝐶𝑣𝑐𝑟
𝑡 =

𝑑𝑒𝑣𝑟
𝑡 ·𝑎𝑐𝑐

∑ 𝑎𝑐𝑐𝑐
          ∀𝑣, 𝑐, 𝑟, 𝑡 . (18) 

Cooperatives distributes its assigned demand between farms belonging to the 

cooperative according to the available area for planting at each farm (19). 

𝐷𝐹𝑣𝑓𝑐
𝑡 =

∑ 𝐷𝐶𝑣𝑐𝑟
𝑡

𝑟 ·𝑎𝑝𝑓

𝑎𝑐𝑐
          ∀𝑣, 𝑐, 𝑓 ∈ 𝐹𝐶𝑐, 𝑡 . 

(19) 

The nature of decision variables is defined (20). 

𝐴𝑣𝑓
𝑝

, 𝐻𝑣𝑓
ℎ , 𝐼𝐹𝑣𝑓

ℎ𝑡 , 𝑊𝐹𝑣𝑓
ℎ𝑡 , 𝑇𝐹𝑣𝑓𝑐

ℎ𝑡 , 𝐷𝐹𝑣𝑓𝑐
𝑡 , 𝐼𝐶𝑣𝑐

ℎ𝑡 , 𝑊𝐶𝑣𝑐
ℎ𝑡 ,

𝑇𝐶𝑣𝑐𝑟
ℎ𝑡 , 𝐷𝐶𝑣𝑐

𝑟𝑡 , 𝑊𝑅𝑣𝑟
ℎ𝑡 , 𝑆𝑣𝑟

ℎ𝑡 , 𝐺𝑣𝑟
ℎ𝑡 , 𝐵𝑣𝑟

𝑡                            
          𝐶𝑂𝑁𝑇𝐼𝑁𝑈𝑂𝑈𝑆

𝑌𝑣𝑡 , 𝑌𝑃𝑣𝑓
𝑝

                                                                                 𝐵𝐼𝑁𝐴𝑅𝑌            

. 

(20) 

3.3   Resolution methodology 

Equation (2), which corresponds to the minimization of economic unfairness perceived 

by farmers, should be linearized. To do this, it is replaced by equations (21)-(23), in 

which the variable 𝐷𝑓, that represents the unfairness perceived by the farmer, is forced 

to acquire the absolute value for the difference between the margin per hectare obtained 

by the farmer and the average margin per hectare obtained by all farmers. 

𝑍𝑈 = ∑ 𝐷𝑓𝑓  . (21) 

𝐷𝑓 ≥
𝑃𝐹𝑓

𝑎𝑝𝑓
−

∑ 𝑃𝐹𝑓𝑓

∑ 𝑎𝑝𝑓𝑓
         ∀𝑓 . (22) 

𝐷𝑓 ≥
∑ 𝑃𝐹𝑓𝑓

∑ 𝑎𝑝𝑓𝑓
−

𝑃𝐹𝑓

𝑎𝑝𝑓
         ∀𝑓 . (23) 

The weighted sum method is used to solve the multi-objective model. Through this 

method weights are distributed among the objectives ensuring that the weight assigned 

to all of them adds up to one (𝑤𝐸 + 𝑤𝑈 = 1). In addition, the values for the objectives 

need to be scaled to acquire values between zero and one. For that, each objective is 

divided by an estimation of the highest value they can acquire (𝑀𝑍𝐸 for objective 𝑍𝐸, 

and 𝑀𝑍𝑈 for objective 𝑍𝑈). The multi-objective model used to carry out 

experimentation is: 

𝑀𝑎𝑥 𝑍 = 𝑤𝐸 ·
𝑍𝐸

𝑀𝑍𝐸
− 𝑤𝑈 ·

𝑍𝑈

𝑀𝑍𝑈
 . (24) 

subject to:  

(1), (3), (4)-(23) 
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3   Application to the Argentinean Tomato Case Study 

The model is validated through its application to the Argentinean Tomato Case Study 

extracted from [12], in which ten farms from La Plata region in Argentina should decide 

the crop planning for three types of tomato: round, pear, and cherry. Farms are grouped 

into two cooperatives and one retailer is considered. Demand and prices for the three 

types of tomato are obtained from the Buenos Aires Central Market webpage 

(www.mercadocentral.gob.ar/). The planning horizon is composed of 52 weeks, which 

is equivalent to one year. The calendar for the planting and harvest of plants is shared 

by the three types of tomato and is displayed in Fig. 3. 

 

Fig. 3. Planting/Harvest calendar.  

