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Abstract

The agri-food sector is subject to various sources of uncertainty and risk that can
have a negative impact on its supply chain performance if not properly managed. In
order to determine what actions the supply chain (SC) should take to protect itself
against risks, it is necessary to analyze whether the supply chain is robust to them.
This paper proposes a tool based on a system dynamics model to determine the
robustness of an already designed five-stage fresh agri-food supply chain (AFSC)
and its planting planning to disruptions in demand, supply, transport, and the oper-
ability of its nodes. The model is validated using the known behavior replication test
and the extreme conditions test. In order to guide decision-makers in the different
uses of the above system dynamic model, a methodology for the improvement of
the AFSC robustness is presented and applied to a case study. As a result, the SC
robustness to the defined disruptions is provided. For critical disruptions, protec-
tive actions are defined. Finally, the model is re-run to evaluate the impact of these
proactive strategies on the AFSC in order to finally select the most beneficial for
improving its robustness.
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1 Introduction

Agri-food supply chains (AFSCs) are subject to numerous sources of uncertainty
and risk that can have a negative impact on them if not properly managed (Esteso
et al. 2017). Risk refers to imperfect knowledge when the probability of possi-
ble outcomes is known, while uncertainty exists when these probabilities are not
known (Hardaker et al. 2015). In the supply chain (SC) context, risk is the unde-
sirable deviation from expected outcomes that may adversely affect SC operations
(Tummala and Schoenherr 2011).

As the agri-food sector contributes to the European economy with 4.25 mil-
lion employees and a turnover of more than a billion of euros (Esteso et al. 2018),
risks need to be properly managed to have the least negative impact on their SCs.
AFSCs are subject to disruption risks, which are unexpected events arising from
events caused by natural or human factors that involve changes in the structure of
the SC (Gaonkar and Viswanadham 2007). The most relevant risks in AFSCs are
those related to the demand and supply of agri-food products, the inoperability of
nodes, and the impossibility of transporting vegetables between two nodes of the
SC.

Disruptions in demand may be caused for example by changes in consumers’
eating habits and panic buying during a pandemic (Jambor et al. 2020), among
others. Disruptions in supply could be related, for example, to changes in crop
yields or to fire or flooding on farms (Coluccia et al. 2021). Disruptions in node
operability can be caused by the closure of SC nodes due to natural disasters such
as floods or fires, labor outbreaks (Hobbs 2021), among others. Transport dis-
ruptions can emerge in SCs with nodes in different regions or countries between
which passage is banned (e.g. in an attempt to contain the spread of a virus like
COVID-19 (European Parliament 2020)), or due to inclement weather among
others.

The ability of a SC to withstand the disruptive events to which it is subject
is called robustness (Pettersen and Asbjgrnslett 2019). Knowing the degree of
robustness (or lack thereof) of the AFSC to certain disruptions provides SC mem-
bers with relevant information to be able to take protective actions against risks.
However, there are no known simulation tools in the literature to analyze the
robustness of AFSCs to disruptions in demand, supply, transport, and SC node
operability.

To fill this gap, this paper aims is to design a tool to analyze, measure and
improve the robustness of a fresh AFSC configuration and its planting planning
to all the above disruptions. For this purpose, a system dynamics (SD) model
is developed that represents the management of a complete AFSC consisting of
farms, packing plants (PPs), warehouses, distribution centers (DCs) and markets,
in which decisions related to the cultivation, harvesting, packing, transport, stor-
age, handling, waste and sales of fresh vegetables, and the hiring and firing of
permanent and temporary workers are addressed. The SD model can be applied
for different purposes: (a) to support the operation of the AFSC in an “as usual”
scenario with no disruptions (named as baseline scenario) by establishing the
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value of all above decisions, (b) to assess the robustness of the AFSC under dif-
ferent disruptions and/or combination of them, (c) to evaluate possible protective
actions on the AFSC robustness, including its redesign and (d) to select the most
properly protective action as a course of action.

Since multiple uses of the AFSC SD model are possible, a methodology to assist
managers in boosting the AFSC robustness is also proposed. Once the model is vali-
dated, the methodology is applied to study the robustness of an AFSC to disruptions
through “what-if” scenarios. After analyzing the scenarios for which the AFSC is
not robust, protective actions can be taken to increase its robustness, and re-run the
model to check whether the actions taken have had the expected effect on the robust-
ness of the SC. Therefore, the contribution of this research is manifold:

¢ A novel SD model, including inherent characteristics of agri-food sector not pre-
viously modelled or not simultaneously with others, is defined that can be used
for supporting the whole AFSC planning under normal operation conditions.

e A novel SD model that can be employed to measure the robustness of the AFSC
in a proactive or reactive manner under different disruptions not jointly consid-
ered in other simulation models. These disruptions affect not only the AFSC
operation but also its design.

¢ A methodology to support managers in the assessment, analysis and improve-
ment of the AFSC robustness based on the different uses of the SD model.

The rest of the paper is structured as follows. Section 2 reviews simulation mod-
els for managing AFSCs and identifies the main contributions of the paper. Sec-
tion 3 describes the problem under study. Section 4 formulates the causal diagram
and the flow diagram representing the problem and validates the simulation model.
Section 5 presents the methodology to support managers in the use of the SD model
to assess and enhance the robustness of AFSCs meanwhile its application to a case
study is made in Sect. 6. Finally, Sect. 7 outlines the main conclusions and future
research lines.

2 Related literature analysis and contributions of this study

This section does not aim to establish the state of the art in this area, but rather to
analyze the characteristics of simulation models for managing AFSCs that are rel-
evant to this work, and to identify their main differences with the proposal in this
paper to show their originality. The identified models are analyzed in terms of the
modelling tool used, the SC stages included, the disruptions studied, the decisions
made by the models, and the product characteristics considered (Tables 1 and 2).
The simulation tools most used in the papers reviewed are agent-based and dis-
crete event simulation models (Table 1). System dynamics has mainly been used to
address strategic problems (e.g. analyzing the impact of pandemic-related absentee-
ism on food systems (Huff et al. 2015)), being this paper the first to use it to address
also tactical problems such as planning the production and distribution of vegetables
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through the AFSC. Spreadsheet-based simulation has been less used and to solve
simple problems.

None of the models analyzed have considered all stages of the AFSC (farms, pro-
cessors, warehouses, DCs and markets). This is because most of them address strate-
gic problems and therefore focus on only one part of the AFSC, such as the agricul-
tural part (farm) or the marketing part (DCs and markets). This paper fills this gap in
the literature by addressing tactical problems such as the planning of the production
and distribution of vegetables along a five-stage AFSC.

Only 42% of the models analyzed include some disruption in the AFSC, such as
disruptions in demand, supply, transport, SC node operability, facilities capacity, or
contamination. Up to our knowledge, this paper is the first to analyze the robustness
of the AFSC to disruptions in demand, supply, transport, and SC node operability.

Most of models (Table 2) focus on simulating specific problems such as vegeta-
ble transport or inventory planning that allow the analysis of possible policies to be
adopted by AFSC members in various scenarios. Therefore, none of the research
analyzed models the decisions taken by the AFSC to ensure the flow of vegetables
from farms to markets such as harvesting, packing, storage, and handling of vegeta-
bles, or the use of transport and labor, and this paper is the first to propose a model
considering all these decisions.

Regarding the characteristics of the agri-food products, only 37% of the models
model the perishability of the products and 5% model the quality of the products
by linking it to the shelf-life of the product, thus being an indicator of their perish-
ability. Only four papers (Huff et al 2015; Rozhkov and Ivanov 2018; Mahfouz et al.
2019; Ivanov and Rozhkov 2020) consider the perishability jointly with one disrup-
tion, demand, or capacity, but anyone with more than one disruption at the same
time, as our SD model.

Therefore, this paper offers multiple novelties to the literature, which are: i) use
of system dynamics to address tactical-operative decisions in agri-food sector, ii)
simulation of the management of a complete fresh AFSC consisting of farms, PPs,
warehouses, DCs, and markets, iii) joint modelling of the tactical-operational deci-
sions of harvesting, packing, storing, handling, transporting, selling, and wasting
vegetables, usage of trucks and hiring/firing of permanent and temporary workers at
the farm level, iv) analysis of the robustness of an AFSC configuration and its plant-
ing planning to disruptions in demand, supply, transport between SC nodes, and SC
nodes operability simultaneously and jointly with the shelf-life and v) implementing
and assessing the impact of preventive actions including the redesign of the AFSC.

3 Problem description

This paper aims to determine the robustness of an already designed AFSC for per-
ishable vegetables and its plantation planning to disruptions in demand, supply,
transport, and the operability of the SC nodes. The AFSC under study consists of
farms, packing plants (PPs), warehouses, distribution centers (DCs) and markets
(Fig. 1), and it deals with the cultivation and harvest of planted areas and the pack-
ing and distribution of several perishable vegetables.
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Fig. 1 Agri-food SC configuration

The proposed simulation model to determine the robustness of the AFSC con-
figuration and its planting planning works under the following assumptions:

— It simulates the flow of vegetables through the AFSC, defining the quantity of
vegetables to be harvested, packed, transported, stored, wasted, and sold. It also
defines the resources required for this in terms of usage of trucks and hiring/fir-
ing of permanent and temporary workers at the farm level.

— The configuration of the SC is defined so it is known which nodes have been
selected at each stage to form the SC. The nodes likely to form part of the SC are
known. It is possible to model the disruption of shut-down some open nodes and
to select new ones in the event of a disruption. Therefore, the SD model allows
the redesign of the AFSC in the event of a disruption by opening/closing some of
its nodes.

— Farms are responsible for planting, cultivating, and harvesting vegetables. On
each farm, planting of specific plants has been carried out on specific planting
dates. The area planted with each plant in each planting period is known.

— The planting and harvesting schedule for each plant and the yield of the plants
according to this schedule is known. Plants are cultivated from the time the seed
is planted until the last period when the plant is harvested (Alemany et al. 2021).

— Planting, cultivation and harvesting of vegetables are carried out manually and
the time required for these activities depends on the vegetable and is known.

— Farms can hire and fire temporary or permanent workers to perform the manual
activities of planting, cultivating, and harvesting vegetables. Farms have a mini-
mum number of permanent workers dependent on the farm area that cannot be
dismissed.

— The number of temporary and permanent workers available for hire on all farms
is limited. Temporary and permanent workers share the same working hours. The
hiring of permanent workers has priority over the hiring of temporary workers.

— Once the vegetables are harvested, they are immediately transported to the PPs
to avoid deterioration. In the PPs vegetables can be stored prior to packing or
packed. The storage and packing capacity are limited and known.

— After packing, the vegetables are loaded onto trucks for transport to warehouses
or DCs. Vegetables are transported from warehouses to DCs. Handling and stor-

@ Springer



28 Page 8 of 53 A. Esteso et al.

age capacity at warehouses and DCs are limited and known. The storage capacity
of DCs is much more limited than that of warehouses, as their main function is to
consolidate vegetables received for distribution, and not for long-term storage.

— Vegetables are transported from the DCs to the markets, where the demand
for vegetables is met. If there are not enough vegetables available to meet the
demand, an unsatisfied demand is generated.

— Once harvested, vegetables have a limited shelf-life that decreases over time.
Vegetables are wasted when their shelf-life is shorter than required by customers.
This waste can be generated in PPs, warehouses, DCs and markets.

— Trucks are used to transport vegetables between nodes in the SC, which have
limited transport capacity. The time required to transport the vegetables between
the different nodes of the SC is known. Vegetables are transported to the closest
node in the following SC stage.

— The price of vegetables and the costs of planting and cultivating (seeds, water,
phytosanitary products, etc.), packing, storing, and handling of vegetables, hir-
ing, firing and wages of permanent and temporary workers, use of SC nodes, use
of trucks, and the economic penalty for unmet demand and waste generation are
known.

Furthermore, this paper considers that the AFSC may be subject to disruptions in
demand, supply, transport, and SC node operation. To test the robustness of the SC
to these disruptions, the proposed model will be run for several “what-if” scenarios.

4 Formulation and validation of the system dynamics model

Following the assumptions made and based on the mathematical programming
model for the design and management of the AFSC for perishable vegetables pro-
posed in Esteso et al. (2021), the system dynamics model is proposed.

A five-phase methodology based on Esteso et al. (2019) is followed: (i) propose
the casual-loop diagram, (ii) create the flow diagram representing the SC and the
processes required to manage it, (iii) generate the equations defining the behavior of
the system dynamics model, (iv) validate the system dynamics model by comparing
it with the results obtained by the equivalent optimization model, and (v) evaluate
the results obtained for several “what-if” scenarios representing disruptions in the
AFSC.

4.1 Causal-loop diagram

The casual-loop diagram (Fig. 2) shows the cause-effect relations between the ele-
ments of the AFSC, which helps to understand its operation and subsequent model-
ling in the flow diagram. These relations are represented by arrows that include a
positive sign when two variables are directly proportional (the increase of one vari-
able causes the increase of the other) and a negative sign when two variables are
inversely proportional (the increase of one variable causes the decrease of the other).

@ Springer
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Fig.2 Causal-loop diagram of AFSC management

The loops formed by the relations of the system elements are negative when they
act as stabilizers of the system as they lead to a particular goal, and positive when
they have the opposite effect on the system (Esteso et al. 2019). In this case, the
modelled system is hyperstable as most of the loops are negative.

4.2 Flow diagram

The nomenclature used to define the level, flow and auxiliary variables used in the
formulation of the system dynamics model is shown in Table 3, where the index v
refers to the vegetable, f to the farm, c to the PP, w to the warehouse, d to the DC, m
to the market, p to the planting period and h to the harvesting period.

