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Abstract

In the last decades, global food supply chains had to deal with the increasing awareness of the
stakeholders and consumers. Their demand for safe, high-quality, and sustainable products posed new
challenges for the food industry, requiring novel approaches to deal with perishable items. In order to
address these new challenges for food supply chain systems, an integrated approach to design, control,

manage, and optimize product life cycle is required.

Therefore, it is essential to introduce new models, methods, and decision-support platforms to design
and manage efficient and sustainable logistic operations tailored to perishable products. The research
trends on perishable products show a growing interest in the integration of industrial processes and
product life cycle sustainability. However, there is a lack of decision-support methods providing
integrated and interdisciplinary solutions to optimize the life cycle of perishable products. This thesis
aims to fill this gap in the literature by providing novel practice-ready decision-support models and

methods to optimize the logistics of food items.

Firstly, this dissertation proposes a comprehensive review of the main peculiarities of perishable
products, their quality degradation process, and the primary environmental stresses accelerating this
decay. The thesis then focuses on top-down strategies to guide practitioners and managers in optimizing

the supply chain system from the strategical to the operational decision level.

The criticality of the environmental conditions (e.g., temperature and humidity) is assessed both for
newly constituted and existing supply chains. The former case is analyzed through the classification of
products' characteristics and supply chain characteristics. The latter is analyzed by introducing an
innovative integrated traceability tool enhancing the control and monitoring of the product life cycle.
Based on these criticalities, the dissertation evaluates the main long-term logistics investment strategies

(i.e., packaging, containment, and refrigeration solutions) to preserve the quality of food products.

Several models and methods are proposed to optimize the strategical, tactical, and operational
logistics decisions to enhance the sustainability of the supply chain system while guaranteeing adequate
food preservation from adverse environmental conditions. The innovative models and methods
proposed in this dissertation promote a novel approach, namely “climate-driven logistics”. This
approach integrates climate conditions and their consequences on the quality decay of products in
innovative methods supporting the storage, packaging, and distribution decisions. The results of this ex-
ante approach to climate conditions is an enhancement of the sustainability of perishable product life

cycle and the increase of safety and quality of the distributed products.



Given the uncertain nature of the environmental stresses affecting the product life cycle, an original
stochastic model and solving method are proposed to support practitioners in controlling and

optimizing the supply chain systems when facing uncertain scenarios.

The application of the proposed decision-support methods to real case studies proved their
effectiveness in increasing the sustainability of the perishable product life cycle. The dissertation also
presents an industry application of a global food supply chain system, further demonstrating how the
proposed models and tools can be integrated to provide significant savings and sustainability

improvements.



Sommario

Negli ultimi decenni, la globalizzazione delle filiere agroalimentari si € dovuta confrontare con una
crescente consapevolezza degli stakeholder e dei consumatori. La domanda di prodotti sicuri, di elevata
qualita e sostenibili ha posto nuove sfide per l'industria alimentare, che necessita percio di nuovi
strumenti per soddisfare le richieste di maggiore efficienza e sostenibilita. Questi strumenti dovranno
fornire una risposta integrata alla progettazione, controllo, gestione e ottimizzazione del ciclo di vita dei

prodotti deperibili.

Servono percio nuovi modelli, metodi e piattaforme di support alle decisioni per guidare la
progettazione e 'efficientamento di processi logistici sostenibili che siano pensati appositamente per i
prodotti deperibili. L’analisi della letteratura su questi prodotti mostra un interesse crescente verso
'integrazione dei processi industriali e lo sviluppo di una logistica sostenibile. Tuttavia, si registra una
mancanza di metodi di supporto alle decisioni integrati e interdisciplinari per I'ottimizzazione del ciclo
di vita dei prodotti agroalimentari. Questa tesi si pone 'obiettivo di fornire nuovi metodi e strumenti e

di guidarne I'applicazione pratica al fine di ottimizzare la logistica delle filiere agroalimentari.

