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Abstract

The Chilean agro-industry has experienced a steedgase of industrialized fruit exports over thstl
decade, reaching a total volume increase of 10784.86% in value. This growth means that the fresh f
supply chain, either for preserved, frozen, dehdkafresh fruit or juices, requires support inesrtb make
management increasingly more efficient. So far, s@moblems directly related to the need to impriinee
sector’'s competitiveness have not yet been addrebsdhe last few years production costs havenrise
mainly due to labor shortage and poor quality @f raaterial (fresh fruit). That is why, improvingelsupply
chain efficiency and thus the agro-industry contppetiness, particularly in the center-south regidrthe
country, requires new tools that could support slens making regarding the fresh fruit supply chain
Within this context, the general objective of thésearch was to develop a set of tools aiming pp@ut
tactical decisions that could enhance managementesh fruit purchasing, cold storage, transporgl a
opening of cold chambers.

Three important contributions are made in this aasge study. The first one has to do with the stéite-
the-art of supply chains management, by reviewipighozation models applied to fresh fruit supplyacis.
The second one consists in providing four toolsupport tactical decisions regarding fresh frupu
chains, specifically, three mathematical modelgHieroptimization of decisions that support thessbn of
growers and the purchasing of fresh fruit, thelbsssquent storage and transportation, and the pabpba
mathematical model for cold storage management. thilnd contribution is the proposal of a Decision
Support System (DSS), which aids in decisions agouwers selection and purchasing of fresh fraitwall
as its subsequent storage and transportation.

Finally, there is an important additional contribatthat involves the application of the modelsdal
cases. All models proposed were created and vedldaith the support of agro-industries from theteen
south region of the country having problems witkittsupply chain, which were addressed in thisaete

study.
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General Introduction

1.1 Background

Agro-industries are spread out throughout the wieolentry in Chile, with more than 4,000 small,
medium, and large-size operations (Redagricolag2dhe food sector accounts for approximately k%
the Gross Domestic Product (Bravo, 2010), 20% gfleyment and 18% of national exports (Central Bank,
2010). The Central Bank (2010) points out thattfprioduction, wine making, poultry, pork, red meat
production, as well as processed foods are the anaas.

Furthermore, Chilean exports of industrializedtfexperienced a sustained growth between the years
2002 and 2012; processed fruit went up from US$Rillon in the year 2002 to US$ 834 million in 201
equivalent to 306% growth. In addition, Chile'srghaf world exports of these products has increfsed
3.56% to 4.45% (Redagricola, 2016).

Chile is the world's leading exporter of dehydratgubles, accounting for 33.3% of world exports.
Similarly, Chilean agro-industry ranks second amemgorters of dehydrated plums and third in frozen
raspberries, generating one fifth of the world e¥pof these products. With respect to raisins gsp&hile
is in third place and is the fourth exporter of medh peaches worldwide (Redagricola, 2016).

Estimates made by Chilealimentos (2010) regarding tlestination of fruits and vegetables
production, allow us to conclude that approximateBpfe of the national supply goes to agro-industrial
processing and 57% of planted surface productitended for harvest is also predestined to procgssin
plants.

In the agro-foodstuff industry, total fruit expoitecreased from 14.3% to 17.2% between 2000 and
2014 in volume, and from 17.8% to 23.1% in valuethie same period. The volume exported has doubled,
increasing 107% in a decade, while the value ofodgphas gone up even more significantly (185%)
(Redagricola, 2016).

In each of the stages of the agriculture supplyn;ltiecisions aiming to optimize resources assediat

with each stage should be considered, as showigume=1.1.

| I ! | } }

Harvest Purchase Transport Cold Storage Transport Processing

*Lease or build
cold storage

* Select cold
technology

* Buying or leasing
the fleet of trucks
* Plan load
assignments

* Plan fleet charges

* Buying or .

leasing the fleet Plan S\lpply for
of trucks the processing

* Plan load 1;‘rlam
assignments Generate

*Plan crops
* Plan harvest

* Plan agricultural
management *Plan opening
chambers

* Plan fleet production plan
charges

Figure 1.1 Decision map in the agriculture supply chain (Seilvaat al., 2017)

There is research work that seeks to respond to @ae of the decisions involved in every stage; for
example, for harvest, Ferret al. (2007), Arnaout and Maatouk (2010), Morande andukéena (2010),
Bohle et al. (2010), Van der Merwet al. (2011) and Ampatzidigt al.013); for suppliers selection

Wladimir Eduardo Soto Silva 8



General Introduction

(purchasing), Hammervoll (2009), Gunetial. (2009), Chakt al. (2013) and Anojkumaet al. (2014); for
transport, Eskigun et al. (2005), Kawamura et2006), Gorman et al. (2010), Nadal-Roig and Pld.$20
Soto-Silvaet al. (2016b) and Lamsadt al. (2016); for storage, Broekmeulen (1998), Wanhgl. (2011) and
Aung and Chang (2014); and for processing, Blaecal. (2005), Masiniet al. (2007), Cittadiniet al.
(2008), Catalat al.(2013) and Munhoz and Morabito (2013).

Nevertheless, some interesting, worth investigagags within the agriculture supply chain can be
identified. Among them, the optimization of theesgion process of fresh fruit suppliers and thesegbent
cold storage. Final destination of this fruit i® fhrocessing plant, where keeping post-harvegtduality is
an important concern. Furthermore, an appealingiss tackle is management of the different cotdagie
regimes. Both problems have not received muchtaitem recent years (Soto-Siled al, 2016b).

Although there is a sizable increase in optim@atmodels in supply chain planning, this is not
reflected in the agro-industrial sector (Catat al., 2013). In addition to that, in their respective
bibliographical reviews, Lucas and Chhajed (2004we and Preckel (2004), Weintraub and Romero
(2006), Ahumada and Villalobos (2009), Audsley &ashdars (2009), and Soto-Sikal. (2016a), note the
lack of research in agro-industry, not only in #ierementioned topics, but also in issues relaighe entire

agriculture supply chain.

1.2 Problem Statement

As stated in the previous section, some gaps iditdm@ature which have not been dealt with which
would be interesting to address were found whileking in conjunction with agribusinesses from thaé
and O'Higgins Regions, in Chile; at present, lamahpanies do not have the necessary tools to nake t
processes involved more efficient.

Figure 1.2 shows the general structure of the sugmin for fruit destined for processing in Chile.

| Cold Storage Facilifies |
Figure 1.2General structure of the supply chain for fruittaresd for processing in Chile (Soto-Sileaal.,

2017)

Figure 1.2 shows the general structure of the supphin of fresh fruit which has as its final

destination a processing plant, be it for juicezém or dehydrated fruit, pulp, preserved or friesh. The

Wladimir Eduardo Soto Silva 9
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problems mentioned above can be found in this ¢hemely, management of fresh fruit purchasing and
storage, and handling of the opening of cold smmbers in cold storage facilities.

The fresh fruit supply to a processing plant begiith the purchasing of fruit still in the orchard,
from different growers. Companies owning orchard€hile usually do not satisfy the fruit demandhe
processing plants, so they must go out and buy: fouice the fruit is purchased, it is taken topghecessing
plant where physiological conditions are checked, @&counting and payment procedures to the groavers
performed; then the fruit is sent to a cold storggslity, which can be owned or leased, as isgheeral
case in the country.

The first problem was found in the fresh fruit pnaising and subsequent storage stage. This is leecaus
there is a pool of approximately 250 growers whovijafe fruit to the agro-industry; this is seasofralt
whose quality needs to be maintained over timel iinis processed in the plant. Due to the limited
processing capability of processing plants in Clithe processing season can take at least 9 mdhhisig
this period, the physiological conditions of theitfrmust be kept stable, otherwise the yield cosieerratio
in the processing plant will be directly affectén.order to achieve this, different cold storagehtelogies
are available in the storage chambers which ass8r@ month post-harvest life.

The fruit quality invariability can be handled wd directly related ways; the first one is making a
good purchasing, that is, selecting the growers effer the best quality fruit; the second one iking sure
that the cold storage conditions are the bestdoh ¢ype of fruit purchased.

Moving along the fresh fruit supply chain destifedprocessing, the in-plant processing stage comes
next. This may be done to get juice, pulp, and dedted, preserved or fresh fruit. In a typical &iton, one
of the main features of this stage is the limitedcpssing capacity of a plant, which makes it nesgsto
efficiently manage the opening of the cold chamlmenstaining fresh fruit of the season, so as toichvo
affecting the quality of the stored fruit and béeato deliver the best quality fruit and meet proithon goals
as well.

This point is important because a conversion naticch is periodically evaluated is used in thetfrui
agro-industry. This ratio indicates the amount refsh fruit needed per kilogram of finished produtt.
during the purchasing process, cold storage, tmatispnd opening of the cold chambers, management o
planning was poor, a larger amount of fresh fraitoe processed will be required in order to satibgy
demand for a finished product. In contrast, ifthtise stages were properly completed, a smalleuanas
fruit will be required to meet such a demand.

Everything discussed above can translate into ¢edtsction and economic benefits for the company.
If one takes into account that an average prooggsant in Chile needs about 30,000 tons of fregh per
season in order to obtain approximately 3,000 tdrfsished product, and, in addition, one considibiat 1
ton of fresh fruit costs about US$45, and its agermonthly storage is about US$7.89, savings iiagult
from management of purchasing, storage, transpad, opening of cold chambers during the processing
season would be quite considerable, as long as ttages of the supply chain are optimally andieffily

managed.
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1.3 Research Objectives

This research on the supply chain of fresh fruiswarried out in Chile, particularly in processing
plants from the center-south region of the couiminareas where the agro-industry is the main ecamnom
activity, and where there is little support for @émn making through the use of optimization models

The general objective of this research was to agvalset of tools to support tactical decisionthe
fresh fruit supply chain. The main focus of theeeld is to improve management of purchasing, cold
storage, transport, and opening of cold chambers.

The specific objectives of the research were tHeviing:

a) To identify management optimization models in ther&ture aiming to support decision
making regarding the fresh fruit supply chain.

b) To formulate a mathematical programming model tgpsut tactical decisions on
purchasing, storage, and transport of fresh fruibrider to minimize costs associated with
the selection of growers and storage of purchasetd f

¢c) To formulate a mathematical programming model tppsut tactical decisions on the
opening of cold chambers and fruit transport fraorage facilities to processing plants, in
order to minimize storage and transportation castsyell as quality deterioration of the
fresh fruit stored.

d) To develop a Decision Support System (DSS) forpimechasing, storage and transport of
fresh fruit, in order to facilitate decision makKesglection of growers, purchasing, storage,

and transport of the fruit at the lowest cost.

These specific objectives were set based on thieauelogy described below.

1.4 Methodology

The following working methodology was utilized img research:

a) Information Survey.First, an information survey on the issues to ddr@ssed was carried out.
This information was elicited through interviewsdeao personnel working in the supply chain
of fresh fruit, particularly in the supply, recepti logistics, and production sections. In
addition, guided visits to the processing plantsewenade in order to examine the current
situation; analyses of reports containing datalmn grocesses involved in the problem were
made on site.

b) Diagnostics.After the information gathering, a diagnosis of #it®ation was made taking into
consideration the data collected during the prqctns information given by the processing
plant personnel, and the information picked up rurthe guided visits to various agro-

industries.
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c) Literature Review Subsequently, once the information was gatheneldtlae diagnosis made, a
bibliographic review of optimization models applital a fresh fruit supply chain was done
using primary sources, such as books and sciefuifimals in the field. This was done in order
to characterize both the optimization models whi@ve been developed to date, and the
possible existing tools used to tackle the prolleiguestion.

d) Mathematical Modeling As there are two main problems, namely, purcligasstorage and
transport of fruit, and the optimal management @fichambers, both part of the fresh fruit
supply chain, mathematical models aimed to findinogtt solutions to each of these were
developed. Simultaneously, the necessary datargagheas carried out in order to perform the
runs utilized while testing the proposed models parameters used had to be pre-processed so
as to meet the entry requirements of each model.

e) Application and Validation.To test the proposed model, two case studies demne in two
different regions of Chile. In the first one, theoposed solution to the problem of fresh fruit
supply and storage management was implemented aithted in a dehydrated apples fruit
plant in the Maule Region. In the second one, tietion to the problem of cold storage and
transport management was validated in a plum delipdr plant in the O'Higgins Region.
Besides, the opinions of fruit fresh purchaserstrithution managers, post-harvest personnel,
and owners of storage facilities and processingtplavere also considered during validation.

f) DSS Developmentrinally, a Decision Support System (DSS) was dmed that allowed the
efficient management of purchasing, storage, asnusport of fresh fruit destined to processing
plants. In addition to evaluating its functionali;md correct operation in a case study, by
applying it in an apple dehydrating plant in thelMdaRegion, this system was also validated by

personnel responsible for other fruit processiranid.

1.5 Structure of the thesis

This doctoral thesis consists of six chapters; fafuthem have the structure of research articleg T
first chapter corresponds to the introduction dml&st one provides the general conclusions dfeamn the
investigation. The chapters are briefly summarizeldw:

Chapter 1 provides an introduction and the problematicsaddrkled, as well as the objectives, the
methodology, and the contributions of the studpaly, the general structure of the thesis is presk

Chapter 2 presents literature review of optimization models appliedresh fruit supply chains. The
main objective of this chapter is to provide a tle¢ical framework for this research study and talyre
different gaps in the field of optimization modeked in the fruit agro-industry.

Chapter 3 has to do with mathematical programming modelsgtimize the logistics of the fresh
fruit supply chain. On site, it was noted thadede there are no models that can support deaisaking
regarding fresh fruit purchasing, storage, andsgart. The problem is solved through the use oirent
mixed linear programming models, whose results werapared with traditional planning methods inutfr

dehydrating plant.
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Chapter 4 introduces an optimization model for the openirfgcold storage chambers and the
transportation of stored fruit. The model was bout of the need to optimize the use of differentdco
chambers available for the storage of fresh friihe problem is solved with an entire mixed linear
programming model, where the planning providedheygroposed model is compared with the current one,
in a fresh fruit processing plant.

Chapter 5 shows a computational tool, a Decisions Supposte®y (DSS), designed to support
decisions for the purchasing, storage, and trahgfdresh fruit. This was developed in the NetBe#DE
programming platform, in conjunction with the ILOGPL Development Studio IDE, Cplex and Excel
optimization software.

Chapter 6 deals with the general conclusions of the thesiskwelated to the importance of
optimization models in the agro-industry supplyioh&uture research studies are presented at ttheofen
this chapter.

Wladimir Eduardo Soto Silva 13
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Abstract

The fresh fruit supply chain is characterized byglsupply lead times combined with significant dy@gmd
demand uncertainties, and relatively thin margifsese challenges generate a need for management
efficiency and the use of modern decision technotogls. We review some of the literature on oper
research models applied to the fresh fruit suppbirt It is an attempt to gain a better understandf the

OR methods used in the revised papers apparedpéendent and oriented towards problem solvingerath
than theory developing. We conclude by outliningatvive see as some of the significant new problems
facing the industry like the lack of holistic appohes for the design and management of fresh F8&lly

some future research directions are indicated.

Keywords. Fruit Operations Research. Supply ChaireBh Fruit. Agricultural Planning
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2.1 Introduction

In the recent years the fresh fruit sector has greignificantly fueled by an increasing demand of
customers concerned in healthier diets, food quatiuirements and all year around availabilityfroft
(Reynoldset al., 2014). Fresh fruit is defined by the Food Agriawdt Organization’s (FAO, 2014) as: the
portion of a plant housing seeds commonly eatedeasert (i.e. tomatoes are considered vegetaltite). T
previous definition is important for this reviewawoid the inconsistencies in segmenting fruitsyéirs and
vegetables reported by Shuckla and Jharkharia j2@8sh fruit are consumed raw, whether whole or
prepared. Prepared refers to minimally processesh sas peeling, slicing or shredding, having not
undergone any treatment (chemical, physical orogiohl) to ensure preservation other than chilling.
According to FAOStat (2012) the fresh fruit prodanthas been increasing worldwide by a 20% between
2003 and 2012. It is observed a notable tradingripctduring the same period, doubling the overall
imports, being the European Union (EU) who domisdtes import/export market. Other aspects affecting
such development are the industrialization of tre@pction process, governmental food safety regulat
and price variability. The industrialization refeis the use of mechanical means, the adoption ofigo
agricultural practices and the automatization ofisg, selecting and packaging fruits including sbimes
some minor minimal processing tasks. As a consemuehthe globalization, competitors, regulations a
the increasing demand for high quality, value-adaled customized products, the fresh fruit sectodseo
be specialized and integrated vertically in Fruip@y Chains (FSC) to become more competitive and
dynamic. The fast handling and seasonable attsbokdruits in relation to high volatility of suppland
demand makes the storage a critical activity toagamobust FSC. In addition, fresh fruits qualityelated
with parameters like sweetness, crunchiness ammgttrens, connected in some way with the optimal
ripeness of the fruit. Hence, special consideratimpreserve freshness and product quality reaquoee
limited delivery deadlines, more controlled storageaditions, better quality of end-products andimine
losses due to deterioration (Dabbenal, 2008; Verdouvet al.,2010), making the underlying supply chain
more complex and harder to manage than other sugm@ins (Ahumada and Villalobos, 2009). These
challenges generate a need for management efficiand the use of modern decision technology tools
(Lowe and Preckel, 2004; Akkerma al., 2010). As FSC comprise all the activities to pregyproduce
and distribute fruits to the end customers, pradocttransport and distribution planning needs & b
integrated in order to be optimized simultaneo(slvla et al.,2010).

The present review aims at determining currenesséthe art in operational research models apptied
the fresh FSC in an attempt to gain a better utalaisg of the mathematical modelling methods used
these applications. Future trends are pointedmptdvide a basis for future research. Hence, wenahto
do that (1) reviewing the literature on planningdels for fresh FSC, (2) classifying the literatime
different criteria (3) considering other planningdels of interest to fresh FSC and (4) outlining tlesh
FSC perspectives in the future. To achieve thisdidean extensive research of scientific paperkidiog
optimization or operational research (OR) modelsffesh fruit regardless the modeling approach and

covering all or part of the FSC.
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2.1.1 Taxonomy

In view of the proposed classification of the l#ere done by Mul&t al. (2010) and Ahumada and
Villalobos (2009), a synthesis of both has beefiopered including additional criteria used to organand
present this review. In this sense, as shown inr€id, we have proposed different taxonomies tesdia
the revised papers and giving a multidimensionar@gch of each one. So that, the proposed taxomomy
this paper considers the following six classifioatcriteria:

Decision leve regarding the scope of decisions there are tleneds: strategic, tactical or operational
corresponding to long, medium and short time harizespectively. Ahumada and Villalobos (2009)
identified activities such as financial planningdametwork design as strategic; the harvest planraérap
selection and scheduling and labor as tactical; aotities such as production scheduling, transgpion
planning and storage as operational. Such a dlzsiin might become a bit difficult when dealingtiw
activities moving between strategic and tacticaliglens, or between tactical and operational (Shakid
Jharkharia, 2012; Farahagtial.,2014).

Analytical modeling approachconsidering the mathematical methods or mathewalatelationships
used to model and solve the problem within the extraf fresh FSC.

Purpose models are classified based on the type of dmtisariables related to different activities:
sowing, production, harvesting, distribution or éntory. The nature of the objective function (raxen
profit, cost or other function) to optimize (maxiaior minimize) and whether the objective involees or
more criteria are also revised.

Practical application the existence of a real problem inspiring thegpay a case study are important
to value the applicability and interest of the mdueyond the theoretical approach. Furthermoreregester
other relevant information such as the type oftfand the country of origin where the case studg wa
developed.

Novelty: This aspect is interesting to highlight the auteaontribution and originality of the paper to
the fresh FSC with respect to contemporary litemti.e at the moment the revised paper has been
published.

Research segmentation by journahe scope of the journals where revised paperpasbshed may

be useful to understand the motivation of the neteand the multidisciplinary approach.

Works done in non-perishable, processed and loatf ke fruit like canned, dried or transformed in
juice or wine overlapping part of the fresh FSC énéeen discussed apart in this review. The de@kion
problems regarding fresh FSC for canning or prdangsglants or wineries are similar to human

consumption of fresh fruit as all of them are canets.
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Figura 2.1. Classification criteria of the revised paperstfos review

2.1.2 Review Methodology

A comprehensive search of related research papemns fast decades was applied to produce a
synthesis of peer-reviewed literature. We seargsgeers published in international peer-reviewedrjals
or books from the main electronic bibliographicaluses (Scopus, Web of Science) using different
keywords. We have used the following keywords tdl#osearch: “Fresh fruit” AND “Supply chain” AND
(“Optimisation” OR “Operational Research” OR “Opeoas Research”). The outcome depended on which
fields are performed the search. For instance, npapers were found in Scopus searching the peopos
keywords within the Title, Abstract or Keyword'sstliof the paper. However, 127 were found if the
keywords appeared in whatever part of a paper. Rdysiords’ set was difficult to be fixed becauseats
there were listed many irrelevant papers. In thd, en individual examination paper by paper was
necessary to make a final decision. Other keywtikdq“harvesting” OR “scheduling” OR “management”)
were also used to catch susceptible papers of heahgded. From the collected material, we filtetbée
papers according to the following rules: (i) thep@a should be written in English language, (igyth
include decision variables modeling the productmdanning or logistics of fresh FSC, (iii) the paper
satisfying the previous rule but dealing with otperishable agricultural product like vegetablestéad of
fruit were also selected but processed apart. Rhensecond rule, we included some articles deaiiitig
the production planning of fresh fruit regardlelseyt are not for fresh consumption. This is the cése
example, in the paper by Ferrer al. (2007), in which the authors present a scheduinoglel for grape
harvesting for wine production. The third rule elealus to consider several papers in the fieldeoispable
products. Double checking with keywords in the &itRbstract or Keyword’s list was done arising few
references more. We use back-tracking to find exarélevant sources (e.g. Willis and Halon, 19a6)d
forward-tracking in Web of Science to find litersgithat are referring to the central sources. \We laloked
for recent surveys in related domains in ordeirtd &dditional sources excluding conference papers.

We can classify the revised papers in two categofi®@e first category gathers papers dealing with
Fresh FSC or one fruit or family of fruits. In tleggapers, fruit is not processed, just packagediatdered
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to retailers for marketing. The second categoryawgs papers either sharing or overlapping pathef
FSC, or in neighboring domains or perishable prtgludgth similar problems to the FSC (e.g. vegetsible
Examples of that would be Munhoz and Morabito (300ho illustrate problems related with the procegsi
of juicy fruits, or Ahumada and Villalobos (20112011b) who show similar problems in the tomato
industry.

The organization of this paper is as follows: ia tfext section we introduce some background albeut t
fresh FSC, decision levels and some examples.climse3 we present supply chain models that haes be
developed for fresh fruit, and we classify themaadmg to the different criteria presented in figur. Later
on, in section 4, we present some related moddlestn FSCs and in section 5 we outline a view Bfi®

FSCs. In the last section we provide a summarpeféview and conclusions.

2.2 Fresh fruit supply chains

2.2.1 Background

It is only during the last ten years that the dgod industry in general and the fresh fruit sector
particular has recognized and started embracing &€M key concept for its competitiveness (Lucas an
Chajed, 2004; Tsolakiet al, 2014). Ahumada and Villalobos (2009) performee of the first reviews
about planning models in agricultural supply chdi&SC), however the lack of holistic proposals t8@&
was evident. Their revision included papers sin@851 focusing on different agricultural products,
perishable and non-perishable, mostly vegetabldserCECs related to livestock production such dtteca
pig, milk or meats were not included. Even thougjtien the broad spectrum of products FSC had adini
coverage. Audsley and Sandars (2009) revised aRamOdels in agriculture but limiting the review to
British developments. This revision did not inclutie perspective of FSC, but gave interesting aeguis
to explain observed shortcomings when approachiegntodelling of the agricultural sector in the past
More recently, Zhang and Wilhelm (2011) presenteihgeresting revision of OR models in specialtyps
industry covering fruits, vegetable, grapes andewiornamentals, tree nuts, berries and dried fruits
However, they included products out of the scopthisfreview according to the FAO’s definition oé$h
fruit and the SC perspective was lacking too.

On the other hand, Shukla and Jharkharia (2012)rsuired the existing literature from 1991 to 2011
in fresh production such as fruits, flowers andetagles. The main characteristic of the revievha #ll
papers were focused in perishable, deterioratéleecind fresh production. They also categorizzditire
by geographic region and journal, but do not emizkase decision problems nor OR methods.

Focusing more on supply chain characteristics, leameet al. (2014) presented examples of the typical
decisions taken in general SCs, while Tsolatigl. (2014) presented the kind of decisions in agricaltu
SCs. These decisions are divided into strategaticed and operational, linked to a temporary hamiz
Hence, operational decisions are more relateditingrand demand; tactical decisions are relatechith
term contracts in purchasing, transportation, 1@ fatilities; and strategic decisions are relatethe long

term assets, operations and company’s vision aasionmni.
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2.2.2 Structure of the fresh FSC

The fresh fruit sector is competitive and dynamiith many uncertainties related to fruit biology,
diseases, climate and market, plus added logistmaplexities. A newly planted fruit tree takes ngeto
start producing fruits and the strategic decisibplanting must be made before demand and selliftg®
are known (Zhang and Wilhem, 2011). Therefore, ajpamal and tactical decisions need to be takeremor
accurately and permitting tactical adjustmentsdigpiln this context, flexible decision support amddels
play an important role to help managers throughetitee FSC which are in continuous change becatise
the different sources of uncertainty to cope withe structure of the FSC is not static but it cardiverse
regarding the number of agents taking part in fferént activities involved ranging from farminge. land
cultivation, fruit production and harvesting), pessing, packaging, warehousing, transportation and
distribution to marketing. Changes in the induszaion of activities, stakeholders, uncertainty i
production, legal regulations and new trends inkeigrand demand make this sector being more urfenes
than others whose SC designs have been consolidatkdised for years (Huang, 2004). Because of the
wide variety of FSCs structures, Verdow al. (2010) presented a basic model with templategter
design of fresh and processed FSCs in a deep.detaibl-Roig and Pla (2015) formulated a transpiora
planning model for a FSC in which a fruit logistienter was supplied of fruit by different storirenters on
demand during the non-harvesting season. The destenature of the FSC described by Nadal-Roig and
Pla (2015) is common in modern FSCs, although thersa taking part may vary. Therefore, as problems
and needs in terms of modelling can be differdighsvariations in the structure can be founditerhture.
For instance, Canavari et al. (2010), emphasizeddle of producers and considered three diffeFSTs
(1) where a producer sends the fruit to a smailetwho selects their suppliers on the basisefarice (2)
where a producer sends the fruit to large retadads(3) called “ho.re.ca” by the authors wherepitaglucer
sends the fruit to driving actors such as hotestaurants and catering companies. Similarly, Srgeaand
Routray (2012) modeled the FSCs in Thailand astaank of five different FSCs linked by the producer
who established a percentage of production acogrdirthe final consumer (local market, local cdites,
cooperatives, assemblers and export agents). Arelift approach was presented by Zang and Fu (2010)
who presented four different FSCs designs existinGhina (worldwide 1st fruit producer) with diffemt
characteristics, stakeholders and limitations.tidl revised FSCs had different emphasis in sonteopéne

design or in one or several components, theref@eetare some specificities not shared between.them

2.3 Fresh fruit Supply chains, supply chain planning ad modeling approaches

A summarized overview of the twenty-eight reviseghgrs is presented in Table 2.1 including a brief

description and the goals to achieve for each one.
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Table 2.1 Summary of all the revised papers dealing widslirFSC

Author

Description of the research

Willis and Halon
(1976)

A mathematical model based on dynamic programmumggh optimizes th
resources needed in the apples fields. Furtherrtfseenodel plans the kir
of variety to plant on the farm

Starbird (1988)

A dynamic programming model to sequence the loadingtorage facilitie
at an apple packing plant.