Figure 3 shows the flow diagram representing the management of the AFSC
under study, which allows analyzing the robustness of the AFSC under various dis-
ruptions trough “what if” scenarios. For this purpose, the model is implemented in
the simulation software Vensim® DSS for Windows Version 6.3G.
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Table 3 Level, flow, and auxiliary variables

Level variables

TAP€ p Total area planted with vegetable v on farm fin planting period p (ha)

TAC{’ ; Total cultivated area of vegetable v on farm fin planting period p (ha)

TAH"" Total harvested area of vegetable v planted in planting period p on farm f'in har-

o vest period 4 (ha)

TLR‘Z p Total labor requirement for planting, cultivation and harvesting of vegetable v
planted in planting period p on farm f (min)

TPL, Total amount of permanent labor used on farm f (worker)

TTL; Total amount of temporary labor used on farm f (worker)

TQH{“, ’ Total quantity of vegetable v harvested on farm f'in harvest period 4 (kg)

T]Pﬁ[ Total inventory of vegetable v harvested in period 4 stored in PP ¢ (kg)

TQP{{C Total quantity of vegetable v harvested in period / packed at PP ¢ (kg)

T[ijw Total inventory of vegetable v harvested in period 4 stored in the warehouse w (kg)

T]Dﬁd Total inventory of vegetable v harvested in period 4 stored in the DC d (kg)

T]M’Vlm Total inventory of vegetable v harvested in period 4 stored in the market m (kg)

TWPﬁC Total quantity of vegetable v harvested in period /& wasted in the PP ¢ (kg)

TWWC’W Total quantity of vegetable v harvested in period / wasted in the warehouse w (kg)

TWD{f " Total quantity of vegetable v harvested in period 4 wasted in the DC d (kg)

TWMi’m Total quantity of vegetable v harvested in period / wasted in the market m (kg)

TTFP,, Total number of trucks used to transport vegetables from farm f'to PP ¢ (truck)

TTPW,, Total number of trucks used to transport vegetables from PP ¢ to warehouse w
(truck)

1TPD,, Total number of trucks used to transport vegetables from PP ¢ to DC d (truck)

TTWD,, Total number of trucks used to transport vegetables from warehouse w to DC d
(truck)

TTDM ,, Total number of trucks used to transport vegetables from DC d to market m (truck)

1D, Total demand for vegetable v at market m (kg)

T8D,,, Total satisfied demand for vegetable v at market m (kg)

TUD,,, Total unsatisfied demand for vegetable v at market m (kg)

Profit Total profit of the AFSC (€)

Flow variables

AP’VJ ; Area planted with vegetable v by farm f'in the planting period p (ha/week)

AC‘z p Area planted in planting period p with vegetable v on farm fto be cultivated (ha/
week)

A Hl:? Area .planted in planting period p with vegetable v on farm fto be harvested in
period A (ha/week)

TP’: ; Time needed to plant the vegetable v in the planting period p on farm f (min/week)

TCC " Time needed to cultivate the area planted in period p with vegetable v on farm f
(min/week)

TH™ Time needed to harvest the area planted in period p with vegetable v on farm fin

ki harvest period /& (min/week)

HPL, Number of permanent laborers hired on farm f (worker/week)

FPL, Number of permanent laborers fired on farm f (worker/week)

HTL, Number of temporary laborers hired on farm f (worker/week)
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Table 3 (continued)

FTL, Number of temporary laborers fired on farm f (worker/week)

QH{:;' Quantity of vegetable v planted in period p on farm f harvested in harvest period A
(kg/week)

QFP(" Quantity of vegetable v harvested in harvest period / transported from farm f'to PP

/fe . K
v ¢, where transport time is zero (kg/week)

QFPltf/C Quantity of vegetable v harvested in harvest period / transported from farm fto PP
i ¢, where transport time is greater than zero (kg/week)

DFP’: v Dummy variable used to retain the vegetables v harvested in harvest period &
) between farm fand PP ¢ for the time equivalent to the transport time between
them (kg/week)

QP! Quantity of vegetable v harvested in harvest period & packed in the PP ¢ (kg/week)

vc
QPWO?CW Quantity of vegetable v harvested in harvest period 4 transported from PP ¢ to
warehouse w, where transport time is zero (kg/week)

OPW1 ifcw Quantity of vegetable v harvested in harvest period 4 transported from PP ¢ to
warehouse w, where transport time is greater than zero (kg/week)

DPWfW Dummy variable used to retain the vegetables v harvested in harvest period i
between PP ¢ and warehouse w for the time equivalent to the transport time
between them (kg/week)

QPDO‘:M Quantity of vegetable v harvested in harvest period /4 transported from PP ¢ to DC
d, where transport time is zero(kg/week)

QPD 1‘:,“1 Quantity of vegetable v harvested in harvest period /4 transported from PP ¢ to DC
d, where transport time is greater than zero (kg/week)

Dummy variable used to retain the vegetables v harvested in harvest period %
between PP ¢ and DC d for the time equivalent to the transport time between
them (kg/week)

QWD()ifw u Quantity of vegetable v harvested in harvest period / transported from warehouse

w to DC d, where transport time is zero (kg/week)

L
DFDde

QWD]i{w 4 Quantity of vegetable v harvested in harvest period / transported from warehouse
w to DC d, where transport time is greater than zero (kg/week)

DWD’JW J Dummy variable used to retain the vegetables v harvested in harvest period i
between warehouse w and DC d for the time equivalent to the transport time
between them (kg/week)

QDMoifdm Quantity of vegetable v harvested in harvest period / transported from DC d to
market m, where transport time is zero (kg/week)

ODM 1fdm Quantity of vegetable v harvested in harvest period / transported from DC d to
market m, where transport time is greater than zero (kg/week)

DDMﬁdm Dummy variable used to retain the vegetables v harvested in harvest period
h between DC d and market m for the time equivalent to the transport time
between them (kg/week)

NFPy, Number of trucks used to transport vegetables from farm fto PP ¢ (truck/week)

NPW,,, Number of trucks used to transport vegetables from PP ¢ to warehouse w (truck/
week)

NPD,, Number of trucks used to transport vegetables from PP ¢ to DC d (truck/week)

NWD, , Number of trucks used to transport vegetables from warehouse w to DC d (truck/
week)

NDM,,, Number of trucks used to transport vegetables from DC d to market m (truck/
week)

WSP?C Quantity of vegetable v harvested in harvest period / wasted at PP ¢ when its

shelf-life is less than the required by the customer (kg/week)
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Table 3 (continued)

wcP!,
WSW"

wCw"

vw

/1
wsD",

1
wep',

wsMm"

vm

Inc
CostPCH

CostHPL
CostPL
CostTL
CostP
CostFP
CostPW
CostPD
CostTWD
CostDM
CostlIP
CostIW
CostID
CostHW
CostHD
CostWP
CostWW
CostWD
CostWM
CostUD
Auxiliary variables
@y
tplant,

th

v

pey

Quantity of vegetable v harvested in harvest period & wasted at PP ¢ due to exceed-
ing its storage and packing capacity (kg/week)

Quantity of vegetable v harvested in harvest period & wasted at warehouse w when
its shelf-life is less than the required by the customer (kg/week)

Quantity of vegetable v harvested in harvest period & wasted at warehouse w due
to exceeding its storage and handling capacity (kg/week)

Quantity of vegetable v harvested in harvest period & wasted at DC d when its
shelf-life is less than the required by the customer (kg/week)

Quantity of vegetable v harvested in harvest period / wasted at DC d due to
exceeding its storage and handling capacity (kg/week)

Quantity of vegetable v harvested in harvest period & wasted at market m when its
shelf-life is less than the required by the customer (kg/week)

Demand for vegetable v at the market m (kg/week)

Quantity of vegetable v harvested in harvest period 4 sold on the market m (kg/
week)

Quantity of satisfied demand for vegetable v on the market m (kg/week)
Quantity of unsatisfied demand for vegetable v on the market m (kg/week)
Income from the sale of vegetables on the markets (€/week)

Cost of planting, cultivation, and harvesting of vegetables planted by farms (€/
week)

Cost of hiring permanent laborers (€/week)

Cost of wages for permanent laborers (€/week)

Cost of wages for temporary laborers (€/week)

Cost of packing vegetables (€/week)

Cost of transporting vegetables from farms to PPs (€/week)

Cost of transporting vegetables from PPs to warehouses (€/week)
Cost of transporting vegetables from PPs to DCs (€/week)

Cost of transporting vegetables from warehouses to DCs (€/week)
Cost of transporting vegetables from DCs to markets (€/week)
Cost of storage of vegetables in PPs (€/week)

Cost of storage of vegetables in warehouses (€/week)

Cost of storage of vegetables in DCs (€/week)

Cost of handling vegetables in warehouses (€/week)

Cost of handling vegetable in DCs (€/week)

Cost of wastage of vegetables in PPs (€/week)

Cost of wastage of vegetables in warehouses (€/week)

Cost of wastage of vegetables in DCs (€/week)

Cost of wastage of vegetables in markets (€/week)

Cost of not meeting market demand (€/week)

Area planted with vegetable v in planting period p on farm f (hectare)
Period in which vegetable v can be planted (week)
Period in which vegetable v can be harvested (week)

Binary variable taking value of one if the vegetable v planted in planting period p
needs to be cultivated, otherwise zero
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Table 3 (continued)

pH!

timp,
time,

timh,
h
»

dem, vm
nm

sl

msl

Sp c
Wy,

sid,

pp.
hw,,
hd,
1pse
PWe,
tpd,,
tiwd,,
tdmg,,
mtl

wt
maxp
maxt
minp;
Pum
cpch
chpl
epl

ctl

cpy
fop
CPWey,
cpd.
ctwd,,
cdmyg,,
cip,
ciw,
cid
chw
chd

v

Binary variable taking value of one if the vegetable v planted in planting period p
needs to be harvested in harvesting period h, otherwise zero

Time needed to plant one hectare of vegetable v (min/hectare)

Time needed to cultivate one hectare of vegetable v (min/hectare)

Time needed to harvest one hectare of vegetable v (min/hectare)

Quantity of vegetable v obtained per plant if planted in period p and harvested in
period i (kg/plant)

Quantity of vegetable v demanded by market m (kg)

Number of markets (market)

Shelf-life of vegetables (week)

Minimum shelf-life of vegetables sold due to freshness and quality requirements
(week)

Vegetable storage capacity of PP ¢ (kg)

Vegetable storage capacity of warehouse w (kg)

Vegetable storage capacity of DC d (kg)

Vegetable packing capacity of PP ¢ (kg)

Vegetable handling capacity of warehouse w (kg)

Vegetable handling capacity of DC d (kg)

Transport time of vegetables from farm fto PP ¢ (week)

Transport time of vegetables from PP ¢ to warehouse w (week)
Transport time of vegetables from PP ¢ to DC d (week)

Transport time of vegetables from warehouse w to DC d (week)
Transport time of vegetables from DC d to market m (week)
Maximum truck load (kg/truck)

Working time of laborers (min/week)

Maximum number of permanent laborers (worker)

Maximum number of temporary laborers (worker)

Minimum permanent labor force on farm f (worker)

Unit selling price of vegetable v on the market m (€/kg)

Unit cost of planting, cultivation, and harvesting of vegetable v (€/hectare)
Cost of hiring a permanent laborer (€/worker)

Weekly wage of a permanent laborer (€/worker)

Weekly wage of a temporary laborer (€/worker)

Unit cost of packing vegetable v at packing plants (€/kg)

Unit cost of transporting a truck from farm f to PP ¢ (€/truck)

Unit cost of transporting a truck from PP ¢ to warehouse w (€/truck)
Unit cost of transporting a truck from PP ¢ to DC d (€/truck)

Unit cost of transporting a truck from warehouse w to DC d (€/truck)
Unit cost of transporting a truck from DC d to market m (€/truck)
Unit cost for storing vegetable v in the PPs per period (€/kg-week)
Unit cost for storing vegetable v in the warehouses per period (€/kg-week)
Unit cost for storing vegetable v in the DCs per period (€/kg-week)
Unit cost for handling the vegetable v in the warehouses (€/kg)

Unit cost for handling the vegetable v in the DCs (€/kg)
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Table 3 (continued)

cwp, Unit cost for vegetable v wastage in PPs (€/kg)

cww, Unit cost for vegetable v wastage in warehouses (€/kg)

cwd, Unit cost for vegetable v wastage in DCs (€/kg)

cwm, Unit cost for vegetable v wastage in markets (€/kg)

cud,,, Unit cost of not meeting market m demand for vegetable v (€/kg)

4.3 Definition of equations

In this section, the equations that regulate the operation of previously defined
level and flow variables are defined. As for the auxiliary variables, which intro-
duce the data into the model, they import their values from a spreadsheet created
in Microsoft Excel.

The simulation starts by assigning to the flow variable AP’V’ ; the value of the
area to be planted with each vegetable on each farm in each planting period (1).
This is done by assigning the value of the auxiliary variable a’v’ i in the correspond-
ing planting periods.

APIv]f(f) _ ) i wlant,(t) =1 [a’jf] Yv.fp 0
otherwise . [0]

The total planted area TAPf p is the accumulation of the planted areas for each veg-

etable, farm, and planting pefiod, being its value at the beginning of the simulation
zero (2).

},ch chpl epl ail g cpd awd  cdm ud
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tdm
DS HIWSD = el
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cwp cip o chw oww ciw chd cid ewd ewm

Fig. 3 Flow diagram of agri-food supply chain management
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t

TAP, (1) = / (APff>df; TAP) (1) =0 VY v.f,p 2)

0

The area to be cultivated in each period depends on the cultivation calendar of
each vegetable according to its planting period. Thus, in case it is necessary to cul-
tivate a vegetable in one period (pcf = 1), the whole planted area is cultivated (3).

AC{Tf(r):{’f po=1:ld] . )

otherwise . [0]

The total cultivated area TAC’: ; is the accumulation of the cultivated areas in all
simulation periods, with a value of zero at the beginning of the simulation zero (4).

t

TAC (1) = / (AC’:f)dt; TAC) (1) =0 Vv.f.p “
0

The area to be harvested in each period depends on the area planted with each
vegetable and its planting and harvesting calendar (5). Thus, in the periods corre-
sponding to a harvest period, it is checked whether the period is included in the har-
vest calendar of the vegetable depending on its planting period. If it is (ph’v’h = 1),
the entire planted area is harvested.