La tesi propone dapprima un’analisi esaustiva delle principali caratteristiche intrinseche dei prodotti
deperibili, del loro processo di decadimento qualitativo e dei principali stress ambientali che ne
accelerano il deperimento. In seguito, la dissertazione si concentra sullo sviluppo di strategie top-down
per supportare manager e professionisti del settore nell’ottimizzazione delle filiere dal livello strategico

fino a quello operativo.

La criticita delle condizioni ambientali, come temperatura e umidita, viene valutata sia per nuove
filiere che per quelle gia esistenti. Per le prime, la tesi propone una valutazione basata sulla
classificazione delle caratteristiche dei prodotti e della filiera. Per le seconde, invece, viene proposto una
piattaforma innovativa per la tracciabilita integrata con l'obiettivo migliorare il controllo e il
monitoraggio del ciclo di vita dei prodotti. Successivamente, sulla base del livello di criticita stimato,
vengono valutate le principali decisioni di investimento a lungo termine per preservare la qualita dei
prodotti deperibili: packaging e soluzioni per isolare il prodotto dall’ambiente esterno e sistemi di

refrigerazione.

A seguire, vengono proposti diversi modelli e metodi per I'ottimizzazione strategica, tattica e
operativa della logistica con l'obiettivo di incrementare la sostenibilita della filiera, garantendo al
contempo la consegna di prodotti di elevata qualita. I modelli e algoritmi innovativi proposti in questa

tesi incentivano 'adozione di un approccio innovativo: la logistica “climate-driven”. Questo approccio



integra le condizioni ambientali e i loro effetti sul decadimento qualitativo dei prodotti all'interno di

nuovi metodi di supporto alle decisioni di stoccaggio, packaging e distribuzione.

Data l'incertezza che caratterizza intrinsecamente queste fonti di stress ambientale per i prodotti
deperibili, si introducono un modello e un metodo di risoluzione di natura stocastica. L’obiettivo di
questi nuovi strumenti & aiutare i professionisti nel controllo ed ottimizzazione di sistemi logistici in

contesti di elevata incertezza.

L’applicazione dei metodi proposti a casi applicativi provenienti da realta industriali di filiere
nazionali e internazionali dimostrano la loro efficacia nell'incrementare la sostenibilita dei prodotti
deperibili in ogni fase del loro ciclo vita. La dissertazione introduce inoltre il caso di studio di una
complessa filiera agroalimentare globale per dimostrare come i modelli e strumenti proposti possano
essere integrati per gestire ogni aspetto della distribuzione di questi prodotti ed ottenere un risparmio

e una riduzione degli impatti ambientali significativi.



Advanced decision-support methods for the design, control,
and optimization of perishable products life cycle

by

Andrea Gallo

University of Bologna

Dottorato in Meccanica e Scienze Avanzate dell’Ingegneria (DIMSAI)

Anno 2021



Table of contents

ABSTRACT 1
SOMMARIO 3
1. INTRODUCTION 14
1.1 THE ROLE OF LOGISTICS IN PERISHABLES LIFE CYCLE 16
1.2 AIM OF THE THESIS 19
1.3 THESIS OUTLINE 20
1.4 SCOPE AND DEMARCATIONS 24
1.5  METHODOLOGY 25
1.6 PILLARS OF ASSESSMENT 27
1.7 NOMENCLATURE 28
1.8 CHAPTER’S HIGHLIGHTS 30
1.9 REFERENCES 31

2. PERISHABLE PRODUCTS CLASSIFICATION 33
2.1 THE PROLIFERATION OF MICROORGANISMS IN FOOD 33
2.2 QUALITY DECAY FORMULATIONS 34
2.3 ENVIRONMENTAL STRESSES 37
2.4 PRODUCT INTRINSIC CHARACTERISTICS 38
2.5  FOOD LOSSES AND QUALITY STANDARDS 39
2.6 LOGISTICS SOLUTIONS 41
2.7 RESEARCH TRENDS 44
2.7.1 Map of keywords 44
2.7.2 Evolution of research trends 46
2.7.3 Publishing journals 48
2.7.4 Chronological analysis 48