Maia (1997)

A mixed integer linear programming model to supplouit preservatior
planning.

Broekmeulen (1998

A mixed integer linear programming model to imprdle effectiveness (¢
the operations of a distribution center for fruaisd vegetables. The mog
)seeks the optimal production planning for the atmmn and storage
tactical level. To verify the correctness of thed®lp a one year simulation
performed.

1174

d

U

Il

of

at
is

Gigleret al. (2002)

A dynamic programming model to optimizei apains.

Hester and Cacho
(2003)

A dynamic simulation model representing bio-ecormafiaracteristics of 3
orchard. The evaluation of different alternativisves the user to identif]
the management strategy maximizing the net presdoé over a period (¢
15 years.

Vitoriano et al.
(2003)

Two mathematical formulations are presented to ptahorganize the inpu
necessary for crop production in a certain timezuoor. Discrete time an
continuous time approaches are compared.

Blancoet al. (2005)

A planning model to maximize the profit of an appled pears packagif
plant. The costs considered are the raw materi@hgse, storage and lak
costs. Income is calculated from different sellimgces according to th
varieties of fruit.

9

Caixeta-Filho
(2006)

A linear programming model to manage orange orch#&mdmaximize th
total profit. A fractional decision variable to regent the part of the oran
grove to be harvested each time period. Qualitysoness to determine tf
suitability for fresh consumption or to the juicelustry is balanced.

Ortmannet al.
(2006)

Two models (a graph theoretical model of a singkdpct and
mathematical programming model with multiple pragyi¢o determine th
maximum weekly flow or yield fresh fruit through ethnational expot
infrastructure in South Africa are introduced.

Masiniet al.(2007)

An extension of the model presented by Mastral. (2003). It combines th
optimal production of fresh fruit and juice conaat¢ introducing a penal
for unmet demand of customers.

Ferreret al (2007)

A mixed integer linear programming for schedulingage harvestin
operations to wine production. The model takes mtoount the costs
harvesting, and loss of quality of the grapes tayd¢he harvesting an
processing.

Cittadiniet al
(2008)

A multi-objective model to plan the production afif. The model optimize
manpower utilization and maximizes fruit productidrhe model explore
the robustness of solutions against price variatfonusing on cherries.

n n

Bai et al. (2008)

A practical fresh produce inventory control andisipace allocation mod
was built and presented upon the situation as itbestby a UK retailer.

D

Van Der Vorstkt al.
(2009)

The authors propose an integrated approach tovegdsgics, sustainabilit
and food quality analysis by introducing a new datian environment
ALADIN ™. A case example of pineapple illustrates the benef its use
relating to speed and quality of integrated deoisi@aking.

Blackburn and
Scudder (2009)

A hybrid model to design a supply chain of peridbatvods, based g
optimizing the value of marginal product over tim&as developed. TH
model considers the changing value of perishalddgmver time that tenc
to decline according to quality deterioration.

s
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Arnaout and
Maatouk (2010)

This research presents a mixed integer linear progring for schedulin
grape harvesting operations to wine production. hearistics are applig
and compared to reduce the computational time.riibael is based on th
of Ferrer et al (2007) but adapted to be applicaburope.

o Q

at

Bohleet al.(2010)

Extension of a mixed integer linear programming eidd a stochastic or
in which the productivity of labor is an uncertgdarameter. The stug
analyzes how labor affects the quality and quawfitiyuit to harvest.

e
ly

Morande and
Maturana (2010)

A DSS aimed at allowing winemakers to make decssitke when to pich
grapes, allocates processing vats and wine preasdsimanage operatio

within the warehouse. The DSS was designed andlatali with the

assistance of winemakers in a collaborative rebearc

Amorim et al.
(2012)

Production and distribution of perishable foodsiategrated to optimize th
freshness of fruit based on minimizing stocks ofex raw material. Tw|
cases are compared depending on whether life’suptedare fixed o
variable.

e

= 0O

Yu et al.(2012)

This paper studies a food-industry vendor managermsentory systen
where a common replenishment policy is used to gltize inventories of
fast deteriorating raw material and a slow detating product. Ar

integrated model to obtain the total inventory datkerioration costs is give

in a closed form and an exact algorithm to find dipgimal solution of th
model is developed.

—

a
1
eN

D

Banaeiaret al.
(2012)

A nonparametric method, data envelopment analy3iA] was used t

study the technical efficiency of producers withaed to effective resour¢

allocation like energy utilization on greenhousawberry yield.

O

e

Ampatzidiset al.
(2013)

Use of queuing theory to analyze the performance fimd optimal resourc
allocation such as machinery and labor in a hawsesh fruit.

Catalaet al.(2013)

A strategic planning model to analyze investmentisiens in the frui
industry. Decisions variables are variety and dgnsi fruit to plant, anc
different scenarios related to types of financitanp over time.

Velychko (2014)

The development of integrated methods and a mddeleparing decision

in the logistics of fruit and vegetable servicingoperative is presented.

Possible alternatives and existing limitations eparate technologics
logistical and marketing business processes arerexp

[eXN7)]

1

Lambertet al.

Impact on the Persian lime supply chain of orchaedd and fruit quality

(2014) predictions.
Gonzélez-Arayat A mlxer(]j |r(1jteg'er'lmear pr'ogre_lmmlhng model to fsupppxhﬂnnlné:; deglsmns _|
al. (2015) an orchard, aiming to minimize the amount of resesirused and ensuri

the production of fruit with highest quality.

Nadal-Roig and Pla
(2015)

A linear programming model for planning daily trpogt of fruit from

warehouses to processing plants is presented, @itaiminimize transpor

costs.

2.3.1 Decision Level

The classification of the revised papers accortinidpe decision level is presented in Table 2.2itAs
shown, there are six papers dealing with stratdgaisions, nineteen related to tactical decisiors aso
fourteen at the operational level. While fifteerppes are devoted to one specific decision leveletlare
twelve papers that combine decisions at differemels like strategic-tactical or tactical-operasibrMost of

the strategic decisions consider the optimal mixafeties to plant and how to replace them oveeti

These studies where presented as an analysis iofvistment project in fruit production.
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Table 2.2 Decision levels for the papers analyzed

Decision level
Strategical Tactical Operational
Willis and Halon (1976) X X
Starbird (1988) X
Maia (1997) X
Broekmeulen (1998) X
Gigleret al. (2002) X
Hester and Cacho (2003) X
Vitoriano et al. (2003) X
Blancoet al.(2005) X
Caixeta-Filho (2006)
Ortmannet al. (2006) X
Ferreret al. (2007)
Masiniet al.(2007)
Cittadini et al.(2008) X
Bai et al.(2008) X
Van Der Vorsiet al.(2009) X
Blackburn and Scudder (2009)
Arnaout and Maatouk (2010)
Bohleet al.(2010)
Morande and Maturana (2010)
Amorimet al.(2012)
Yu et al (2012)
Banaeiaret al (2012) X
Ampatzidiset al. (2013)
Cataléet al (2013) X
Velychko (2014)
Lambertet al.(2014)
Gonzélez-Arayat al.(2015)

Nadal-Roig and Pla (2015) X

Author

><><><><><><

x XXX x

X X x

2.3.2 Analytical modeling approach
There is a variety of mathematical approaches tsedodel and solve decision problems related to

revised fresh FSC. Table 2.3 displays the acronymd corresponding meaning of the different
mathematical modeling approaches considered ferdview.

Table 2.3.-Nomenclature used to classify the papers accortliegnodeling approach

Notation Modeling Approach
ILP Linear programming
Mixed integer/Integer linear programming
NLP Non-linear programming
MOLP Multi-objective linear programming
SM Simulation models
DP Dynamic Programming
SP Stochastic optimisation
HEU Heuristics algorithms and metaheuristics
HYB Hybridmodels
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Table 4 is composed using the acronyms introducehble 2.3. As shown in Table 2.4, most of the
papers preferred linear programming as modelinignigcie. From twenty-eight papers, sixteen are orexu
in this category being the larger. This is dueht® ability of ILP to model and solve real-life iagtes. The
rest of papers used other methodologies less poputha three, two or one representatives. Also, tmos
papers employed just one method and it was stramged more than one method in a paper. Only, teigh
papers combined different methodologies eitheotogare them (Vitorianet al.,2003) or as an alternative
to an unsuitable first approach to the problemr@reat al.,2007; Arnaout and Maatoukw, 2010; Bolete
al., 2010) or just to refine and complement first ajpiees (Broekmeulen,1998; Hester and Cacho, 2003;
Bai et al. 2008). Special mention deserves the hybrid approatambert and al. (2014), who developed an
expert system for predicting orchard yield andtfoquiality of Persian lime making use of fuzzy ladiater

on they develop a simulation model to see the impac¢he Persian lime supply chain.

Table 2.4.-Modelling approaches used by the analyzed papers

Author Modeling approach of the reviewed works
ILP NLP MOLP SM SP DP HEU HYB

Willis and Halon (1976) X

Starbird (1988) X

Maia (1997)

Broekmeulen (1998)

Gigleret al. (2002) X

Hester and Cacho (2003) X X

Vitoriano et al. (2003)

Blanco et al. (2005)

Caixeta-Filho (2006)

Ortmannet al (2006)

Masiniet al (2007)

Ferreret al (2007)

Cittadiniet al. (2008) X

Bai et al (2008) X X

Van der Vorset al. (2009) X

Blackburn and Scudder (2009) X

Arnaout and Maatouk (2010) X X

Bohleet al.(2010) X X

Morande and Maturana (2010) X

Amorimet al (2012) X

Yu et al.(2012) X

Banaeiaret al (2012)

Ampatzidiset al.(2013)

Cataléet al (2013)

Velychko (2014)

Lambertet al. (2014) X X

Gonzalez-Arayat al. (2015) X

Nadal-Roig and Pl1a(2015) X

X><
X

><><><><><><

x X X

2.3.3 Purpose
Depending on the FSC different production process®g be involved. In this section we pay attention
to the coverage of the different stages involvedhim proposed PSC models. The decision variabkes ar

taken into account to verify the stages considerletg the production process of the PSC. For such
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purpose, we identified four types of decision Malea related to: Planting (i.e. decisions on fiaid
variety), Production (i.e. decisions on productfanning and scheduling), Harvesting (i.e. decision
harvesting means and season), Distribution (i.€sibs on transport) and inventory (i.e. decisiariables
associated with the inventories in different stgnolaces and systems). As seen in Table 2.5, aypiapers
considered in decreasing order decision variabts®cated to production, distribution and harvestin
respectively. Regarding the variables associatéld wventory and sowing, the number of studieessér.
However, seventeen of the papers presented a catidninof decision variables, and only eleven papers

focus on optimizing a single production stage.

Table 2.5 Classification according the decision variablesmsidered

Production stages or decision variables related to

Planting Harvesting Production Distribution Invemto

Willis and Halon (1976) X X
Starbird (1988) X
Maia (1997) X X
Broekmeulen (1998) X
Gigleret al.(2002) X
Hester and Cacho (2003) X X X
Vitoriano et al.(2003) X X
Blancoet al.(2005) X
Caixeta-Filho (2006) X X

X

X

Author

Ortmannet al.(2006)

Masiniet al.(2007)

Ferreret al.(2007) X

Cittadiniet al. (2008) X X X
Bai et al.(2008)

Van Der Vorstet al (2009)

Blackburn and Scudder (2009) X
Arnaout and Maatouk (2010)
Bohleet al.(2010)

Morande and Maturana (2010)
Amorimet al.(2012) X X

Yu et al.(2012) X
Banaeiaret al.(2012) X

Ampatzidiset al.(2013) X

Catalaet al. (2013) X X

Velychko (2014)

Lambertet al.(2014)

Gonzélez-Arayat al.(2015) X
Nadal-Roig and Pla(2015) X X

XX x %

X % X

X x
>

Regarding the coverage of the fruit supply chdiere are two remarkable papers: Masinal. (2007)
and Cittadiniet al. (2008). The former integrated production, inventand distribution decisions. The latter

considered decisions regarding growing, harvestimyproduction.
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The objective function in most of the papers cdesdisn maximize the profit, net revenue or net neés
value. Fewer papers considered the minimizatiooosts (Starbird, 1988; Yet al. 2012; Velychko, 2014,
Gonzalez-Arayeet al. 2015). However, when calculating the income alnadsthe papers used constant
prices ignoring variations over time in the markétis procedure is useful to compare differentratigves
in the long term, but may reduce the applicabilitythe short or medium term. Only Broekmeulen (1998

simulated different scenarios of prices to testnmislel.

2.3.4 Practical application

Although there were three papers emphasizing madebr resolution aspects by using numerical
examples, all the rest were either based on resscar case studies. Even though, not all of theme w
applied in a later stage. An important aspect facpcal applications is the availability of realtd and the
collaboration with the sector. It is important tsadose whether the modeling approach presentdben
revised papers relies on practical or theoretiedh.dBesides the practical applicability, Table &igplays
also the type of fruit and the country where thgjqot is developed.

Table 2.6 Applicability of the revised paper

Data Other traits

Author gz;le ;333 Crops Fruit Country
Willis and Halon (1976) X Fruit Apple us
Starbird (1988) X Fruit Apple usS
Maia (1997) X Fruit Banana Brazil
Broekmeulen (1998) X Fruit - Netherlands
Gigleret al. (2002) X Fruit Banana Netherlands
Hester and Cacho (2003) X Fruit Apple Australia
Vitoriano et al. (2003) X Grape Grape Spain
Blancoet al. (2005) X Fruit  Apple - Pear  Argentina
Caixeta-Filho (2006) X Citrus Orange Brazil
Ortmannet al (2006) X Fruit - South Africa
Masiniet al. (2007) X Fruit Apple - Pear  Argentina
Ferreret al (2007) X Grape Grape Chile
Cittadiniet al (2008) X Fruit Cherry Argentina
Bai et al. (2008) - - Fruit - UK
Vander Vorst (2009) X Fruit Pineapple  Netherlands
Blackburn and Scudder (2009) X Fruit Melon us
Arnaout and Maatoukw (2010) X Grape Grape Lebanon
Bohleet al.(2010) X Grape Grape Chile
Morande and Maturana (2010) X Grape Grape Chile
Amorim et al. (2012) X Fruit - Portugal
Yu et al. (2012) - - Fruit - China
Banaeiaret al. (2012) X Fruit  Strawberries Iran
Ampatzidiset al.(2013) X Grape Grape us
Catalaet al. (2013) X Fruit Apple - Pear  Argentina
Velychko (2014) - - Fruit - Ukraine
Lambertet al. (2014) - X Fruit  Persian lime Mexico
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Gonzélez-Arayat al. (2015) X Fruit Apple Chile
Nadal-Roig and Pla (2015) X Fruit  Apple - Pear Spain

Only five papers (see Table 2.6) included a casdysbased on existing databases to test the proper
operation of corresponding proposed model (Broekemeu998; Gigleet al.,2002; Van Der Vorset al.,
2009; Amorimet al.,2012; Lamberet al.,2014). The rest of the papers just described pipécation to real

cases.

2.3.5 Novelty
The novelty associated with each of the papersadsamted in Table 2.7 that illustrates roughly hiogv
interest of the fruit industry has been evolvingiotime.

Table 2.7.Novelty associated with revised papers

Model Novelty in research
One of the first attempts to optimize processesdated
Willis and Halon (1976) with agricultural supply chain, particularly in dpp
production.
Use of dynamic programming to sequence the loading
Starbird (1988) storage facilities considering quality deterioratim apple
fruit.

Similar objective than Starbird to plan facilitiés better
preserve fresh fruits, but different approach.

An analysis of results from a planning model inesh fruit
Broekmeulen (1998) storage center. Results are verified with a sinator a
year of operation.

General approach to agri chains illustrated witbase of
bananas

Bio- economic approach to analyze production plaihan
apple orchard.

Discussion about the suitability of discrete or tqwmous
time models for fresh fruit production optimization
Versatility of a model that can be oriented eitteesales or
to production.

Consideration of biological aspect of growing orsgto
Caixeta-Filho (2006) ensure the quality of the concentrated orange jiricthe
industry.

A comprehensive analysis of the maximum flow ofskre
fruit in South Africa.

Introduction of a penalty to not meet the demandhef
Masiniet al. (2007) customers and a modeling of the entire Apple andr pe
supply chain for juice.

Consideration of a penalty associated with the loks
quality by a lack or excess of the grape ripeness.

Maia (1997)

Gigleret al. (2002)
Hester and Cacho (2003)
Vitoriano et al. (2003)

Blancoet al. (2005)

Ortmannet al. (2006)

Ferreret al (2007)

Cittadini et al. (2008) Consideration of variations in the saleisgof fruits.
Effort to propose an efficient algorithm to solveet
Bai et al. (2008) inventory problem considering the allocation of sfie

produce to shelf space.

Redesign of food supply chains when logistic uraieties
regarding product quality and sustainability arelace.
Blackburn. and Scudder (2009 se (_)f the margin_al value of a perishable fruit tipaality
eteriorates over time.

Arnaout And Maatouk (2010) The contribution ofstiiesearch is the comparison of two

Van der Vorst (2009)
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heuristics to decrease the computational time o th
execution of the model presented by Feeteal. (2007).
Strengthening the model by Feredral. (2007), considering
Bohleet al (2010) a couple of parameters under uncertainty, and aadlye
behavior of the model.
DSS for the management of the grape, and subseque
rocess of using this in winemaking.
Consideration of the freshness of fruit, to minienithe
stocks of facilities.
Explicit consideration of the deterioration of [@ables in
the inventory supply chain model for a retailer
Attempt to identify sources of inefficiency for grehouse
strawberry production with emphasis on energy.
Operational planning for fruit harvesting optimigithe use
of inputs.
Strategic decisions on which trees to plant in edfito
optimize the net present value of the investment.
General approach to a distribution logistic problana fruit
and vegetable cooperative.
Use of an expert system to predict yield and quadit
Persian lime.
Use of an optimization model for supporting harvest
Gonzélez-Arayat al. (2015) planning decisions in orchards, aiming to minimize
resources costs and loss of fruit quality cost.
Operational optimization for reducing daily truckips,
aiming to supply fruit from warehouses to procegglants

Morande and Maturana (2010
Amorim et al. (2012)

Yu et al. (2012)

Banaeiaret al. (2012)
Ampatzidiset al. (2013)
Catalaet al. (2013)

Velychko (2014)

Lambertet al. (2014)

Nadal-Roig and Pla(2015)

2.3.6 Research segmentation by journal

Research projects dealing with decisional problanfsesh fruit supply chains produce papers usually
published in OR journals. Then, the fruit charast®ms may not be of much concern as the main tilbgec
of OR journals rely on the method excellence. Gndther hand, there is very less interest in Aducal
journals to address decision making issues as fonlly papers where published in such journals. kchsu
scenario, the chances of theory development, spaityf for fresh FSC had been very less (Shukla and
Jharkharia, 2013).

Model Journal Type
Willis and Halon (1976) Canadian Journal of Agrtauhl Economics AGR
Starbird (1988) Journal of the Operational Rese&atiety OR
Maia (1997) International Journal of Production BEmmics OR
Broekmeulen (1998) International Transactions ir@ponal Research OR
Gigleret al (2002) European Journal of Operational Research R O
Hester and Cacho (2003) Agricultural Systems AGR
Vitoriano et al. (2003) European Journal of Operational Research OR
Blancoet al.(2005) International Journal of Food Engineering NG
Caixeta-Filho (2006) Journal of the Operationaldesh Society OR
Ortmannet al. (2006) Orion ENG
Masiniet al. (2007) Springer Book
Ferrer ¢al (2007) International Journal of Production Econsmi OR
Cittadini et al. (2008) Agricultural systems AGR
Bai et al. (2008) Journal of the Operational Research Society OR
Vander Vorst (2009) International Journal of PrdtutResearch OR
Blackburn. and Scudder (2009roduction and Operations Management OR
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Arnaout and Maatouk (2010) International Transagiin Operational Research OR
Bohleet al. (2010) European Journal of Operational Research OR
Morande and Maturana (2010) Revista ICHIO OR
Amorim et al. (2012) International Journal of Production Econgsmi OR

Yu et al. (2012) International Journal of Production Econgsmi OR
Banaeiaret al. (2012) Energy Efficiency ENG
Ampatzidiset al. (2013) Biosystems Engineering ENG
Catalaet al. (2013) Agricultural Systems AGR
Velychko (2014) Business: theory and practice ENG
Lambertet al. (2014) Engineering applications of artificialefiigence ENG
Gonzélez-Arayat al (2015)  Springer Book
Nadal-Roig and Pla(2015) Springer Book

On the other hand, if we pay attention to the yegoublication, clearly, the interest in fresh F&C
rather recent. There is a scarce number of refeseuit most of them have been published this peand
more than a half in less than ten years ago. Homvélre increment in references is expected to asge
even more in the following years by two main reasamanges in the diet leading to a higher consiampt
of fruit and vegetables (Reynolés al. 2014) and the increasing competition of the septinting to OR
methods as a way to cope the uncertainties offlextSC (Van der Vorgt al, 2009, Plzt al, 2014).

2.4 Other OR models related to fresh FSC

Major characteristics of other OR models relateffésh FSC are listed and presented in Table 8. The
final product of the SCs considered in this sectonot a fresh fruit. These papers are devotgudoessed
fruits (twelve papers) or vegetables (six papdvg), of them covering both products at a time. Mafdhese
models are concerned in good quality managemenpaottlict freshness to get optimal products. Preckss
fruits differ from fresh fruits in the last stagétbe chain, but they share the production, haiwvgsstoring

and transportation of the raw material.

Table 2.8.Characteristics of Process Oriented Models

Authors Decisions De_<:|5|on Participants Modeling Product Country
level  Variables approach
Shuster and Allen (1998) (0] P-I P-PP ILP Wine us
Munhoz and Morabito (2001) 0] P-D-I P-PP-D-S MOLP afyge-juice  Brazil
Leven and Segerstedt (2004) T P S HEU Froz_en us
Berries

Kolympiris et al. (2006) T-O P PP ILP Wine us
Cholette (2007) T-O D PP-D ILP Wine us
Munhoz and Morabito (2010) T-O H-P P-PP ILP Orapgee Brazil
Parthanadee and Canned .
Buddhakulsomsiri (2010) o P PP SM Pineapple Thailand
Van der Merweet al (2011) (0] H-P P-PP-S  ILP-HEU Wine :fcr)ilétg
Ronget al (2011) T-O P-D PP-D ILP Peppers Denmark
Ahumada and Villalobos (2011a) 0] H-P P-PP ILP Tamat US
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Ahumada and Villalobos (2011b) T S-P-D P-PP-D ILP omato us
Ahumada and Villalobos (2012) T S-P-D P-PP-D SP diom us
Tan and Comden (2012) s H-P P-PP-D NLP VZ;”;ZSES Turkey
Teimouryet al. (2013) s o) D SM - DP VZ;“;ZSES Iran
Munhoz and Morabito (2013) T-O H-P P-PP SP Orangeej Brazil
Munhoz and Morabito (2014) T-O H-P P-PP ILP Orapgee  Brazil

Decision Level Strategical=S, Tactical=T, Operational=0.Decision Variables Sowing=S,
Harvesting=H, Production =P, Distribution=D, OtheO. Participants Producer=P, Process Plant=PP,

Storage= S, Distributor=DModeling Approach Classification according to Table 4.

Among the sixteen papers listed in Table 2.8, Bmmtwere focused on tactical and/or operational
decisions and only two analyzed strategic issuegaRling the decision variables, only eleven papers
analyzed production or production plus another ggeavhile seven included decisions on distributiod
five in harvesting. Few papers considered the whe#€ but most of them included the producers or
processing plants. Only Teimouey al. (2013) focused on the last stage of the chairriligion at national
level to support agricultural policy decisions, amto analyze the interactions of price, demard supply,
for applying the best import quota policy. With pest to mathematical methods (coded according bieTa
2.3), pure or mixed linear programming models a&eerhost common followed by stochastic programming
models. Other methodologies were multi-objectiveedir programming and simulation. Finally the stsidie
presented were developed mainly in USA and Brdm&lng the rest testimonials of other countries. The
products concerned were orange juice, grape foe womato, canned pineapple, peppers, and banana.

Cholette (2007) formulated a mixed ILP model tophehatch transports between wineries and
distributors. Parthanadee and Buddhakulsomsiri RGdeveloped a simulation model to solve a real
scheduling problem. They model the system accogriin dimensions shared by many fresh FSC like
uncertainty in raw material, multiple types of §hed products and the share of the same resources.
However, they fit the model for the canned pineapptustry, a final product that does not correspina
fresh fruit product. The paper of Romg al. (2011) focused on the management of fresh fooditgqua
modelling quality degradation. The authors gaveeaegal approach to fresh food and the problem of
preserving the quality as happens with fresh fiuit, they select bell peppers as illustrative cdsdy. Tan
and Comden (2012) made an important contributioshtmv the benefit of considering uncertainties when
planning production of annual plants. In particatay consider random demand and supply (yield.risk

Six papers composed two series of three papersa@abtie same authors devoted to a particular crop.
Ahumada and Villalobos (2011a, 2011b, 2012) focusetbmatoes and Munhoz and Morabito (2001, 2010,
2013, 2014) on orange juice production. It is im@ot to highlight the contribution of Ahumada and
Villalobos (2011a, 2011b, 2012) formulated an openal planning, a tactical planning, and a rolastical
planning model for tomato ranging from cultivatiem production and distribution. They accounted for
variations in cultivation and productivity ratesulhoz and Morabito (2001, 2010, 2013, 2014) intdride
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optimize the orange supply chain, taking orangesaas material for producing different juice related
products. The first paper analyzed the operatiplaaining, the second one presented a model of gajigre
production planning, and the third and fourth omeesented a robust optimization of an aggregated
planning, giving robustness indices of fruit ripgi In these investigations the harvesting of oeangith a
prestated maturity degree was of great importaocéhe production of juice. A good conversion cdrages

into juice is related to a good quality of the fnwhich depends on the control of optimal maturatiaices.