. i pEroy =1 [ap]
h lf lhv =1. v vf
AH (D) = { otherwise : [0] Vv.f.p.h 5)
otherwise . [0]

The total area to be harvested TAH‘V’;? is the accumulation of the areas harvested in
all simulation periods, being its value zero at the beginning of the simulation (6).

1

TAH) (1) = / <AH€;)dt; TAH" (19) =0 ¥ v.f.p.h )
0

The time needed to plant vegetables TP‘Z h in each period depends on the area to be
planted per period and the time required to plant one hectare of the vegetable (7).

TP (t) = AP, (1) - timp, ¥ v.f,p (7

The time needed to cultivate vegetables TC’V’ i depends on the area to be cultivated
per period and the time required to cultivate one hectare of the vegetable (8).

TC’V'f(t) = AC’;f(t) -time, Vv.f.p 8)
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The time needed to harvest vegetables TH’: ;’ depends on the area to be harvested
per period and the time required to harvest one hectare of the vegetable (9).

TH'jf”(z) = AH{’;@) -timh, Y v.f.p.h )

The total time TLR‘: ; spent on planting, cultivating, and harvesting each vegetable for

each farmer during the simulation is the accumulation of the time spent on each of these
activities (10). The value of this variable at the beginning of the simulation is zero.

t

TLR) (1) = / (TP’v’f(t) +TC (1) + > TH’V’fh(t)>dt; TLR (1) =0 Vv.f.p
0 h
(10)

Farms must hire and fire permanent and temporary workers to adjust their capac-
ity to the time requirements for planting, cultivating, and harvesting vegetables.
As priority is given to permanent workers, to hire HPL, them (11), it is checked
whether the labor needed on the farm is larger than the current labor force — if so, it
is checked whether it is possible to cover the labor need with the permanent workers
still available on the market. If it is, as many permanent workers as necessary are
hired, and if it is not, only the permanent workers available on the market are hired.
If the need for labor does not exceed the number of permanent workers hired, it is
checked if the minimum number of permanent workers in the farm is contracted,
hiring the missing quantity if necessary.

In the same way in all periods, it is checked whether it is necessary to fire perma-
nent workers FPL, (12). For this purpose, it is checked whether the labour required
on the farm is less than the current labour force. If so, all permanent workers are laid
off except for the minimum required on the farm if the need for labour is less than
this minimum requirement, or the surplus of workers if it is not.

Temporary workers are hired HTL, only when the labour need cannot be met by
permanent workers (13). In that case, if there is enough temporary labour available
to meet the labour need, the required number of workers would be hired. Otherwise,
only the available temporary workers would be hired.
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if INT<

2, (TP 04TC) 0+ 5, THY 1)

wt

o (TP 0+TCP 0+ 3, TH (1)
if <mn( o (TP OHTC 0, T ) — TPL(1)

wt

< (maxp+ Xy (TPLA) = FPL0) = By HPL ®)):

> TPLA(?):
HPL,(f) = 4 5, (TP 0+ TC (+ 3, TH () v f
7 [1NT< o (1% — = ) — TPL/(1) !
otherwise: [maxp + 3, (TPL/(5) ~ FPL,()) = 3,1 HPLy (t)]
if TPL:(t) < minp,:|mi — TPL(t
otherwise: ¥ (1) < mingy [mmpf g )]
otherwise:[0]
(11)
v‘m(zAmwﬁw&MW>
o (TP (OATC 0+, TH!Y ()
g v Dl C o o) < minp; : [TPL(t) — minp,] .
FPL/(1) = wr vf
< TPL(1) 5.0 (9,007 043, )
v (TP (OFTC, (04X, THY (1)
otherwise : [TPLf(t)—INT< Ay f L )]
otherwise : [0]
(12)
¥ T ho (TP’\’/(I)-#TCZ()‘)-#Z,, TH{’;’(z))
(TP O+ TC (043, TH
if (INT< 2, (ryonr ‘L;(’)*Z iy ©) > — TPL(H) - HPLf(t)>
HTL:(t) = < <maxr— Y < HTLy (t)) : vf

> (TPLy(5) + HPL,(1)) :
[INT<

otherwise : [0]

T (TP{’/ O+TC) O+, TH'Y (1))

wt

> ~ TPL/(1) - HPLf(t)]

otherwise : [maxl =Xy HTLy (f)]

(13)

Temporary workers only remain employed for a period (FTL;) after which they will
be available on the market for further recruitment (14).

FTL.(1) = HTL,(1) Y f (14)

The total number of permanent workers TPL; (15) and temporary workers TTL; (16)
working at a farm depends on the number of hires and layoffs during the simulation
time, being the initial value for these variables equal to zero.
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t

TPLi(1) = / (HPL/(t) — FPLy(t))dr; TPL:(1)) =0 Vf (15)
0

TTL:(1) = / (HTLy(t) — FTLy(t))dt; TTL:(15) =0 Vf (16)
0

Regarding the flow of vegetables through the AFSC, it starts when the vegetables
are harvested. The quantity of vegetable harvested QH‘Z ;1 depends on the area to be har-
vested and the yield of the plants (17). ‘

QH'J(t) = AHJ (1) - y'() Y v.f.p, h 17)

The variable TQH‘Z;’ represents the balance between the quantity of harvested veg-

etables and the quantity of vegetables transported from the farm to the PPs (18). Its
value at the beginning of the simulation is zero.

roitjo = [ (S oo - X (om0 o) s
o\ £ (1)

c

TOH (1)) =0 Y v.fh

As it is not possible to inventory vegetables at the farm, this variable should have
a value equal to zero in all periods of the simulation. For this purpose, all harvested
vegetables must be transported to the PPs, giving priority to those closest to the
farm, i.e., those with the shortest transport time. Thus, to define the quantity of veg-
etables to be transported to the closest PPs QFPO}V'fC, it is first checked whether the
transport time is equal to zero. If it is, it is checked whether the PP has sufficient
capacity to pack the vegetables available on the farm. If yes, all vegetables are trans-
ported to the PP, and if no, the proportional part of each vegetable that the PP is able
to pack is transported (19).

(i (ppe - 2. OFPOL, )

vf'e

> (2., QHIJ() = T, o OFPOL, ) -

. h /1
if o) =0 [Zp MY} (1) = 3, OFPO',, (z)]
otherwise .
(Z,, QHI (-1, orro’, (r)) . (m.—z‘, /< QFPO f,((t))
2., O O-3, /. orPo’

QFPO,. (1) = Vo feh

otherwise : [0]

19)
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Similarly, in the case where, having transported vegetables to the nearest packing
plants (#fp,. = 0), there were still vegetables left on the farm, these would be sent to
the PPs with a transport time greater than zero following the same logic (20).

if (I’Pc - Zv,f QFPOtf/C(t) - Zv.f’<f QFPICf,[(t)) >
(2., OHI () = X, OFPOL. (0 = B, OFPIY, 0)):
[Zp QH':? OEDWJIURGED W QFP]@C, (t)]

if tfpe(t)>0 otherwise:

h —
PO [(E,, o0 - 5, 0Fr0 - 5 0rp )
(m =X, OFPOL(O-X, p , OFPI", (z))
3., OH (-3, OFPO! (0-3, 1 . QFPlffﬂ, G}
otherwise:0
(20)

The quantity of vegetable transported by this route accesses a dummy level vari-
able Vlf}’fc (21) which together with the dummy flow variable DFPfffC serves to model
the delay in the arrival of the vegetables at the PP during the time equivalent to
their transport time. In the dummy variable DFPi‘fC the Vensim function “DELAY
FIXED” is used in which the first element is the quantity of vegetables whose deliv-
ery is delayed, and the second element is the amount of time during which the deliv-
ery is delayed (22).

t

VL) = / (QFP1’;fC(t)—DFP’;fC(z))dz; VIL.(t) =0 Vwfeh (21
0

DFP" (1) = DELAY FIXED(QFPli’fC(t), tfpfc(t)> Vot e h 22)

Once the vegetables arrive at the PP, they are stored in a pre-packing warehouse,

whose inventory TIP};C is calculated as the difference between the vegetables trans-

ported from the farms and the quantity of vegetables packed or wasted (23). The
value of this variable at the beginning of the simulation is zero.

t

TIP" (1) = / lz (QFPO’;ﬂ_(t) + DFPi’fC(t)) — QP! (1) — WSP" (1) — WCPfC(t)] dr;

o LS

TIP! (1y) = OVv,c,h

(23)
To determine the quantity of vegetables to be packed QPifC, it is checked whether
the packing capacity is higher than the quantity of vegetables available for packing
(current inventory and new arrivals) (24). If there is sufficient capacity in the PP, all

available vegetables are packed. If not, the proportion of each vegetable for which
sufficient capacity is available is packed.
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i ppe 2 (Z, TP + 2,0 (QFPOL(0 + DFPL @) ) :
[TlP{;(z) + 3, (QFPOL 0 + DFPfﬁ(t))]

(m’f( 0+, (Ql-‘PO‘“ﬁ (+DFP!, (1)) ).pp‘
T TIP O+, (QFPojrﬂ (+DFP, (z)) )

QP! () = Vv,ch (24)

otherwise : [(

The level variable TQP,,, consolidates all the vegetables packed in the packing
plants for dispatch to warehouses or DCs in the same period of their packing (25).
Therefore, this variable must have a value equal to zero in all periods.

t

TOP" (1) = / (Qpﬁc(t) - Z (opwo! +opPw1! ) - Z (oPDO" , + OPD1". d))dt;

0 w d
TQP! (t,) =0 Vv,c,h
(25)

Once packed, priority is given to sending the vegetables to the DCs until their han-
dling and storage capacity is full, after which the remaining vegetables are sent to the
warehouses. To define the quantity of vegetables QPDOffC , transported to the nearest
DC (tpd ., = 0), it is checked whether the DC has sufficient capacity to handle the
packed vegetables (26). If it is, all the vegetables are transported to the DC and if it
is not, only the proportional part of each vegetable is transported. The same logic is
applied to the quantity of vegetables transported to DCs with a transport time greater
than zero QPch’c , in case there are still vegetables to be transported (27).

The packed vegetables remaining to be transported are transported first to the
closest warehouses (QPWOi’CW) (28) and secondly to warehouses with a transport
time greater than zero (QPWli'CW) (29). The logic used in defining these variables is
analogous to the variables QPD0"

VCi

,and OPD1 h | respectively.

ved?

if (’% = Lo <ch QPDOf(./,,(ﬁ) 2 (EV,/, QP! = 3, 4 <4 OPDO", (z)) :
[QP(L ()= X 4 OPDO", (t)]

if  tpd (1) =0 ico *
, _ otherwise : ’
0PDO" (1 otherwi. Vv,ce,dh
(0P 0% o, 0P00, , ) (hds=5., 1 ., OPDY, )
T QL 0-F, 1y OO, ()
otherwise : [0]
i <hdd = X,es OPDO, ()~ %, s ., OPD 'mu(’))
i h :
> (Zm 0P, (1) = 2,4 OPDOL, () = X, 1 i OPDL. (f)) ’
P () — PDO" (1) — PD1" r]
if  tpd 4(t) > 0 [Q 1) = Xq OPDO, /(0 = Xy, OPDL! , (0)
QPD]{'UI(I) = otherwise Yt
i L ! :
(QP(L -2 0PPO, 0Ly, CPPV “)) i (‘“’d “Zuen OPDOLO-Z, 1, 0P dm)
T i k
Zun Py O~ Zudin OPPO 02 1 o OPPY!
otherwise : [0]
27
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h
oPWO,,
¢ (=0t 0)
2 (2,4 OPL.() = X, 44, OPDO, (1) = %, 4, OPDL} (1)
S OPWO ) :
=1 T PeO=0 lor. v -3,0rD0, 0~ ¥,0PD, 0 - T, ., 0PV, 1) Vr.eowh
otherwise
(0P -3, 0PDU, (0=, 0PDYL =F 1, OPWO" , ))-(, =3, s ., OPWO,1,, )
0 OP 0 OPDO, (03,4 OFDL, (O-X., 1 OPWO_1, (0

otherwise : [0]

oPW1! ()
i (I = s OPWOL (0 = B,y OPWIY, ()
2 (Z. OPL0) = T,y OPDOIL, (1) = By OPDL (0 = B, OPWOL (0= Ty P )
i ipwa, (D) >0 [Qf“& 0~ X, 0PD0, ()~ X, QP () = X, QPWO, ()~ X,/ ,, QPWI! (t)]
= otherwise : Yv,c.d.h
(QP,”( (=%, 0PDO, (0=, OPD1 ,(0-F,, OPWO, ()-F s _, OPW1" , (,7).(,,,\():‘ s OPWOL, -, 1, 0PI, (,))
0 0P (02,0, OPDOL (0=, 1, OPDV (0=, OPWOL (-3, OPWTT_,
otherwise : [0]

To ensure that the vegetables shipped between the nodes of the AFSC remain in
transit during the transport time, the dummy variables V2ﬁc , (30) and DPDi‘C , (31) are
created for the vegetables transported between the PPs and the DCs, and the dummy
variables V3c’cw (32) and DPWifcW (33) for the vegetables transported between PPs and
warehouses. Their formulation is analogous to that of the variables Vllv1 e and DF Pffﬁ,.

t
V2l (1) = / (opD1" (1) - DPD! (t))dr; V2! (1) =0 Vv,c,d,h (30)
0

DPD" (1) = DELAYFIXED(QPD1" (1), 1pd. (1)) ¥ v,c,d,h (31)

ve ved

t

V3 (1) = / (opw1! (1 —DPW" ())dr; V3! (1,)=0 Vv,cwh

vew vew vew vew
0
(32)

DPW!_ (1) = DELAYFIXED(QPW1"_ (1), tpw,(8)) ¥ v,c,w,h (33)

vew

When vegetables arrive at the warehouses, they can be stored or transported to the
DCs. The inventory at the warehouses 77 Wé’w is calculated as the difference between
the vegetables transported from the PPs and those transported to the DCs or wasted
(34). The value of this variable at the start of the simulation is zero.
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t

TIW" () = / [Z (QPWO (1 +DPW", () - Z (QWDO" (1 + QWD1" (1))
d

0 c

h h .
~WSW" (1) - WCWW(t)} dr;

TIW" () =0 Vv,w,h (34)

In turn, the warehouses transport the vegetables to the nearest DC with available
vegetable handling capacity. To transport vegetables to a near DC QWDO{fW o it is first
checked if the transport time is zero (35). If it is, it is checked whether the available
handling capacity in the DC is greater than the quantity stored in the warehouse. If
yes, all the stored vegetables would be transported, otherwise only the proportional
part of each vegetable that can be handled would be transported.