2.8 PRODUCTS CLASSIFICATION 49
2.8.1 C(lassification levers 49
2.8.2 Products clusterization 51

2.9  CHAPTER’S HIGHLIGHTS 55
2.10 REFERENCES 56
3. SUPPLY CHAINS CLASSIFICATION 60
3.1 GEOGRAPHICAL AREAS AND CLIMATE CONDITIONS 60

6



3.2 FOOD PRESERVATION SOLUTIONS IN DEVELOPING COUNTRIES 62

3.3  EMISSIONS AND CARBON PRICING 63
3.4 GLOBAL SUPPLY CHAINS AND TRAVELING DISTANCES 65
3.5 LONG-TERM LOGISTICS STRATEGIES FOR PLC 66
3.5.1 Climate-driven logistics 67
3.5.2 Criteria for choosing the best strategy 68
3.6 CLASSIFICATION OF SUPPLY CHAINS 70
3.7 IDENTIFICATION OF THE BEST LONG-TERM STRATEGY 74
3.7.1 Seasonality of perishable products 74
3.7.2 Map of criticality 75
3.7.3 Criticality matrix and strategy identification 77
3.8 APPLICATION OF THE PROPOSED CLASSIFICATION FRAMEWORK 79
3.9 CASE STUDY OF THE DISTRIBUTION OF FRESH LETTUCE 83
3.10 PRODUCT REFRIGERATION 84
3.10.1  Cooling phases of food 85
3.10.2  Refrigeration loads for storage nodes and vehicles 86
3.10.3  Reduction of energy consumption and emissions due to refrigeration 89
3.11 PACKAGING SOLUTIONS FOR FOOD 90
3.11.1  Packaging solutions for fresh fruits and vegetables 91
3.12 CASE STUDY OF RPCS TO SUBSTITUTE DISPOSABLE CONTAINERS IN AN FSCS 92
3.13 CHAPTER’S HIGHLIGHTS 102
3.14 REFERENCES 103
4. TRACEABILITY AND MONITORING SOLUTIONS 109
4.1 THE ROLE OF TRACEABILITY IN FSCSS 110
4.2 A NOVEL FRAMEWORK FOR INTEGRATION OF TRACEABILITY DATA FOR FSCSS 113
4.3 DATA INTEGRATION 116
4.4 DATA ESTIMATION FOR A COMPLETE PLC TRACEABILITY 119
4.4.1 Estimating location data 120
4.4.2 Estimating climatic data 121
4.4.3 Estimation of sustainability data and performance evaluation 122
4.5 INTEGRATED TRACEABILITY AND MONITORING TOOL 123
4.6 NUMERICAL EXAMPLE OF FRESH FRUIT FSCS 124
4.7 RECONSTRUCTION AND SIMULATION OF COMPLEX MONITORING PROFILES 128
4.7.1 The case of the simulation of traceability profiles during different seasons 128
4.7.2 The case of a multimodal distribution in a global FSCS 129
4.8 CASE STUDY OF AN ITALIAN FINE CHOCOLATE SUPPLY CHAIN 131
49 CHAPTER’S HIGHLIGHTS 137
410 REFERENCES 138