2.5 Perishable or fresh food supply chains other thafresh FSC

Along the revision process, we had found paper$irdpaith other agricultural supply chains (ASC)t i
the scope of the present review. However, we judgednterest of papers including optimization med#
other perishable or fresh food supply chains whére modelling technique, the relevance or the
meaningfulness in the context of our review is lgasansferable to the fresh FSC industry. Foranse, a
similar SC to fresh FSC is that related with flaftare as it deals with a cultivated and perishaisteduct.
For example, Caixeta-Filhet al. (2002), Rantala (2004) and Widodbal. (2006) are papers interested in
the optimization of the supply chain managemeritaviers. Thus, they considered harvesting, distidou
and inventory management. The agricultural natuk the perishable aspect of flowers are commotstrai
also present in fresh fruits. Furthermore, presgrthe quality and durability of these products ttile
moment they are purchased by the final costumaiss of interest for SC managers.

Other papers dealing with different agriculturapgly chains sharing similar characteristics with
fresh fruits are presented in Table 2.9. Hsaal. (2010), explored outsourcing to reduce logististsmf
SC, but they found the relationship between levefisoutsourcing, performance and supply chain
characteristics is complex. Cai and Zhou (2014) Agdstinaet al (2014) considered the transport of food
products while Tsao (2014) focused on non linedinopation appliend in fresh food supply chain desi
Ketzenberget al (2015) considered the management of sustainaide Bupply chain and transport

alternatives to reduce greenhouse gas (GHG) emsssio

Table 2.9.0ther papers related to ASC

Paper Problem Product
Arbib et al. (1999) Scheduling Perishable
Higginset al. (2007) Value chain Sugar cane
Dabbeneet al. (2008) Supply chain Fresh-food
Hsiaoet al (2010) Outsourcing Food
Haddad and Shahwan (2012) Risk Crops
Moccia (2013) Planning Wine

Tsao (2013) Designing SC Perishable
Cai and Zhou (2014) Inventory Fresh food
Agustinaet al. (2014) Routing Food
Ketzenberget al (2015) Management Perishable
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There are reviews more focused on a product likediéo(2013) who presented a survey of researches
related to wine production, because of that he ialsloded several studies on grape production lweyes
linked with the main interest of his review. Altlghugrape production techniques for wine are diffefeom
that for table grapes, many considerations of thpeps revised by Moccia (2013) are shared by both

productions.

2.6 Perspectives of OR in FSC management

New models and tools for improving farming, harirggtand production plans along the FSC are
required because the intrinsic characteristicsre$hf fruits industry have not yet been handled gnlgp
(Soysalet al. 2012). The SC in the agri-food industry in genenad in the fresh fruit sector in particular is
characterized by long supply lead times combineith wignificant supply and demand uncertainties, and
relatively thin margins. According to Lowe and HFelc (2004), these challenges generate a need for
management efficiency and the use of modern decisiohnology tools. Moreover, fresh FSC requires a
new generation of decision models in which newaldes like quality deterioration or wastage shdudd
integrated (Ronget al., 2011; Ketzenbergt al., 2015) and new decisions like outsourcing actigitiz
considered (Hsiaet al., 2010). Most of the perspectives of OR in FSC mansnt were pointed out for
ASC by Plaet al. (2014) and are also valid for fresh FSC. Henceratpponal research in large FSC can
make important new contributions at middle managenevels to: optimization of production planning;
scheduling; and logistics across a large integratddstry, and the optimal exploitation of an iragimgly
sophisticated business environment. Specificatly developing competitive and sustainable FSC,abau
of critical issues need to be tackled in order reate added value for all the involved stakeholdeth
respect to: (i) the definition of key performancelicators of the unique characteristics of fresiC Fgat
differentiate them from traditional SC networks) (he decisions that should be made on the si@teg
operational and tactical levels under differentelisions, e.g. efficiency, quality, safety, etd) {he policies
which are required to ensure traceability and sushdlity of the fresh FSC, (iv) the appropriateavative
interventions to foster radical advances and comngEtess within the changing FSC context (Tsolaikis
al., 2014), and (v) the promotion of consumer cultareninage risk and dissemination of standards across
FSC actors (Manzini and Accorsi, 2013).

Because of product proliferation, fresh FSC fagmificant inventory and fruit-variety management
challenges (Lowe and Preckel, 2004). The increasgcaje and integration of supply and demand chains
creates a need for optimization across a numbeprefiously autonomous businesses, which may be
operating in different regulatory environments. Hoer, there is a lack of holistic approaches ferdasign
and management of ASCs. This research gap is evem evident in the case of perishable goods arsth fre
FSC. The growing scale of the fruit industry togetlwith increasing opportunities or responsibiditier
traceable, environmental, and ethical goods mehat grimary producer decisions form part of overall
decision making. A development in this field is #raergence of modelling framewaorks that includesting

and accepted decision models, such as optimal $tasebeduling and logistical discrete-event simotet
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and optimal process scheduling enhancing the stiglalf developed models (Higginst al, 2007, Shukla
and Jharkharia, 2013).

Regulation, social responsibility and consumer @salucreate a more complex business planning
environment. There are new dimensions contributingdifferentiate new products like Genetically Mibelil
Organisms (GMOs) or production of organic fruitwé&mited at present. Specific data relating to ¢x¢éent

of organic fruits or on-farm processing of fruit &ale to consumers through catering or retaibdéistanents

is currently unavailable. However, few models tha¢ found in the literature address these chalkenge
roughly as Ahumada and Villalobos (2009) mention&dother remarkable trend is the convergence of
sustainability and supply and demand chains, engihgghe growing importance of environmental issue
when managing an entire supply chain involving comsrs, production, customer service, and tracégbili
(Linton et al 2007). Sustainability is controversial since inggional trade can now be economically
achieved for a large number of fresh fruits raiggngen-house gas emissions and waste managemsgg.iss
At the same time, increasing global competitioratae pressure for lower prices. So, efficient manant

of the transportation, distribution, and inventongnagement of fresh fruit, is essential to profitigband
provides additional research opportunities. Butsabgt al. (2012) claimed for taking from practice specific
sustainable requirements into consideration to eugdpusiness decisions and capture fresh FSC dysami
Hence, research efforts should focus more on thégeoation of sustainable fresh FSC networks (dkisl

et al, 2014; Eskandarpoet al.,2015).

Climate adaptation and food security are two megeearch frontiers for the OR community but with a
limited impact on fruit production at the momenhefe are issues with changes in water availalaility its
seasonal variability, extreme weather events, Mglof processing infrastructure in the case afueed
production, changes in crop maturity and time wimsl@f harvest and competition with other land u3es.
this respect, uncertainty and risk should also bteb considered in FSC. Just considering the water
availability aspects, Haddad and Shahwan (2012 sivo optimization modelling approach to agricultura
production under financial risk of water constraint

New information technologies (precision agricultugbobal-positioning-system, etc.) in conjunction
with inexpensive computers and sensor technologyldhallow FSC managers to monitor yields and so
develop detailed and more precise production plaasesult, the coordination between different sgagan
be strengthened raising the efficiency of the enkSC. There is a challenge with the development of
integrated planning models capable of capturing datupdating parameters from such informationesyst

and permitting an easy adoption by managers (Giaesme and Ngai, 2004; Lehmaanal.,2012).

2.7 Conclusions

In this paper we have revised the optimization nwdte solve decision problems related to fresh
FSCs. It is an attempt to gain a better understgnoli the OR methods used in the revised paperarapiby
independent and oriented towards problem solvitigerathan theory developing. Although there are esom

reviews done by previous researchers regarding AB@ee is no review focused on fresh FSCs. We have
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stated the rapid growth and technification of thetar in the last years to satisfy the increasiamahnd,
regulations and competiveness present in the se&toa consequence, the number of papers published
this last years has been growing. Despite of fhig,papers are focused in SCs structures and iheréack
of holistic approaches for the design and manageofdresh FSC.

Among the papers revised, most of them were focuséalctical and operational decisions and less
considered strategic decisions. In particular,gteblems attracting more attention were transporiting,
planning and allocation problems involving the proabn and distribution stages. Regarding modeling
techniques and mathematical methods, linear pragiag) integer or mixed integer are the most dontinan
methods. Other techniques are not so used andaitcinsequence of the novelty of the proposaldher t
solvers available. Although the common objectivahaf papers were the maximization of the benefily o
cost function was described in detail and incoms walculated from averaged prices considering rigugh
uncertainty in sale prices over time. Most of thpgrs were based in real cases and became reiabtippk
tailored to particularities of specific fresh FSCs.

Finally, we also extend and reinforce the work dbperevious authors in regard to the perspective
of OR in agri-fruit industry pointing out new oppanities. For instance, the challenge of dealinthwi
organic fruit production, or proposing sustainafilesh FSCs, climate adaptation, food security and
seasonability’s issues. At methodological leved ithtegration of complementary methods like optatian
and simulation, or changing the perspective framoaocriterion to a multicriteria approach relatedriulti-
echelon FSC.
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Abstract

This research paper presents optimization modeds deal with three kinds of related decisions in
horticulture, which are purchasing, transporting atoring fresh produce. The study is intendedstsain
decision making in a fresh apple processing plamrder to ensure its annual supply. First, a figsiduce
purchasing model is proposed to minimize purchasogfs, producer administration costs and costs for
transport to the classification center while takingp consideration the fresh produce offered bghea
producer, storage capacity and the type of stofagéhe fruit. These parameters will aid in selegtthe
producers providing the best price-storage timédse combination for the purchase. Second, a fresh
produce storage model is proposed for minimizing ¢bst of storage and transport to the classifinati
center (located in the actual processing plantefeh fresh product purchased. Finally, a thirdgrated
model is proposed to give a joint solution to pasihg, transporting and storing the fresh prodiite
models are applied in a real case study in an afgidgdration plant in the Maule region of Chile,endn
average savings were obtained of about 8% withesto the real costs of purchasing, storing and

transporting the fresh produce during the procgssériod.

Keywords. Fresh produce purchase; fresh producerage; mixed integer linear programming; tactical

planning; agricultural supply chain.
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3.1. Introduction

During 2010, Chilean horticulture product expontse to US$ 700 million of which dehydrated
products represent 36% (Chilealimentos, 2010).Chiéeean dehydrated product exports have grown hapid
over the last three decades, increasing from appedgly US$ 20 million and 13 thousand tonnes shipp
at the beginning of the 80s to more than US$ 28llomiand 122 thousand tonnes shipped in 2010 With
of the total corresponding to dehydrated applesié@imentos, 2010). Chile has the largest expofts
dehydrated apples in the world (2016) totaling 33cH total world exports (Redagricola, 2016).

Eight of the country’s largest agro industry prapeg plants are found in the O’Higgins and Maule
regions located in the central zone of the courfdyer the last five years the annual demand foshfre
apples from these companies accounts for approglyn&6% of the production (INE, 2010) which has
remained constant at approximately 1 million tonbetsveen 2005 and 2010 (Oliva, 2011). This makes fo
strong competition in the purchase of fresh apates requires making quick decisions as well asrtan
for storage for later processing throughout the.yea

Choosing suppliers for the purchase of fresh applas important stage in the agro industrial syppl
chain in that it represents the main cost of tleelpction process (Oliva, 2011). Therefore, amomegdinect
costs in obtaining dehydrated apples, the freskeagpaw material for the process) represent 85%terials
5%, energy 5%, and labor the remaining 5%. Thesaes$ated to fresh apples include their purchaéofy
storage (25%) and transport (5%).

In the fruit dehydration industry the purchase anbsequent storage of an excellent fresh prodect ar
crucial to the supply chain since both activities eelated to obtaining a good final product andnemic
return (Oliva, 2011).

Figure 3.1 presents an outline of the main decisionolved in different stages of the agricultural

supply chain up to the production stage.

Harvest Purchase Transport Cold Storage Transport Processing

|
C

* Lease or build
cold storage

* Select cold
technology

* Plan opening
chambers

[
r
* Buving or
leasing the fleet
of trucks
* Plan load
assignments
* Plan fleet
charges

* Plan crops * Select raw

* Plan harvest material producers
* Plan agricultural

management

* Buving or leasing
the fleet of trucks

* Plan load
assignments

* Plan fleet charges

* Plan supply for
the processing
plant

* Generate
production plan

{ ! ! f f !

Figure 3.1.Decision map in agriculture supply chain (basedHmuyinset al.,2010)
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As shown in Figure 1 the relevant decisions inabsdcultural supply chain include harvest planning,
transportation, supplier selection, cold storadecsien, and production, as well as combinationshekse
decisions.

To support decisions at the harvest stage in tmture it is possible to find different optimimet
models for improving the coordination, planning am@dnagement of harvesting several horticulture
products among which can be mentioned Festeal. (2007), Arnaout and Maatouk (2010, Morande and
Maturana (2010), Bohlet al. (2010), Van der Merwe et al (2011) and Ampatzetisal (2013). All these
authors proposed optimization models for grape dsiing. In addition, other authors who developed
optimization models for horticulture products arétadini et al. (2008) who presented a model for cherry
harvest planning; Caixeta — Filho (2006) and Munhod Morabito (2013) who developed models for
orange harvest planning; Ahumada and Villalobos1120who proposed a tactical model for tomato
harvesting; Higgins and Laredo (2006) who preseatatbdel for sugar cane harvest; and Gonzéalez-Araya
et al. (2015) who developed an optimization model forlagmarvest planning. Among these researchers the
work of Ferreret al. (2007) and Gonzalez-Aray al. (2015), besides optimizing harvesting costs, séeks
reduce fruit loss due to not achieving the requiredlity when harvesting.

In agriculture supplier selection (farmers) is ofiche main concerns before and/or during the tsirve
season. The processing plants need to identifyuserd with high quality raw material when plannthg
purchase of fresh produce. In this way, it woulgbssible to reduce loss, to store the raw mattriahore
time and to obtain the best productivity rate dgifpmocessing. About this issue, Narasimeaiml. (2004)
and Chen and Li (2005) mention that a good longtteupply strategy can provide competitive advargage
to companies because it allows ensuring quality quhtity over time. For this reason Zutshi ande@re
(2009) state that the construction and managenfethieacustomer-supplier relationship is one of rien
pillars for the creation of a sustainable competitadvantage. However, according to Anojkuretal.
(2014) this supplier selection is complex and rezgiconsiderable time to construct stable relahiqss

Literature related to supplier selection has fodus®inly on selection methods where different
techniques have been used; among them are matbaempatogramming and multi criteria analysis
(Hammervoll, 2009). In supplier selection manyed are used to discriminate which ones are thst mo
appropriate among a set of suppliers. Some of thm riteria used are the following: quality, dely
time, price, manufacturing capacity, service, mamagnt, technology, research and development,
flexibility, reputation, relationship, risk, safetynd environment (Guneet al, 2009). Concerning this issue,
Anojkumar et al. (2014) indicate that it is necessary to deternsiimeple and logical selection criteria in
order to make efficient decisions in the shortesetpossible. A review of supplier selection methadth
emphasis on the classification criteria that isdusgn be found in Guneet al. (2009) and Terrazaet al.
(2009). Later, Chaét al (2013) did a review of 123 articles publishedamstn 2008 and 2012 regarding the
techniques proposed for supplier selection. In thisgew the authors identified that most articlessent
multi criteria models (59%), followed by mathematiprogramming models (26%), and finally, artificia
intelligence techniques (15%). On the other harichnzer et al. (2015) carried out a literature review of

supplier selection methods that incorporate sauidl environmental impact criteria into the evalatiTo
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the best of our knowledge, there is no mathematncadel that supports the selection of fresh frufipdiers
for the dehydration processing industry.

Regarding cold storage decisions, a line of rebeanccold chain management (CCM) has emerged
in the last few years and it involves planning, liempentation and control of the efficient and efifextflow
of perishable products using cold storage (Bogataal. 2005). For this kind of product an efficient
management of temperature conditions in all thenckimges will allow prolonging the quantity ancatity
of the product (Aung and Chang, 2014). Cold chaimiainly applied to the food industry involving
agricultural products. In this area, Blackburn aBdudder (2009) mentioned that choosing a good
refrigeration strategy for perishable foods incesatheir shelf-life and also their use at the drtie@ storage
period. Verdouwet al. (2010) pointed out the necessity for good storagedling with more controlled
conditions for fruit in order to prolong its shéfe.

Some operations research models for supportingidesi in cold chain management can be found in
the literature. For instance, Broekmeulen (1998)ppsed a mathematical programming model for
minimizing the loss of fruit quality when stored different types of cold storage. Wameg al. (2011)
presented a mixed linear mathematical programmindemto optimize super chill product planning with
different types of packaging and delivery times drder to improve product distribution through a
conventional cold chain. Rored al. (2011) proposed action plans in order to preséragh produce quality
in its production and distribution. These authamspnted a mathematical programming model whichstak
into account the degradation of quality in the dymghain. Aung and Chang (2014) developed a sirarat
model to determine the optimal temperature forghatble foods in cold storage in order to estimsteage
times for maintaining product quality. As well, teeare some researchers that aim to preserve #tieycpf
frozen fruit when it is inside the cold chamberstHis area it is possible to find articles byiRiét al. 1999,
McHugh and Senesi 2000, Raghal. 2007. In this literature review no research wasébfor supporting
decisions for allocating fresh produce in cold @@ considering different cold technologies.

With respect to transport decisions in agricultaréhorticulture, Eskiguret al. (2005) suggested an
integer linear programming mathematical model wrgohght to minimize transport costs associated with
satisfying various demand points from a procespiagt taking the distribution centers into consadien.
Kawamuraet al. (2006) presented a multiperiod linear programmingdel which sought to minimize
transport and storage costs for the finished proddsvald and Stirn (2008) proposed a routing mexdt
time windows for the distribution of perishable @so The model was used for planning the distriloutb
fresh vegetables where the perishable componemesepted a critical factor. Gormast al. (2010)
proposed a model that is a simplification of thedelgroposed by Eskiguet al. (2005) which was a mixed
integer linear formulation that minimized distrilmnt costs among distribution centers. In the findustry,
Nadal-Roig and Pla (2015) proposed a linear progriaim model to minimize the costs associated with
transporting fruit among various storage centeid adogistic distribution center but without takiimgo
consideration the fresh fruit purchase. Moreovegsé authors bring to light the degree of compjéarithe
coordination and planning among the different denisnakers for production, processing, storage and

distribution. Soto-Silveet al. (2016b) presented a mathematical model for planwiaily fresh produce

Wladimir Eduardo Soto Silva 47



Optimizing Fresh Food Logistics for Processing: Kgagion for a Large Chilean Apple Supply Chain

transport from different cold chambers to a procgsglant aiming to satisfy the plant demand fasfr
produce. These authors pointed out the relevanceaflinating chamber opening and closing accortiing
the refrigeration technology. Lamsatlal. (2016) presented an optimization model for pickipgperishable
products from the producers and delivering thenpitocessing plants in order to optimize the use of
transport (number of truck trips). This model i®fus$ in supply chains that have two main charastes:
there are multiple independent suppliers and tbdysrers have no storage capacity. The model wadsedpp
to three cases of producers of sugar cane, beete@dables, respectively. Bortoligi al. (2016) proposed
an optimization model for designing a perishabledfalistribution network to minimize operating costs
carbon footprint and delivery deadlines. This mosa$ applied to a company that provides six vasetif
fruit from Italian suppliers who need to distributeeir products to European retailers. Nakandslal.
(2016) proposed an optimization model for maintagnthe quality of perishable products while theg ar
being transported from producers to retailers;inisato minimize costs and to keep the product guali
above a determined standard.

From a general overview about models for supportiagsportation decisions, Mukt al. (2010)
presented research reviews where transport is @gtihin supply chains. These authors highlighted the
majority of the reviewed models minimized total tsoand that they were integer linear programming
models. However, they did claim that none of thedel® included the suppliers of raw material for
processing and they concluded that future studiesild integrate both tactical and operative denisio
models. In a later review of transportation modBligz-Madrofieret al. (2015) concluded that models that
integrate tactical decisions about production, gpant and route planning were still scarce. Aldwmyt
mentioned that transportation models applied tbaases were even more limited.

Catalaet al (2013) argue that in recent years there has lbeemcrease in the development of
optimization models for supporting supply chainnpli;mg, however, this increase has not been refleicte
the research on the agro industrial area. Thigrmsett is corroborated in various bibliographic egs on
models applied to the general supply chain (Lucad @hhajed, 2004) or to agro industry (Lowe and
Preckel, 2004; Weintraub and Romero, 2006; Ahunaaudi Villalobos, 2009; Audsley and Sandars, 2009;
Soto-Silvaet al., 2016a) that have mentioned the lack of researctnis area. In particular, the agro
industrial processing plants do not currently htaas that provide either for the selection of Frdsuit
suppliers or for assigning the fresh produce tortfost appropriate warehouses (Soto-Séval., 2016b).
Currently, these decisions are made accordingg@tiperience of the decision makers which oftedde¢a
system inefficiency (Oliva, 2011). For this reasoptimization models for assisting tactical deaisidor
buying, transporting and storing fresh produce whth purpose of minimizing the cost of these atitigiare
proposed in this study. These models have beerufated by mixed integer linear programming.

The first model is intended to improve selectingducers from whom to purchase the fresh fruit,
seeking to minimize costs for purchasing, produseministration, and fruit transportation. The saton
model will minimize the costs for storage and tgaortation of the fresh produce purchased from dréous
producers, assigning the cold chamber appropriatamaintaining the freshness of the fruit untilist

processed. The third model integrates the two miees in order to minimize all the costs at ondee T
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models have been developed for improving the lmgisif an apple supply chain in Chile. However sthe
models can be used for any kind of fruit and vegetaupply chains that have to consider their gmia
cold chambers before being processed so that gghgsiological characteristics do not deteriorateckiy
over time. The models were used in an actual casly snvolving the operation of a dehydrated apple
processing plant located in the Maule Region, Chile

In Section 2 the activities involved in the purchaand storage of fresh produce aimed at the
dehydration process in Chile are described. Ini&@@@ the mathematical models for the purchase and
storage of fresh produce are formulated, and a§ tine resulting integration of both. In Sectiorthe
results of the case study are presented showindatzeobtained from a dehydration company in thalMa
Region of Chile. Finally, Section 5 highlights tleedback from the Chilean company while in Sec@dhe

conclusions of the study are presented and suggssgiven for future research.
3.2. Supply chain for Chilean apples destined forehydration process.

Figure 3.2 is a diagram of the supply chain inwadvihe purchase, transportation and storage df fres
apples destined for processing plants in ChilesTdhiain is similar to that of other fruit and vexsé
products that are raw material for agro industrige Tiagram presents all of the actors involved tned
flows among them even though the last part of thairc that deals with dispatching the fruit from

warehouses to processing plants is not includexh abjective of this study.

Receiving Facilities
Cold Storage Facilities

Processing Plants

Figure 3.2.General structure of the supply chain for applesided for processing in Chile

Next, the interaction among the supply chain elamérigure 2) is briefly described. The harvest is
carried out by the producers who are generallyotishard owners. This harvest is collected in bihese
load capacity is approximately 0.380 tonnes. Thiegssing plant takes care of removing the bins fitoen
orchard and receiving them at the plant where thanent, accounting and checking the condition ef th
apples are done (Gonzalez-Arataal.,2014). Then, the fruit is placed in cold storagjther in refrigerated
chambers within the plant or in rented ones. lwigth pointing out that the decision to store thdtfin

refrigerated chambers within the plant or to sdnib irented ones is made by the processing plaoih up
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receiving the fruit. The purchase decisions areessary when there are different owners of the g)amtid
warehouses and orchards. This happens frequentheiChilean fruit supply chain. On the other hand,
the Spanish fruit supply chain, many plants and stbrage units belong to agriculture cooperat{naesny
producers that work together for processing theit)f These cooperatives manage their entire sughin
through a fruit logistic center belonging to theNa@al-Roig and Pla, 2015). In the Spanish casehall
agents operate under the same umbrella: the sedoadloperative of second order; whereas in Chilet f
supply chain agents operate with autonomy and merdu logistics, cold storage providers and praocgss
plants are commonly different companies. Then, fritw@ perspective of a processing plant, there are
operational issues to consider not present in pipeoach of Nadal-Roig and Pla (2015). For instanden

a plant purchases fruit from a producer, ther@mesadministration cost associated with techniatsvto

the orchards by the plant professionals and wighptocessing of purchase documents. Hence, purchase
decisions described in this paper do not fit tharsgh case.

The type of cold chamber in which the fruit hasb® kept must also be selected and the fruit is
divided up (segregated) according to the lengttinoé it is deemed it can be stored (short, mediurorg
term storage). This segregation is done accordimhysiological indexes that are controlled by doelity
control professionals in the receiving area ofglaat. Among the most used indicators are the adsgBeix,
pressure, starch index and physical damage. Fong®ga considering the fruit pressure, the lessky, ithe
longer the storage time will be; on the contrahg greater the fruit pressure, the shorter theageotime.
For the segregation it is also possible to usehtbtrical behavior of the fruit quality for eachoducer
assuming that it is unlikely that from one seasorihie next a producer will deliver fruit of a diféat
guality. In Chile a processing plant usually hadeanand of approximately 30,000 tonnes of fresh yred
available for purchase from about 250 producers woffier six varieties of fruit with 3 different duran
times (short, medium and long term).

Storage time depends on the type of cold chamlagrishused. Moreover, for all the stored fruit the
ripening process must be controlled by the refagen system (Nadal-Roig and Pla, 2015). A ware@ous
can have different types of refrigerated chambstgh as chambers with conventional refrigeration
technology (CR), where the temperature is contiabg means of a conventional thermostat which germi
keeping the fruit for about a 3-month period (shierim); chambers witfsmart Fresh(SF) technology
having the Smart Fresh phyto-regulator diffusiorstegn incorporated in them which minimizes the
synthesis of ethylene in the fruit respiration dgrstorage allowing the fruit to be kept for ab6unonths
(medium term); and chambers with controlled atmespiCA) technology where the concentrations of
oxygen, carbon dioxide and nitrogen are regulatedgawith the temperature and humidity, that i® th
chamber has a controlled climate allowing the froibe kept for a period of approximately 9 mor(bsg
term). Generally, the plants have more than onelnarse in order to have fruit available for process
throughout the year. In Chile it is possible todawly one type of fruit stored in a cold chambesree time
(Oliva, 2011). Of the national total 86% are cortiaral refrigeration chambers and 14% are contiolle
atmosphere chambers.

If a company does not have enough capacity for stddage, as occurs regularly, it must lease.
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Therefore, optimizing the fruit purchase leads raly to anticipating whether it will be necessaoyrent

cold chambers.

-~

Figure 3.3. Structure of a warehouse

Source: Based onww.frigopack.cl

A warehouse could have several cold chambers whigly also have different refrigeration
technologies. Figure 3.3 shows a possible conftguraf a warehouse with 4 cold chambers (1, 2n@ 4
in the figure). It is important to note that a caltamber can only store one kind of fruit varieecéuse of
the differences among fruit respiration rates (ripg rate) and the ethylene generation. As a resuking
varieties would reduce the shelf-life of storedtfru

The storage available for rent, as well as thelmge of fresh fruit, is required by many differagto
industrial processing companies. Therefore, givim competition the decision to lease storage shbal
made promptly at the beginning of the season. Ttmage cost is usually charged per tonne of stbéd
depending on the cold technology in each chamber lsence, corresponds to a variable cost. On ther ot
hand, there is a fixed cost related to administeatiosts of renting a cold chambaithough this fixed cost
is less than the variable costs, it is considenethé model proposed in this study in order to @sent as
effectively as possible the actual cost of storage.