Analogously, if there are still vegetables in the warehouses and to determine the quan-
tity of vegetables to be transported to DCs QWD]’V’W o it will be checked whether DCs
with a transport time greater than zero have sufficient handling capacity to receive more
vegetables. If there is, all the vegetables are transported; if there is not enough, only the
proportional quantity of each vegetable that can be handled is transported (36).

QWDO},, ()

if  tiwd(t) =0
it (hdy= 3,00 (QPDOL 1)+ DPDL 1) = B, 2, OWDO, (1)

w'd

> (2, TIWH, (0 + B, (QPWOL (0 + DPW. (1) = B 00y OWDO, ) :

vwd'
h i h i
_1 ) [mwh o+ 3, (0PWOL, 0+ DPW!, 1) = X, 0WDO, (1) Vvw.d.k
otherwise :
(W, O+ T, (QPWOY,, 4DPW! (0)-Z _, @WDO" , ©)-(hdy=, ., OPDO' (03, ., DPD (0=, 1 _,., QWD , (©))
T TV, O+ X, 0 OPWOL 4K, 0 DPW,, =X, 1, OWDO! ()

otherwise : 0

(35)

h —_
owpl: (=

if (g = B, (QPDO (0 + DPD/, y(0) = T, OWDOL (0= B, s OWDLY, (1) 2

(Z0 TIWE @+ 2,0 (QPWOL ()4 DPW! () = T4, OWDO, (1) = B 00y QWL ) :
[TIW?W@ + X (QPWO!_ (1) + DPW! (1) - £, 0WDO! () - X4, OWDI" (0]

if  tiwd,(t) > 04 otherwise

[(leffw(f) + X, (QPWOL,, (0)+ DPW' (0) = X, QWD (1) = T o, OWDI" , (1))

(Hdy=3., 1, (PO O+DPD!, (0)-3.,,,, OWDO, (-, s .., OWDI" | (@)
T WL 0+, o, (QPWOL (0+DPW., (D)= X, 1, OWDU, (0= X, s _,, OWDI" ()

otherwise : 0

Vv,w,d, h

(36)
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In addition, it is necessary to create the dummy level variable V4’V’W 4 (37) which
together with the dummy flow variable DWDﬁW , (36) model the delay in the arrival
of the vegetable at the DC during the transport time from warehouses.

t

val (1= / (owp1! (t)-DWD! (0)ds; V4"

VW vwd

(t(,) =0 Vv,wdh

0
(37

DWD! (t)= DELAYFIXED(QWD1" (t),tiwd, (1)) Y v,w,d,h  (38)

Once they arrive to the DC, vegetables are stored or consolidated to be trans-
ported to markets. This inventory TID’VT , is calculated as the difference between
the vegetable transported from PPs and warehouses and transported to markets or
wasted (39). The value of this variable at the beginning of the simulation is zero.

t

TID" (1) = / [z (QPDO" (1) + DPD" (1) + Z (QWD0" (1) + DWD" (1)) — WSD" (1) — WCD" (1)

0 c w

vdm vdm

_Z(QDMO” O +QoDM1" () |dt; TID! (1)) = OVv,d,h (39)

The DCs transport vegetables to all markets, regardless of whether they are
close or far away. Thus, QDMO’: . defines the quantity of vegetables to be trans-
ported between the DCs and the markets when the transport time is zero (40), and
ODM 1’: m, does the same for the case where the transport time is greater than zero
(41). In the last, it is necessary to define the dummy variables VSff ' and DDMi’ im (O
delay the delivery of the vegetables during the transport time between the DC and
the market (42) and (43).

(if tdm,, =0:
[ TID" (n+Y, (OPDO! (+DPD" (n)+Y,, (QWDO" ()+DWD! (1)

ODMO", (1) = { | vvdomn

nm
otherwise : [0]

L

(40)
(if tdm,, >0:

u u 1 i i
QDMl{fdm(t) = [Tled(’H’Eu (QPDOV(’J(t)+DPDv(z;(’;))+Ew (QWDOVW(](Z)+DWD\»W¢I(0)] Y v,d,m,h
otherwise . [0]
(41)
t
h _ h h . l =
Vsl (0= / (opm1", () —DDM", (1))dt; V5", (4,) =0 Vv.d.m,h

0
(42)
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DDM"

vdm

(t) = DELAYFIXED(QDM1" (1), tdm,,(t)) VY v,d,mh  (43)

vdm

The inventory of vegetables in the markets TIMﬁm is the difference between the
vegetables received from the DCs, the vegetables sold, and the waste (44). Its value
at the beginning of the simulation is zero. To define he quantity of vegetable sold
to end consumers (QSifm) it is checked whether the market has enough vegetable
to satisfy the demand. If so, the quantity demanded is sold and if not, the quantity
available is sold (45).

t
TIM" (1) = / <Z (opMO", () + ODM1", (1)) — OS" - WSMﬁm>dt;
d
0
TIM" (1) =0 Vv,m,h
(44)

vdm vdm
(Tl +Zq (QDMOﬁdm(z)+nnMﬁdm(x)))-(nv,,,)
§ D> 0] | T s (oot oo, )
otherwise (45)
[TiM" + Y, (ODMO", (1) + DDM", (1))]

vdm

if ¥, (TIM" + ¥, (0DMO!, (1) + DDM", (1)) > D,,,

os! (1) =

otherwise : [0]
Yv,mh
If the vegetables stored in the PPs (46), warehouses (47), DCs (48) or markets

(49) consume their shelf-life to a shorter shelf-life than that required by the end
consumers, they are wasted.

if t> (thv(t) + sl — msl) :
WSP! (1) = [TIP'V'C(t) +3, (QFPO’JfC(t) + DFP’V}C(I)) - QP ’Jc] Vv.eh
otherwise : 0

(46)

WSW" ()

if t> (th‘.(t) + sl — mxl) : 47)

=1 [TW},, 0 + Z. (QPWO.,, () + DPW,,, (1) = X, (QWDO,, () + QWDL}, )] Y v,w.h (

otherwise : 0
WSD! (1)

if t> (th(0)+sl—msl) :

[TID" () + X (QPDO! (1) + DPD" () + X, (QWDO" ,(t) + DWD" (1)) 48)

= ved W v v, (1, h
= Z, (0DMO],,, (0 + 0DM1,,®))]

otherwise : 0
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if t> (th, () + sl —msl) :
WsM! (1) =9 [TIM”, () + ¥, (0DMO", (1) + DDM", () — OS" | Vv.m,h
otherwise . 0

(49)

Analogously, if once vegetables are wasted due to perishability reasons more

vegetables arrive at PPs (50), warehouses (51) or DCs (52) than can be packed,

handled, and stored in each period, the excess vegetables are wasted proportion-
ally at the PPs (WCPC‘ ), warehouses (WCW’V“W) or DCs (WCDf ;) respectively.

c

WCP" (1)

i P < Ty TIPLO+ By (QFPOL @)+ DFPL (1)) = X, OPL (D) = B, WSPL(1) -
[(TIP{‘_F(t) +3, (QFPO’f (t)+ DFP", (r)) —oP" (- WSP@F(z)).

vfe veh

= (Zu,/, TIP{%L.(:‘HZV‘M (QFPOﬁfA’”DF”ffC(’))’Zvﬁ oPl.()-3, 1 WSP{?,(.m—.\-pp) Vv,c,h

T TP+ Zy (QFPO{‘,.‘.<r)+DFP(’ﬂ<z>)—Zv,h 0PR.(0-3, jy WPl

otherwise : 0

(50
WCW! (1)
it sw,
< Xy (TIW, (0 + X (QPWOL,, () + DPW (1) = X, (QWDO,, (1) + QWDL] (1)) = WSW, (1)) :
=3 [(TW! 1)+ X, (QPWO! (0 + DPW" (1) — 3, (QWDO! (1) + DWD" (1)) — WSW" (1)) - Yo, w,h
(.., (11w (0+3, (QPWOL (+DPW" (D)~ (QWDO!, (9+DWD" ()~WSW" (1))—sw,)
T, (TIW! (+3, (QPWO! (+DPW" (1))-%,, (QWDO! ()+DWD' ,(1))-WSW" (1)) ]
otherwise : 0
(5D

WCD" ()

if sdg < X, (TID},0) + T, (QPDO}, (1) + DPD!, ) + X,, (QWDO,, (1) + DWD}, (1))
- X (0DMO),, (0 + QDML () = WSDL,(1)

[(TID}y () + X, (QPDOL,(6) + DPDL, (1)) + X, (QWDOL, () + DWDL, (1))
=\ - Z.(0DMO,,, () + QDML (1) - WSD),() - Vv.d.h

i n i i h i
():\,.,1 (Tlfod(z)+2L, (QPDof(,d<;)+DPDM(:;)+2W (QWDOWJ(IHDWDW(1))-zd (QDMOMM(I)+QDMI‘_dm(l))—WSDVd(z)>—;dd)
0 0 7 7 0 0 P
S (TIDV O+ e (QPDOW @ DPDI d(z))»rzw (QWD()I;W DD ,1(/))*2(1 (QDMOV ooyt dm(r))wx.sn‘j d(”)

VW

otherwise : 0

(52)

The cumulative quantity of wasted vegetables due to consumption of their shelf-life
or due to lack of capacity of the PPs (53), warehouses (54), DCs (55), and markets (56)
is collected in level variables TWP, ,, TWW" TWDc’ > and TWMc‘m respectively. The

vch? w?
value of these variables at the beginning of the simulation is zero.

t

TWP! (1) = / (WSP! (1) + WCP (t))dt; TWP! (1) =0 Vv,c,h  (53)
0
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t
TWW" (1) = / (WSW! (1) + WCW" ())dr; TWW" (1)) =0 Vv,w,h

0
(54

t
TWD" (1) = / (WSD! (t) + WCD" (t))dt; TWD! (1)) =0 VY v,d,h (55)
0

t

TWM! (1) = / (WSM! ())dr; TWM" (1)) =0 Y v,mh (56)

vm

0

In terms of transport, the number of trucks used to transport vegetables per period
between two SC nodes depends on the quantity to be transported and the capacity of
the trucks. The variables NFP;, NPD, NPW ., NWD,,,, and NDM,, define the

number of trucks used between farms and PPs (57), PPs and DCs (58), PPs and ware-
houses (59), warehouses and DCs (60), and DCs and markets (61) respectively.

T <QFP0§'fC(t) + QFPl’v’fC(t)>

NFP,(t) = INT
7e(t) mil

Vf.c (57

T (QPDO’;p (0 +0PDI" d(r))
NPD,(t) = INT — Ved (58)

. (QPWO), () + OPWT, (1)
NPW,, () = INT Vew (59)
mtl
wDO0" (1) + QWDI1" (¢
NWDWd(I) _ INT( Zv,h (Q vwd:nil Q de( )) > v W,d (6())

DMO" DM 1"
NDMdm(t):INT< G ”"’”ZilJrQ ""’"(t))> Vd,m  (61)

The total number of trucks used between farms and PPs (62), PPs and DCs (63),
PPs and warehouses (64), warehouses and DCs (65), and DCs and markets (66 are
defined in level variables, whose values at the start of the simulation is zero.
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t

TTFP,(t) = / (NFP(0))dt; TTFP;(1,) =0 Vf.c (62)
0

TTPD,,(t) = ] (NPD4(0))dt; TTPD,(1)) =0 Vc,d (63)
0

TTPW,, (f) = ] (NPW,,(n))dt; TTPW,, (1)) =0 Vew (64)
0

TTWD, ,(t) = ] (NWD,,(t))dt; TTWD,4(1,) =0 V w,d (65)
0

TTDM,,(t) = ] (NDM,,,())dt; TTDM,,, (1)) =0 VYd,m (66)

0

The demand flow variable D,,, acquires its value from the auxiliary variable
dem,,, which is an input (67). Satisfied demand SD,,, is the quantity of vegetable
sold on the markets (68). Unsatisfied demand UD,,, occurs when demand is greater
than the quantity sold and is the difference between demand and satisfied demand
(69).

D, () =dem,,(t) Y v,m (67)

SDvm(t) = Z Qsﬁm(t) Vov,m (68)
h

if D, (1)>SD,, (1) : [D,,(®) - SD,,®)]

otherwise : [0] vv.m (69)

up,, (1) = {

The level variable 7D, (¢) represents the balance between the demand of the

period and the satisfied and unsatisfied demand of the same period (70). As all

the demand must be either satisfied or unsatisfied and it is not possible to back-

log demand, this variable must have a value equal to zero in all periods of the
simulation.