5. MODELS AND METHODS FOR THE OPTIMIZATION OF PERISHABLE SUPPLY CHAIN SYSTEMS

142
5.1  OPTIMAL LOCATION OF STORAGE NODES AND DEMAND ALLOCATION 143
5.2 DETERMINATION OF THE OPTIMAL LOCATION OF A NEW WAREHOUSE IN THE FOOD CATERING INDUSTRY
148
5.3  STORAGE NODES LOCATION-ALLOCATION PROBLEM IN THE FOOD CATERING INDUSTRY 152
54  MATHEMATICAL MODELS TO DETERMINE FIXED DELIVERY TOURS 154
5.5  SOLUTION METHODS TO OPTIMIZE FIXED DELIVERY TOURS 157
5.6  DETERMINING THE BEST DELIVERY TOURS IN THE FOOD CATERING INDUSTRY 159
5.7  CLIMATE-DRIVEN APPROACH FOR OPERATIONAL DECISIONS IN THE FSCSs 162
5.8  ACLIMATE-DRIVEN COST MINIMIZATION MODEL FOR FSCS 166
5.8.1 Model formulation 166
5.8.2 The case of the distribution of cherries 171
5.9  ACLIMATE-DRIVEN MODEL TO ENHANCE THE ENVIRONMENTAL SUSTAINABILITY OF THE FSCS 177
5.9.1 Environmental sustainability assessment 178
5.9.2 Model formulation 179
5.9.3 The case of the New Silk Road Belt 185
5.10 AN INTEGRATED MODEL TO MANAGE THE FLOWS OF BY-PRODUCTS AND LOSSES 191
5.10.1 Model formulation 192
5.10.2  The case of a meat FSCS. 195
5.11 INTEGRATED CLIMATE-DRIVEN MODELING REMARKS 200
5.12 CHAPTER’S HIGHLIGHTS 202
5.13 REFERENCES 203
6. UNCERTAINTY MANAGEMENT IN FSCS 209
6.1 CROSS-DOCKING SOLUTIONS FOR FAST-MOVING ITEMS 209
6.2  LITERATURE ON CROSS-DOCKING MODELS AND ALGORITHMS 211
6.3  PROBLEM FORMULATION 215
6.3.1 Uncertain vehicles arrival times 216
6.3.2 Assumptions 216
6.3.3 Estimation of outbound travel time 217
6.3.4 Two-stage stochastic model 218
6.4  STOCHASTIC GENETIC ALGORITHM WITH SCENARIO TREE TO SOLVE THE CROSS-DOCKING PROBLEM ___ 224
6.4.1 Chromosome representation 225
6.4.2 Fitness function 226
6.4.3 Decision rules 226
6.5  MODEL AND ALGORITHM VALIDATION 231
6.5.1 Algorithm lower and upper bounds 231
6.5.2 Performances evaluation 231
6.6  THE CASE OF A PALLET DELIVERY COMPANY 234




8.

6.7  CHAPTER’S HIGHLIGHTS
6.8 REFERENCES
THE CASE STUDY OF A GLOBAL FSCS
7.1 DESCRIPTION OF THE CASE STUDY
7.2 DETERMINATION OF THE OPTIMAL LOCATION OF STORAGE NODES
7.2.1 Location of a new warehouse in Sardinia
7.2.2 Optimal location for the existing storage nodes
7.3 DETERMINATION OF THE DELIVERY TOURS
7.3.1 Cluster-first approach for allocating the demand to the vehicles
7.4 CLIMATE-DRIVEN OPTIMIZATION OF A DELIVERY TOUR
7.5 SIMULATION OF THE AS-IS AND TO-BE DELIVERY TOUR
7.6~ CHAPTER’S HIGHLIGHTS
7.7 REFERENCES
CONCLUSIONS

240
241

245

245
250

250
252
255

256
257

260
263
264

265



Table of figures

FIGURE 1. FRAMEWORK FOR PRODUCT LIFE CYCLE MANAGEMENT. 14
FIGURE 2. PRODUCT QUALITY DECAY. 17
FIGURE 3. THESIS OUTLINE. 21
FIGURE 4. METHODOLOGY FRAMEWORK. 27
FIGURE 5. MAIN LOGISTICS DECISIONS FOR FOOD PRESERVATION. 44
FIGURE 6. MAP OF INTERCONNECTIONS AMONG KEYWORDS. 46
FIGURE 7. MAP OF KEYWORDS WITH THE YEAR OF PUBLICATION. 47
FIGURE 8. NUMBER OF PUBLICATIONS PER JOURNAL. 48
FIGURE 9. NUMBER OF PUBLICATIONS PER YEAR. 49
FIGURE 10. CARBON PRICING INITIATIVES BY YEAR OF IMPLEMENTATION. 64
FIGURE 11. LONG-TERM LOGISTICS STRATEGIES FOR PPLCM (GALLO ET AL., 2018). 69