In the apple dehydration process, as mentioneddetioere is a segregation of fresh fruit into shor
medium and long term according to its quality astineated shelf-life. Thus, fresh fruit must be etbin
cold chambers for short term (CR), medium term (&#¢ long term (CA), accordingly. It should be mbte
that it is possible to store short-term qualityitfin a CA chamber; however storage cost wouldease as
CA technology is more expensive. On the other himdy-term quality fruit should not be stored irogh
term cold chambers unless plant demand is coveretthd end of the processing season (which lasts
approximately 270 days). Moreover, since fruit gyglreservation depends on the cold technology use
the chamber, long-term quality fruit stored in $iierm cold chambers will be processed at the aggnof
the season, i.e. in the short term. The latter c¢snatter if cold storage management allows fiwibe
available throughout the processing season withffatting the conversion rate performance of friesh
to dehydrated fruit.

Before the processing stage plants must make twestyf decisions where the fruit quality is
relevant. One decision corresponds to suppliercseteand the purchase of enough raw materialdog|

term storage, which implies that the initial qualidf fruit has to be very good. The other decision
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corresponds to matching cold storage technology fauitl quality in order to maintain the fruit's il
guality as long as possible.

It is important to mention that the conversion mtéresh fruit into dehydrated fruit is directlglated
to the purchased fruit classification or segregatibherefore, a better conversion rate is obtanvldn
processing long-term fruit than short-term fruthalgh this is done at the beginning of the sehsmause
the long-term fruit has better quality. This bettenversion rate allows reducing the tonnes ohfffesit to
be purchased. However, the purchase of good rawriaats not always attractive to processing plants
because besides having a higher purchase costgstoosts also increase. Consequently, long teaityu
fruit stored in long term cold chambers to be psseel at the beginning of the season could be very
expensive for plants.

Transportation for the supply chain from the pragtado the plant for segregation and then from the
plant to the warehouses is usually outsourced Isectus too expensive to have a fleet of truckd dme
cost of drivers and machine maintenance can beles#tdiGonzalez-Arayat al., 2014). Payment policies
vary; among the most common are payment by kilogoarhy bin transported, by kilometer travelled or
otherwise, a value for the whole season is negatiaHowever, transport costs generally have two
components: a variable cost that depends on thertned transported fruit and the distance travelt a
fixed cost corresponding to the freight realizatibm practice, processing plant operators are args of
logistics and transport of fresh fruit from supmigo the plant and from the plant to the warehsu$bey
estimate a variable cost as a unit value per t@ateg tonnes considering the distance betweenlém and
the suppliers, and from the plant to the warehauséth regard to the fixed cost, the total load aGcty of
each type of truck is considered for its calculatio

In Chile, the apple harvest season begins at tdeoérdanuary each year and ends in April. The
processing season for apple dehydration plantsrigeed out each year between May and Decembetthior
reason, fruit intended for processing must alwagsstored in cold chambers. Nonetheless, decismns t
purchase fresh fruit must be made at the beginoinige season in order to ensure enough quantéytizn
best quality at the best price for the raw matefrakconsequence, at the beginning of the seasoe th a
great demand for fresh fruit from the different ggssing and packing plants. The plants could beghfr
fruit outside of this period but risk paying highmices and with a lesser fruit quality. In additiavhen a
plant purchases a fruit variety from a producemiist buy the total production. This happens bex#us
producer were left with stock in his/her orchard/she would risk not selling the remaining frumcs
guality decreases quickly over time. This is théy aondition imposed by producers that a plant ttas
consider.

During the pre-harvest and post-harvest period gena activities are carried out, such as vigits t
the fields by agricultural technicians in ordersect and negotiate with producers, as well asgaging

the documents associated with the fruit purchase.
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3.3. Model for planning the purchase, transport andstorage of fresh produce for agro industrial

processing plants

The objective of the models is to minimize totastsofor purchasing, transporting and storing fresh
apples for dehydration. The main constraints hosé that include the availability of fresh proddficen
the producers, the processing plant demand argtattuction capacity, and the storage type and dgpac
Since the plant removes the bins from the orchaiitstreceiving area where the fruit condition ecked
and, according to this information, is stored iffeslent chambers, it is not necessary to incorgoeat
analytical formulation of perishability into thegpining models.

The optimization models proposed in this study Hasen formulated in order to support decisions at
different links in the supply chain. The first ned&eeks to assist in decisions at the purchasagg svhere
the fresh produce is bought from the producerstearsported. The second model permits establisihing
which cold chamber to store the purchased produckeita transport. The third model integrates these

stages into a single model.

3.3.1 Model for purchasing the fresh produce

The objective function (1) seeks to minimize cassociated with the fruit purchase, transport from
the producers to the processing plant for segremgathe maintenance and administrative costs fer th
producers from whom the fruit is purchased. Tahle @resents the indices, parameters and decision
variables used in each of the model formulatioaspectively.

As was commented in Section 2, the transport dusie two components: one calculated according
to the distance travelled and the quantity of fi@hsported from the orchards to a processing,pdeud the
other one is a fixed cost charged for using a tréd&o, for every producer there is an administratcost
associated with the technical visits to the orchalohe by the plant professionals and with thegssiog of

purchase documents.

Table 3.1Model indices, parameters and decision variaki¢éiseomodel for purchasing the fresh produce

Indices

p Apple producer index

q Fruit type index

t Fruit storage time index (3 = short term, 2 = madierm, 1 =long term)

I Type of truck available for transport

Parameters

CCpqt Purchase cost for producer p of the fruit type tih\storage time t (US$ /tonnes)
Opqt Fruit supply from producer p of type q with stordigee t (tonnes)

CT, Transport cost from producer p to the plant by &of fruit (US$ /tonnes)
CFT, Fixed cost of transport using truck type |

CAp Administration cost for producer p

M Big M

Dyt Demand for fruit type q with storage time t (tonnes

oM, Maximum load for truck type | (tonnes)
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Decision Variables

Wyt Tonnes of fruit to buy from producer p, of typeadth storage time t transported by truck type |
Ying Quantity of trips for truck type I, from producerwith fruit type q
X Binary variable with the value 1 if fruit is purcded from producer p, of type g and storage time
pat t, and otherwise the value is 0
Cy Binary variable with the value 1 if the fruit isqghased from producer p, and 0 if not.
MinZ, = Min Z Z Z CCpgtXpqtOpqr + Z Z Z CTyXpqiOpqr + Z CA,C,
peEPqeQteT peEPqeQteT peP (31)
+ Z Z Z CFT; Yipq
leLpePqeQ
s.t.
Z Zqut < MG, VpeP (3.2)
qeQteT
D, 2D W= ) Par V€@ (3.3)
pePteTlel teT
Z Wyatt < Xpqt Opqt VqeQ,peP,teT (3.4)
lel
Z qutl < QMZ Ylpq \4 qe€ Q, le L,p eP (35)
teT
Xpqt, Cp € {0,1} VpePqgeQ,teT (3.6)
Yipgr € Z* VieLpeP,qeQ,teT (3.7)
Wpqet = 0 VpeP,qeQ,teT,lel (3.8)

Constraint (3.2) establishes that if a fruit variet bought from a producer, all the productiortto$
fruit variety must be bought from him/her. This tparar decision is associated with a derived fixed
administration cost calculated in the objectivection. As mentioned, this cost is related to betthnhical
visits by the plant professionals to the orchamis the processing of purchase documents. Cons{@aBit
indicates that the quantity of fruit to buy of aesfic type and specific storage time must meet the
processing plant’s demand. Constraint (3.4) shdws the quantity of fruit to buy will be less théme
supply that is available from the producers. Caistr(3.5) allows determining the number of totgg to
be made per truck during the purchase season. i@omnst(3.6), (3.7) and (3.8) correspond to thegrdality

and non-negativity constraints on the decisionaldeis, respectively.

3.3.2 Model for storing fresh produce

Once the apples have been purchased, they are edrfrovn the orchard and transported to the plant
for selection and assignment to a cold storage bkarnThe ripening characteristics must be preservée
fresh produce for good processing, which makessesetial to choose a cold chamber that maintaias th
quality of the fruit until it is processed. Hensegregation of the fruit by the type of refrigesatto choose
should assure meeting the demand of the plant utithéerruption.

The objective function of the proposed model (3B8gks to minimize the costs associated with
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transport from the processing plant to warehousests for keeping the fruit in the cold chambebseed
costs for storage and the cold chamber, and fixastscfor transport. Table 3.2 presents the indices,

parameters and decision variables used in the fation of the models.

Table 3.2Model indices, parameters and decision variaki¢iseomodel for storing fresh produce.

Indices

C Available warehouse index

n Available cold chamber index

q Fruit type index

t Fruit storage time index (3 = short term, 2 = ruedierm, 1 =long term)
I

Index for the truck type available for transport
Parameters
Cost of transport from the plant for fruit type dtlwstorage time t destined for warehouse ¢

CTate (US$ /tonnes)

CE., Cost of keeping the fruit in warehouse c, in cdidrmber n (US$ /tonnes)

CA, Fixed cost for warehouse ¢

CF., Fixed cost of chamber n in warehouse c

CFT, Fixed cost of transport using truck type |

qtyc Number of warehouses available

W, Storage capacity of cold chamber n in warehousennés)

oM, Maximum load of truck type | (tonnes)

TE,, Type of refrigeration technology in cold chambennvarehouse ¢ (3 = short term, 2 = medium

term, 1 =long term)

Dyt Quantity of fruit to store of type q with storage¢ t (tonnes)

Decision Variables

Tonnes of fruit type q with storage time t in wavabe c in cold chamber n transported in truck

type I.
Yien Number of trips by truck type | to warehouse catdacchamber n.
A. Binary variable with value 1 if warehouse c is ysaul O if not.
ME Binary variable with value 1 if fruit type q witha@gage time t is kept in warehouse c in chamber
cnqt n.
Min Z, = Min Z Z z z Z(Cthc + CEcn) Xgeeni
qeQteTceCneNlel (3.9)
+ Z CA A + Z Z Z Z CFey MEcpg: + Z Z Z CFT, Yien
ceC ceCneNqeQteT le Lce Cne N
S.t
Z ZMEcnth 1 VceCneN (3.10)
teT qeQ
Z Xgtent & WenME gt VceC,neN,teT (3.11)

lel

z Z Z Xqtent 2 Dqt VqaeQ,teT (3.12)

ceCneNlel

Z MEcpqe < qtyc Ac Vcel (3.13)
neNqeQ teT
MEcpq: =0 VceC,neN,geQ,teT:t < TE, (3.14)
Z Z thcnl < QMl chn vieLceCneN (3.15)
qeQteT
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Yien € Z* VlieLceCneN (3.16)
Ag, ME pqe € {0,1} VceC,neN,qeQ,teT (3.17)
Xgten1 = 0 VgeQ,te T,ceC,neN,lelL (3.18)

Constraint (3.10) establishes that only one typkeuif can be stored in each cold chamber. Condtrai
(3.11) makes the amount of fruit to be stored icheaf the cold chambers in the warehouses sulpeibiet
choice of chamber and its storage capacity. Cdnst(a.12) shows that the quantity of fruit to kdered
must be equal to the fruit required and that washmsed in the purchase model. Constraint (13.@)sh
the activation of a cold chamber within a warehomserder to store fruit only if the warehouse iive.
Constraint (3.14) ensures that fruit is not stdred cold chamber if it has a length of storageetimwer
than the chamber's refrigeration technology allaws stock. Constraint (3.15) limits the maximuommber
of trips per truck at full capacity according tadk type and the amount of fruit to buy from thedarcers.
Constraints (3.16), (3.17) and (3.18) correspondhto integrality and non-negativity constraints the

decision variables, respectively.

3.3.3 Integrated model for purchasing and storingesh produce for a processing plant.
In this model, the indices, parameters and decisianables are the same as those presented
previously in Tables 3.1 and 3.2. Next, the forrtialaof the model proposed to integrate the purelzasi

storage of fresh produce to be used in the dehgdrptocess is presented.

ot (3.19)
Z 2 2 thcnl = Z Z qutl Vqe QteT (3.20)
ceCneNlel pePlel

Eq. (2), Eq. (3), Eq. (4), Eq. (5), Eq. (6), Eg, Eq. (8), Eq. (10), Eq. (11), Eq. (13), Eq.
(14), Eq. (15), Eq. (16), Eq. (17) and Eq. (18).

The objective function minimizes all the costs assed with purchasing and storing fresh produce,
that is, it aggregates the costs of objective fonsZ; = (3.1) andZ, = (3.9).

Constraint (3.20) permits joining the purchase atatage together given that the fresh produce
purchased is equal to the fresh produce to bedsiar¢he cold chambers. The other constraints Hig t
model correspond to the constraints given in thelmsing and storing models.

The mathematical models presented in this sectlow @upporting processing plant decisions about
purchase and storage, separately, and also whse tleeisions must be made jointly. Using one ofehe
models will depend on the supply chain configuratad the horticulture produce and on the infornmmatio
available in the supply chain stages. For exampl€hile, according to information from processplgnt
managers sometimes during the fresh fruit purcigaperiod there is no certainty about the number of

available cold chambers for storing fruit. Howeveimce the harvest period has already begun, it is
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necessary to make the supplier selection for puithase as fast as possible. Information of availeold
chambers generally does not exist since at thenbij of the harvest season plants are negotidtieig
rent price. This situation means that at the beégof the harvest season only the purchase maded dbe
useful. The storage model could support decisiorte dhe lease contracts are ready. Additionallingus
one of these models would also depend on the Kifidiibto be processed and the time that it isezted to
be processed. For example, sweet cherry, becaugs bfgh perishability, is not stored but still ig
necessary to support decisions about fresh frudh@ase and supplier selection.

Given that the integrated model includes two typesosts (purchasing and storing) and, generally,
minimizing these costs at the same time is notiplessince they are conflicting objectives; that tise
improvement of one of them causes the deterioratidhe other, it is of interest to analyze and pame an
approximation as a bi-objective model that permésdling both problems independently. To this drekt
— constraint method proposed by Haimésl. (1971) is used. The technique consists of comgeei multi-
objective model into a mono-objective one. Varioigssions of thes — constraint method have been
proposed in the literature each attempting to im@re original method or adapting it to a spedifige of
problem, as for example, the work done by Ehrgatt Ryan (2002), Laumanmes al. (2006) and Hamacher
et al. (2007).

3.4. Case Study

3.4.1. Company Description

The company where the case study was carried oah iagro industry that has been producing
dehydrated fruit, vegetables and preserves in taeldRegion, Chile for more than 50 years. The @mp
processes more than 36,000 tonnes of raw matemmladly, which undergoes selecting, washing, cgttin
and/or heating processes depending on the desgioeldigi. Mainly, the company processes apple (18,250
t/year), cherries (400 t/year), peaches (150 tjyéamatoes (1,750 t/year), peppers (8,000 t/yead,celery
(3,120 t/year). Therefore, the largest amount otessed fresh produce is apple representing 60fteof
raw material for processing followed by peppera&fi.

The plant for dehydrating apple has about 236 preduof different varieties of apples; an annuahaled

for fruit of about 28,000 t; an availability of Marehouses with a maximum of 70 cold chambers with
different types of refrigeration technology permiit different storage times for the fruit; and @efl of about

30 rented trucks, types 1, 2, and 3 with differesaid capacities: 9.9 t, 12.2 t, and 25.1 t, respelgt It
should be noted that all the fruit is purchasedii®y company which sends it to outsourced warehouses
because it has no cold storage chambers of its own.

In order to store the fresh produce for a longeeta classification system is applied which takés i
consideration harvest conditions, orchard and menf the fruit in receiving. This system classffieach
batch of fresh produce and the type of cold chamitwre it will be stored is determined accordingliis
classification, called segregation, indicates tbe hong the fresh produce can be stored maintaifg

condition for processing. Table 3.3 presents thge tgf storage required according to the segregation
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established for each variety. This segregation deaee by the quality control professional in theeieing

area of the plant considering the physiologicaéindf the fruit as explained in Section 2.

Table 3.3Type of storage according to variety and segregaifdhe fresh apples

Variable Variety Segregation Cold Chamber Required
D, Royal Gala Long Controlled Atmosphere
D, Royal Gala Medium Smart Fresh
Ds Royal Gala Short Conventional Refrigeration
D, Granny Smith Long Controlled Atmosphere
Ds Granny Smith Medium Smart Fresh
Ds Granny Smith Short Conventional Refrigeration
D, Fuiji Long Controlled Atmosphere
Dg Fuiji Medium Smart Fresh
Dg Fuiji Short Conventional Refrigeration
Dig Braeburn Long Controlled Atmosphere
D1 Pink Lady Long Controlled Atmosphere
D1 Red Long Controlled Atmosphere

Currently, in spite of having done the fruit segrégn, none of the previously described factorsewer
included in the purchasing process (quantity andage time of the fruit, types of storage). The pany
buys all the fruit that its storage capacity wllba in order to achieve the production programnfadthe
year.

When the processing plant can not satisfy the ddnfiana fruit variety with a required quality, & i
possible to buy fruit with equal or higher qualitymeet the unsatisfied demand. As mentioned befloee
conversion rate from fresh fruit to dehydrated cids better for long-term fruit than for shortstefruit.
For this reason under this criterion, it would sgaeferable to always buy long-term fruit to allbxaving
good quality fruit throughout the processing seadt®vertheless, since the purchase price and thagst
cost in controlled atmosphere chambers are morensie, it is not always profitable to choose this

alternative.

3.4.2. Application of the proposed models to theeatudy

The models were applied taking into consideratioa data for one processing season at the plant
(Table 3.4). For this season there is a deman@df2P t, a supply of 58,821 t from 279 producers an
available storage capacity of 129,850 b#din is a container with capacity of approximatél380 tonnes

of fruit that allows efficiently storing, handlirand transporting it.

Table 3.4Characteristics of the demand and supply for the@e (in # of t)

Long Medium Short Total
Demand 12,160 8,360 7,600 28,120
Supply 38,378 10,532 9,910 58,821

Of the 57 total cold chambers available, 21 haveventional refrigeration, 11 have Smart Fresh

technology and 25 have controlled atmosphere téagpomaking a total cold storage capacity of 189,8
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bins. Table 3.4 presents the total demand andthesupply of different apple varieties segregdtedong,
medium and short term. The processing plant usesiémand values proposed in the sales plan for the
season as elaborated by professionals of the Cariah&epartment of the company. The sales plan is
estimated according to the historical behaviorhef demanded dehydrated product. On the other hiaad,
supply values are estimated by the processing plegurding to historical data obtained from pasteas.
In Table 5 the demand and supply values for eadbtysand segregation time are shown.

The optimization software used for applying thegmsed models to the case study is ILOG-OPL,
version 6.1, with CPLEX-12.6, installed in a conguwith an Intel(R) Core (TM) i5-5300U CPU 2.30 GHz
processor, 8 GB of RAM and a 600 GB hard drive.

3.4.2.1. Applying the purchasing model to the seasoader study

From the computed results when the purchasing medsl applied to the data provided by the
processing season under study 25,390 decisionblesiaeand 10,329 constraints were generated in a
computational period of 100.17 s after 274,25Gtiens.

On applying the fresh produce purchasing moddhéoseason under study, the model selected 143 of
the 279 available producers with a proposed stoodde,842 t, 5,726 t and 4,551 t for long, mediana
short terms, respectively. The total demand fosHrproduce was met for the season but as theteis t
condition of meeting the demand for fruit with lotegm storage (long segregation) above the re$t,ibn
the supply exists and complies with the resultiogte being the minimum, are there variations watfpect
to the fruit purchased for each of the segregatidable 3.5 gives the fresh produce purchasingqsaifor
the season.

Table 3.5Fresh produce purchasing proposal for the seaguyiag the purchasing model

. Cost e . Actual Proposed Actual N° Proposed N°
Variety kg) ® Segregation | Supply (t)| Demand (f) Purchase (t) Purcr?ase (t)) Producers Prgducers
Long 8,699 1,520 772 2,909 29 27
Royal Gala | US$0.051 Medium 2,953 1,520 1,986 1,154 30 8
Short 1,456 1,520 3,476 496 34 9
Long 15,465 5,320 1,040 8,116 58 45
%r;ri‘t?]y US$0.059 Medium 5,898 4,180 4,592 2,902 76 19
Short 6,081 3,420 6,141 1,902 79 20
Long 4,585 3,040 432 4,537 8 43
Fuji US$0.045 Medium 1,680 2,660 729 1,670 27 21
Short 2,373 2,660 4,117 2,153 67 34
Braeburn US$0.036 Long 3,618 1,140 2,022 1,140 41 13
Pink Lady US$0.038 Long 2,740 760 2,451 760 38 10
Red US$0.024 Long 3,272 380 516 380 37 6
Total t 58,825 28,120 28,120 28,120

The processing season began with an initial supp§8,825 t supplied by 279 producers, whereas
the processing plant demand was 28,120 t. This démas completely met, not only in reality but ailso
the results given by the purchasing model. Theedfice is found in the segregation for each appliety.

For example, for the Royal Gala variety with longgdium and short storage time the demand is 1,520 t
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each storage time, however, the purchase is 2,90954 t and 496 t, respectively. This purchaselte
from seeking to buy the majority of the fresh proglwith a long storage time over fruit with shodtrage
times which is why the model found the purchas@@sed (Table 5) to meet plant requirements buhggki
into consideration the cost of purchasing freshdpee, transport and administration for each of the
producers. As can be observed in Table 3.9, ther@uarchase prices that are differentiated by frartety
rather than segregation.

Other differences are observed in the number afyrers needed to meet the demand in each of the
segregations present for each apple variety. Fample, the Royal Gala variety with long term sterag
moves from buying from 29 producers to 27 producetereas the Red variety moves the purchasing from
37 producers to only 6. This improved purchaserptanis due to a better vision of the purchasiagdport
and administration costs at the time of choosipgoaucer.

Regarding transport from the producers to the [@siog plant, Table 3.6 presents the number of trips

to be made by each type of truck that the plantavailable for the season under study.

Table 3.6 Number of trips made by trucks and transportatiosts from producers to the processing plant -
comparison between the real case and the modebgeibp

Types of truck according to load

capacity

Type 1 Type2 Type 3 Total trips
Total trips real (n°) 1,425 1,182 75 2,682
Total trips proposed (n°) 1,355 1,145 42 2,542
Difference Total trips (n°) 70 37 33 140
Total Cost Real (US$*) 68,040 76,806 8,689 153,536
Total Cost Proposed (US$*) 64,698 74,402 4,866 143,966
Difference Total Cost (US$*) 3,342 2,404 3,823 9,570

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

The model proposes having a greater quantity of tiygrucks to meet the transport demand. This
result serves as the basis for planning plant dpesabecause from the beginning of the seasonuheer
of trips needed during the fresh produce purchagingess is known and also what type of truck & bee
use. When comparing the number of actual trips Wiehnumber of trips proposed by the model a deerea
of 140 trips can be seen, which means savingsooinarUS $ 9,570. This happens because a betteliesupp
purchase plan is obtained, optimizing at the same the required transport.

On comparing the results obtained for the purclo@$eesh produce, the actual purchase cost is US$
1,710,392 versus the results given by the proppsechasing model at US$ 1,580,659 which gives an 8%
saving equal to US$ 129,733 for the season undelysiThe reductions are due to purchasing the fresh
produce from those producers who permit minimizimg costs of purchasing, producer administratiath an
transport of the fresh produce, optimizing the lsestbination of storage time / purchase cost / pcedto-
plant distance.

The participation in the total costs for each tafmthe objective function of the purchasing model i
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the following: the cost of purchasing raw mategahtributes 90.8%, followed by the transport cats

9.1% and finally, the producer administration c@.1% participation.

3.4.2.2. Applying the storage model to the seasndar study

When applying the fresh produce storage model basethe amount of fresh produce that the
purchasing model proposes (Table 3.5), the stgpégethat is shown in Table 3.7 is obtained. Theleho
with its 8,262 decision variables and 2,767 comssavas resolved in 629.65s after 21,224,455titara.

Table 3.7Fresh produce storage proposal for the seasoniagphe storage model.

Chambers Proposed Storage
1 2 3 4 5 6 7 8 9 10 Storage | Capacity
1| 570 908 1,672 1,140 4,290 4,294
2 11,520 1,520 1,900 4,940 4,940
3| 760 760 760 760 380 3,420 3,420
4| 285 456 454 570 1,765 1,767
&|5]| 758 758 759 755 3,030 8,000
S|6| 543 543 | 2,850
@ | 7] 048 1,450 682 3,080 | 6433
8| 760 760 950 2,470 2,470
9 - 4,940
10]1,138 1,022 152 1,139 1,129 4,580 9,272
11 5,928
28,120 | 49,343

CA | SF | CR

Table 3.8Summary of the fresh produce storage proposahtoséason applying the storage model.

Actual Storage Proposed Storage
Segregation CA SF CR Total t CA SF CR |Totalt
Long 6,878 354 7,232 || 17,843 17,843
Medium 7,215 91 7,306 5,726 5,726
Short 2,698 10,884 13,582 4551| 4,551
Total t 6,878 10,267 10,975 28,120 | 17,843 5,726 4,551| 28,120
Storage Capacity |20,311 8,892 20,140, 49,343 | 20,311 8,892 20,140, 49,343
Total Cost (US$*)| 56,149 85,073 86,792 228,015 | 146,221 47,974 18,372 212,540

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

For the season under study (Table 3.8) there isnaadd for 17,843 t long storage to be kept in
controlled atmosphere (CA) refrigeration chambeltseng the objective is to extend the physiological
quality of the fruit for approximately 9 months, jfossible; 5,726 t to be kept in Smart Fresh (SF)
refrigeration chambers where the fruit can be Kepapproximately 6 months; and 4,551 t for shertit

storage to be kept in conventionally refrigerat€®) chambers where the physiological charactesistan
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be maintained for approximately 3 months.

On observing the real storage done by the comgerg is a disorganized plan and distribution of the
purchased fresh produce into the cold chamberse¥ample, the segregation with long storage tineaha
demand for 7,232 t that should have all been kepbntrolled atmosphere chambers, but there aré Bzt
are put into Smart Fresh chambers which makes&fficient organization of the purchased fruit sirihis
type of cold storage is not the ideal one for §@etof fruit purchased. Similar behavior can bensies
medium and short term storage segregations (Tal8eiB that there are 91 t placed in conventional
refrigeration chambers and 2,698 t kept in a SiResh chamber. It must be remembered that the numbe
of bins to store in the different cold chambershis purchasing model output that will be the infoutthe

storage model.

Table 3.9Number of trips by truck and transportation costerf the processing plant to the warehouses -
comparison between the real case and the modebgeibp

Types of truck according to load capacity
Type 1 Type2 Type3 Total trips

Total trips real (n°) 1,237 1,365 40 2,642
Total trips proposed (n°) 1,129 1,344 25 2,498
Difference Total trips (n°) 108 21 15 144

Total Cost Real (US$*) 28,272 39,043 2,546 69,861
Total Cost Proposed (US$*) 25,804 38,442 1,591 65,837
Difference Total Cost (US$*) 2,468 601 955 4,024

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

Regarding transport from orchards to the procesgiagt Table 3.9 shows how the model proposes
having a greater number of types 1 and 2 truckklaaving aside type 3 trucks in order to meet the
transport needs, thus obtaining a total transpmst of US$ 65,837. Knowing the number of trips sseey
for the purchase serves as base for planning pla@tations so that at the beginning of the sealsen t
number of trucks and trips assigned to each ondyaiknown. When comparing the number of actupktri
with the number of trips proposed by the modeleereéase of 144 trips is observed which means saahg
around US $ 4,024. This reduction is obtained beead a better storage plan reducing the numbgipsf
to the warehouses.