D, (1) = / (Dvm(t) - Z (SD! () - UDﬁm(t))>dz; D, (t)) =0 Yv,m

0 h
(70)
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The total satisfied demand TSD,,, and total unsatisfied demand TUD,,, over the
horizon is the accumulation of satisfied (71) and unsatisfied (72) demand in each
period respectively. The value of these variables at the beginning of the simula-
tion is zero.

t

TSD,, () = / (SD,,,(0)dt; TSD,, (1) =0 Vv,m (71)
0

1

TUD,,(t) = / (UD,,(»)dr; TUD,,(t,) =0 VYv,m (72)
0

As for the economic variables, AFSC profits are calculated as the difference
between sales and costs related to planting, cultivating, harvesting, packing, trans-
port, storage and handling of vegetables, hiring of permanent workers, wages of per-
manent and temporary workers, and economic penalties for wasting vegetables and
not serving demand (73). The profit at the beginning of the simulation is zero.

t
Profit(t) = / (Inc — CostPCH — CostHPL — CostPL — CostTL — CostP — CostFP
0

(73)
—CostPW — CostPD — CostTWD — CostDM — CostlP — CostIW — CostID — CostHW

—CostHD — CostWP — CostWW — CostWD — CostWM — CostUD)dt;Profit(t,) = 0

Sales (Inc) are calculated as the quantity of vegetables sold in each market multi-
plied by the price of the vegetables in those markets (74).

Inc(t) =) OS! (1) - pou(®) (74)

vam,h

Planting, cultivation and harvesting costs (CostPCH) are calculated as the area
planted with each vegetable on each farmer multiplied by the unit cost of planting,
cultivation, and harvesting (75).

CostPCH(t) = ) AP (1) - cpch

75
=~ (75)

The cost of hiring permanent workers (CostHPL) depends on the number of
permanent workers and the cost of hiring a permanent worker (76). The wage cost
of permanent (CostPL) (77) and temporary workers (CostTL) (78) depends on the
number of workers of each type on the payroll and their weekly wage.

CostHPL(t) = Z HPL(t) - chpl 76)
f
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CostPL(t) = Y TPL(1) - cpl a7
7

CostTL(t) = )" TTL,(t) - ctl (78)
f

The cost of packing vegetables (CostP) is the quantity of vegetables packed in the
different PPs multiplied by the cost of packing one kilogram of vegetable (79).

CostP(t) = ) QP" (1) - cp, (79)

v,c,h

The transport cost between farms and PP (CostFP) (80), PPs and DCs (CostPD)
(81), PPs and warehouses (CostPW) (82), warehouses and DCs (CostTWD) (83),
and DCs and markets (CostDM) (84) depends on the number of trucks used to trans-
port vegetables between two SC nodes and the cost of a truck to make that journey.

CostFP(t) = ) NFP..(1) - cfpy. 80)
fie

CostPD(t) = ). NPD, () - cpd,,

2 81)

CostPW(t) = ) NPW,.(t) - cpw,, (82)

CostTWD(t) = )" NWD, (1) - ctwd, (83)
w.d

CostDM(t) = ). NDM,y,,(1) - cdm,, (84)

d,m

The cost of storing vegetables is calculated as the quantity of vegetables stored in
PPs (CostIP) (85), warehouses (CostIW) (86) and DCs (CostID) (87) multiplied by
the unit cost of storing vegetables in these nodes.

CostIP(t) = )" TIP" (1) - cip,

v,c,h (85)

— h e
CostIW(t) = V;h TIw_ (1) - ciw, (86)
CostID(t) = Z TID" (1) - cid, &7)

v,d,h
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The cost of handling vegetables in warehouses (CostHW) (88) and DCs (CostHD)
(89) depends on the quantity of vegetables arriving at these nodes and the unit cost
of handling vegetables at these nodes.

CostHW(t) = Z (QPWO" (1) + DPW" (1)) - chw,

vew vew

(88)

v,ew,h

CostHD(t) = )" (QPDO! (1) + DPDY (1) + QWDO! (t) + DWD!, (1)) - chd,

YW
v,w,h

(89)

The cost of wasting vegetables is calculated as the quantity of vegetables wasted

in PPs (CostWP) (90), warehouses (CostWW) (91), DCs (CostWD) (92), and mar-
kets (CostWM) (93) multiplied by the economic penalty for wasting vegetable.

CostWP(t) = Z (WSP! (1) + WCP" (1)) - cwp,

v,e,h (90)

CostWW(r) = ) (WSW! (1) + WCW" (1)) - cww, o1)
v,w,h

CostWD(t) = % (WSD" (1) + WCD! (1)) - cwd, ©2)

CostWM(t) = ) WSM?. (1) - cwm, ©3)

v,m,h

Finally, the cost of not satisfying vegetable demand (CostUD) depends on the
quantity of unsatisfied demand and the economic penalty of not serving one kilo-
gram of vegetable demand in the markets (94).

CostUD(t) = ) UD,,,(1) - cud,

v,m

(94)

4.4 Validation of the system dynamics model

The known behavior reproduction test and the extreme conditions test proposed by
Sterman (2000) are performed to validate the proposed system dynamics model.

In the known behavior reproduction test, the results obtained by the system
dynamics model with the Vensim® software are compared with the results obtained
by the equivalent mixed integer linear programming model presented in Esteso et al.
(2021) with the MPL® software. To force the system dynamics model to make the
optimal decisions for the AFSC, the mathematical programming model is run first,
and then the optimal values of the quantity of vegetables to be transported between
the nodes of the SC are assigned to the system dynamics model as input data.
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Table 4 shows the main results obtained by both models, which are very
similar except in the case of planting, cultivating, and harvesting costs. This is
because the Vensim® software considers a smaller number of decimals, being
necessary to round up the values of the area planted with each vegetable on each
farm in each planting period.

It is remarkable that the mathematical programming model proposed in
Esteso et al. (2021) takes more than five hours to obtain the optimal solution for
this AFSC, while the simulation model proposed in this paper give solutions in
seconds, thus allowing the rapid assessment of the robustness of the AFSC to
several scenarios in very short time.

In the extreme conditions test, two scenarios are considered. In the first sce-
nario, it is considered that there is no demand for any of the vegetables, so it
is expected that the harvested vegetables will be packed and moved along the
AFSC or kept stored until their shelf-life is used up, at which point they will be
wasted. After running this scenario, Fig. 4 shows how the quantity of vegetables
stored in the AFSC fluctuates due to the harvesting of vegetables (inventory
increase) and the consumption of the shelf-life of the stored vegetables (inven-
tory decrease) and how vegetable wastage increases over the simulation hori-
zon. Note that this figure shows these values from period 19 which is the first
week in which vegetables can be harvested.

The second scenario assumes that no vegetables are planted during the simu-
lation horizon so it is expected that there will be no flow of vegetables through
the AFSC since no vegetable harvest will occur. After running this scenario,
Fig. 5 shows the percentage of unsatisfied demand in each period is equal to
100%, verifying that no demand can be served due to the shortage of vegetables.

Table 4 Results of the known behavior reproduction test

Mathematical pro- System dynamics Variation (%)

gramming
Planting, cultivation, and harvesting 1,913,987 1,919,081 0.27

costs (€)

Labor costs (€) 781,754 781,754 0.00
Packing costs (€) 4,020,242 4,020,242 0.00
Storage costs (€) 74,668 74,668 0.00
Handling costs (€) 2,854,307 2,854,305 0.00
Transport costs (€) 4,149,606 4,149,619 0.00
Waste costs (€) 16,672 16,672 0.00
Unsatisfied demand costs (€) 1,315,757 1,315,756 0.00
Sales (€) 65,995,162 65,995,163 0.00
Profit (€) 36,642,967 36,637,864 —-0.01
Quantity wasted (kg) 606,941 606,941 0.00
Quantity harvested (kg) 120,872,199 120,877,035 0.00
Quantity sold (kg) 120,265,258 120,265,259 0.00
Unsatisfied demand (kg) 4,610,927 4,610,928 0.00
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Inventory Cumulated waste
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Fig.4 Inventory and wastage accumulated in the no-demand scenario

After performing the known behavior reproduction test and the extreme condi-
tions test it is concluded that the proposed system dynamics model is validated.

5 Methodology for improving the AFSC robustness to disruptions

This section, describes the methodology proposed to guide in the use of the SD
model in order to assess and boost the level of robustness of an AFSC and its plant-
ing planning to disruptions. The proposed methodology consists of the following
five stages (Fig. 6):

1. Definition of robustness indicators and their thresholds The first step requires
the establishment of the most relevant indicators jointly with their permissible
limits of variation to consider the AFSC to be robust. It should be noted that the
AFSC robustness is a subjective measure that depends on the risk aversion of the
SC members. Therefore, the members of the SC should set what they consider
to be tolerable limits on SC performance indicators such as SC profits, vegetable
wastage generated, satisfied or unsatisfied demand, among others. The greater the
risk aversion, the tighter the variation limits.

2. Disruptive scenarios identification Possible risks or disruptions should be fore-
seen with the aim of devising future scenarios. It is assumed that a specific sce-

Fig.5 Percentage of unsatisfied Percentage of unmet demand
demand in the scenario without 100%
planting vegetables 90%

Pecentage
I
8

1920212223242526272829303132333435363738394041424344454647 4849505152
Time (week)

mnVegetal A =Vegetal B Vegetal C
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STEP 5
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SELECTION OF
PROTECTIVE
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Fig. 6 Methodology for improving the AFSC robustness to disruptions

nario is defined by the disruption types considered (e.g.: demand and supply) and
for each type, the level of the disruption (e.g.: 1.25 normal demand and 0.5*nor-
mal supply). One scenario can include none, one or multiple disruption types.
The scenario not including any disruption type is named baseline scenario and
represents the SC regular or as usual operating mode. It is taken as a benchmark
when evaluating the consequences of disruptive scenarios.

3. Disruptive scenarios analysis A what-if analysis should be performed for each
of the previous scenarios defined. To implement a specific scenario, it is neces-
sary to modify the input data corresponding to the disruptions under study and
re-run the SD model. At this point, the SD model: (a) provides a solution to cope
with the level of disruptions contemplated in each SC scenario and (b) allows to
perform a what-if analysis including the observation of the AFSC operation (new
solution), its associated key performance indicators (usually in terms of the SD
model objectives) and the calculation of the robustness indicators.

4. Assessment of the SC robustness for each scenario The calculated value of the
robustness indicators for each scenario is checked to be inside their allowed
thresholds (limits). It can be considered that the AFSC is not robust for the
scenarios in which the thresholds of one or more robustness indicators are not
respected.

5. Definition, evaluation and selection of protective actions If a SC is found to lack
robustness to certain levels of disruptions or combination of them, risk protection
actions should be evaluated to improve its robustness. Once the potential proactive
actions are defined and implemented in the model by changing its input data, the
SD model is executed providing the new SC robustness as well as other SC per-
formance indicators. Based on these indicators, the most satisfactory protective
actions can be selected. At this point, it is important to note that the SD model
provides the SC not only with the performance indicators when implementing
the proactive actions but also with the solution for the SC operation in case a
disruption will occur and the protective action will be implemented.
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6 Application of the methodology to an AFSC

To validate the proposed methodology, the designed AFSC and the planting plan-
ning reported in Esteso et al. (2021) that optimizes the SC profits for products with a
limited shelf-life has been considered.

6.1 Robustness indicators definition and their thresholds

For this research, the robustness of the AFSC is measured through the profit per
kilogram of vegetables sold (hereinafter referred to as unitary profit). The AFSC is
considered to be robust if the unitary profit is higher than the threshold of 0.1 €/kg.

6.2 Disruptive scenarios identification

In our case, four types of disruptions are identified with different levels. Based on
them, 46 scenarios in total have been identified: one baseline scenario, 44 scenar-
ios representing disruptions in demand, supply, transport between SC nodes, and
SC nodes operability and one more scenario combining different disruption types
(Table 5).

6.3 Disruptive scenarios analysis and assessment of the AFSC robustness for each
scenario

At this step the implementation of the above scenarios in the SD model is made by
changing its input data. Based on the new data, the SD model is re-run providing
the impact of the different disruption types and their level on the SC performance
and its robustness which is compared with the so called “baseline scenario” with no
disruptions that represents the benchmark. In the following more detail is provided.

6.3.1 Baseline scenario

The data used in the baseline scenario have been extracted from Esteso et al.
(2021), in which fresh vegetable supply chains are designed considering the prod-
uct perishability. Specifically, the AFSC was designed to market three vegetables
with a shelf life equivalent to five weeks, resulting in five farms, three PPs, one
warehouse, two DCs, and four markets. The planning horizon is one year divided
into 52 weekly periods, with the first period corresponding to the first week of
July, when the planting season for the vegetables begins.

The farms have a planting available area of 190, 210, 170, 130 and 290 hec-
tares respectively. Their capacity to plant, cultivate and harvest vegetables is lim-
ited by the labourers on staff, and it is possible to hire and fire temporary and
permanent labourers at a weekly cost of 42.5 and 69 € respectively. The cost of
hiring permanent labourers is equivalent to one month’s salary. Farms must hire
at least one permanent labourer for every 10 hectares available. Labourers work
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Table 5 SC Robustness assessment scenarios

Disruption type Scenario  Description

None BS Baseline scenario

Demand 0.50D Demand is 50% of demand in the baseline scenario
0.75D Demand is 75% of demand in the baseline scenario
1.25D Demand is 125% of demand in the baseline scenario
1.5D Demand is 150% of demand in the baseline scenario
1.75D Demand is 175% of demand in the baseline scenario
2D Demand is 200% of demand in the baseline scenario

Supply 0.50Y Plant yield is 50% of the yield in the baseline scenario
0.75Y Plant yield is 75% of the yield in the baseline scenario
1.25Y Plant yield is 125% of the yield in the baseline scenario
1.5Y Plant yield is 150% of the yield in the baseline scenario

Transport F1-P1 Not possible to transport vegetables between farm 1 and PP 1
F2-P1 Not possible to transport vegetables between farm 2 and PP 1
F3-P1 Not possible to transport vegetables between farm 3 and PP 1
F4-P1 Not possible to transport vegetables between farm 4 and PP 1
F5-P1 Not possible to transport vegetables between farm 5 and PP 1
F2-p2 Not possible to transport vegetables between farm 2 and PP 2
F3-P2 Not possible to transport vegetables between farm 3 and PP 2
F4-P2 Not possible to transport vegetables between farm 4 and PP 2
F5-P2 Not possible to transport vegetables between farm 5 and PP 2
F4-P3 Not possible to transport vegetables between farm 4 and PP 3
F5-P3 Not possible to transport vegetables between farm 5 and PP 3
P1-D1 Not possible to transport vegetables between PP 1 and DC 1
P2-D1 Not possible to transport vegetables between PP 2 and DC 1
P3-D1 Not possible to transport vegetables between PP 3 and DC 1

P3-D2 Not possible to transport vegetables between PP 3 and DC 2

DI1-M1 Not possible to transport vegetables between DC 1 and market 1
Di1-M2 Not possible to transport vegetables between DC 1 and market 2
DI-M3 Not possible to transport vegetables between DC 1 and market 3
D1-M4 Not possible to transport vegetables between DC 1 and market 4
D2-Ml Not possible to transport vegetables between DC 2 and market 1
D2-M2 Not possible to transport vegetables between DC 2 and market 2
D2-M3 Not possible to transport vegetables between DC 2 and market 3
D2-M4 Not possible to transport vegetables between DC 2 and market 4

Operability of SC nodes  F1 Farm 1 become inoperative

F2 Farm 2 become inoperative
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Table 5 (continued)

Disruption type Scenario  Description
F3 Farm 3 become inoperative
F4 Farm 4 become inoperative
F5 Farm 5 become inoperative
P1 PP 1 become inoperative
P2 PP 2 become inoperative
P3 PP 3 become inoperative
Wi Warehouse 1 become inoperative
D1 DC 1 becomeinoperative
D2 DC 2 become inoperative
Mixed scenario 1.25D+ Demand is 125% of demand in the baseline scenario, F2 and F5
F2+F5 become inoperative

2,800 min per week, and each labourer needs 2,800 min to plant one hectare of
vegetable, 752 min per week to cultivate one hectare, and between 1,500 and
3,000 min to harvest one hectare depending on the vegetable planted.