FIGURE 12. GEOGRAPHICAL PARAMETERS FOR SUPPLY CHAIN CLASSIFICATION (AS A PERCENTAGE VALUE, IF NOT

SPECIFIED) (GALLO ET AL., 2017). 72

FIGURE 13. CLASSIFICATION OF COUNTRIES BASED ON THEIR CHARACTERISTICS. 74

FIGURE 14. CRITICALITY OF TEMPERATURE (A) AND RELATIVE HUMIDITY (B) FOR EACH CLUSTER OF PRODUCTS IN

EACH REGION. 76
FIGURE 15. CRITICALITY MATRIX. 78
FIGURE 16. CLASSIFICATION FRAMEWORK FOR NEW FOOD SUPPLY CHAIN SYSTEMS. 82
FIGURE 17. SCHEMATIZATION OF THE REFRIGERATION LOAD CONTRIBUTIONS. 87
FIGURE 18. YEARLY ENTITY OF PRODUCTS FLOWS SUPPLIED FROM THE PRODUCERS TO THE STORAGE NODE._____ 93
FIGURE 19. LOCATION OF THE ABOUT 2,000 NODES SERVED BY THE WAREHOUSE LOCATED IN BOLOGNA. 94

FIGURE 20. DAILY (A) AND WEEKLY (B) STATISTICS ON OUTBOUND FLOWS FROM THE BOLOGNA WAREHOUSE.____ 95
FIGURE 21. INTENSITY OF INBOUND AND OUTBOUND PRODUCTS FLOW IN DIFFERENT PACKAGING FORMATS. 97

FIGURE 22. DISPOSABLE PACKAGES (ON THE LEFT) AND RPCS (ON THE RIGHT) FOR FRUITS AND VEGETABLES. __ 98

FIGURE 23. ALLOCATION OF PRODUCTS TO NEW PACKAGING FORMATS. 99
FIGURE 24. FREQUENCY ANALYSIS OF PALLETS HEIGHTS. 99
FIGURE 25. DYNAMIC SATURATION OF THE AREAS OF THE STORAGE NODE. 100
FIGURE 26. MAXIMUM SATURATION OF EACH AREA OF THE STORAGE NODE. 101
FIGURE 27. TRACEABILITY SYSTEM TO MITIGATE SAFETY RISKS. 110
FIGURE 28. LACK OF DATA INTEGRATION IN CURRENT FSCSs. 113
FIGURE 29. FRAMEWORK FOR THE DEVELOPMENT OF AN INTEGRATED TRACEABILITY TOOL. 114
FIGURE 30. DATA INTEGRATION PROCESS (GALLO ET AL., 2018). 118
FIGURE 31. REPRESENTATION OF THE INTEGRATED DATABASE (GALLO ET AL., 2018). 119
FIGURE 32. DATA ESTIMATION PROCESS (GALLO ET AL., 2018). 120

10



FIGURE 33. MAIN INTERFACE OF THE TRACEABILITY TOOLS. 124

FIGURE 34. ALERT WINDOW FOR THE VIOLATION OF THE TEMPERATURE INTERVAL. 125
FIGURE 35. DELIVERY OF BROCCOLI (A) AND TOMATOES (B) WITH DIFFERENT CLIMATE CONDITIONS. 128
FIGURE 36. EXAMPLE OF MONITORED PROFILE IN A GLOBAL FSCS. 130
FIGURE 40. RESULTS OF THE WHAT-IF ANALYSIS ON (A) TASTE AND (B) SMELL (MANZINI ET AL., 2019). 136
FIGURE 41. FRAMEWORK FOR THE APPLICATION OF THE PROPOSED MODELS AND METHODS. 143
FIGURE 42. ESTIMATION OF THE BEST LOCATION FOR A NEW STORAGE NODE. 147
FIGURE 43. GEOGRAPHIC DISTRIBUTION OF CLIENTS. 149
FIGURE 44. GEOGRAPHIC DISTRIBUTION OF THE NODES INVOLVED IN THE CASE STUDY. 150
FIGURE 45. RESULTS OF THE OPTIMIZATION MODEL (GREEN) AND WEIGHTED K-MEANS (YELLOW). 151