Comparing the actual results for storing the fresfduce, US$ 297,914, with those provided by the
model, US$ 278,477, it can be seen that theres@smg of 7%, that is, US$ 19,437. The reducedscarst
due to having optimally assigned the fruit to tliféedent chambers in order to better maintain tiavidual
physiological characteristics of the fruit for edghe of segregation. When analyzing the optimust das

observed that fresh produce storage accounts 884/ 6f the cost and the rest is for transport.

3.4.2.3. Applying the integrated model for purchagiand storing decisions
When doing the joint optimization of the purchasd atorage of the fresh produce, the proposaris fo
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13,826 t of long segregation, 5,067 t of mediunregation and 9,226 t of short segregation witheher

being an initial demand for 12,160 t, 8,360 t arBD®@ t in each of the segregations, respectivetg real
model with 33,651 decision variables and 13,096straints was resolved in 1749.16 s after 54,889,038

iterations.

Table 3.10Fresh produce purchasing proposal for the seaster wtudy applying the integrated model.

Actual Proposed o N°
Variety Colft (per Segregation Supply | Demand Purchase Pur(F:)hase N gctual Proposed
9) ® ® ) ® Producers Producers
Long 8,699 1,520 772 2,611 29 35
Royal Gala | US$0.051 Medium 2,953 1,520 1,986 755 30 8
Short 1,456 1,520 3,476 1,193 34 27
Granny Long 15,465 5,320 1,040 4,604 58 31
Smith US$0.059 Medium 5,898 4,180 4,592 2,652 76 17
Short 6,081 3,420 6,141 5,663 79 56
Long 4,585 3,040 432 4,330 8 40
Fuji US$0.045 Medium 1,680 2,660 729 1,659 27 23
Short 2,373 2,660 4,117 2,369 67 38
Braeburn US$0.036 Long 3,618 1,140 2,022 1,140 41 10
Pink Lady US$0.038 Long 2,740 760 2,451 760 38 13
Red US$0.024 Long 3,272 380 516 380 37 6
Total t 58,825 28,120 28,120 28,120

Table 3.10 gives the fresh produce purchasing @ador the season under study. The initial supply
and demand are the same as for the purchasing niduetotal demand was met both in reality as agiin
the results that the integrated model provided. difference is observed in the actual and the recentded
purchase for the different segregations requireceéeh variety of fruit. For example, for the Rogdla
variety the long, medium short term segregation® ltlademand of 1,520 t each whereas 2,611 t, #5%lt,
1,193 t, respectively, were purchased. This puelgdue to the fact that the demand for shortraedium
storage time can be met with fruit with longer ag® time.

Moreover, it is noteworthy that for the Royal Gakiety with long storage time, the purchase was
made from 35 producers rather than from 29 andherontrary, for the Red variety the purchase mwade
from only 6 producers rather than 37. On compativg results given by the purchasing model and the
integrated model (Table 3.5 and Table 3.10 resgslg)i differences can be seen in the quantityrait by
segregation. These differences occur now becauseirttegrated model for purchasing takes into
consideration the costs associated with storagehwhieans that the model has a better vision of the

complete process for purchasing, transport andgoof the fresh apples.

Table 3.11Proposal for fresh produce storage applying thegnated model.

Chambers Proposed Storage

1 2 3 4 5 6 7 8 9 10 Storage | Capacity

% 1| 570 912 1,672 1,139 4,293 | 4,294
S| 2 (1,520 1,520 1,900 4,940 4,940
P3| 711 684 747 760 2,902 | 3,420
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4| 285 456 380 570 1,691 | 1,767
5 8,000
6 2,850
7 | 900 1,704 2,602 | 6,422
8| 760 755 950 2,465 | 2,470
9| 57 57 4,940
101,119 1,136 1,136 1,139 1,126 1,138 109 1,131 1,134 9,169 | 9,272
11 5,928

28,120 | 49,343

Lcal sF[cr]|

Table 3.12Summary of the fresh produce storage proposahfoseason applying the integrated model.

Real Storage Proposed Storage

Segregation CA SF CR Total t CA SF CR Total t
Long 6,878 354 7,232 13,826 13,826

Medium 7,215 91 7,306 5,067 5,067

Short 2,698 10,884 13,582 9,226 9,226

Total t 6,878 10,267 10,975| 28,120 13,826 5,067 9,226 28,120
g;%fg@ 20,311 8,892 20,140| 49,343 | 20,311 8,892 20,140| 49,343
Total Cost (US$*) 56,149 85,073 86,792| 228,015 | 110,884 41,666 37,375| 189,925

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015 fromww.bcentral.cl

The results given by the proposed model for stoprgeented in Table 3.11 are clearly different from
those obtained with the individual model (Table)3For storage for the season under study (Tadlg) 3.
there is a demand for 13,826 t in long term stotad®e kept in controlled atmosphere (CA) cold chars,
5,067 t to be kept in Smart Fresh (SF) cold chamlaerd 9,226 t to be kept in cold chambers with
conventional refrigeration (CR) which is contraoythe disorganized distribution of the fruit agvis really
stored by the company. Regarding the costs of tbheegs, the integrated model gives a cost of US$
189,925, 16% less than the real cost obtainedastildied season.

Table 3.13Number of truck trips and transportation coststli@r integrated model - comparison between the
real case and the model proposal

Types of truck according to load

capacity

Type 1 Type 2 Type 3  Total trips
Total trips real (n°) 2,662 2,547 115 5,324
Total trips proposed (n°) 2,532 2,436 80 5,048
Difference Total trips (n°) 130 111 35 269
Total Cost Real (US$*) 106,202 110,227 11,880 228,309
Total Cost Proposed (US$*) 101,016 105,423 8,264 214,703
Difference Total Cost (US$*) 5,186 4,804 3,616 13,606

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

Regarding transport from the producers to the @wiog plant, Table 3.13 shows the proposed
number of trips to be carried out by each of theesgyof truck that the plant has available. As iseobed,
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the type of truck most used is the one that camspart up to 9.9 t with 2,532 trips per seasorofedld by

the type of truck with a load capacity of up to2l2with 2,436 trips and finally, with type 3 trugkith 80
trips and a maximum load of 25.1 t. As well, imentioned that the total cost for transport is 2%8,703.
This result serves as a base for planning plamatipes since at the beginning of the season thabeu of
trips to be made during the fresh produce stormoggss is known along with what type of truck is best

to use. When comparing the number of actual trigh the number proposed by the model, there is a
decrease of 269 trips which represents savingsrafind US $ 13,606 for transportation costs. So,
improving fruit purchase and storage planning oj® the number of truck trips and, accordingly,
diminishes transportation costs.

In brief, for the season the plant demand was m#t #4,000 bins of fresh produce from 178
producers at a total purchase cost of US$ 1,593 B4d produce was stored in 8 warehouses usin@Il8@0 c
chambers (table 11) at a cost of US$ 248,774 éwage which brings the total cost to US$ 1,842,115.

On comparing the results obtained for the purcl$esh produce US$ 1,593,341 with the observed
actual value of US$1,710,392, there was a 9% sastp@aling US$ 117,051. The result is higher than th
US$ 1,580,659 given by the individual model.

On comparing the results obtained for the integratmrage model, US$ 248,774, with the actual
value observed, US$ 297,914, there was a 16% saminch equals US$ 49,140. Similarly, the result is
lower than the US$ 278,477 given by the individoaddel since its solution stems from the individual
purchasing model.

Altogether, the costs involved in purchasing amisg fresh produce (US$ 1,842,115) compared to
the actual value observed in the season (US$ B068,indicated an 8% saving (i.e. US$ 166,191). A
comparison of the total aggregated cost from tdevidual models (US$ 1,859,136) and the result ftbm
integrated model turns out to be equally advantagie®here is a small difference of 0.92% (i.e. US$
17,021) in savings between using one model or theroThis difference is due to the integrated rhaae
planning the purchase of fresh produce now alsestakto consideration the costs associated witi fru
storage.

Computing time ranges from an average of 197.56 sdch of the individual purchasing and storage

models to a time of 1,749.16 s for the integratediehwhich is still reasonable for its use in rigali

3.4.3. Analysis of the integrated model using the constraint method

The integrated model seeks to minimize the coghpbrtant activities within the agro industry, thes
being the purchase and storage of fresh fruit tprbeessed. Generally, it is not possible to min@rthese
costs at the same time since their objectives enterconflict, that is, the improvement of onetbhém
causes the other to deteriorate. For this reasoorder to find the trade-off curve between these tw
objective functions the-constraint method proposed by Haimes et al. (19&k) applied. To construct this

curve it is necessary to estimate the worst véﬂ?e) and the best valuél*) of the costs for buying fresh

fruit, and the worst valuei{) and the best valugJ*) of the costs for storing fresh fruit.
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On one handf/™ is calculated replacing the objective function)(@9the integrated model by (1),
where the terms associated with fresh fruit storage removed but constraint (20) is preserved.
Consequently, only the costs associated with #ghffruit purchase are minimized (purchasing modzth)
the other handi™ is obtained replacing (19) by (9) minimizing thests associated with storage regardless
the cost of purchase (storage model).

To obtainF?, we consider the storage model and we introdus@aconstraint; < F™). This new
constraint limits the fresh fruit purchase costbeong less than or equal to the best purchasevahst, that
is, F™. Similarly, to calculaté”, a new constraint is added to the purchasing m@gek F*). This
constraint establishes that the fresh fruit storamgs must be less than the best storage cos, uakt is,
Em.

The rest of the points in the trade-off curve abtamed running the purchasing model, where the
right hand side value of the constraint that lintis fresh fruit purchase costs is modified. Tlakie varies
betweerF,™ andF?.

The instances performed in the bi-objective anglysi particular the trade-off curve showed in
Figure 4, help the decision maker to realize thaltoost behavior according to purchase and storage
decisions. For instance, if a lower storage cosbissidered, a greater cost for purchasing thd firest is
required and vice versa. Moreover, purchasing dusie a greater effect on the total costs tharstihr@ge
costs agF,™ — FP) = US$ 14,612 represents a decrease of approximatéhp in the total storage costs,
while (F™ — FP) = US$ 98,780 is approximately a 9.5% of reductiothie total purchase costs. Hence, it

becomes necessary to find suitable solutions takatly objectives into account.

250,000
245,000
240,000
235,000

230,000

Fresh Fruit Storage Costs (US $)

225,000

Fresh Fruit Purchase Cost (US $)

Figure 3.4.Trade-off between storage cost versus purchase cost
(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

Analyzing the Pareto curve (Figure 3.4), when camnmgatactical decisions about purchasing and
storing fresh fruit, it can be observed that pusehdecisions have greater impact than storageiolesis

This happens because the fruit purchase repreabatg 80% of total costs in the Chilean dehydréteid
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industry. However, good cold storage managememelevant for guaranteeing fruit of the best quality

throughout the season and maintaining the storagts as low as possible.

Table 3.14Results summary for each instance considereceitrélae-off curve

© 0O NO O WN P

=
o

Purchase (Tonnes) N° N° Cold Chamber N° Costs (US$)*
Instance| Short Medium Large | Suppliers| CR SF CA |Warehouseq | Purchase| Storage| Total Cost
9,226 5,067 13,826 179 10 5 15 8 1,593,341 248,774( 1,842,115
9,227 5,114 13,778 182 11 5 14 8 1,607,681 246,894( 1,854,575
9,230 5,200 13,689 182 10 5 14 8 1,614,112 245,091 1,859,203
9,145 5,240 13,734 184 12 5 13 8 1,622,764 243,777 1,866,541
9,211 5,328 13,580 185 12 4 14 8 1,624,387 242,415( 1,866,802
9,284 5,430 13,405 185 11 6 13 8 1,638,209 240,353| 1,878,561
9,299 5,450 13,370 185 10 6 12 7 1,644,664 239,405 1,884,071
9,398 5,468 13,253 187 12 6 12 7 1,653,221} 238,160 1,891,381
9,432 5,473 13,214 190 13 6 11 7 1,662,064 236,886( 1,898,950
9,348 5,530 13,241 192 13 7 10 6 1,669,709 235,797 1,905,505
9,334 5,649 13,136 194 12 8 10 6 1,681,285 234,162 1,915,447

=
[N

(*) Dollar: US$665.52 Chilean pesos, taken on Wedag, July 29, 2015, fromww.bcentral.cl

As can be observed in Table 3.14, as the freshgtuthasing cost increases, the number of selected
producers increases from 179 to 194. This occuraus® increasing purchasing costs causes the itgtess
select cheaper suppliers. Further, when the staragieincreases, the number of selected cold stanags
(warehouses) increases from 6 to 8. Consequentfyroving the purchase cost has greater impact tah to
costs than improving the storage cost does.

Table 3.14 is useful for the dehydration companyhay can make decisions about the number of
different cold chambers to lease once the freshfurchase plan is defined. Furthermore, analyjiigtly
Figure 4 and Table 14, it can be observed thatmiking the purchase costs does not imply purchdsasi
fruit of poor quality, but rather purchasing froitthe best quality in order to obtain good conwersates of
fresh fruit into dehydrated fruit along the entmecessing season. Because it is difficult to fandducers
with high quality fresh fruit, the number of sekedtproducers is smaller than the case when thage@osts
are minimized. For this reason, the fresh fruitchaise should be carried out quickly at the begmointhe
season, considering the high competitiveness anagng industry companies for obtaining high quality
fresh produce.

In this analysis, it is possible to realize tharage decisions are influenced mainly by the qualit
the purchased fruit and by storage availabilitheatthan the minimization of storage costs. In g@ase,
assuming no limitations for obtaining all the reqdi cold chambers, the dehydration company shoutd p
effort into purchasing more long term fruit andrstg it in long term cold chambers (CA). Thus, ghamd
medium term fruit should be purchased mainly tisBathe demand at the beginning of the seasonth®n
other hand, in case there are few cold chamberitablsg the dehydration company should purchaseemor

medium term fruit, because short term (CR) and omadierm (SF) cold chambers are more numerous than
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long term chambers. Therefore, short and long fewinshould be purchased only for satisfying tleenand
at the beginning and at the end of the seasonectigply. According to this, when comparing instarid
with instance 1, instance 11 presents a smallentijyeof long term cold chambers (CA), but a larger
quantity of medium (SF) and short term (CR) coldrobers. Therefore, the purchased fruit is storea in
larger number of cheaper cold chambers, savingoappately $ 14,612 in storage costs. Because of the
limited availability of long-term cold chambers,etltompany should buy a larger quantity of short and
medium term fruit over a long term fruit which ingd an increase of purchase costs around US$ 98,780
This increase is mainly due to augmenting the nunadbeselected fresh fruit producers with whom to
negotiate (administration costs).

It is important to notice that in Chile the demdnd cold chambers is high during the fruit season.
The dehydrated apple industry must compete focthe storage supply with other agro industries sagh
fresh fruit export companies. Therefore, a goodredton of the required number of cold chambersfis
interest to the company and it helps to rent thernckly. This way, the processing plant assures and

maintains the quality of the fruit and the openatituring all the season.

3.5. Feedback from the agro industry business in Gle

The optimization models proposed in this studydirected to agro industrial plant administrators to
facilitate decision making on the purchase of rastarial and its placement in cold storages. Culrgetite
purchase of raw material in processing plants isedarbitrarily, taking into consideration only thmount
available from the suppliers, i.e. producers, withoonsidering the required storage time for the ra
material purchased (segregation). This happens teeeigh this information is available at the begugnof
the season from studies and visits done by persanrgharge of purchasing at the plant. Not using t
information about the storage time of the raw materauses selecting the available cold technototpe
also be done arbitrarily. Consequently, making slens at the processing plant on purchase andgst@fa
the required raw material becomes complicated.

In order to validate the proposed models they vapmied to real data of a processing season wéh th
purpose of evaluating later the behavior of the ef®dnd discuss the coherence of the results watlagro
industrial plant. The plant contributing to the €asudy processes about 28,120 tonnes of freske dppihg
a season to obtain around 1,800 tonnes of dehydpateluct. When the purchase and storage models are
used, improvements in the conversion rate of ffeghto dehydrated product can be obtained. Fangxe,
during the analyzed processing season the plaatngot a conversion rate of 1/11.83, which meantsitha
kilogram of dehydrated product was obtained fronB31Xkg of fresh fruit. If the proposed model sauti
were applied (purchase and storage solution), &ersion rate of 1/10.99 could be obtained which msea
that 1 kilogram of dehydrated product could be ibigtéh by processing 10.99 kilograms of fresh friitis
proposal would allow the plant to buy a smaller amtoof fresh fruit in order to satisfy the demardl f
dehydrated product. As can be observed in Tabl28020 tonnes of fresh fruit were purchased ifityea
divided into 13,850 tonnes of short-term apple 07,8 of medium-term apple and 7,233 t of long-term
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apple. On the other hand, the optimization modepgses buying 9,229 t of short-term apple, 5,066 t
medium-term apple and 13,825 t of long-term apfaementioned before, purchasing fruit of betterligya
(long-term apple) allows improving the conversiaterperformance. In this case study the modelisalut
permits saving around 2,000 tonnes of fresh fiuiich represents purchase, storage and transporizist
savings of about US $ 156,333. That means 26,I2tewof fresh fruit instead of 28,120 tonnes wddd
required to produce 1,800 tonnes of dehydrated. fithis smaller amount of required fruit represents
savings of approximately 9 percent of total copts¢hase, storage and transportation costs).

In addition, the results were presented for vaiidato three heads of operations and purchasing
belonging to different agro industrial businessethe Maule Region in Chile who face similar sitoas to
the case study. These professionals in the arearvaosa correlation between the results providedhby
models and the reality that exists in their comganin current practice, the purchase plan is daseually
by personnel with years of experience making thanchases based on the availability of individualtf
and not on the total fruit available from producard its different segregations. This brings albet
storage assignment also being done manually, aklgd the capacity of the cold storage into cornsitien
but not the amount of fruit to be kept, nor thedim particular fruit can be stored, nor the type of
refrigeration available and its capacity.

Given the previous, the professionals consideptbposed models useful tools, appropriate for nse i
practice with a good software interface where thrasdels were integrated and fed with real data (DSS
Decision Support System). The implementation ofhsacDSS using these models in the agricultural
processing industry would require companies to remhtemployees with knowledge of mathematical
modeling and information management since, todayy ¥ew of them have personnel with the necessary
gualifications. Moreover, an investment in inforrattechnology is necessary to implement and develo
the decision tools that correspond to a DSS, botteims of computer equipment and the optimization
programs.

For using the integrated model, it is necessarpawe all the parameter information before the
beginning of the harvesting and processing seas®mentioned previously, sometimes it is not pdesid
obtain all this information at the beginning duehmgs like uncertain weather conditions whicheaffthe
fruit quality in the orchards, delays in leasinddcstorage chambers, uncertainty about the availabtck
fleet for transporting the fruit, among others.hdligh the trucks fleet is negotiated by companiethe
beginning of the season, during this period thekiswcan suffer damage or can transport other @l

loads because of their need to meet the high demand

3.6. Conclusions and future research

In Chile the complexity of purchasing, transportengd storing fresh apples for dehydration is very
relevant since 52% of the fruit and vegetable petidn goes to agro industrial processing plantsyloch
approximately 33% is dehydrated (Oliva, 2011).

The proposed models can be applied to differeregygf agro industries that use fresh produce in
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their processing, being able to apply them eithdividually or in the integrated form to supporttteal
decisions on purchase, transport and storage.allbigs approaching different situations in the agjtural
supply chains. Models that support the decisiomslugd in this study have not been found in therditure
on this topic.

The first model permits determining the fresh pEpurchase, seeking to minimize the purchase
price, the producer administration costs, and tyescfor transport of the produce to the procespiagt
taking into consideration the existing fruit sup@yd the producers. The model allows for selecting
producers that provide the best combination of lpase price/storage time/distance to the produdes. T
second model allows establishing the fresh produoeage so that storage costs and transport costs a
minimized. Integrating the first and second mogmsmits a joint consideration of the purchase,Spant
and storage of fresh apples for dehydration withgrpose of optimizing the supply chain in cashere
the decisions involved are done by the procesdmg.p

The solution provided by the purchasing model perpenerating a plan for supplying fresh produce
to an agro industrial plant. This supply plan mustcarried out quickly and efficiently at the bedirg of
the season because there is a lot of competitimngmrocessing plants for obtaining fresh fruithwiihe
required quality and the supply of fresh fruitiimited. This situation causes the development sfigply
plan for a processing plant to be a complex tasgle $olution provided by the storage model permits
contracting at the beginning of the season thégexfition chambers necessary to preserve the yjoélihe
fruit purchased and to meet all the forthcomingdpiction needs. As happens in the supply plan it is
necessary to make decisions about cold storagetiselequickly, almost at the beginning of the hatve
season, because of the high competitiveness ®résburce among the processing plants. Since fingish
must be processed throughout the season, it isssmgeto select the type of refrigeration techngplog
required and timely carry out lease agreements thghwarehouses. In this way, it will be possiloidave
fresh fruit with the required quantity and qualityoughout the season. During the processing season
Chile a shortage of cold chambers has been obsemdd sometimes, despite the availability of cold
chambers their locations are so far from the pingplants (more than 200 kilometers) that tresasing is
not economically feasible for the plants. In thevieat season, Chilean processing plants competento
cold chambers for storing apples, kiwis, pearscpes, plums, blueberries, raspberries and bladklseat
the same time.

The proposed models were applied during a proagsssason in a fruit dehydration plant in the
Maule Region of Chile. When applying the modelsadaas used from one processing season. On applying
the purchasing model the results given would allow8% saving, implying a decrease in the purchase,
transport and producer administration costs. Fumbee, on applying the storage model, the resuntsng
would permit a 7% saving, implying a decrease i@ $orage and transport costs. Finally, the results
provided by the integrated model would allow an i@uction in total costs for both the purchasing tre
storage decisions. The computational complexitthefproposed models is low with an average reswiuti
time of approximately 1,800 s which makes its wsesible in actual practice.

In the Chilean agro industrial plants, the planrfimgthe purchase, transport and later storageeshf
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produce is done by means of the experience and lkdge of each section head, resulting in purchasing
and storage errors that cause an increase infoogkese activities. For this reason the optitiizamodels
proposed in this study serve as decision makinig tihat make a contribution to the area of agragtdal
supply chains.

Future research could be done on incorporatingtirdanodel the uncertainty of the supply from each
of the producers. Moreover, as is mentioned in $tigly, the proposed models have as an objective to
optimize 85% of the costs implicated in dehydrétedt processing made up of the purchase, storage a
transport of the fruit. Thus, a possible extensionld be to integrate the remaining 15% of thel tobats
implied in the process, that is, take into consitlen the model for the dehydration process. Th&sco
associated with this process are energy, labotl@decessary supplies. Moreover, following thisesdine
of research, it would be interesting to have a rhtlt permits opening the refrigeration chambéet t
already have fresh fruit stored in them and plagiit transport from the warehouses to the prooggdant
seeking to minimize the costs involved not onhythe transport but also in the refrigerated invaéatoin

order to meet the demand for fruit during a procgsseason in the plant.
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Abstract

Processing plants in the fruit industry play a kele in supply chain management for both, fresh and
processed fruit. They are in charge of the devetynof procurement plans closely connected with
warehouse planning operations which involve thenoyg of cold storage units depending on the cooling
technology as well as the planning and schedulinfyuit transport to the plant to avoid idle prosieg
periods. Hence, a multi-period mixed integer ling@mogramming model of the fruit supply chain is
proposed, which takes into account the varietywt,fthe inventory preserved in different coldrsiges, the
processing capacity, the quantity and capacityasfdport means and the daily demand. A real casly sf

a fruit processing plant located in Chile was cde=ed. A planning horizon of fifteen days was cdes:d

resulting in savings in transportation and managemecold storage costs.

Keywords. Fruit Industry. Optimization. Operation&lanning. Transportation. Procurement Plan.
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4.1. Introduction

In recent years the industrial sector has seem@arment in the development of optimization models
for decision support in supply chain managemertCasla et al. (2013) stated. However, this increngen
not reflected in the agribusiness sector @lal, 2014). This is also confirmed in the literatweyiews
conducted by Lucas and Chajed (2004), Weintraub Rowhero (2006), Get al. (2007), Ahumada and
Villalobos (2009), Audsley and Sandars (2009), Akkan et al. (2010), and Bjorndat al (2012). These
authors do report the scarce research done intapesaesearch applied to agribusiness. More rggehe
survey of Soto-Silvat al. (2016) focused on the fruit industry. They repdronly 28 papers dealing with
decision problems in the fresh fruit supply ch&sC).

Quality aspects are relevant to perishable prodi@&terzoniet al 1996, Brechet al. 2003, Ricoet
al. 2007). Pahl and Voss (2014) revised optimizatmulels that integrate the deterioration and sfeldif a
product in the production planning and supply chaimey found that little research was based on ecapi
data and, as a consequence, feedback from thampaugpractitioners was lacking. Quality detertova of
perishable products is related to the refrigeratemperature as several authors have already pooue
(Chung and Norback 1991; Ambrosino and Sciomaclo@7;2Hsuet al. 2007; Huet al 2009; Nakandalat
al. 2016). The same authors had developed modelsifgcos the last stage of the supply chain, i.e. the
distribution of perishable products from plantdamistics centers to end customers. More receStiyig and
Ko (2016) presented an optimization model to compae transport of perishable food and traditional
refrigerated trucks, which optimizes the end-custorsatisfaction through the quality of the food. A
different approach was presented by Van der Verstl. (2009) who presented a simulation model that
integrated changes in product quality dependinghenstoring time and cooling temperature emphagizin
design aspects of the supply chain. Similarly, Reh@l. (2011) proposed an optimization model to plan
production, distribution, and transport of perideafoods considering the change in product qualitg to
different cooling methods. The outcome of the mdddicated the route and the temperature at which a
product had to be distributed to the customer.