The planting plan in each of the farms is known (Table 6). The weekly yield of
the plants depends on the planting and harvesting period ranging between 3,080
and 14,520 kg/ha for vegetable A, 2,860 and 12,760 kg/ha for vegetable B, and
380 and 3,420 kg/ha for vegetable C.

Each PP has a processing capacity of 1,800,000 kg per week, the warehouse has a
handling capacity of 19,200,000 kg per week and a storage capacity of 3,600,000 kg,

Table 6 Planting plan

Farm Vegetable Planting period
3 5 18 27 31
Farm 1 Veg A 33.36 ha 17.52 ha 68.67 ha
Veg B 23.94 ha 10.66 ha 20.78 ha
Veg C 10.02 ha
Farm 2 Veg A 16.65 ha 51.33 ha 50.75 ha 17.32 ha
Veg B 28.45 ha 32.50 ha
Veg C 6.79 ha 6.22 ha
Farm 3 Veg A 13.25ha 50.33 ha 18.31 ha 40.58 ha
Veg B 26.20 ha 11.46 ha
Veg C 9.85 ha
Farm 4 Veg A 19.96 ha 31.96 ha 0.18 ha 19.29 ha
Veg B 10.31 ha 2.36 ha
Veg C 19.49 ha 7.56 ha
Farm 5 Veg A 17.28 ha 51.49 ha 24.74 ha 48.39 ha
Veg B 36.32 ha 28.48 ha 18.88 ha 25.54 ha
Veg C 5.72 ha 11.19 ha 5.43 ha 6.23 ha
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while each DC have a handling capacity of 4,800,000 kg per week and a storage
capacity of 240,000 kg.

The overall weekly demand ranges between 2,600,000 and 3,800,000 kg
for vegetable A, 1,150,000 and 1,650,000 kg for vegetable B, and 125,000 and
185,000 kg for vegetable C, the weekly average being approximately 3,100,000 kg,
1,345,000 kg, and 150,000 kg respectively. Economic data (price of vegetables, uni-
tary holding costs, transport costs, etc.) can be found in Esteso et al. (2021).

After running the SD model for the baseline scenario, profits of 19,083,450 €
are obtained as the difference between sales (56,785,564 €) and costs related to the
opening of AFSC nodes (14,225,200 €), the planting, cultivating and harvest of veg-
etables (1,919,081 €), the hiring and salaries of labourers (809,884 €), the pack-
ing of vegetables (4,034,924 €), their storage (448,647 €), handling (2,689,728 €)
and transport (7,807,829 €), and the economic penalties for the waste of vegetables
(304,740 €) and unmet demand (5,462,081 €).

Figure 7 shows the flow of vegetable A, B and C through the AFSC, showing
the connections used between the different nodes of the chain. The thickness of the
arc represents the amount of vegetable transported through them, so most of the
traded product passes through PPs 1 and 2 as well as DC 1. It should be noted that
the warehouse available between the PPs and the DCs is not used in the baseline
scenario.

In addition, the SD model provides decision-makers with information related to
the main decisions to be taken weekly by each of the nodes. In the farms, the area
to be cultivated, and harvested on a weekly basis is shown, as well as the quantity
of each vegetable to be harvested and transported to each PP in each week, and the
quantity of permanent and temporary labourers to hire and fire per week. For the
PPs, the SD model shows the quantity of each vegetable to be received weekly from
the farms, and the quantity to be packed, stored, wasted, or transported to each DC
and warehouse. For the warehouse, the quantity of each vegetable to be received
from the PPs on the weekly basis and the quantity to be handled, stored, wasted or
sent to DCs weekly is shown. For the DCs, the quantity of each vegetable received
from the PPs and warehouses per week is shown, as well as the quantity to be han-
dled, stored, wasted or sent to each market. Finally, for the markets show the quan-
tity of each vegetable received from the DCs, and the quantity of each vegetable to
be stored, wasted, sold per week as well as the unmet demand for each vegetable.

As an illustrative example, the Appendix shows the decisions made in the baseline
scenario for farm 1 (Fig. 13), PP 1 (Fig. 14), DC 1 (Fig. 15) and market 1 (Fig. 16).

6.3.2 Disruption in demand

This section analyses how the tool can be used to measure the robustness of the
AFSC to scenarios representing demand disruptions. An example of such potential
demand disruptions is the occurred during the first month of the COVID pandemic
lockdown, where some basic agri-food products saw their demand increased by 90%
over the previous year (Kalogiannidis and Melfou 2020) while others with a very
short shelf-life saw their demand drastically reduced to the detriment of an increase
in demand for frozen or longer shelf-life vegetables (Charlton and Castillo 2021).
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Since this model allows the robustness of the planting planning carried out in the
SC to be assessed, the possibility of varying the area to be planted of each vegetable
to adjust production to the demand defined in each scenario is not considered.

Figure 8 presents in addition to the profit per kilogram of vegetable sold, the SC
results that are affected by the variation in demand, which are SC profit, sales, stor-
age costs, percentage of wasted vegetables and percentage of unsatisfied demand.

The analysis of the unitary profit shows that, if the SC members set the limit for
this indicator at 0.1 €/kg, the SC and its planting plan would be robust in scenarios
where demand is between 75 and 150% of the baseline scenario.

The reduction in total SC profits in the scenarios where demand is reduced is
due to the loss of sales as well as the increase of the costs of storing harvested
and packed vegetables that cannot be sold due to the shortage of demand and the
economic penalty for wasting excess vegetable production. On the other hand, the
reduction in total SC profits in scenarios where demand increases is mainly due to
the unsatisfied demand penalty of not having enough product to satisfy demand. It
is remarkable that in these scenarios inventory costs and wastage are reduced until
they become non-existent and that sales remain stable as they are limited by the
quantity of vegetables harvested.

It is concluded that the SC under consideration is not robust in scenarios where
demand is substantially varied. To increase robustness to such disruptions, protec-
tive actions could be taken such as buying vegetables from other regions in cases
where demand increases by more than 50% or selling excess vegetables to other
markets such as composting or processed agri-food products in cases where demand
falls by more than 25%.

6.3.3 Disruption in supply

This section analyses how the tool can be used to measure the robustness of the AFSC
to scenarios where supply is reduced or increased. In this case it is analyzed what would
happen if the yield of the plants were different than expected because of some disrup-
tion such as flooding, drought, etc. The possibility of varying the area to be planted of
each vegetable to adjust production to the demand is not considered since this section
assesses the robustness of the planting planning carried out in the SC.

Figure 9 presents in addition to the profit per kilogram of vegetable sold, the SC
results that are affected by the variation in the yield of the plants, which are SC
profit, sales, packing costs, handling costs, transport costs, percentage of wasted
vegetables and percentage of unsatisfied demand.

If members of the SC were to set the limit for unitary profit at 0.1€/kg, the SC
would be robust to all the supply disruptions analyzed except for the scenario in
which plants obtain 50% of the yields considered in the baseline scenario.

The total SC profits are drastically reduced in the scenarios where plant yield is
lower than in the baseline scenario because the decrease in sales and the increase
in the economic penalty for unsatisfied demand outweighs the reduction in costs
related to packing, handling, and transport.
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Fig.7 Vegetables flow in the baseline scenario

On the other hand, the SC profits decrease in scenarios where plant yield is higher
than in the baseline scenario, as the costs related to packing, handling, transport, and
economic penalties for waste are higher than the increase in sales. This is mainly
due to the limited capacity of the packing plants, which once saturated prevent the
harvested vegetables from being packed and sent to the markets to satisfy the unsat-
isfied demand. Therefore, despite the increase in vegetable harvest, the percentage
of wasted harvest increases considerably while the percentage of unsatisfied demand
remains constant.

It is concluded that the SC under consideration is not robust in cases where plant
yields decrease by more than 25%. To increase the robustness of the SC in these
cases, vegetables could be purchased from other regions not affected by the disrup-
tion. On the other hand, facility capacity has been found to act as a bottleneck in sce-
narios where plant throughput increases, a problem that could be solved by increas-
ing facility capacity or by opening new facilities in the SC.

6.3.4 Disruption in transport

This section discusses how the proposed tool can be used to measure the robustness
of the AFSC to scenarios where it is not possible to transport vegetables between
two SC nodes due to transport disruptions. Figure 10 presents the profit per kilo-
gram of vegetable sold and the SC results that affected by these disruptions: SC
profit, sales, packing costs, transport costs, storage costs, percentage of wasted veg-
etables and percentage of unsatisfied demand.

If the SC members were to set the limit for the unitary profit at 0.1€/kg, the SC would
be robust for all scenarios with transport disruptions between two nodes of the SC except
for those where it is not possible to transport vegetables between DC1 and markets 3 or
4 or between DC2 and market 1 since all vegetables transported to markets 3 and 4 come
from DC1 and vegetables that reach market 1 do so mainly via DC2.

In these cases, less vegetables reach the disrupted markets, thus reducing sales,
SC profits, and therefore reducing the percentage of unsatisfied demand. Further-
more, as this product cannot be shipped to another market, it is stored in DCs, thus
increasing their costs, and eventually goes to waste, increasing the percentage of
wasted crop.

In the remaining scenarios, the SC profits remain stable as the model decides to
transport the vegetables through different arcs than the ones suffering the disruption,
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Profit per kg of vegetable sold Supply chain profit
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Fig. 8 Results of scenarios with demand disruption

thus ensuring that the harvested vegetables reach the markets. Therefore, small dif-
ferences in transport and storage costs are observed due to the use of different trans-
port arcs than those used in the baseline scenario.

It is concluded that the SC is robust to all the transport disruptions analyzed
except those between DC1 and markets 3 and 4, and between DC2 and market 1.
To increase the robustness of the SC and minimize the impact of these disruptions,
alternative modes of transport should be considered or markets could be forced to
purchase vegetables from more than one DC or from other suppliers outside the SC.

6.3.5 Disruption in the operability of SC nodes

This section analyses how the proposed tool can be used to measure the robustness
of the AFSC to scenarios where a node becomes inoperative due to disruptions.
These disruptions can be caused by multiple reasons such as the lockdown of the
country or the region where it is located (as happened with the COVID pandemic)
or a fire or flooding of facilities, among others. Figure 11 presents in addition to the
profit per kilogram of vegetable sold, the SC results that are affected by the disrup-
tions in the operability of SC nodes, which are SC profit, planting, cultivating, and
harvesting costs, laboring costs, packing costs, handling costs, storing costs, trans-
port costs, percentage of wasted vegetables and percentage of unsatisfied demand.
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Fig. 9 Results of scenarios with supply disruption

If SC members set the limit value of unitary profit at 0.1€/kg, the SC analyzed
would be robust to disruptions in the operation of SC nodes. However, these disrup-
tions generate large variations in SC profits.

The costs related to the agricultural stage (planting, cultivating, and harvesting
costs, and laboring costs) are only modified when one of the farms becomes inopera-
tive, with the impact on the SC being different between farms since, according to the
baseline scenario they provided with different quantity of vegetables to the SC.

If one PP becomes inoperative, the capacity of the SC to pack and market veg-
etables is reduced. This is because by working with one PP less, the operative plants
use all their capacity, becoming bottlenecks in the SC. Therefore, the flow of veg-
etables through the SC is reduced and the quantity of wasted harvested vegetables is
increase.
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The inoperability of the warehouse has no effect on the SC since in the baseline
scenario the warehouse is not used at any point in the simulation. Therefore, the SC
would be fully robust to any disturbance related to the warehouse.

Finally, the performance of the SC is very similar to that of the baseline scenario
when one of the DCs become inoperative. This is because the baseline scenario does
not use the full capacity of the DCs, so if one becomes inoperative the other is able to
carry out the handling, storage and transport of the vegetables coming from the PPs.

It is concluded that the SC analyzed is robust to disruptions in the operability of
the SC nodes, since in all the scenarios considered a unit profit equal to or greater
than 0.1 €/kg. However, if the robustness of the SC is to be increased, new nodes
could be selected to be part of the SC.