FIGURE 46. MAP OF THE CURRENT LOCATIONS OF CEKIS (IN BLUE) AND SUGGESTED LOCATIONS ACCORDING TO THE

K-MEANS (IN YELLOW) 153
FIGURE 47. (A) SEQUENTIAL AND (B) PARALLEL ROUTE BUILDING FOR CVRP. 158
FIGURE 48. ROUTES OF THE OLD CEKI IN COLLECCHIO. 159
FIGURE 49. BEST SOLUTIONS FOR THE FOUR PROPOSED METHODS. 162

FIGURE 50. ADAPTING AND ELUDING STRATEGY IN CLIMATE-DRIVEN DISTRIBUTION (ACCORSI ET AL, 20174). ___166
FIGURE 51. THE GEOGRAPHIC AND CLIMATIC CHARACTERISTICS OF THE FSCS (ACCORSIET AL., 2017 4). 172
FIGURE 52. COMPARISON OF THE THREE DIFFERENT FORMULATIONS (ACCORSI ET AL., 2017 4). 174
FIGURE 53. UNIT COST FOR TRANSPORTATION: LOWER BOUND (A) VS. CLIMATE-DRIVEN LOGISTICS (B) (ACCORSI ET
AL., 20174). 175

FIGURE 54. RESULTS OF THE SENSITIVITY ANALYSIS (ACCORSI ET AL., 2017 4). 176

FIGURE 55. COMPARATIVE FREQUENCY ANALYSIS OF TRANSPORT PERIODS AND EXTERNAL TEMPERATURES (ACCORSI

ET AL., 20174). 177
FIGURE 56. NETWORK CONFIGURATION (GALLO ET AL., 2017). 179
FIGURE 57. ALTERNATIVE CORRIDORS ALONG THE SILK ROAD BELT (GALLO ET AL., 2017). 186

FIGURE 58. OPTIMAL ROUTES FOR THE DISTRIBUTION OF (A) ICE CREAM AND (B) APPLES ALONG THE SILK ROAD

(GALLOET AL., 2017). 188
FIGURE 59. CUMULATIVE ENERGY CONSUMPTION OF THE ALTERNATIVE ROUTES OF THE APPLE FSCS (GALLO ET AL.,

2017). 190
FIGURE 60. ENERGY TRADE-OFF BETWEEN RAIL AND MARITIME ROUTES BASED ON TEMPERATURES (GALLO ET AL.,

2017). 191
FIGURE 61. FSCS BOUNDARIES (ACCORSI ET AL., 2019). 193
FIGURE 62. DISTRIBUTION CENTERS S SERVED BY THE TREATMENT NODES T (ACCORSI ET AL., 2019). 197
FIGURE 63. SLAUGHTERED ANIMALS OVER WEEKS (ACCORSI ET AL., 2019). 197

FIGURE 64. FLOWS OF SECONDARY MATERIALS FROM THE SLAUGHTERHOUSES TO THE TREATMENT FACILITIES
(ACCORSIET AL., 2019). 198

11



FIGURE 65

2019).

FIGURE 66
FIGURE 67
FIGURE 68
FIGURE 69
FIGURE 70
FIGURE 71
FIGURE 72
FIGURE 73
FIGURE 74
FIGURE 75

FIGURE 76

. FLOWS OF BY-PRODUCTS FROM THE TREATMENT FACILITIES TO THEIR CUSTOMERS (ACCORSI ET AL.,

. OPTIMAL BY-PRODUCTS FLOW WITH INCREASING DISTANCES (ACCORSI ET AL., 2019).
. SCHEMATIC OF THE CROSS-DOCKING NETWORK, ACTIVITIES, AND OBJECTIVE FUNCTIONS.

. DECISIONS SUPPORTED BY THE PROPOSED STOCHASTIC MODEL.

. STEPS OF THE GENETIC ALGORITHM.

. OPERATION SCHEDULE RESULTS WITH (A) ONE SCENARIO AND (B) TWO SCENARIOS.

. FREQUENCY DISTRIBUTION OF EXPECTED VEHICLE ARRIVAL TIME.