However, there are special conditions in the friesh supply chain management compared to other
supply chains to maintain quality and freshnegsrasented by Verdouet al. (2010). Even though, none of
previous studies has addressed the coordinatiantivities related to the procurement of raw matdrom
cold storage or warehouse operation planning. Rieggithis, Nadal-Roig and Pla (2015) in a prelimyna
study proposed a procurement plan based on mixezhdan linear programming to schedule daily
assignments of trucks for transporting fresh firon different storage facilities to a fruit logest center to
meet the demand at minimum operation cost. Latetp-Silvaet al. (2016) proposed a different mixed
integer linear programming model taking into comsadion storage with different cooling technologies
supply a processing plant. The model planned & daliedule for obtaining fruit from different typefcold
storage and its transport to a processing plartreing to the arrival of orders. The authors painbeit the

difficulties encountered in tactical coordinatiomdaplanning among different chain actors within E&C
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with most of the problems being related to warebagpianning. Several years before, &uwal (2007) had
already stated the lack of research applied towasthouse operation planning problems: receistayage,
picking up orders and shipping. The coordinatiorthef FSC has to handle customer orders; consiger th
daily processing plant capacity depending on thmbar of production lines associated with the final
product (e.g. juice, concentrate, dehydrated ashfriguit); the inventory of fruit in cold storagedhthe
number of trucks available for transportation. Heere there are no studies to support multi-period
decisions of picking up fruit from cold storage $apply processing plants according to the authors’
knowledge. These decisions involve opening coldagi® unit, which once opened cannot be closed again
and the raw material stored there having to be etadkquickly. This situation is rather common tb al
perishable product supply chains. Moreover, Diazéidaeroet al. (2015) noted the lack of proposals for
tactical optimization models integrating productitransport and route planning decisions appliedetd
cases.

In this context, a multi-period mixed integer linggogramming model of the fruit supply chain is
proposed in this collaborative research articlee Tiodel aims to minimize the transportation cost e
holding cost related to cold storage. This papercascerned with warehouse planning in view of
coordinating the flow of fresh fruit required byetplant to operate and satisfying costumer’s denadrde
same time. This model is applied to a real casa plant processing peaches previously stored id col
storage units with different cold technologies alea in the O’Higgins region (Chile).

This paper is structured as follows. Section 2 diess the cold storage and fruit supply chain in
general and in Chile in particular. In Section & formulation of the mathematical model is presénte
Decision variables provide the scheduling to opald storage chambers, the retrieval and transpamtaff
fruit to the agro-industrial plant without down &nReal data from an agro-industrial plant locate@hile
was used to test the model and a discussion ofethdts is described in Section 4. Finally, in #scb

conclusions and future research are presented.

4.2. Fruit storage and transport to processing plats

4.2.1. General fruit supply chain

Planning and coordination of harvesting, processstgrage and distribution within the fruit supply
chain need the different chain agents to be wetlir@ioated (Oliva 2011; Soto-Silvat al 2016b).
Coordination is important firstly in the delivery fouit to cold storages where it is received aadandly, in
the transfer from cold storages to processing plahhe procurement of fruit to the plant has tauessa
continuous flow of raw material and the fulfillmewitincoming demand (Oliva 2011). The FSC is gelhera
segmented, as shown in Figure 4.1, into four majas: fruit-production, storage, processing and
distribution (Nadal-Roig and Pla, 2015). Verdoetral. (2010) has noted that the structure of the frutpdy

chain can have different configurations, but thersg remain the same.
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Figure 4.1 General structure of the network fruit supply ch@dapted from Jangf al. 2002)

Different degrees of process complexity are asgadiaith the final products such as fresh fruiiggy
dried or canned fruit. For example, minimal progegss applied to fresh fruit involving three steps
washing, sorting and packaging of the product. ®peration period in the plant can be all year long
depending on raw material in stock and product semBuring each season, a plant can process differe
fruits from different varieties held in differentes of cold storage.

In the end, customers establish the characteristitee product demand like the amount, type atfru
type of packaging or processing. Principal costsnae wholesalers. Bulk product sales are minimdl a

mainly addressed to the domestic market or to slrgrindustries with minimum added value.

4.2.2. Cold storage facilities

Cold storage facilities are needed in the fruitistdy and help to preserve the freshness of thdugto
In general, storage units can be owned by the mlamented. The storing time depends on the frd a
variety. For example, apples and pears, dependinthe variety, can be stored up to 9 months. On the
contrary, cherries have minimal storing time ané aommonly shipped the same day that they are
harvested. A cooling system to control the riperpngcess is required at all times for any fruitcsinit also
mitigates deterioration resulting in longer shdl (Nadal-Roig and Pla 2015). As an opened chartiber
cold storage) quickly loses cold conditions, itngortant to plan prior to opening and withdrawthg fruit
to meet the demand without wasting any of the ptbdlhe opening of a chamber causes the fruitard st
deteriorating slowly, so that the fruit has to begessed in the short term and the chamber empted
quickly as possible. In addition, it is necessargaordinate chamber opening in order to open ties avith
cheaper cold technology (preserving fruit less }iraarlier than those with more expensive technology
(storing fruit for a longer period).

There are currently the following types of techmgto Conventional Cold (CC) based on the
temperature control by a thermostat, thereby migiimigh the fruit stored for approximately three niwst

Smart Fresh (SF) has a built-in phytoregulatorudifin system protecting the fruit against the eéfeaf
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ethylene during storage (ethylene is related taifiening of fruits), allowing fruit to be kept far period of
approximately six months; and Controlled Atmosph@@#\), where concentrations of oxygen, carbon
dioxide and nitrogen, as well as temperature amdidiity, are regulated to preserve fruit for approately
nine months.

4.3. Modelling the opening of cold storage and frtitransportation to a processing plant

As stated, production planning in a fruit proceggtant is performed according to incoming ord#rs.
is expected to have the uninterrupted operatiai@fplan with the convenient procurement of rawemal
from storage. Thus, the mathematical model proptséctegrate the opening of cold storage units tied
fresh fruit transport to a processing plant is folated as follows. Prior to that, indices, paramset&nd

decision variables of the model are presented bi€Bad.1, 4.2 and 4.3 respectively.

Table 4.1Indices of the model

Index for the fruit type

Index for the cold storage units

Index for the processing period in days
Index for the cold storage technology
Index for the number of available trucks

-5 ~x

Table 4.2Parameters of the model

STix Initial stock of fresh fruit for each variety i s&al in cold storage k
Dy Demand at period t of fruit type i

Ny Cold type technology present in each cold storamjeku

CFyr Fixed cost per truck r and trip to the cold storag# k

CV, Transportation cost from cold storage k to theepssing plant per kg of fruit
CARR,, Cost of leasing chamber k, per kg of fruit

M Big M (very large scalar)

NMVC,  Minimum number of trips for truck r

CMC, Maximum load for truck type r

TTVy, Truck travel time for truck r to cold storage k

NMHYV,  Maximum number of driving hours for truck r

HPC,, Average number of travelling hours by truck r, ogeriod t

a Cost for opening the cold storage unit, dependmgechnology.

B Penalty for deviation from the average travel thgdruck.

Table 4.3Decision variables of the model

Xiktr kg of fruit to withdraw from cold storage k at padit with truck r

VCiir Number of trips from cold storage k to the proceggilant at period t and truck r

INViye Inventory of fruit type i in cold storage k at padit in kg

Ta Number of hours greater than the average numbeows for truck r, at period t

Eay Number of hours lesser than the average numbeswsHor truck r, at period t

HV Number of travelling hours for truck r, at period t

Wikt Binary variable with value 1 if there is fruit itosage k, at period t and O otherwise

Ykt Binary variable with value 1 if storage k is opergberiod t and O otherwise

Zikt Binary variable with value 1 if fruit type i was thdrawn from the storage k at period t
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and 0 otherwise.

Binary variable with value 0 if storage k with ifrtype i is not yet open at period t and 1
otherwise

Binary variable with value 1 if fruit type i was thdrawn at period t from two chambers,
and 0 otherwise.

WPy

WPP,

MinZ = Z Z ZCFkr* Vthr‘I‘ZZ Z ZXiktT* CVk+ Z Zth*ak
(4.1)

reRkeKteT ielreRkeKteT keKteT
+ Z Z Z INVjie ¥ CARRy, + BZ z Ta, + Eay;
ielk eKteT reRteT
Subject to:
Wikt + th =1+ Zikt Vi el,ke K,tET (42)
INVie < M * Wi VieLkeKteT (4.3)
Yk(t—l) < th Vke K,t eT:t=2 (44)
Z Xictr = Zit VkeKteTiel (4.5)
reR
ZXiktrSM*Zikt VkeKteTiel (4.6)
reR
Z Z Xire = Dy VteTiel (4.7)
reR keK
INVig, = STy VkeKiel (4.8)
INVikt = INVik(t—l) — Z Xik(t—l)r Vie I,kE K,tET:t > 2 (49)
reR
STik_ INVikt < STik* WPikt VtET,iEI,kEK (410)
STy — INVye = WPy, VteT,ielkeK (4.11)
Z (Zi) — 1 < M * WPP, VteT,iel (4.12)
keK
z (Zikt) —-12= WPPit Vte T,l el (413)
keK
(1 - Wik(t+1)) > WPikt + WPPit -1 Vie I,k (S K,t eT:t<T (414)
ZXiktr < CMC; * VCyyr VteT,reR keK (4.15)
iel
Z TTViy * VCir < NMHV, VteT,reR (4.16)
keK
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Z TTVyr * VCyr = HVi¢ VteT,reR (4.17)
keK

Z VCyir = NMVC, VteT,reR (4.18)
keK

Ta, = HV,— HPC, VreRteT (4.19)
Ea,y = HPC, — HV; VreRteT (4.20)
VCyir € Z* V keKreRteT (4.21)
Xikte» INVige, Tape , Eape , HVe = 0 VielLkeKreRteT (4.22)
Wike, Ykor Zikty WPk, WPP,, € {0,1} VielLkeKteT (4.23)

The objective function (4.1) minimizes the costsoasated with the transport of fruit from cold
storage to the processing plant, the maintenanseafahe fruit in cold storage and opening of twdd
storage unit. An additional term is appended assediwith the balance of trip hours for each ofttiieks
during the planning horizon considered. This termimizes the truck deviation from average traveldi

Constraint (4.2) states that fruit from a cold atgr unit can only be withdrawn in the case thattiie
is opened. Constraint (4.3) indicates that fruit ba withdrawn from a cold storage unit if therdrust in it.
Constraint (4.4) indicates whether or not to opesold storage unit which will be opened at a ldiewe.
Constraint (4.5) indicates that the fruit withdravom a cold storage unit must to be greater thdm.1
Constraint (4.6) works in conjunction with restioct (4.5), stating that fruit withdrawn from a cadtbrage
unit cannot be higher than M, which is the totabant of fruit in the cold storage at the beginnofghe
season. Constraint (4.7) ensures that the amounaiofvithdrawn from a cold storage unit must mées
demand of the processing plant. Restriction (4 8)cates that the initial inventory of fruit stored cold
storage needs to be equal to the initial stockaf.fConstraint (4.9) updates the inventory at tinge of
storing the fruit stored in cold storage units. §oaint (4.10) allows knowing if fruit has been kdtawn
from a cold storage unit at any time. Constrainfil% works in conjunction with restriction (4.10hch
indicates that if there is a difference in kilogsastored, it is because fruit was withdrawn at stime from
a cold storage unit. Constraint (4.12) shows whrdtiuét in more than two cold storage units washgitawn
at a given time. Constraint (4.13) works in confiort with restriction (4.12) and states if fruit sveemoved
from more than one cold storage unit. Constrairt4ftallows deciding if fruit can be withdrawn astrat a
future time, if fruit is taken from a chamber amdt is taken from more than one chamber at thaetiThe
purpose of this restriction is that cold storagarohers containing a particular type of fruit bermaone at
a time, which would allow opening single chambeénsutaneously as long as the demand for that tyipe o
fruit warrants it. Constraint (4.15) limits the nigam number of trips by truck capacity dependingtios

type of truck and the amount of fruit to be withdrafrom cold storage. Constraint (4.16) limits thember
Wiadimir Eduardo Soto Silva 82




Supporting Decision Making in Opening Cold Stor&gmters and Transporting Fresh Fruit to Processing
Plants

of trips per truck to a maximum number of drivinguins for each truck driver. Constraint (4.17) iradés the
number of hours per truck. Constraint (4.18) ersareninimum number of daily trips to assign eaciakr
available for transporting fruit from cold storaigethe processing plant. Constraints (4.19) an20jdallow
the model to balance the hours of driving per trpekday, minimizing the hours that are above twwehe
average daily trip hours made by each truck. Cams (4.21), (422) and (4.23) correspond to non-

negativity and integrality constraints of the demisvariables, respectively.

4.4. Case study of a Chilean company

Chile expects to become a leader in the food imgustthe next few years. Therefore, the industry’s
technical progress in reducing quality losses aad ltimes is of great interest. In this contextgagch to
support transport planning and storage in agrimssinand in particular for fruit export, contritaite
achieving this goal and catch the interest of @mileompanies.

In Chile, each cold storage facility can store amhe type of fruit at a time (Oliva 2011). Accorglito
the Center for Natural Resource Information (CIREDD5), in 2004 Chile had approximately 201 agro-
companies and 2,349 cold storage facilities. Tlaasjport of fruit from cold storage to the plant is
coordinated by the receiving plant. The fleet oicks used in transportation can be owned or leadessl.
latter is the more common in Chile, guaranteeingdmtract a minimum number of trips. Hence, paynient
arranged according to the agreed number of tripgumk. This way, daily variations in the demana ¢t
handled more easily (Oliva 2011) even though tegquent re-planning decisions required due to uséme

arrival of orders or changes in production planranhthe processing plant (Crainic and Laporte 1997)

4.1. Company description and data used for the csisely

The company collaborating in this research and &hbe mathematical model was deployed is
currently one of the Chilean leading fruit expastef high quality fruits. Their orchards are lochie the
Metropolitan Region and the O'Higgins Region. Tlnpany had planted 2,600 hectares in 2013 and
accounted mainly for two business units, (1) trgdiresh fruit: kiwi fruit, grapes, stone fruit, azexos,
citrus, peaches and apples; and (2) dried fruiings, walnuts and almonds. Our study is focused on
different varieties of canning peaches (10,825 2013) the only fruit the company keep in cold ager
facilities.

The inventory in each storage facility at the begig of the 2013 season and the number of storage
units in each are presented in Table A.1. In tdted, company has 62 cold storage units or facliti
which 23 have a capacity of 400 bins, 30 have aagpof 600 bins, and nine have a capacity of @ |0@s
(one bin contain about 380 kg of fruit). Regardaudd technology, 21 units have conventional cotuasie
facilities, 27 smart fresh and 14 controlled atniesp. The assignment of fruit variety to cold sgera
warehouses is done based on the experience ofrthleyee in charge of this task. This employee tiobd

account the distance from fields to the warehopkes the capacity of each cold storage facilitywduwer,

Wladimir Eduardo Soto Silva 83



Supporting Decision Making in Opening Cold Stor&gmters and Transporting Fresh Fruit to Processing
Plants

these expert decisions resulted quite often indination errors when opening later storage unifgrézure
the processing plant (Oliva 2011). Table A.2 shtvesstocked fruit and varieties in the warehousabea
beginning of the 2013 season and Table A.3 correipg demand.

For transportation, the company had 4 trucks abigleith a capacity of 9.8t, 12.2 t, 12.2 t and125
respectively. Decisions for assigning these truokdifferent warehouses were based on the experiehc
the plant manager and production manager of thgpangn For modelling purposes, the workload of each
truck should be balanced, both in the number gistand in the number of working hours. Hence, we

propose the following equation to estimate the agertime (in hours) per trip for the truckin the period
(HPCy):

HPC,, = (C’L—fc X %) x TTV (24)

whereDy is the demand at periddf fruit typei (c.f. Table 2)T represents the days of the planning horizon
(15 days for this case study) aRdepresents the number of available trucks dufiegperiod (4 trucks for
this case study). The paramef@C represents the total load average of the truek,fend it is obtained by
taking the sum of the truck loads and dividing bg humber of available trucks. In this case st@d¢ =
15,706.67 kg. The parametdiTV, defined as the average travel time from coldagteto the processing
plant, is calculated summing up all truck traveleés and dividing by the number of cold storagesuaitd

the number of trucks. For this case studil = 0.66 hours.

4.4.2. Application of the proposed model

The software used for solving the model proposeth@ncase study was IBM ILOG-OPL v6.3 and
CPLEX v12.6, installed in a computer with Intel® r€o™ i5-5300U CPU 2.30 GHz processor, 8 Gb of
RAM and 600 Gb of hard disk. The time horizon cdesed was for 15 days as agreed by the company
collaborating in this research. A longer plannirggifon was not considered advisable given the lafck
reliable estimates of daily demand and the denregplanning tasks. Using the data presented in AgipeA
the model was solved.

For this instance, the model has 69.252 constramis105.808 decision variables of which 3,968 are
integer, 74,593 are continue and 27,247 are binBng solving time was 184.5 seconds, after 306,434
iterations reported. Thus, as a first consequehtieese figures was that re-planning would berdtble in
field conditions. Table 4.4 shows the results Far fruit withdrawn from the corresponding cold age and
daily demand of the plant satisfied. Storage umitisreported remained closed with the initial inen still
available. As shown, to cover daily demand overtthee horizon no controlled atmosphere storage was
opened. Most of the demand was covered with coimadtcold storage (seven units) while only thresrev
Smart Fresh. This result reflects one of the ohjestof the study, which was to prioritize the opgnof

chambers with short term preservation over chambihslong term preservation.
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Table 4.4 Fruit to withdraw from each cold storage durihg time horizon (in tonnes)

Day
Ware | Storage | 2 3 4 5 6 7 8 9 10 11 12 13 14 15 | Total
house | Unit
2 95 95 95 95 95 95 95 95 95 95 95 95 95 | 1235
g 114 80 80 80 80 80 80 80 80 | 752
Al 4 ; 76 91 91 91 91 91 91 91 91 | 806
5 76 190 190 190 1900 190 19.0 190 95 150.1
A4 3 152 114 114 114 114 114 114 114 114 | 106.4
8 76 152 152 152 152 152 152 152 152 | 129.2
9 331 331 331 331 331 76 172.9
a6 10 | 152 133 133 133 133 152 152 152 152 152 152 152 152 152 152 | 220.4
12 | 152 304 190 190 190 190 19.0 140.6
13 95 190 190 190 190 19.0 19.0 | 1235
Withdraw () | 38.0 95.8 939 939 939 958 1121 87.4 87.4 87.4 87.4 874 87.4 874 87.4 | 13224
Demand(t) | 380 958 939 939 939 958 1121 87.4 87.4 874 87.4 874 874 874 874 | 13224
CA SF CcC

In addition, the quality of the proposed soluti@spected the practical condition that only one cold
storage unit of a given variety of fruit can be oge at a time, in an ordered way, not allowing twis of a
given variety opened at the same time and avoidirgglaps (see Table 4.5). For example, for fruriets
V2 with a demand of 273.6 t, the first cold storagfmmber to be opened is #5 (Warehouse Al with
Conventional Cold); once it was emptied (i.e. at g chamber #13 (Warehouse A6 with Smart Fresty w
opened to withdraw the remaining fruit to compléte demand in the time horizon studied. A similar

situation is observed for the variety W able 5).

Table 4.5.Fruit to be withdrawn per variety and cold storégen day 1 to day 15 (in tonnes)

Day
Variety [ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15| SFCs(t)
1 from W6 (#12) 140.6 t | 0
) from W1 (#5) 150.1 t | 0
| from W6 (#13) 123.5 t 114.8
3 | from WO1 (#2) 123.5 t 118.6
4 | from W6 (#9) 172.9t | 0
from W6 (#8) 129.2 t 98.8
5 from W6 (#10) 220.4 t 7.6
6 from W4 (#3) 106.4 t 45.6
7 from W1 (#4) 80.6 t 109.4
8 from W1 (#3) 75.2 t 162.3

The actual fruit withdrawn from cold storage duritg period under study was compared with the
fruit withdrawal proposed by the model (Table 418).both cases the demand of 1,322.4 t was satisfie
While the model proposed withdrawing 951.9 t an@.8% from CC and SF storage units respectively, th
company actually withdrew 662.4 and 609.5 t respelst plus 40.5 t from CA storage. This difference

indicated that the model tended to open and coelglempty a storage unit before opening any othétrs.
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the same time, the model gave priority to opentogage units holding fruit for a shorter time, swashwith

CC and SF technology.

Table 4.6.Comparison between observed and proposed remofalitof

Observed Proposal
Initial Final Fruit Final Fruit
Stock (1) Stock () Withdrawn| Stock (t) | Withdrawn
Cold technology (1) ®
CC 2,714 2,051.6 662.4 1,762.1 951.9
SF 4,704 4,094.5 609.5 4,333.5 370.5
AC 3,407 3,366.6 40,500 3,407.1 -
Total (kg) 10,825 | 9,502.67| 1,322.4 | 9,502.7 | 1,322.4
Leasing Cost (US$*) 34,900.18 35,030.08
Opening Cost(US$*) 2,497.5 1,397.45
Total Storing Cost (US$*) 37,398.63 36,427.53

(*) Dollar: $665.52 Chilean pesos, taken on Wedagsduly 29, 2015, from www.bcentral.cl

If a variety did not have enough stock in CC orsBftage to meet the demand, then the model would
open the cold storage units with CA. This was hetdase in reality, since 40.5 t of a variety weraoved
from CA storage. The company argued that plannagdsniade the decision to open the storage unitestios
to the processing plant regardless of the cookichriology. Moreover, they did not consider inveptasts
and the cost of opening storage units neither lreern about the quick emptying of a storage once
opened. Therefore, the company confirmed and aedapt goodness of the model proposal to this pioint
which leasing and opening costs were balanced ghrolie objective function. When comparing the total
costs of storage, the actual situation at a taiat of US $ 37,397.63, while the total cost obtdindth the
model solution was US $ 36,427.53. This shows aateoh of US $ 970.10, which corresponds to abéat 5

A total of 117 trips were proposed from storagehi® processing plant, in order to meet the demand
over the study period. The number of trips durimg period was balanced for each driver (i.e. trutkjcks
#1, #2, #3 and #4 were assigned 28, 29, 29 and@&lrespectively. The fruit load in tones to berieal and

the scheduling per truck (number of trips per tjumker the time horizon is presented in Table 4.7.

Table 4.7.Tonnes transported and number of trips made by teack in the study period

Days during the period

Truck 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total (t)
t 3.0 13.3 18.6 16.7 11.0 129 9.5 152 19.0 19.0 152 152 190 15.2 15.2 218.2
Truekd trips 1 2 2 2 2 2 1 2 2 2 2 2 2 2 2 28
t 7.6 18.2 243 133 21.7 243 190 209 194 194 205 186 18.6 19.4 17.1 282.3
Truck2 trips 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 29
t 122 243 186 217 190 205 152 171 186 186 175 194 194 18.6 20.9 281.6
Trucke3 trips 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 29
t 15.2 39.9 323 422 422 38.0 684 342 304 304 342 342 304 34.2 34.2 540.3
Truck4 trips 1 2 2 2 2 2 4 2 2 2 2 2 2 2 2 31
Total t 380 958 939 939 939 958 112.1 874 874 874 874 874 874 87.4 87.4 1,322.4
Total trips 4 8 8 8 8 8 9 8 8 8 8 8 8 8 8 117

Wladimir Eduardo Soto Silva 86



Supporting Decision Making in Opening Cold Stor&gmters and Transporting Fresh Fruit to Processing
Plants

The average trips per day was 8 for the entird,flwéh a daily average of 2 trips per truck and a
standard deviation of 0.1 trips. In addition, tbéat trip average to be performed by each truck 2&8,
with a standard deviation of 1.3 trips over theetiperiod. Day seven was the day with the maximumbmas
of trips, which corresponds to the maximum dailynded (see Table 9). It was Truck #4 that performed
more trips than the rest. This truck was chosdrattsport the fruit as it is the one with the gesatapacity.
Trucks #1, #2, #3 and #4 transported 218.2 t 2B33.3 t 281.6 t of fruit, respectively (Table Tlearly,
Truck #4 was assigned more loads to carry as itthedbiggest capacity (25.01 t), while Trucks #2 athd
#3 had 9.9, 12.2t, 12.2 t, respectively.

The first day of the season was different fromrs as the activity in the plant started so, tivesis
less demand. To transport the fruit necessaryfat day, Truck #4 could have been assigned twa.trip
However, to count each day for the entire fledrudks, to prevent unbalanced workloads for drivard the
risk of leaving drivers out, at least one trip gay per truck had been agreed on with the comamythis
reason, on Day 1 every truck made a trip (see Tapl&laintaining a fleet of trucks available ensutke
transportation of all fruit during the days whee fflant demand increases.

Just as balanced trips are important, so are wgrkours. The daily average working hours for all
trucks was 4.9 hours. Total trip hours for all &sidor the entire period was 72.8 hours, which esponds
to the sum of hours occupied by each truck dutiregvthole period. Moreover, the model balanced tiky d
number of hours of each truck trip, i.e. 1.2 hquesday per trip, with a standard deviation of ifors. This

was also corroborated by the analysis of the agenagber of trips per truck presented in Table 4.7.

Table 4.8.Number of trips by truck from cold storage to theqessing plant and associated transportation

costs during the period.

Truck
Truck 1 Truck 2 Truck 3 Truck 4 Total
Proposed trips (#) 28 29 29 31 117
Total trip time(h) 21.0 18.2 18.0 15.6 72.8
Total Cost (US$*) 635.60 887.20 846.50 1,704.80 4,073.10
Observed trips (#) 33 33 36 35 137
Real Total Cost (US$*) 749.10 1,009.60 1,050.90 1,924.80 4,734.20

(*) Dollar: $665.52 Chilean pesos, taken on Wedagsduly 29, 2015, from www.bcentral.cl

Real and modeled number of trips required to pmdhe fruit for the processing plant were also
compared. Table 4.8 shows the total number of tlijggng the period was 117, with a total cost of §S
4,073.10, while in reality the company reported 183 and a total cost of US $ 4,734.20. Thereftire
model solution reduces transportation costs by U120, representing a significant saving of 13%.
detailed analysis truck by truck revealed the higltest was US $ 1,704.80 for Truck #4 with 31striphis
higher cost compared to the rest of the truckseisabse of the higher capacity and the rent being mo
expensive. On the other hand, although the numibiips obtained by the model for Trucks #1, #2 #3d
was similar, the costs associated with the tranapon were different. This was because Truck #d &aa

lower capacity, so their rent was lower, with atatost of US $ 635.58. Trucks #2 and #3 with thee

Wladimir Eduardo Soto Silva 87



Supporting Decision Making in Opening Cold Stor&gmters and Transporting Fresh Fruit to Processing
Plants

capacity had a total transportation cost of $ 88a2d US $ 846.50, respectively. The cost of trartafion
and the number of trips obtained with the modeldach truck were lower than the values observdatdn
actual situation. The company acknowledged theutdcoe room for some overestimation in the proposed
transportation cost since unforeseen items likenteaance tasks or substituting drivers may caugs@ ex
expense. However, the margin of 15% was enoughetadmvinced that real improvements could be
obtained by implementing the model solution.

When considering the cost of storage and trangmmiathe total cost obtained with the model was
US $ 40,500.60 while in the real situation the coas US $ 42,132.89. Thus, the model as proposketble
savings of US $ 1,632.23 representing approximaetyof the total cost. In relation to the cost stve,
the cost of storing fruit represented 81.6% ofttital costs obtained with the model, while the $gortation
cost was smaller and equivalent to approximately%3of total costs. This cost structure was sintitethe
one observed in the real situation by the compamgre storage costs accounted for 80.4% of totstisco
and transportation costs, 19.6%. It is worth memtig that the storage cost is also affected bysimts
made during the harvesting season when raw materught and cold storage rented to be filledh e
harvest. These decisions are out of the scopeeopridssent study but are envisioned as future axiensf

the present research.