6.3.6 Multiple disruptions in demand and operability of SC nodes

This scenario aims to show the utility of the SD model to address the analysis in
case multiple disruptions types simultaneously occur. For the AFSC under study, it
is assumed that a high probability exists of an increase of 25% in demand (1.25D)
and farmers F2 and F5 become inoperative at the same time. In the event that this
scenario occurring, the robustness indicator (the profit per kg of vegetable sold)
takes the value of —0.642 €/kg, falling sharply below the threshold for robustness
(0.1 €/kg) (Fig. 12). This indicates that the AFSC is extremely vulnerable to this
combination of disruptions, being necessary to protect it with proactive actions. So,
following with the methodology proposed, risk protection actions should be defined
that are detailed in the next subsection. The other studied performance indicators
can be also consulted in Fig. 12.

6.4 Definition, evaluation, and selection of risk protection actions

In the event that the SC has shown to be robust to the disruptions from which its
members want to be protected, the SC could continue to operate as usual without
taking any action to protect against the risk. However, if the SC proves not to be
robust to the disruptions it wishes to be robust to, actions can be taken to increase its
robustness. In our case, due to the high probability of the multiple scenario disrup-
tion to occur and in order to avoid such a sharp drop in the SC indicators, a protec-
tive action that modifies the original AFSC design is considered: the selection of a
backup supplier. Two possible backup suppliers with different planted areas for each
vegetable, transportation characteristics and opening costs are analyzed.

The backup supplier 1 provides a planting area of 450 ha with the planting plan
of Table 7. Its opening cost amounts to 472,120 €. The transport time from it to
packing plants are: one week to PP1, two weeks for PP2 and two weeks for PP3.

The backup supplier 2 presents a planting area of 289 ha with the planting plan of
Table 8. Its opening cost amounts to 341,880 €. The transport time from it to pack-
ing plants are: one week to PP1, two weeks for PP2 and two weeks for PP3.

After defining risk protection actions, a new robustness analysis is performed
using the SD model to determine whether the action taken has had a positive impact
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Fig. 10 Results of scenarios with supply disruption

on the robustness of the SC or not. For the case under study, both protective actions
improve the robustness of the AFSC as compared to remain impassive in the face of
the multiple disruption (DIS 1,25D+F2+F5) as shown in Fig. 12. However, only
the backup supplier 1 restore the robustness of the AFSC since the profit per kg of
vegetable sold (0.153 €/kg) is higher than the threshold defined (0.1€/kg). This is
not the case for the protective action of choosing backup supplier 2, whose value
(—0.01€/kg) still remains lower than the desirable value (0.1€/kg). Both backup sup-
pliers improve the SC profit compared to the no action scenario, although being the
improvement more pronounced for the backup supplier 1. Even for this backup sup-
plier the SC profit does not achieve that of the baseline scenario (BS). The main
differences between these two scenarios are the additional cost incurred in opening
the backup supplier 1 and the volume of waste and unsatisfied demand. The planted
area in the BS scenario leads to more harvested quantities than the scenario with the
backup supplier 1. This results in lower percentages of unsatisfied demand but at
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Fig. 11 Results of scenarios with node operability disruption
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the same time, in higher vegetable waste due to the vegetables perishability and the
mismatch in consumption (demand) and yield patterns of plants originated. After
analysing the three possible courses of actions (not to take any action, to select the
backup supplier 1 or backup supplier 2), the backup supplier 1 is selected in order to
protect the AFSC to the studied disruption scenario.
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7 Conclusions and future research lines

This paper has proposed a SD model to analyze the robustness of the fresh AFSC
configuration and its planting planning to disruptions in demand, supply, transport
between SC nodes, and the operability of SC nodes. The model is validated through
the extreme conditions test and the known behavior reproduction test. In order to
show how to use the SD model for improving the SC robustness, a methodology is
proposed. This methodology is validated through its application to a case study and
solved for a baseline scenario and 45 scenarios representing the types of disruptions
to determine the robustness of the AFSC under study.

Since the robustness of the SC is a subjective element that depends on the risk
aversion of its members, this paper measures the robustness of the SC through the
profit per kilogram of vegetables sold and sets its limit value at 0.1 €/kg, considering
that the SC is robust when the value of the unitary profit is higher than this limit.

After experimentation, it is concluded that the AFSC configuration and its
planting planning is robust to 80% of disruptions analyzed, which are 30% of the
demand disruptions, 75% of the supply disruptions, 85% of the transport disrup-
tions, and 91% of the disruptions in the operability of the SC. A mixed scenario
with a combination of different types of disruptions is analyzed. The analysis
reveals a pronounced lack of SC robustness against this scenario. For this reason,
a protective action is defined consisting in the redesign of the AFSC by incorpo-
rating one backup supplier from among two possibilities. The execution of the
SD model with each of this two backup suppliers allows to know in advanced, the
level of protection provided by each one supplier to the AFSC based the different
robustness indicators. For our case, the backup supplier 1 is chosen as a proactive
course of action.

It should be noted that these conclusions cannot be extrapolated to other
AFSCs but are specific to the AFSC analyzed in this article. In order to analyze
the robustness of another AFSC to such disruptions, the proposed methodology
should be applied and the model would have to be run by changing the input data
and adapting it to the functioning of the new SC.

Besides, the proposed model could be employed for different uses that the one
proposed in this paper. It could be used to analyze the robustness of the AFSC
configuration and its planting planning to disruptions in demand, supply, trans-
port, and operability of nodes different from those proposed in this paper. This
would require modifying inputs related to demand (demand disruptions), plant
yield or planted area (supply disruptions), arcs between which it is possible to
transport product (transport disruptions) and operative nodes (SC node operability
disruption). Additionally, scenarios combining more than two types of disruptions
could be envisaged.

The model could also be used to analyze the robustness of SC decisions differ-
ent than SC configuration and planting planning. For this purpose, the values of
the decisions to be assessed should be included as inputs to the model. For exam-
ple, to assess the robustness of the packing planning to certain disruptions, the
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Fig. 12 Results of scenarios with possible proactive actions
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Table 7 Planting plan of backup

supplier 1 Vegetable Planting period

3 5 14 18 27 31

Vegetable A 40ha 60ha 20ha 60 ha 30 ha
Vegetable B — 60ha 30ha - 50ha 10 ha
Vegetable C  30ha 20ha 40ha - - -

Table 8 Planting plan of backup

. Vegetable Planting period
supplier 2
3 5 14 18 27 31
Vegetable A 20ha  S50ha - - 20ha  30ha
Vegetable B - 40ha - 10ha  20ha  30ha
Vegetable C 10ha - - 30 ha 10 ha 10 ha

values of the decisions related to packing should be set as model inputs and the
model run for the desired disruptive scenarios.

The model can be used to analyze the SC robustness to other disruptions, such
as a disruption of the processing or storage capacity of one or more nodes in the
SC. This would only require considering different “what-if” scenarios in which
different values are assigned to those elements of the SC that could be modified
by the disruption (e.g., the storage capacity of a DC).

Finally, the model not only serves to analyze the impact of disruptions on SC
performance but could also be used to analyze different policies for the transport,
packing, or inventory of vegetables or to analyze the impact of uncertainty on dif-
ferent factors such as the shelf-life of vegetables or transport time between the SC
nodes. To test the impact of a change in a policy decision on the SC outcomes,
the decisions related to the policies should be changed and the model re-run, and
it would be possible to compare the results obtained for the different policies
analyzed.

All these proposals for possible uses of the presented model could be tested and
validated in future studies. Furthermore, as a future line of research, the proposed
model could be extended to assess not only the robustness of the AFSC but also its
resilience, which is the capacity of a SC to recover after a disruption.

Appendix

See Figs. 13, 14, 15, 16.
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Vegetable A Vegetable B Vegetable C Laborers
t| AP | AC | AH QH QT to PP1| AP | AC | AH QH QT to PP1| AP | AC | AH QH |QTto PP1|HPL|FPL|HTL
1 19
2
3 51|51 10,0] 10,0
4 5,1 10,0
5(33,4] 33,4 23,9/29,0 10,0 57
6 33,4 29,0 10,0 57
7 33,4 29,0 10,0
8 33,4 29,0 10,0
9 33,4 29,0 10,0
10 33,4 29,0 10,0
11 33,4 29,0 10,0
12 33,4 29,0 10,0
13 33,4 29,0 10,0
14 33,4 29,0 10,0
15 33,4 29,0 10,0
16 33,4 29,0 10,0
17 33,4 29,0 10,0
18]17,5| 50,9 10,7[39,7 10,0 35
19 50,9 |33,4|166355,3| 166355,3 39,7|29,0{ 136253,3| 136253,3 10,0 10,0{ 18704,0| 18704,0 | 15
20 50,9 |33,4(291121,7| 291121,7 39,7/ 29,0| 238443,0( 238443,0 10,0 10,0 32732,0| 32732,0
21 50,9 |33,4(291121,7| 291121,7 39,7/ 29,0| 238443,0( 2384430 10,0{ 10,0{32732,0| 32732,0
22 50,9 |33,4(318781,8| 318781,8 39,7/ 29,0| 255346,0| 255346,0 10,0{ 10,0{ 33260,0| 33260,0
23 50,9 |33,4|484742,5| 484742,5 39,7|29,0| 356764,3| 356764,3 10,0| 10,0{ 36427,6| 36427,6
24 50,9 | 33,4|484742,5| 484742,5 39,7]29,0| 356764,3| 356764,3 10,0{10,0| 36427,6| 36427,6
25 50,9 |33,4|484742,5| 484742,5 39,7| 29,0| 356764,3 | 356764,3 10,0| 10,0{36427,6| 36427,6
26 50,9 |33,4|484742,5| 484742,5 39,7|29,0| 356764,3| 356764,3 10,0{10,0|36427,6| 36427,6
27]68,7[119,6(33,4|404840,0| 404840,0 | 20,8( 60,4 29,0( 312344,1| 312344,1 10,0{10,0| 28508,6( 28508,6 | 49 63
28 119,6(33,4|372878,8| 372878,8 60,4]29,0|294576,1| 294576,1 10,0/ 10,0{ 25341,0| 25341,0 26
29 119,633,4|372878,8| 372878,8 60,4]29,0| 294576,1| 294576,1 10,0/ 10,0{ 25341,0| 25341,0
30 119,633,4|372878,8| 372878,8 60,4 29,0| 294576,1| 294576,1 10,0 10,0{ 25341,0| 25341,0
31 119,6(50,9(395417,8| 395417,7 60,439,7|292302,1{ 292302,1 10,0 10,0 28521,5| 28521,5 15
32 119,6 50,9 305545,5| 305545,5 60,4|39,7| 207183,0| 207183,0 10,0{10,0{36472,9| 36472,9 15
33 119,6 50,9 305545,5| 305545,5 60,4|39,7| 207183,0| 207183,0 10,0{10,0{36472,9| 36472,9 15
34 119,6|50,9| 216374,2| 216374,2 60,4| 39,7 141086,1| 141086,1 10,0 10,0 20841,6| 20841,6 15
35 86,2 | 86,2(236497,0| 236497,0 31,4|31,4| 104007,9| 104007,9 1
36 86,2 | 86,2[584039,9| 584039,9 31,4| 31,4| 231637,3| 231637,2
37 86,2 | 86,2(584039,9| 584039,9 31,4|31,4| 231637,3| 231637,2
38 86,2 | 86,2|584039,9| 584039,9 31,4|31,4| 231637,3| 231637,2
39 86,2 | 86,2 559607,9| 559607,9 31,4|31,4| 216187,7| 216187,7
40 86,2 | 86,2(910327,0| 910327,0 31,4| 31,4|304147,2 | 304147,2
41 86,2 | 86,2[978959,9| 978959,9 31,4| 31,4|325244,5| 325244,5
42 86,2 | 86,2|978959,9| 978959,9 31,4|31,4| 325244,5| 325244,5
43 86,2 | 86,2|978959,9| 978959,9 31,4|31,4| 325244,5| 325244,5
44 86,2 | 86,2| 726884,4| 726884,4 31,4|31,4| 227605,9| 227605,9
45 86,2 | 86,2|586132,3| 586132,3 31,4|31,4| 180249,2| 180249,1
46 86,2 | 86,2|586132,3| 586132,3 31,4|31,4]| 180249,2| 180249,1
47 86,2 | 86,2|586132,3| 586132,3 31,4|31,4]| 180249,2| 180249,1
48 86,2 [86,2[520475,0| 520475,0 31,4|31,4| 153407,6| 153407,6
49 68,7 |68,7[288414,0| 288414,0 20,8(20,8| 82647,9 | 82647,9 22
50 68,7 | 68,7|288414,0( 288414,0 20,8|20,8| 82647,9 | 82647,9
51 68,7 | 68,7|288414,0( 288414,0 20,8|20,8| 82647,9 | 82647,9
52 50

AP: Area to plant, AC: Area to cultivate, AH: Area to harvest, QH: Quantity to harvest, QT: Quantity to transport, HPL: Permanent labourers to
hire, FPL: Permanent labourers to fire, HTL: Temporary labourers to hire