. MAIN INTERFACE OF THE APPLICATION AND RESULTS OF THE CASE STUDY.

. MAP OF THE FSCS.

. NODES IN THE ITALIAN LANDSCAPES.

. FREQUENCY OF SHELF LIFE CLASSES [DAYS].

199
200
211
219
225
233
235
237
246
246
247

. DISTRIBUTION OF PACKAGES ADOPTED TO PACK THE SKUS AND TO MOVE PRODUCTS FLOWS IN 2019.

FIGURE 77
FIGURE 78
FIGURE 79

FIGURE 80

MODENA (AS-IS: ORANGE FLAG, TO-BE: BURGUNDY FLAG).

FIGURE 81
FIGURE 82
FIGURE 83

FIGURE 84

. DATABASE ARCHITECTURE FOR INPUT DATA OF THE CASE STUDY.

. POTENTIAL LOCATIONS OF THE NEW WAREHOUSE (IN RED) AND CLIENTS IT WILL SERVE (IN GREEN).
. NODES AFFECTED BY THE RELOCATION OF TWO STORAGE NODES (IN RED AND BLUE).

. RELOCATION OF THE WAREHOUSE IN LODI (AS-IS: PALE BLUE FLAG; TO-BE: VIOLET FLAG) AND

. SOLUTION OF THE CLUSTER-FIRST ALGORITHM.

. OPTIMAL SOLUTION OF THE VEHICLE ROUTING PROBLEM.

. TRANSPORTATION COST WITH DIFFERENT DEPARTURE TIMES FROM THE WAREHOUSE.

. SIMULATED TRACEABILITY PROFILE IN THE (A) AS-IS AND (B) TO-BE.

12

248
249
251
252

254
257
258
260
261



Table of tables

TABLE 1. INTRINSIC CHARACTERISTICS OF FRUITS AND VEGETABLES.

50

TABLE 2. CENTROIDS OF THE K-MEANS ALGORITHM.

53

TABLE 3. ASSOCIATION OF PRODUCTS TO THE SIX CLUSTERS.

53

TABLE 4. CUMULATIVE FOOD LOSSES AND WASTES RATE IN DIFFERENT GEOGRAPHICAL AREAS.

62

TABLE 5. CRITICALITY SCORES ESTIMATION.

TABLE 6. BENEFITS OF THE APPLICATION OF THE FRAMEWORK (GALLO ET AL., 2018).

75

81

TABLE 7. PRODUCT CATEGORIES.

95

TABLE 8. CLASSIFICATION OF ISSUES PREVENTING THE COLLECTION OF INTEGRATED TRACEABILITY PROFILES.___ 112

TABLE 9. KPIS TO EVALUATE THE PERFORMANCE OF THE TRACEABILITY TOOL.

TABLE 10
TABLE 11
TABLE 12
TABLE 13
TABLE 14

TABLE 15.
TABLE 16.
TABLE 17.
TABLE 18.
TABLE 19.
TABLE 20.

TABLE 21

TABLE 22.
TABLE 23.

TABLE 24. COMPARISON OF THE PERFORMANCES OF THE STOCHASTIC MODEL AND THE STOCHASTIC ALGORITHM.

TABLE 25
TABLE 26
TABLE 27
TABLE 28
TABLE 29
TABLE 30
TABLE 31

. INPUT AND OUTPUT PARAMETERS FOR THE MICROBIAL GROWTH RATES.

. INPUT PARAMTERS FOR ARRHENIUS EQUATION.

. PERFORMANCES OF THE TRACEABILITY TOOL.

. COMPARISON OF THE TOTAL YEARLY DISTANCE FOR THE PROPOSED LOCATIONS.

. KPIS OF THE PROPOSED SOLUTIONS FOR THE VEHICLE ROUTING PROBLEM.

MAIN INPUT AND OUTPUT OF THE PROPOSED MODEL (ACCORSI ET AL., 2017 4).

INPUT PARAMETERS OF THE CASE STUDY (ACCORSI ET AL., 2017 4).