Through the collaborative plan, it is considered that farmers should serve the 

cooperatives an amount of product that represents between 90 and 110% of the assigned 

demand for each type of tomato. The same happens between cooperatives and retailers 

so that cooperatives must serve between 90 and 110% of the demand for each type of 

tomato assigned to them by the retailers. 

The proposed model is solved for six scenarios characterized by different 

distribution of weights between the objectives: maximization of profits and 

minimization of economic unfairness among farms (set CPP). These same scenarios are 

executed for a situation in which the proposed collaborative plan is not considered (set 

NCP). For that, constraints (10), (13), (18), and (19) are avoided. 

The solutions for all sets and scenarios are compared in terms of SC profits, 

economic unfairness perceived by farms, the percentage of harvest wasted, and the 

percentage of unmet demand (Fig. 4). 

The results show that the scenarios in which the collaborative plan is implemented 

obtain less SC profits chain than when the collaborative plan is not implemented. 

However, SC profits are reduced between 12% and 22%, being this acceptable if other 

indicators, such as the unfairness perception by farms, are highly improved.  

In fact, in those scenarios in which the weight assigned to the objective of 

minimizing the economic unfairness between farms is ranged between 0% and 60%, it 

is observed that, when applying the collaborative plan, the economic unfairness among 

farms can be drastically reduced. In this way, reducing the economic unfairness 

perceived by farms from 90% to 95% only implies a worsening of the SC profits by 

approximately 20%. 

These results are of great interest since the reduction of unfairness makes the 

members of the SC more involved when implementing the crop planning obtained 

centrally. On the contrary, trying to implement a crop planning obtained centrally 

without a collaborative plan provides great unfairness among the SC members and can 

cause some of these members, usually the most disadvantaged, not to jointly participate 

http://www.mercadocentral.gob.ar/
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in the crop planning but to take their individual decisions. This would be a great 

inconvenience for the entire SC, which would see its profits diminished due to the 

imbalance between supply and demand generated by farmers who individually decide 

their crop planning without taking into account the rest of the members of the chain. 

 

Fig. 4. Results for the SC profits, unfairness among farms, waste, and unmet demand.  

On the other hand, the impact of implementing the collaborative plan can be 

observed on environmental aspects, such as the percentage of harvest wasted along with 

the SC, and social aspects, such as the percentage of unmet demand (in addition to the 

unfairness among farms). In this sense, waste increases between 1 and 10% when 

implementing the collaborative plan, while the unmet demand is reduced by up to 

100%. This is because, when implementing the collaborative plan, an average of two 

more hectares are planted in all scenarios, thus obtaining more vegetables that are 

dedicated to serving such demand. As the pattern followed by the plant’s yield is not 

similar to the patterns of demand, a surplus of vegetables is generated in some of the 

periods, thus causing such waste. 

The proposed model was implemented in MPL 5.0.8.116 and solved by using the 

GurobiTM 9.1.1 solver in an Intel® Core™ i7-7500U CPU @ 2.70 GHz 2.90 GHz with 

an installed RAM of 8.00 GB and a 64-bits operative system. The computational 

efficiency for the scenarios and the average resolution time is displayed in Table 2. 
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Table 2.  Computational efficiency.  

Scenario Constraints Continuous variables Binary variables Resolution time 

CPP 194,371 25,271 90 1.4 seconds 

NCP 187,195 23,399 90 0.7 seconds 

4   Conclusions and Future Research Lines 

This paper proposes a multi-objective mathematical programming model to centrally 

define the crop planning of an agri-food SC while implementing a collaborative plan to 

reduce the economic unfairness perceived by farmers. Results obtained by this model 

are compared with the ones of an equivalent centralized model not considering the 

collaborative plan. Results are compared in terms of SC profits, economic unfairness 

among farms, percentage of harvest wasted, and percentage of unmet demand for six 

scenarios characterized by different weight distribution between objectives.  

Results show that implementing the collaborative plan would highly reduce the 

unfairness perceived by farmers while reducing the SC profits. Implementing the 

proposed collaborative plan can therefore be very beneficial for agri-food SC since it 

allows drastically reducing the unfairness perception of its members without this 

supposing a great economic loss for the SC. This reduction in the unfairness makes 

farmers more willing to collaborate and to implement the crop planning obtained, thus 

avoiding the main problem of centralized models. 

This study could be extended in future works by introducing the uncertainty inherent 

to the agri-food sector in parameters such as the shelf life of vegetables, their demand, 

and prices, or the costs associated with their production and distribution. 
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