4.5. Conclusions

This study proposed a multi-period optimization mloth plan the opening of the cold storage units
with different cold technologies in a finite plangihorizon in order to meet the demand for fresit iy a
processing plant. Along with this warehouse plagnihe fleet of trucks available at the procesgifant
was allocated for transporting the fruit balancimgrking hours and the number of trips for each kruc
driver. The model minimizes the leasing and opewiogts for the cold storage and the cost for tranisyy
the fruit to the plant. In this sense, the modelettgped contributed to improving the efficient tsport and
inventory management.

The model was applied to a real case with the sagb@ company in the assessment of the solution
reported by the model. A planning horizon of 15 daas adopted. Real cases improve the link between
business and researchers to solve problems inréze either at the operational, tactical or stiatézyel.
Hence, the outcomes of the model were compared &adgthal ones. As a result, the model showed a
reduction of approximately 15% in transportatiolstscand 5% in cold storage costs. The solutionigeov
by the model met practical requirements for openhe cold storage, ie, chambers with cheaper cgolin
technology were opened before those with more resipe technology. Regarding the use of trucks, the
model balanced workload and working hours of trdakers. This condition was very important in preet
because the transportation was outsourced tophnty and they may have stopped delivering tineicse
if a minimum number of trips were not guaranteeldisTwould be harmful for the procurement of frujt b

the plant in the peak season. The resulting solutias accepted by the decision makers involvedim t
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collaborative research.

Finally, it would be interesting to extend the miotteinclude decisions in the earlier stages of the
supply chain. For instance, planning the productind purchase of fresh fruit from the orchardsngknto
consideration the available cold storage and redtmmge costs. The development of such a modeldwou
improve the strategic and tactical planning of atiens production-storage-procurement of fresh fiari a

processing plant.
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Appendix A. Data related to the Chilean Company duing 2013 used to feed the parameters of the
model.

Table A.1 Stored fruit at the beginning of the 2013 season.

Stored fruit Capacity of cold storage facilities Total
Warehouse Canning peaches (t) | 400 bins 600 bins 1,000 bins Units
#1 819 1 4 - 5
#2 1,444 5 5 - 10
#3 304 4 - - 4
#4 2,497 5 10 - 15
#5 1,300 1 3 2 6
#6 4,460 7 8 7 22
Total (t) 10,825 23 30 9 62
Table A.2 Storedvarieties of canning peaches in the warehouses.
Warehouse
Variety Variety #1 #2 #3 #4 #5 #6
Vi Andross X X X X
\Y2 Ross Peach X X X X
V3 Loadell X X
V4 Bowen X X
Vs Carson X X X X
Ve Klampt X
V5 Everst X X
Vs Hesse X X
Vg Kakama X X X
Vg Tirrenia X
Vi1 Rizzi X

Table A.3.Daily demand of the processing plant accordindnéwariety of fruit (in tonnes)

Day

Variety 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total
Vi 15.2 304 19.0 19.0 19.0 19.0 19.0 - - - - - - - - 140.6
V, 7.6 19.0 19.0 19.0 19.0 19.0 19.0 19.0 190 19.0.0119.0 19.0 19.0 19.0 273.6
V3 - - 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 9.5 955 9.95 123.5
Vg - 331 331 331 331 331 15.2 152 152 152215152 152 152 152 302.1
Vs 15.2 13.3 133 133 133 15.2 15.2 152 152 18182 152 152 152 152 2204
Ve - - - - - - 15.2 114 114 114 114 114 114 411114 106.4
V7 - - - - - - 7.6 9.1 9.1 9.1 9.1 9.1 9.1 9.1 9.1 80.6
Vg - - - - - - 114 8.0 8.0 8.0 8.0 8.0 8.0 80 80 752

Total 38,0 95.8 939 939 939 95.8 1121 874 878v.4 874 874 874 874 874 1,322.4
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Abstract

This work proposes a decision-support system tonige purchasing operations, cold storage and firesh
freight. Due to the fact that within the supply ichaf fresh fruit there are still problems that bawot been
addressed, optimization tools are required to supgecisions in the agro-industrial area so thas¢h
processes are carried out in an efficient way.rasent, in the Chilean reality, there is no sofentarsupport
the decisions of fresh fruit supply in a procesanpl which can allow planning efficiently the invetl
processes. Currently, these processes are cauieddependently and manually. This requires a B&iBh
can offer the particularity of solving at leastauple of problems within the fresh fruit supply cheo allow
an optimum tactical planning for the rest of thassm of the process plant. Therefore, this studyiges the
DSS to select growers, their subsequent purchaseddf fruit, and the allocation of the fruit teethest cold
chamber available. To show the practical implenm@maof this DSS, a real case study has been daote
in a company of dehydrated apples. The implemamtati the model shows that it is possible to adhiev

improvements of approximately 10% in costs, eqeinato save about US$50,000 per season.

Keywords.Decisions Support System in Agriculture, Tactical Rinning, Agricultural Planning
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5.1. Introduction

The Chilean exports of dehydrated products havevshe rapid growth in the last decades. This is
reflected in the total of agro-industrial produetgported, where 36% corresponds to dehydrated ptedu
and dried apple in particular has a 7% participatidt the beginning of the 1980s around US$20 onilli
were exported with a total of 13 thousand tonspdp In 2010 sales were more than US $ 251 mibiah
122 thousand tons were exported (ChilealimentosQR0rhe growth of dehydrated product industryls®a
reflected in the participation within the 201 agndustries registered in Chile in 2005, where 33% i
dehydration plants, 29% is frozen product plan8p2anning plants, and 9% juice plants (CIREN, 2005
Currently, Chile is the first world exporter of @d apples, representing 33.3 % of global exportaV@
2010).

In the dried fruit industry, the purchase of a gd@sh product and storage are critical issuesimvith
the supply chain, since both activities are relatedbtaining a good yield in the transformatiorfrekh fruit
into dried fruit (Oliva, 2011, Soto-Silvet al.,2017). This yield in the dehydration industry rolvn as the
conversion factor (cf) and it is defined as theassary kilograms of fresh fruit to obtain a kilagraf dried
fruit (Soto-Silvaet al.,2017).

In the Chilean industry of dried apple, the hartakes place between February and May, when the
purchase prices are lower and there is a wide rah@®sh fruit in quantity and quality. There is@the
possibility of purchasing fruit off harvest seasbut there is a lower supply, lower quality andhagprices.
Currently in Chile, when purchasing fresh produtite, agro-industrial processing plants only corrsiie
amount of fruit offered by growers, without takiimgo account the quality. This situation makesifiticult
to store fresh products, since there is no cldarnmation about the varieties and the quality & pmoduct.
This information is necessary to assign the frashklyrct to the different types of existing storaghich may
be of short, medium and long-term (Oliva, 2011).

The choice of the type of storage is relevant, beeat is necessary that the fruit quality at theetof
being purchased remains unchanged in the time.i hiscause the fruit is processed between thehsaft
March and November where, as mentioned above, tairola good final product, good raw material is
needed. Currently, these decisions are made bgweng the historical data from the past purchases a
based on the experience of the decision-makingegsyovhich often leads to the selection of groveérs
fresh products with features not required by tlephnd a storage allocation not suitable for tirelmased
fruit (Oliva, 2011).

An important fact in the process of dehydratiothes the purchase, storage and transportatioreshfr
raw material represents 85% of the total costslimgbin the process, followed by the energy with, ¥6or
with a 5% and production supplies with the remari®do (Oliva, 2011). Within the total cost of frelshit
supply and storage, purchase implies 70%, stor&fe @nd freights the remaining 5% (Soto-Sibtaal.,
2017).

Currently, in Chile there is no a supporting tantake an optimal decision for the purchasing pgece

storage and transport of fresh fruit for the dehtidn process (Soto-Sihet al.,2017). In addition, relevant
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parameters are not being considered in the supplyseorage planning of fresh fruit, such as coldnshers
availability, the number of growers, the quality edich grower’s fruit and the availability of trucksr
transport. All the planning in the supply and sg@grgprocess, whose ultimate goal is to achieve the
preservation of the fruit quality as long as pdssibo that the conversion of fresh fruit into desaged fruit

is optimal during the preparation season, is basedhe experience of those who are responsible for
different processes (Soto-Sileaal.,2017).

One of the tools that help a good decision-makethe Decision Support System (DSS). As defined
by Alyoubi (2015), a DSS is an information systeyultthat supports the decision-making process #n
interactive and adaptable information system, cdsergoased, which allows decision-makers to find
solutions to different problems (Turban and Arons2600)

The DSS is applied in different types of decisiangh as: Strategic Planning, Management Control
and Operational Control, implemented in differerdas such as wine, agriculture, livestock, productf
perishable and non-perishable items (Turban ancgo, 2000). In these areas, the DSS provides a wid
range of applications, including agriculture, watesources, environment, organizational management,
health and business (Fountgsal., 2015). Within these sectors, DSS is used to impmarsonal efficiency,
speed problem resolution, facilitate interpersamshmunication, promote lifelong learning and tragiand
increase the organizational control (Mir and Qua2i®i09). For example, in the agricultural field, ®8an
be designed to be used by agronomists, soil sstentigricultural engineers, entomologists, clineadeerts,
farmers, students and extension workers, who magenmportant decisions within the supply chainythe
are working on (Mir and Quadri, 2009).

Within the research of agro-industrial area, whicbposes a DSS, we can find Btaal (2004), who
propose a DSS that integrates a Markovian modedupporting the decisions of reproduction on af@ign.

Mir and Quadri (2009) present a review of DSS aupto agriculture, noting that within the aread trave

had a major study in the agro-industry is the irdegfd crop management, fertilizer management, weed
management, water management, plant protectionesmion, pollution management and control. Bachti
et al. (2012) present a DSS that aims to show the optimdés within a field used by different vehicleatt
cross it. The goal is to minimize the soil areaduge transport, and also minimize CO2 emissionshé&kh

et al (2013) present a decision-support system thawallplanning the crop to be planted in an area,
considering the geography, the water and the saility. An important point is that the system caoless not
only the quantitative data, but also the experiariexperts to categorize each zone and their pplessiops.
Lopez and Pla (2014) present a support system @ macisions of the supply chain of sugar canes Thi
system allows planning the harvest and the tramspfosugar cane from the orchards to the processing
plants. Kerselaerst al. (2015) presents a DSS that allows managing thefuagricultural land in a given
province. Sanchez-Cohegt al. (2015) present a DSS to support crop decisionarids where there is a
water shortage. This allows farmers to make detitioplant a certain crop based on the analysisthiza
DSS offers. Among the reviews, the one presenteHduntaset al. (2015) show that from the 141 articles
reviewed, 75% shows PC applications, and the nigjoieéals with field operation management, with a

coverage rate of 89%, followed by 81% of operatiggorts, and financing with 64%. Tanwtal. (2016)
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show the development of a DSS to improve agricaltyields of crops, through precision agricultufée
DSS supports with the information from the growtersnake a decision about the crop in their fielldse
DSS is based on a web and mobile application, whlldws growers make decisions about farming and
crop fields in real time. Navarro-Hellet al. (2016) present a DSS for smart irrigation of agtizral crops,
which plans the needed water according to sensdfifield to collect weather and soil informatiamd it
allows the DSS forecast and give an optimal irfagaplan for the field. This work is applied andidated

in a field in Spain that has grown citrus fruits.

To support the complex decision-making in the paseh storage and transport of fresh fruit, the
Chilean agro-industry does not have tools to supiis type of decisions (Soto-Sihet al, 2017). The
objective is to select the growers and assignrémghfproduct to the most suitable cold storagedtain the
industrial standard conversion factor throughoatglocess period. Currently, these processes areccaut
by the operations, supply, and processing andgeastaff based on the experience gained through flim
do this, records are taken in Excel spreadsheetdext files. These are the only tools used forigie-
making.

Therefore, in this research it is proposed a tattiecision support system (DSS) for the purchase,
transport and storage of fresh products, in ordeminimize the costs of these activities and mainthe
guality of the product as long as possible. To luis, tthe DSS uses the mathematical model, which is
proposed by Soto-Silvat al. (2017). They present a mixed integer linear pnogning that allows optimal
planning of supply, storage and transport of frieght. As mentioned by Mir and Quadri (2009), Foasxt
al. (2015) and Jain and Raju (2015) in their litematteviews, there are still areas in agricultureghsas
irrigation, cultivation, harvesting, processes agftigerated transport, where it is possible toed@y tools to
support the decision (DSS), having as a final dhje¢o improve the efficiency in different procesawithin
the agricultural supply chain (Sanchez-Cobkeal.,2015).

The DSS is applied to a real case study correspgridi a processing plant of dried apples located in
Maule Region, Chile. This plant has approximated$ 2Zresh fruit growers of different qualities, amnaal
fruit demand of about 28 million kilograms, 12 calirage centers, with a total of 70 cold chambehsch
have different cooling technologies. It also hdeased fleet of approximately 30 trucks, segmeinriexl 3
types of trucks according to the load capacitiesaah one.

The following section describes the activities airghase and storage of fresh products in Chile,
whose final destination is process plants. In sac8, we present the development of the decisippat
system. Section 4 shows the implementation of 058 tlehydrator in the Maule Region, Chile. Finally,
section 5 shows the company feedback, and Sectigne€ents the conclusions of this research andefutu

research is mentioned.

5.2. Supply chain for apples destined for the dehydtion process in the Chilean agro industry.

Figure 1 below shows a diagram of the supply ciarolving the purchase, transport and storage of

fresh apples destined to process of dehydrationtplen Chile. This chain is similar to other frighd
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vegetables chains that are raw material for the-agtustry. The diagram shows all the actors ingdlvand
the flows between them, although the last parhefdhain, which deals with fresh fruit dispatchnirthe

cold storage to the processing plants, is not degiuin the objective of this research.

Figure 1. General structure of the supply chain for applestided for processing in Chile (Soto-Siwgal.,

2017)

Next, the interaction between the elements of tipply chain is described (Figure 1).

The harvest is carried out by the growers whoiargeneral, the owners of the orchards. This csop i
collected in containers called bins whose load cigéy# about 380 kg. The processing plant is resjise
for picking up the containers from the orchard aeckives them in the plant where the payment, adoay
and control of apple conditions are made (GonzAlezra et al., 2014). Then, the fruit is placed in a cold
storage, either in refrigerated cells within thanplor rented. It should be noted that the decigiastore the
fruit or send it directly to process is made by phecess plant when receiving the fruit. If it sirgg to be
stored, it fruit quality should be considered amastselect the cold chambers that contain colditons as
long as possible to maintain the fruit quality. @hile, a process plant tends to have a demand of
approximately 30,000 t of fresh products, availafde purchase from about 250 growers who offer six
varieties of fruit with three different duratiomte (short, medium and long term).

The storage time depends on the type of cold chathbeis used. In addition, for all the fruits r&d,
the ripening process must be controlled by theiogaystem (Nadal-Roig and Pla, 2015). A storagéditia
can have different types of cold stores, such asntlers with conventional cooling technology (CR)eve
the temperature is controlled by a conventionatniostat which allows keeping the fruit over a pérad
about 3 months (short-term). Chambers with Smasitirtechnology (SF) that incorporate the dissemimat
system of phytosanitary-regulator Smart Fresh, ivhiinimizes the synthesis of ethylene in fruit feston
during storage, allow the fruit to be kept for ab& months (mid-term). And finally, chambers with
controlled atmosphere (CA) where oxygen concewinati carbon dioxide and nitrogen are regulatedgalon
with the temperature and humidity, that is to shg, chamber has a controlled climate allowing tié fo
be maintained over a period of about 9 months (tengp). Generally, the plants have more than orné co
storage in order to have fruit available to be pesed throughout the year. In Chile, it is posdiblbave

only one type of fruit stored in a cold chambethat same time (Olive Oil, 2011).
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The transport within the entire supply chain is allsuoutsourced because it is too expensive to
maintain a truck fleet, thereby avoiding the cdstidvers and truck maintenance (Gonzalez-Arayal.,
2014). The payment policies are varied, but thetnoasnmon are the payment per kilogram or bins
transported per kilometer, or a price is negotidedhe entire season.

In Soto-Silvaet al. (2017) it is explained in detail the purchaserage and transportation process of
fresh fruit that is intended an apple dehydrati@mip

The management of information in each of the stagethe supply chain (purchase, storage and
transportation) is at most in Excel worksheets, aray sometimes not be able to have a record of the
necessary information for good decision-making. &iomes this information is duplicated and ther@as

certainty of truth.

5.3. Decision Support System Design

To help make purchasing, storage and transporsigesi of fresh fruit for the dehydration proceks, t
following section presents the development of a DH® main objective of the DSS is that the uger, i
particular the one responsible for the supply andage of a process industry, can generate sumgppfens
and lease contracts with cold storages. This carddre through a computer tool that implies easy
communication with the user and the given solutidlhbe supported by a mathematical model thatvdeti
the optimal solution to the problem.

Currently, agriculture is in constant change dueféoo example, the market conditions, weather,
exchange rates, supplies shortage, among otheas.iFhwhy it is necessary to optimize the processes
ensure that the decisions taken are the most erificithereby reducing the costs and time in the

implementation of solutions (Mir and Quadri, 2009).

5.3.1. Mathematical Model

The mathematical model included in the DSS is aehotimixed integer linear programming which
looks for and integrates all the requirements @& firesh fruit supply problem for a dehydration plan
focusing on the purchase, storage and transpoe. mibdel used corresponds to the integrated model
proposed by Soto-Silvet al. (2017), which seeks to respond to the problem.

The objective of the mathematical model is to min@rthe total costs involved in the process. These
costs are generated by the purchase, storage amsbdartation of fresh fruit. To select the freshitfr
suppliers, it is important to select those thatbémahem to comply with the requirement of the sdype
and segregation of fruit requested by the commieaciea of the company, at a minimal cost. For thid ¢
storage, it is important to minimize the numbecalid chambers that are used to maintain the fuatity as
long as possible. This is due to the fact that ftacess in plant takes about 9 months, becauskeof t
capacities of daily process in plants. It must besidered that the purchase and storage must bedjbiy

the final objective of finding good yields in therwersion of fresh fruit into dried fruit, theregor
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guestioning what is purchased, how much is purchasd where it is stored play a critical role ie gupply
chain of dried apples (Oliva, 2011, Soto-Sittaal.,2017).

The indexes, parameters, decision variables andntidel of mixed integer linear programming are
defined in Appendix A.

The most important decision variables for the pasafig process of fresh fruit are represented by
Whyqu» that shows the amount of fresh fruit purchasethfeach of the suppliers. The most relevant detisio
variables for the storing process of fresh fruét epresented by ,;.,,; that shows the amount of fresh fruit
stored in cold storage chamber that are availdlble.mathematical model is presented in Appendix B.

The objective function seeks to minimize the asged costs with the fruit purchase, transportation
cost from the growers to the processing plant &edaddministrative costs of the growers who thet fisui
purchased from. It also minimizes the fixed andalde costs associated with transport from the gssc
plant to the storage centers, costs of maintaittiegfruit in cold chambers and fixed costs for at@r and
chamber.

The mathematical model presented and explainedtaildn Appendixes A and B is incorporated into
the decision support system (DSS), which allownit in an optimal way the supply, storage andHriasit

transport program. The details of the DSS constm@re presented below.
5.3.1 DSS Structure

Next, Figure 2 shows the DSS structure, which ksegiith a mathematical model connected to a

database. Both elements are nested in the DSS wigiaecomponent is the interface with the user.

’—' Mathematical Model ] l

User Interface

&

‘ Agroindusiry Manager |

Figure 2. Structure of the DSS (based on Lopez and Pla,)2014

As shown in Figure 2, the mathematical model isstiaeting point to begin developing a DSS, which
gives the empirical validation of the problem tisabeen represented. To represent and find sofjtioms

necessary to handle input data for the mathematicalel, which are the parameters required for moglel
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the problem, whose storage is performed in a datada the same way, the outputs of the model calle
decision variables are managed through a database.

The communication with the user is done througlngarface, which is responsible for the decision-
maker. For the DSS developed, work is carried atlt the storage and production area of a proces¥,ph

order to analyze the best alternatives in the mamagt of the input/output of data from DSS.

5.3.2. Graphic interface

Once the mathematical model is defined, which sdbed in section 5.3.1 and in Appendixes A and
B in detail, a DSS in the programming platform adtBeans IDE (version 8.0) is created. This toolsaan
lifting relevant information to generate variougpuh parameters to the model, developing the resgect
programming of the problem, based on the programnanguage of optimization software ILOG OPL
Development Studio IDE (version 6.0.1) using théeksoftware (version 12.6) as an engine of satutio

For the user’'s graphical interface, it was congidesuggestions from staff who work in supply
management of raw material in plants of the soutlventral zone of Chile. In Figure 3 below, the DSS

structure is presented.

Structure Decision Support System
o
i
H
E
o
T T
a ) ) b
i -
n
.. | e ] |
| Relativ
Storage Cost | =) Prices Sale Fresh Fruit - Fatve
= - — Tolerance
3 |
a2 i | Producer Offer | —l Execution time
2
- Type Cold . Maximum
' Technology Transportation Load

Figure 3. DSS Structure.

As shown in Figure 3, these are three major atesissere considered important: first, optimizatadn
fresh fruit purchase, then, cold storage and fimalevant information to the running parameters type of
solution being sought with the optimization modwlttis in DSS.

The first two menus represent the problems intendedidress with an integrated model for fresht frui
supply and storage. This division is made sincé ¢mocess to be optimized has different requiremantd
parameters. In addition, this separation allowsetieb order for both planning and reviewing thereso
information. Within the information needed, it isuhd the grower’s data, available cold storage taed

demand of processing plant.
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Regarding the menu associated with parameterasitdlevant information to each of the runs that ar
intended to be made to the mathematical model. favameters can be calibrated, such as runningaimde
relative tolerance of the solution found. In preetiit may happen that the decision-makers neealraost
optimal solution, therefore calibrating some ofsta@arameters, such planning, can be found quickly.

The system allows changing and adding new parameta¥ach area and, at the same time, it allows
to modify information already stored. This featisemportant because all the information is vaealsince
there may be changes in the growers’ data, for pkamprices and varieties of offered fruits, thedcol
chambers available, among others.

Figure 4 shows the diagram of the planning prooégsurchase, storage and transportation of fresh
fruit, which describes the various stages and astibat are performed in order to obtain the supfayning

of a processing plant.

Modify
enterad

Modify =
paramatensT

> Fam Modal
Save
Planning

Figure 4. The process diagram of purchase, storage ansptwatrof fresh fruit.

As shown in Figure 4, the process begins by ergdtia demand of the process plant of each of fruit
varieties and qualities, which is needed to be ggsto meet the demand of finished product. THenrest
of the parameters are entered, both the purchasegs and the cold storage process. Once the iatiom
is entered, adjustments can be made, such as olatigi cold chambers availability, fruit growersfeo,
purchase prices and rental costs of cold chambtsr entering all the information, the necessary
parameters required for the execution of the modedt be defined. Among them, it is found the reéati
tolerance to find the optimal solution and the etien time.

Subsequently, the DSS is run and results are @utairhese are the purchase planning from different
growers, either in quantity and variety of fruitetallocation of purchased fruit in different catbrage

centers and the kind of transport used to cariy firmm different growers to different storage censt
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5.4.3. Database

To work properly, the DSS requires a database oontpall the information associated with the
purchasing process, such as growers’ informatiaantity and quality of the fruit offered, purchagicost
and transport availability, and also informatiors@sated with the storage process, such as colchlméra
availability, cold technology in each chamber, éassts and transport availability.

All the information is stored in the database, #relprocess diagram is shown in Figure 5. The syste
allows the user to add new information and, atsdi@e time, change the saved information beforeimgnn
the model. It is important to note that the datasiored in Excel files. It is decided to work ida&tabase in

Excel since this is like an ERP widely managed bykers in the Chilean business reality.

Select Purchase Select Storage Process
ProcessFiles File

i\ W

Modify
Information

AddNew Entry

=

Figure 5. Process diagram for the database.

Finally NetBeans, the software where the graphitetface of the DSS is developed, creates an Excel
file where the solutions for each area are transfiereither purchase and storage. Subsequentlge the
solutions are interpreted using dynamic and maabde$, which were programmed in the Visual Basic
programming language.

An important point to be considered is that thealigwment of the graphical interface and the design
of the database are made with free software. s bf tools is chosen due to the fact that ingteate

enterprise, particularly in Chile, it is not commmnhave paid computational tools.

5.4. Application of the DSS to a case study

A real study case is carried out which shows tlaetmal use of the tool presented and its link i
mathematical model developed by Soto-Séval. (2017).
The objective of the case study is to show the asttaristics of the DSS and demonstrate the

capabilities that this has to deliver an optimanpling for a good decision-making in the purchasmage
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and transport of fresh fruit. In addition, to praymt based on a good integration of a mathematicalel

and a graphical interface it is more effectiveupmort decision-making.

5.4.1. Description Company

The company where the case study was applied isguoindustry producing dehydrated and
preserved fruits and vegetables, developing iisities in the Maule Region, Chile. This agroindyss the
main dehydration company in the region and oné@tiwo most important in the country, where dehtgta
apple is the main export product in volume andifgof

The company processes more than 36,000 t of rawriakaannually, which are subject to selective,
washing, cutting and / or thermal processes, depgndn the required product. The company mainly
processes apples (18,250 t / year), cherries (40@=éar), peaches (150 t / year), tomatoes (1.7&&r),
Paprika (8,000 t/year) and Celery (3,120 t/yealer&fore, the most processed fresh product is apple
representing 60% of the raw material to be proackSstiowed by peppers, with 25%.

The apple dehydrated plant has approximately 2p&agrowers of different varieties, an annual fruit
demand of about 28,000 t, 12 storage centers, avithaximum availability of 70 cold chambers with
different refrigeration technologies, allowing @ifént times of fruit conservation in time, and askd fleet
of approximately 30 trucks, type 1, 2 and 3, witfiedent load capacities: 22 bins, 32 bins and 66,b
respectively.

In order to store the fresh product longer, a diaation system is applied, which considers harves
and orchard conditions, and fruit ripeness in réoap This system gives a classification to eactcthaf
fresh product and, according to this; it determities type of cold room where it will be stored. Jhi
classification is called segregation, which inddsathe time in which the fresh product can be dtore
maintaining its conditions for the process.

Currently, despite the segregation of the fruihaof the factors described above (quantity ane tim
of fruit storage, types of storage) are considénethe purchasing process. The company buys evegyth

that its storage capacity allows, so as to meegptbduction schedule during the year.

5.4.2. Application of DSS.

To start the application, as explained above inti®ect, NetBeans must be installed, since the
application was developed in Java. The first scteatisplay is the DSS start-up screen (Figurd Bg aim
is to show the user the parameters required to tlmadnathematical model that is implemented inDIES.
This first screen corresponds to the secondary fresented in Figure 3.