Fig. 13 Farm 1 decisions in the baseline scenario
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Vegetable A Vegetable B Vegetable C

t QR QP QS [QW|QT to DC1 QR QP QS [QW|QT to DC1 QR QP QS |Qw|QT to DC1
19/ 1163100,3 1163100,3 1163100,3| 561612,2| 561612,2 561612,2 | 75287,5 | 75287,5 75287,5
20| 1164012,3| 1164012,3 1164012,3| 581058,6 | 581058,6 581058,6 | 54929,2 | 54929,2 54929,2
21| 1164012,3| 1164012,3 1164012,3| 581058,6 | 581058,6 581058,6 | 54929,2 | 54929,2 54929,2
22| 1163966,9| 1163966,9 1163966,9| 580224,0| 580224,0 580224,0 | 55809,1 | 55809,1 55809,1
23[1153179,5(1153179,5 1153179,5| 593688,6| 593688,6 593688,6 | 53131,9 [ 53131,9 53131,9
24]1153179,5| 1153179,5 1153179,5| 593688,6 | 593688,6 593688,6 | 53131,9 | 53131,9 53131,9
25{1153179,5 11531795 1153179,5| 593688,6| 593688,6 593688,6 | 53131,9 | 53131,9 53131,9
26 1153179,5(1153179,5 1153179,5| 593688,6| 593688,6 593688,6 | 53131,9 [ 53131,9 53131,9
27| 1160628,1| 1160628,1 1160628,1| 593164,6| 593164,6 593164,6 | 46207,2 | 46207,2 46207,2
28] 1162619,7| 1162619,8 1162619,8| 594866,2 | 594866, 1 594866,1 | 42514,2 | 42514,2 42514,2
29 1162619,7( 1162619,6 1162619,6| 594866,2| 594866,2 594866,2 | 42514,2 | 42514,2 42514,2
30| 1162619,7| 1162619,6 1162619,6] 594866,2 | 594866, 1 594866,1 | 42514,2 | 42514,2 42514,2
31| 1215291,6 1215291,5 1215291,5| 528852,5| 528852,5 528852,5 | 55856,0 | 55856,0 55856,0
32| 1280413,3| 1280413,4 1280413,4| 433652,5| 433652,5 433652,5 | 85934,2 | 85934,2 85934,2
33| 1280413,3| 1280413,3 1280413,3| 433652,5| 433652,5 433652,5 | 85934,2 | 85934,2 85934,2
34] 1333601,6 1333601,8 1333601,8| 354181,9( 354182,0 354182,0 | 112216,4| 112216,4 112216,4
35| 1121725,3| 1121725,3 1121725,3| 391710,7 391710,7 391710,7 | 72192,6 | 72192,6 72192,6
36| 1373499,0| 1373499,0 1373499,0| 393700,9| 393700,9 393700,9 | 32800,1 | 32800,1 32800,1
37| 1373499,0| 1373499,0 1373499,0| 393700,9| 393700,9 393700,9 | 32800,1 | 32800,1 32800,1
38| 1373499,0( 1373499,0 1373499,0] 393700,9| 393700,9 393700,9 | 32800,1 | 32800,1 32800,1
39| 1375661,1| 1375661,1 1375661,1| 387948,9| 387948,9 387948,9 | 36389,9 [ 36389,9 36389,9
40| 1255593,5| 1255593,5 1255593,5| 533298,3| 533298,3 533298,3 | 11108,1 | 11108,1 11108,1
41] 1260845,8 | 1260845,8 1260845,8| 530085,2 | 530085,2 530085,2 | 9069,0 | 9069,0 9069,0
42| 1260845,8| 1260845,8 1260845,8| 530085,2 | 530085,2 530085,2 | 9069,0 | 9069,0 9069,0
43] 1260845,8| 1260845,8 1260845,8| 530085,2| 530085,2 530085,2 | 9069,0 | 9069,0 9069,0
441 1228061,0( 1228061,0 1228061,0f 550781,5| 550781,4 550781,4 | 21157,5 | 21157,5 21157,5
45| 1276546,7 | 1276546,8 1276546,8| 487741,5| 487741,5 487741,5 | 35711,7 | 35711,7 35711,7
46| 1276546,7| 1276546,8 1276546,8| 487741,5| 487741,5 487741,5 | 35711,7 | 35711,7 35711,7
47] 1276546,7| 1276546,8 1276546,8| 487741,5| 487741,5 487741,5 | 35711,7 | 35711,7 35711,7
48] 1286185,2 | 1286185,1 1286185,1| 471492,6| 471492,6 471492,6 | 42322,2 | 42322,2 42322,2
49] 1215968,5| 1215968,5 1215968,5] 531181,9( 531181,9 531181,9 | 52849,6 | 52849,6 52849,6
50] 1215968,5| 1215968,5 1215968,5| 531181,9| 531181,9 531181,9 | 52849,6 | 52849,6 52849,6
51 1215968,5 1215968,5 1215968,5| 531181,9( 531181,9 531181,9 | 52849,6 | 52849,6 52849,6
52

QR: Quantity to receive, QP: Quantity to pack, QS: Quantity to store, QW: Quantity to waste, QT: Quantity to transport

Fig. 14 PP1 decisions in the baseline scenario
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Vegetable A Vegetable B Vegetable C

t QR QH Qs |aw Q™M QR QH Qs |aw QM QR QH Qs [aw QM

20| 1163100,3 | 1163100,3 290775,1 561612,2 561612,2 140403,0 75287,5 75287,5 18821,9
21| 12657809 | 1265780,9 291003,1 631716,7 631716,7 145264,6 58097,8 58097,8 137323
22| 2213519,9 2213519,9 316445,2 1071472,0 1071472,0 157929,2 137298,1 137298,1 14524,4
23| 2213474,5 2213474,5 553368,6 1070637,4 1070637,4 267659,4 138178,1 138178,1 34544,5
24| 2413043,8 2413043,8 550671,8 1160892,0 1160892,0 271025,5 136835,4 136835,4 33875,2
25| 32594383 3259438,3 603260,9 1413227,4 1413227,4 290223,0 127334,3 127334,3 34208,9
26| 32594383 | 32594383 814859,6 1413227,4 | 1413227,4 353306,8 127334,3 127334,3 31833,6
27| 32594383 | 32594383 814859,6 1413227,4 | 1413227,4 353306,8 127334,3 127334,3 31833,6
28| 32668869 | 3266886,9 816721,7 1412703,4 | 1412703,4 353175,8 120409,7 120409,7 30102,4
29| 30801589 | 3080158,9 817219,6 1405256,6 | 1405256,6 353601,2 115889,5 115889,5 29179,2
30| 28351524 | 2835152,4 770039,7 1323712,6 | 1323712,6 351314,2 106295,5 106295,5 28972,4
31| 28351524 | 2835152,4 708788,1 1323712,5 1323712,5 330928,1 106295,5 106295,5 26573,9
32| 2887824,3 | 28878243 721956,1 1257698,9 | 12576989 314424,7 119637,3 119637,3 29909,3
33| 30133389 | 30133389 738236,6 1187238,8 | 118723838 290624,7 191484,4 191484,4 374289
34| 2241557,4 2241557,4 753334,7 887523,8 887523,8 296809, 7 211467,0 211467,0 47871,1
35| 2294745,9 2294745,9 573686,5 808053,3 808053,3 202013,3 237749,2 237749,2 59437,3
36| 1351674,6 1351674,6 520717,4 628038,3 628038,3 211395,5 105875,9 105875,9 49431,3
37| 13734990 | 1373499,0 400862,1 393700,9 | 393700,9 157507,1 32800,1 32800, 1 16620,9
38| 2277180,5 2277180,5 343374,8 884769,3 884769,3 98425,2 106481,2 106481,2 8200,0
39| 2277180,5 | 2277180,5 569295,1 884769,3 884769,3 221192,3 106481,2 106481,2 26620,3
40| 2279342,6 | 2279342,6 569835,7 879017,3 879017,3 219754,3 110071,0 110071,0 27517,8
41| 2114850,8 | 2114850,8 539818,8 1010098,6 | 1010098,6 256091,7 73428,5 73428,5 21197,3
42| 2939102,4 | 2939102,4 530025,8 1321413,5 | 1321413,5 251721,4 91468,9 91468,9 17847,3
43| 3067947,6 | 3067947,6 734775,6 1409614,9 | 1409614,9 330353,4 95879,0 95879,0 22867,2
44| 3067947,6 | 3067947,6 766986,9 1409614,9 | 1409614,9 352403,7 95879,0 95879,0 23969,8
45| 3035162,8 | 3035162,8 758790,7 14303111 | 14303111 357577,8 107967,5 107967,5 26991,9
46| 2735103,8 | 2735103,8 770912,1 1138984,3 | 1138984,3 341817,8 141006,2 141006,2 30630,4
47| 2430142,2 2430142,2 683775,9 1042208,6 1042208,6 284746,1 132482,7 132482,7 35251,5
48| 2430142,2 2430142,2 607535,6 1042208,5 1042208,5 260552,1 132482,7 132482,7 33120,7
49 | 2439780,6 2439780,6 609945,2 1025959,6 1025959,6 256489,9 139093,2 139093,2 34773,3
50| 1873761,6 1873761,6 592391,0 928344,3 928344,3 271412,2 106653,8 106653,8 37405,1
51| 1222159,3 | 1222159,3 468440,4 534538,3 534538,3 232086,1 53160,0 53160,0 26663,4
52| 1222159,3 | 1222159,3 305539,8 534538,3 534538,3 133634,6 53160,0 53160,0 13290,0

QR: Quantity to receive, QH: Quantity to handle, QS: Quantity to store, QW: Quantity to waste, QTM: Quanitty to transport to each market

Fig. 15 DC 1 decisions in the baseline scenario
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Vegetable A Vegetable B Vegetable C

t QR Qs aw S ubD QR Qas aw S ub QR Qs Qw S ub
19 549219,4 237995,1 26443,9
20{290775,1 290775,1(258444,3| 140403,0 140403,0( 97592,0 [ 18821,9 18821,9( 7622,0
21/291003,1 291003,1(258216,3| 145264,6 145264,6| 92730,4 | 13732,3 13732,3|12711,6
22(316445,2 316445,2(241502,5[ 157929,2 157929,2 83848,2 [14524,4 14524,4(12339,7
23|553368,6 553368,6| 56948,9 | 267659,4| 3188,4 264470,9 34544,5| 5158,9 29385,7

24| 550671,8 550671,8| 59645,8 | 271025,5] 9743,0 264471,0 33875,2| 9648,4 29385,7
25[603260,9 603260,9( 7056,6 |290223,0| 35488,9| 6,1 |264470,9 34208,9(14220,8| 250,8 |29385,7
26914330,4/304012,8 610317,6 397617,3(168434,6| 200,7 [264470,9. 38052,3|22152,0| 735,4 |29385,7,
27(914330,4(503558,6 714784,7 397617,3|253352,2| 2959,6 | 309740,1 38052,3(24461,8| 1326,9 | 34415,6,
28]916192,6|622992,4|40187,1|756571,6 397486,3(301132,9| 21857,9(327847,7, 36321,1|22412,6| 1942,9 | 36427,5|
29[916690,5(721637,4|61473,8|756571,6 397911,7| 340645,9| 30551,0( 327847,7 35397,9(/19688,6| 1694,3 | 36427,5)

30| 770039,7|657170,1|77935,4| 756571,6 351314,2|325928,8| 38183,5| 327847,7 28972,4|11217,7| 1015,7 | 36427,5|

31| 708788,1|562389,2| 80406,8(723162,2 330928,1302202,4| 41284,3(313370,3 26573,9| 2774,8 | 197,8 |34818,9,
32[721956,1|580876,8| 63830,1|639638,4 314424,7|302842,1|36608,3| 277176,7, 29909,3( 1863,8| 22,9 |30797,4

33| 738236,6|619733,4| 59741,5| 639638,4 290624,7| 281960,0| 34330,2( 277176,7. 37428,9| 8478,7| 16,6 |30797,4
34{753334,7(666370,0| 67059,6| 639638,4 296809,7| 267479,8| 34113,2( 277176,7 47871,1(25460,9| 91,4 |30797,4
35/573686,5|561835,2| 68031,1(610190,1 202013,3(177780,1)| 27297,3| 264415,8, 59437,3|54493,3| 1025,4 | 29379,5
36|520717,4|475951,3[70031,7|536569,5 211395,5/135845,8| 20816,4( 232513,4. 49431,3(72171,3| 5918,5 | 25834,8
37{400862,1(307602,4|32641,5|536569,5 157507,1| 55603,7 | 5235,8 | 232513,4 16620,9|51289,3| 11668,0 25834,8

38| 343374,8/103155,7| 11252,0{ 536569,5 98425,2 154029,0| 78484,4 | 8200,0 |22275,3|11379,2|25834,8
39[569295,1(133912,1| 1969,2 | 536569,5 221192,3 221192,3| 11321,1 | 26620,3|18859,8| 4201,0 [ 25834,8
40|569835,7| 211359 | 58,7 |682553,1 219754,3 219754,3| 76018,7 | 27517,8|12766,3| 747,6 [32863,7
41]539818,8 560954,6| 145929,0| 256091, 7 256001,7| 50224,6 | 21197,3 33963,6| 71,5
42]530025,8 530025,8(176857,9] 251721,4 251721,4| 54594,9 [ 17847,3 17847,4(16187,8
43|734775,6| 27892,0 706883,6 330353,4( 24037,0 306316,3 22867,2 22867,2(11167,9,
44]766986,9|178646,0 616232,9 352403,7|109406,5 267034,3 23969,8 23969,8| 5700,7
45|758790,7|387705,8| 1486,1 | 548244,8 357577,8(227356,3| 2055,2 [ 237572,8, 26991,9| 594,9 26397,0,
46|770912,1|588166,0(22207,1|548244,8 341817,8|313311,0{18290,3| 237572,7, 30630,4 4828,4 26397,0
47|683775,9|667142,7|56554,4|548244,8 284746,1(322067,8| 38416,6( 237572,7. 35251,5|13657,7| 25,3 |26397,0,

48] 607535,6|636972,6 | 81269,8| 556435,9. 260552,1(292343,8| 49153,9( 241122,2 33120,7)19497,5| 489,5 |26791,4
49]609945,2|570136,0(71199,7|605582,1 256489,9|249130,5|37284,3( 262418,9, 34773,3(23335,1| 1778,029157,7,

50| 592391,0/503620,9|53324,0{ 605582, 1 271412,2(230603,4| 27520,3( 262418,9. 37405,1|29047,1| 2535,6 | 29157,7|
51]468440,4|330182,2(36297,0/605582,1 232086,1|179918,9|20351,7( 262418,9, 26663,4(23629,1| 2923,7 | 29157,7,
52|305539,8| 26878,4 | 3261,7 | 605582,0. 133634,6| 44977,0 | 6157,5 | 262418,9 13290,0| 6409,1| 1352,4 [29157,7

QR: Quantity to receive, QS: Quantity to store, QW: Quantity to waste, S: Quantity to sale, UD: Unmet demand

Fig. 16 Market 1 decisions in the baseline scenario
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