The necessary parameters for the DSS to find amabtplanning are divided into two areas:
purchasing and storage. In addition, it gives tp&oo to allow the user to find a solution to thelgem by
calibrating the stop of the solution search. Thdbisay, it is possible to stop the search by wiattime or
GAP.
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Datos Requeridos

Figure 6. DSS start-up screen

The next step is to load the data from the purclgasiodel and the storage model, respectively.

For the purchasing data, as shown in Figure #, tfies plant demand must be registered for each one
of the varieties and of each one of the segregatioespectively. Subsequently, in each variety and
segregation the purchasing prices must be registé&eth the purchase prices and fruit demand were
included in the DSS with a high degree of proximiidythe user, since they have a higher probability
variation. Therefore, it is necessary that theti@tahip user / parameter be more fluent. Thiswadlofor
example concerning changes in these parametersheumathematical model without having to relodd al

the rest of parameters.
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Figure 7. Loading of purchasing parameters

Finally, data corresponding to fruit purchasingtdoem each grower, administrative costs associated
with them, and transportation costs must be loaBedicularly in this case study, there are 236vgrs, so
the costs of purchase and administration are lodlexigh an Excel file, because the management and
visualization of these parameters is faster anceroonvenient for the user.

For the data storage, as shown in Figure 8, thenpeters of capacity of each cold chamber available,
maintenance costs in cold, fixed costs associatétd the cold chamber, transport costs and the

characterization of cold technology in each channiest be loaded from an Excel.
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Datos Cargados
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Datos Cargados
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Figure 8. Loading of storage parameters

When loading each one of the parameters requirdiilag box will appear which allows the user to
realize that the data has been loaded properheiDSS. It says "data loaded".

If the decision maker wants to set parameters librate the implementation of the mathematical
model that is in the DSS, as shown in Figure 8ait done in the "Parameters” menu. It is possthknter
parameters to stop and rescue the solution the Inmade based on two parameters. It can be stopped b
Relative Tolerance (GAP) or Run Time. For the cstely, the solution is rescued when the Relative
tolerance is 1.0x10-4%.

|& Pardmetros 2= B
-
m |
Tolerancia Relativa (GAP): | 00001 | | Ok J
Tiempo (en segundos) | | Ok ‘

—_|

Figure 9. Execution parameters of the mathematical modBIS&

Once all the data are loaded in the DSS, the mattiesh model is ready to be executed; therefore the
decision-maker is ready to start searching forstiation for an optimal supply and storage plannkigure
10 shows the status of the DSS when it is readyetexecuted, particularly when the dialog "LoadedaD
100%" appears.
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Optimizacién de Modela Materatico < |
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‘ Cargar Datos |
| Cargar Datos | ]

[ s |

Figure 10.DSS start-up screen with loaded data

When the DSS ends and the mathematical model #ndslution, the status of DSS changes to
"Finished Write". That is to say, the optimal solution was writteran Excel file, which allows the decision
maker to make a better handling and informatioryaisa

For the result analysis, these are taken from @SS«tel. Currently in Chile, particularly in regiain
agribusiness, the most used ERP is Excel. Thahysitwvas decided that the data analysis coulddres dn
Excel Spreadsheets, since it is known and mastréctermediate level user by decision-makers & th
industry, whether they are responsible for fresiit fsjurchasing or storage.

The results provided by the DSS concerning fresit fiurchase are shown below in Figure 11.

Fresh Fruit Purchas Type of quality
Variety of fruit Long Quality Medium Quality Short Quality Total Bins
Royal Gala 5,393 3,488 3,119 12,000
Granny Smith 11,139 8,119 14,742 34,000
Fuji 11,761 3,994 6,245 22,000
Brearburn 3,000 - - 3,000
Pink Lady 2,000 - - 2,000
Rojas 1,000 - - 1,000
Total Bins 34,293 15,601 24,106 74,000

Figure 11.Results delivered by DSS for fresh fruit purchase.

As shown in Figure 11, it is easy to analyze ttaping of fresh fruit purchase for each variety.itAs
can be seen, the demand of the process plant @@ 4jns of fresh fruit, which is fully satisfiedé in
addition, the demand is satisfied for each of tfuke@d varieties.

In Appendix B, you can find the report deliveredthg DSS with the purchase plan, segmented by
grower and the corresponding variety. This rep@mot included in this section due to lack of space
only an excerpt of the report is presented in fgeadix. In addition, it is shown the report tteatelivered

for the fresh fruit supply segmented by growerjatgrand quality.
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Concerning the fresh fruit storage in the storageailable, Figure 12 shows the storage planning,

segmented by fruit variety.

ID Cold Storage

Variety of Fruit 1 2 & 4 5 6 7 8 9 10 11 Total Bins
Royal Gala 119 5,393 - - 9088 3,000 - 2,500 - - - 12,000
Granny Smith - - 12,119 2,000 - 14,742 1,200 - - 3,939 - 34,000
Fuiji - 5,900 - 3,165 - 6,245 2,696 3,994 - - - 22,000
Brearburn - - - - - - - - 3,000 - 3,000
Pink Lady - - - 2,000 - - - - - - 2,000
Rojas - - - - - - 750 - - - 250 1,000

Grand Total 119 11,293 12,119 7,165 988 23,987 4,646 6,494 - 6,939 250 74,000

Figure 12.Results delivered by DSS for cold storage of paseld fresh fruit

As shown in Figure 12, there is storage that isussd such as 9, storages that only receive one

variety of fruit such as 1, 3, 5 and 11. Therestoeages which receive two varieties such as add18, and
there are storages that receive more than 3 \esistich as 4, 6 and 7. These storages can recereeman
one variety of fruit because they have several cbhlimbers, and can store a variety of fruit in ed@mber.
It is necessary to remember that in each chamblgrane variety can be stored due to fruit resporati
which will alter the life time in post-harvest tigy are mixed. Below in Figure 13, the planningfftling
with fruit the cold chambers available is presented

Figure 13. Results delivered by the DSS for cobidagfe of purchased fresh fruit

ID Cold Chambers

ID Cold Storage 1 2 3 4 5 6 7 8 9 10 Total Bins
1 119 - - - - - - - - - 119
2 1,500 2,400 4,400 2,993 - - - - - - 11,293
3 4,000 3,119 5,000 - - - - - - - 12,119
4 1,999 2,000 1,166 2,000 - - - - - - 7,165
5 - - - 988 - - - - - - 988
6 2,782 3,000 - 2,990 3,000 3,000 2,994 333 297@12 23,987
7 750 1,200 1,196 1,500 - - - - - - 4,646
8 1,994 2,000 2,500 - - - - - - - 6,494
9 - - - - - - - -
10 1,014 2,000 1,939 1,986 - - - - - - 6,939
11 250 - - - - - - - - - 250

Total Bins 14,408 15,719 16,201 12,457 3,000 3,000 2,994 333 2976 2912 74,000

Figure 13 Results delivered by the DSS for cold storagpusthased fresh fruit
As shown in Figure 13, the DSS delivers a coldagferplanning which will depend on the quality of
the purchased fruit, and the availability of coltambers with sufficient technology to preserve fitogt

quality in time, according to its conditions whaumrghased.

5.5. Feedback from the agro industry business in Gle

The DSS proposed in this study is aimed at managfeagro-industrial plants to facilitate decision-
making when purchasing raw materials and theimgeeent in cold chambers. At present, the selection

growers and subsequent purchase of fresh fruihiget who are responsible for the supply of prop&sgs
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is done arbitrarily, taking into account only theagable amount of growers, without considering starage
time required by the fruit purchased. Although tinformation is available at the beginning of thervest
season, which is raised on the basis of visits niigdine technical staff responsible for the purehiasthe

plant, it is not considered for purchase or for terect choice of cooling technology which is m@rmsin

storage chambers. As a result, it is difficult tak® decisions in the process plant on the purchade
storage of raw material, due to the fact that thhmuwt the process decisions are not supporteddygtam
that allows them to have all the information faraarect planning in the supply chain of fresh fruit

In order to validate what it is proposed by DS&J data was applied to a process season, withitne a
of evaluating the behavior and discussing the sterscy of the results delivered by it which theoagr
industrial plant can count, on the basis of th&nping carried out manually. The case study phaotesses
approximately 28,120 tons of fresh apples durirggason, to obtain approximately 1,800 tons of Higis
products.

In addition, DSS is presented to three operatioth purchase chiefs belonging to different agro-
industrial enterprises from Maule Region, in Childich are confronted with situations similar te tstudy
case. These professionals observed a correlatiovebr the results provided by DSS and the rediity t
exists in their companies, thus validating the prdpnctioning of the system.

As a result, professionals consider the proposefl BSiseful tool, suitable to be used with a good
software interface, and with good results that halke a good decision when planning the fresh fruit
supply.

To implement the proposed DSS, which is validatethe fruit processing industry, it would require
minimal skills in Excel by workers who will use tleystem. This is due to the fact that as explained
section 4, the DSS was developed for the user wialy responsible for both loading the paramei@asa
from growers and cold stores) correctly in Exceld aun the system. Users don't need to scheduesign
the graphical interface, because both the reséitseomathematical model that is behind the DSS thrd
graphical interface were validated by the procdastpersonnel. The interesting thing in that agatlon is
that only free software were used which enablespamies not to have problems with licenses whengoei
implemented.

In the use of DSS, the only disadvantage is thet necessary to have all the information from the
parameters before the start of the harvest seagbpracess in the plant. As mentioned above, samestit
is not possible to obtain all this information ke tbeginning due to uncertain weather conditioa$ ¢an
affect the fruit quality in the orchards, delaystlie leasing of cold chambers, uncertainty aboattthick
fleet available for transporting the fruit, amonthers. Although the truck fleet is negotiated bg th
companies at the beginning of the season, durisgptiriod the trucks can be damaged or can cahmr ot
fruit loads, due to its need and high demand fondport during the fruit harvest season.

The proposed software to support decisions alloakiwg with a mathematical programming model
which plan administrators find difficult to handé&d understand. Due to this, the DSS proposedeifsilus
since it presents a user-friendly interface thatpdifies the treatment with large amounts of vaeaband

parameters, and makes the mathematical modelrnisp@aent to the user. In this way, the reformuhatid
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the problem and its update will be easier and lidassaving time and money for the owners and mensag

of the process plant who want to add or remove sometion.

5.6. Conclusions and lines of future research

The proposed DSS was developed to plan tacticakides in the supply chain of fresh fruit,
particularly decisions related to selection of lresuit and cold storage suppliers, with the aim of
maintaining the fruit quality the longest possibitee before being processed. The system was testaa
agro-industrial company of dehydrated apples, inulgl&Region, Chile. In general, from one company of
agro-industrial process to another, the databasecbhange size depending on the number suppliers and
available storage, but not in the type of theseuess that seeks to optimize. This makes the D&S:pted
in this research be flexible enough to be appliedther types of processing plants, whose finatlpecbis
canned fruit, juice, dehydrated, fresh fruit angolp.

Although all inputs are recorded in the databaskaae related to this case, the set of paramesers c
be easily adapted to represent different situationthe agro-industry, where there is a particqpatof
transport, cold storage and selection of fresh fjrowers. Some of these variations may be the eurob
types of fruits needed, number and types of cotthrielogies available, and the amount and type of
transportation needed to transport the fresh fruit.

The DSS is of great value for decision-makers sagkthe responsible for supply, storage, process in
plant, owners and managers of process plants wéub tasplan only under their experience acquiredhiay
number of years in different jobs. These reporsadngs of 8% in the total costs of fresh fruit fhase and
it helped to select growers by comparing with tfalitional programming method. In addition, theseai
saving of 7% in the total costs of cold storagdresh fruit purchased and a 9% in the total trartspuosts.
The total savings is approximately US$50,000 imac@ss season of a dehydration plant.

The savings were mainly due to the fact that thera better planning in the selection of growers,
better allocation of fruit to different storage aadbetter use of the truck fleet available, deinepthe
amount of trips to be performed by each them.

One of the upcoming investigations that could beied out is the development of a DSS that
integrates not only the purchasing decisions cfhfriguit and its subsequent storage, but also doesidns
that opening and closing of the cold during thecpss in the plant, given the amount of fruit demtrad

occurs during the year.
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Appendix A. Data related to the mathematical modeproposed to Soto-Silva et al. (2017), which is used

in the proposed DSS.

Indices:

p :Apple producer index

g :Fruit type index

t : Fruit storage time index (3 = short term, 2 edium term, 1 =long term)
j - Type of truck available for transport

c : Available warehouse index

n : Available cold chamber index

g : Fruit type index

t : Fruit storage time index (3 = short term, 2 edium term, 1 =long term)

| : Index for the truck type available for transpor

Parameters:

CCpq¢- Purchase cost for producer p of the fruit typeitly storage time t (US$ /tonnes)
Opq¢- Fruit supply from producer p of type g with stgeaime t (tonnes)

CT,: Transport cost from producer p to the plant bynts of fruit (US$ /tonnes)

CFT;: Fixed cost of transport using truck type |

CAp: Administration cost for producer p

M : BigM

D4:: Demand for fruit type q with storage time t (tesh

QM, : Maximum load for truck type | (tonnes)

CT4: Cost of transport from the plant for fruit typenith storage time t destined for warehouse ¢ (US$
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/tonnes)

CE_, : Cost of keeping the fruit in warehouse c, irdocthamber n (US$ /tonnes)

CA_: Fixed cost for warehouse ¢

CF,,: Fixed cost of chamber n in warehouse c

CFT; : Fixed cost of transport using truck type |

qtyc : Number of warehouses available

W,,, : Storage capacity of cold chamber n in warehausennes)

QM, : Maximum load of truck type | (tonnes)

TE,., : Type of refrigeration technology in cold chamben warehouse c (3 = short term, 2 = medium term,
1 =long term)

Dy - Quantity of fruit to store of type g with stoetime t (tonnes)

Decision Variables:

Whyqei: Tonnes of fruit to buy from producer p, of typeadth storage time t transported by truck type |

Y14 Quantity of trips for truck type I, from producerwith fruit type q

Xpqe- Binary variable with the value 1 if fruit is purased from producer p, of type g and storage tjraad
otherwise the value is O

C, - Binary variable with the value 1 if the fruitpsirchased from producer p, and 0 if not.

Xqtent - TOnnes of fruit type g with storage time t inrefaouse c in cold chamber n transported in truck
type I.

Yicr, - Number of trips by truck type | to warehous® cold chamber n.

A : Binary variable with value 1 if warehouse c iedisand O if not.

ME_,q; : Binary variable with value 1 if fruit type q withagage time t is kept in warehouse ¢ in chamber n.

Appendix B. Mathematical model proposed to Soto-Sik et al. (2017), which is used in the proposed
DSS.

Minimize Z Z Z CCpqtXpqiOpqr + Z Z Z CTyXpqtOpgr + Z CA,C,

pePqeQteT peEPqeQteT peP
+ z Z z CFTl Ylpq + z Z Z z Z(Cthc + CEcn) thcnl (5.1)
leLpePqeQ qeQteTceCneNlel
b caact YN bttt Y o
ceC ceCneNqgeQteT le Lce Cne N
Subject to:
z Zqut < MG, VpeP (5.2)
qeQteT
Z Z Z Wpqe1 2 Z Dqe VqeQ (5.3)
pePteTlel teT
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Z Wogtt < Xpgt Opgt VqeQpeP,teT (5.4)
lel

z Whatt < QM Yipq VgeQ,leLpeP (5.5)
teT

z ZMEchtSI VceCneN (5.6)
teT q€Q

2 KXgtent < WenMEcpge VceC,neN,teT (5.7)
lel

Z 2 2 thcnl = Z Z qutl Vq €QteT (5.8)
ceCneNlel pePlel

Z z z ME;nqe < qtyc A VceC (5.9)
neN qeQ teT

ME pqe =0 VceC,neN,qgeQ,teT:t < TE, (5.10)
z z Xgtent < QM Yieq VieLceCmneN (5.11)
qeQteT

Yien Yipgr € Z°* VieLceCmneN,peP,qeQ,teT (5.12)
Ac, MEcpgt, Xpge, Cp € {0,1} VceC,neN,peP,qeQ,teT (5.13)
Xqtenty Wpqe1 = 0 VpeP,qeQ,te T,ceCneN,lel (5.149)

Constraint (5.2) establishes that if any fruit efyiis bought from a producer, all the producentst f
supply must be bought. Constraint (5.3) indicatest the quantity of fruit to buy of a specific typad
specific storage time must meet the processing’pldemand. Constraint (5.4) shows that the quaofit
fruit to buy will be less than the supply that igagable from the producers. Constraint (5.5) aldow
determining the number of total trips to be made tpgck during the purchase season. Constraini (5.6
establishes that only one type of fruit can beeston each cold chamber. Constraint (5.7) makesutiaunt
of fruit to be stored in each of the cold chamberhe warehouses subject to the choice of charberts
storage capacity. Constraint (5.8) permits jointhg purchase and storage together given that #gh fr
produce purchased is equal to the fresh prodube &iored in the cold chambers. The other constréon
this model correspond to the constraints giverméngurchasing and storing models. Constraint &8s
the activation of a cold chamber within a warehomserder to store fruit only if the warehouse ive.
Constraint (5.10) ensures that fruit is not stared cold chamber if it has a length of storageetimwer
than the chamber's refrigeration technology allaws stock. Constraint (5.11) limits the maximuommber
of trips per truck at full capacity according tadk type and the amount of fruit to buy from thedarcers.
Constraints (5.12), (5.13) and (5.14) correspondhto integrality and non-negativity constraints the

decision variables, respectively.
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Appendix C. Purchase Planning

Purchase Q: Variety of fruit
ID Producer Variety 1 Variety 2 Variety 3 Variety 4 Variety 5 Variety 6 Grand Total
2 - 168 144 - - - 312
4 88 84 121 - . . 293
8 - 66 - - - - 66
10 298 50 282 - - - 630
13 - 724 - - - - 724
14 - - 408 - - - 408
15 64 - - - - - 64
16 - - 72 - - - 72
17 162 - 342 - - - 504
18 - - 112 - - - 112
20 68 57 - - - - 125
21 - 267 - - - - 267
22 72 - - - - - 72
276 - - 169 - - - 169
277 - 37 - - - - 37
279 - 85 95 - - - 180
Grand Total 12,000 34,000 22,000 3,000 2,000 1,000 74,000
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6.1. Conclusions

There are approximately 201 agro-industrial plgmtslucing frozen and preserved fruit, pulp, juice,
fresh fruit, and dehydrated products in Chile. &fl these need decision support tools as the sector'
competitiveness has declined in the last decadmlyrdue to constant changes in the industry. faiihg
exchange rates, increasing cost of supplies, Isihortage, and quality fruit availability for prosesy have
had a tremendous impact on the fruit agro-industry.

The fresh fruit supply chain may rely on differetaols that will allow better planning and
coordination of associated activities, with thegmse of efficiently managing the scarce resoureasable,
namely, time, labor, and money.

Chapter 1 presents the main objective of the rebeavhich is to develop a set of tools to support
decisions in the supply chain of fresh fruit. Thaimobjective of these tools is to improve the c@d@ of
products, and the management of the purchasing stotage, transport and opening of the cold chasnbe

In Chapter 2 a literature review is presented fapstt decisions within the fresh fruit supply chdim
parallel, some “gap-bridging” activities were dqueaticularly with the agro-industry private sech@m the
south central part of the country. As a result, sqmoblems were found that could be addressed with
optimization tools, and particularly tools that aret dealt with in the literature to date. Therefomn
Chapters 3, 4, and 5 some tools are presentesvéitatdeveloped to bridge the gaps found in thealitee,
which could solve real problems in the fresh fauipply chain.

Thus, Chapter 3 tackles a tactical problem relatgtie supply of fresh fruit. Such a problem has no
been examined in depth in the literature. Chaptdisdusses a tool for decision making that coulg e
the management of cold chambers, in which frest iBustored for up to a 9-month period. Later om,
Chapter 5, a DSS was developed in order to supjewisions regarding the management of fresh fruit
purchasing, storage and transport. This chaptaraentinuation of Chapter 3, because the DSS imes t
same mathematical model proposed in that chapter.

Thus, based on the previous chapters some conctusam be drawn:

a) The literature review reveals a lack of researcttiss dealing with optimization models
that support decision making on the fresh fruit@yghain. A total of 28 publications about
the subject were found, from 1980 to 2015. The ewght areas include the orchard
harvesting of fruit, fruit supply to processing iy management of fresh and finished
products storage, and processing plants produptaaming. The particularity of this review
is that it focuses on work done aiming to solvebpems rather than the development of the
theory (cf. chapter 2). It is also important tomiodut that new optimization opportunities
were found in order to expand the literature relateOperations Research in the fruit agro-
industry. The research results presented provide smswers to the first specific objective
set forth in the thesis.

b) The contribution to the literature, in the areaaofresh fruit supply chain, namely, three

optimization models of mixed linear programmingndae highlighted. The first model
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seeks to optimize the selection of fresh fruit geosvand the fruit transport to the processing
plant; the second model aims to optimize the sieleatf cold storage and fruit transport
from the processing plant to the storage facilitgd finally, a model that integrated both
problematics (cf. chapter 3). The models were @#did in a real case study, particularly in
an apple dehydrating plant; as a result of the eamgetation of the models proposed, a
reduction of approximately 8% in the total costsoimed in the process occurred. The
research findings presented correspond to the despacific objective set forth in the
thesis.

c) To meet the need to have an optimization modetHfermanagement of cold chambers, a
mathematical model is presented that aims to opéirtiie use of cold chambers, so as not to
damage the post-harvest life of the stored frdita aninimum storage and transportation
cost. (cf. chapter 4). The model was validated imeal case study, specifically in a
dehydrating plant where a reduction of approxinyal€l% in the total costs involved in the
process occurred. Findings presented in this chaplgress the third specific objective set
forth in the thesis.

d) Using the integrated model presented in chapter Becision Support System (DSS) was
developed. This includes a tool to support decssihile selecting fresh fruit suppliers,
cold storage regime, and transport (cf. chaptefBg DSS is intended for the processing
plant personnel, and it is particularly directedviarkers who are required to make decisions
in the areas of purchasing, storage and transfmridh addition to plant owners and plat
managers. An important point is that employeesraligctant to use such tools due to the
answers lack of credibility, but mainly becauséfdtas been making decisions based on on-
the-job experience for yearbhe fourth specific objective set forth in this $feeis achieved

through the research findings.

The main objective of this research study was tp@se decisions support tools for the fresh fruit
supply chain. This objective was achieved sincerraber of tools of this type are proposed, which lsan
divided into two areas. In the first place, tadtmecisions support models, discussed in Chaptetsaéhd 5;
and secondly, state-of-the-art support tools fa fitesh fruit supply chain; the discussion presknte
Chapter 2 contributes in this direction.

Finally, it should be noted that the contributidtlois thesis is also practical. This is because th
optimization tools (cf. Chapters 3, 4, and 5) wedeveloped and validated in conjunction with agro-
industrial companies from the center-south regibnhe country. The models proposed were created in
partnership with personnel working in agro-indudtglants, in the fresh fruit supply and storageaar In
addition, in order to validate the results that tedels reveal, they were compared with actuallisefiom
each case study; differences between the two ofitab®% savings in total costs were found, which

translates into a cost reduction of nearly US $80,n one season.
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6.2 Contribution of the thesis

This thesis contributes with different tools to idamns planning related to the fresh fruit suppghaio
and extends the state-of-the-art in the OperatResearch area. Thus, a literature review on Op@sati
Research applied to the fresh fruit supply chais dane, and an optimization model that supportsctdc
planning for the purchasing and storage of fresft, fan optimization model for opening cold faédg and
transporting fresh fruit to the processing plards, well as a Decision Support System (DSS) which
implements the purchasing and storage optimizatiodel were developed.

The lack of decisions support tools in the agraistdy is pointed out in various researches, such as
the work done by Lucas and Chhajed (2004), Lowe Rrstkel (2004), Ahumada and Villalobos (2009),
Audsley and Sandars (2009), and Soto-S#vaal. (2016a). In this sense, this thesis contributesh&o
improvement of the state-of —the-art in this field.

When checking pertinent literature no reviews winend about optimization models applied to a
fresh fruit supply chain. For this reason, therditare review included in this study becomes anoir@mt
contribution to the Operations Research field. dhgctive of this research study was to focus owleto
applied to real cases in different kinds of freslitfsupply chains.

The proposed models contribute to optimizing thepsuchain of an agro-industrial processing plant
by better selecting fruit suppliers, fresh fruitpég, available cold storage facilities and transpor
management, through the use of a tactical optimizamodel. Also, they contribute to optimizing
management of cold chambers in storage faciliegl the transport of fruit to the processing plairs
addition, a DSS is proposed which helps decisiokemsato manage the selection of growers and cold
chambers utilization in a more efficient manner.

Furthermore, this thesis contributes to the actiorsiof practical knowledge, namely, the work and
development relationship achieved between the fgrisactor (agro-industry) and the academia. Thigas
due to the fact that all the decisions supportstpoésented in this study were implemented andatd by
Chilean agribusinesses, particularly from the Ogitig and Maule regions. During the developmentath b
the mathematical models and DSS, a close workitadioaship was established with various companies’
personnel aiming to solve their problems by usipginoization tools; this was positively evaluated by
decision makers.

Nowadays, especially in Chilean agro-industrialcessing plants, no optimization models or DSS are
available which could assist decision makers in gbkection of suppliers and storage facilities,the
management of the opening process of these, aasviilthe transport of fresh fruit (Oliva, 201This type
of decision-making is carried out by reviewing bigtal data and considering the decision-makergmtige
acquired over time (Soto-Sihet al,, 2017).

6.3 Further Research
In addition to the conclusions listed above, futuesearch lines can be pointed out which may
complement and/or continue the research work ptedeabove. For example, to devise a DSS integrating

the models presented in Chapters 3 and 4 intoghesitecisions support tool. As today’s fruit agrdtistry
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competitiveness is decimated, it is necessary toecop with decisions supporting tools to be usedsac
the board along the supply chain.

A research study that could be done would be tamedpthe model presented in Chapter 3 to a
stochastic model. Such an analysis would be useddamine the variability in the demand for freshitfr
when growers' supply, market prices, and convensitios fluctuate (from fresh fruit to dehydratedit).

Another research work that might be very intergstiould be to integrate different issues related to
fresh fruit supply chains into a single study. he first place, integrating the purchasing andagfermodel
proposed in this study to a fresh fruit harvest etagiould be very useful. This type of integratiooud
minimize labor, harvest supplies, transportatiord eold storage costs. And although there are nsdtet
solve harvesting problems, integrated models aitoegptimize the supply across the board are nost@xi
in the fresh fruit supply chain in Chile.

Another example of research associated with intedranodels would be to combine a production
planning model with the cold storage managementeinaeposed in Chapter 4. Devising a robust plagnin
of the fresh fruit supply chain, adding the prodluttmanagement component of the plant, would help
decision makers to anticipate variations that megug including climatic conditions, the amountfafit
harvested, the number of growers available, whialy lrave a direct impact on the yields of the prsiogs
plants as fruit demand would be in May and totatgavould increase. The objective of integratinglets
is to provide decision makers with tools that wallow them to mastermind mitigation plans when
confronted with possible variabilities, such assthanentioned above. The thing is that the demand fo

finished products can actually be met on time, kegpudgeted costs.
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