OPTIMAL SOLUTION OF THE MILP MODEL (ACCORSI ET AL., 2017 4).

SENSITIVITY ANALYSIS ON DIFFERENT WORKING DAYS (ACCORSI ET AL., 2017 4).

NODES OF THE FSCS AND DISTRIBUTED PRODUCTS (GALLO ET AL., 2017).

MEAT FSCS NETWORK DATA (ACCORSI ET AL., 2019).

. BY-PRODUCTS AND SECONDARY MATERIALS PARAMETERS (ACCORSI ET AL., 2019).

CLASSIFICATION OF MODELS AND ALGORITHMS FOR CROSS-DOCKING MODELS.

INPUT DATA FOR THE VALIDATION INSTANCE.

. INPUT DATA OF THE CROSS-DOCKING PROBLEM.

. RESULTS OF THE CASE STUDY AND SENSITIVITY ANALYSIS ON DOCK DOORS.

. GEOGRAPHICAL INFORMATION AND DEMANDS OF THE SARDINIAN NODES.

. COMPARISON BETWEEN THE POTENTIAL LOCATIONS FOR THE NEW WAREHOUSE.

. COMPARISON BETWEEN THE AS-IS AND TO-BE LOCATIONS.

. TOURS RESULTING FROM THE CLUSTER-FIRST ALGORITHM.

. TEMPERATURE RANGES IN CLIENTS’ CITIES DURING THE 22N° OF FEBRUARY 2019.

13

123
126
127
127
152
161
170
172
173
176
187
196
196
213
232
234
235
236
250
252
255
256
259



1. Introduction

The design, management, control, and optimization of the Product Life Cycle (PLC) is an integrated
approach to manage products, information, resources, and industrial processes, starting with the
collection of data about products in all the stages of the Supply Chain System (SCS). Based on data, the
SCS is classified and analyzed to support the development of integrated models, tools, and strategies to
optimize the supply chain. The application of these methodologies is examined to monitor the outcomes
of this improvement procedure. The reiteration of the analysis, optimization, and monitoring steps lead

to continuous improvements in the management of PLC, as shown in figure 1.

Supply chain stages

!

|

Production Packmg/ Storage Distribution Retail Recy Clmg or !
Processing disposal !

o o |

I

T T

R | |
__________________________ Rl e S it ittt

| |

| |

v | |

> Data k- mmmmm - / |

> collection e — J

/ __________________________________ N

______________

[Classmcatlon]—{ Analysis HOptlmlzatlonH Monitoring

Figure 1. Framework for product life cycle management.

There are two essential prerequisites to be satisfied to manage PLC effectively.

The first prerequisite for PLC optimization is the cooperation between all the stakeholders of the
supply chain. Stakeholders represent all the companies, entities, and people whose support permits the
existence of the supply chain. These must share information to have a clear and complete view of the
product at each stage of the network (Jiang, Xu & Cai, 2012). The availability of complete and updated
information on the supply chain is a crucial enabler of an integrated life cycle approach (Burgess et al.,
2006). It permits the adoption of a Supply Chain Management (SCM) approach. SCM aims to design,
manage, and control integrated supply chains, making decisions with an integrated approach that

considers the consequences of each choice on the different actors of the network. SCM leads to a win-
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win approach where coordinated decisions increase the efficiency of the system, and the profits are

shared among supply chain actors to encourage these cooperative approaches.

Nowadays, the lack of cooperation is still a frequent problem preventing the collection, sharing, and
exploit of data and the development of integrated management strategy (Hsiao & Huang, 2016).
Different actors belonging to the same supply chain are still reluctant to share information as they
exploit information asymmetry to increase their bargaining power and their profit share (Afzal et al.,
2008). However, several studies proved that cooperation is essential to develop and apply integrated
management approaches that increase the efficiency of the supply chain and reduce the total cost and
environmental impact (Abed et al,, 2013; Li & Lin, 2006; Klaas-Wissing & Albers, 2010). Whenever
different actors are reluctant to share information, cooperation can be achieved by fairly sharing the
profits that the increased efficiency of the supply chain generates when information is shared

(Stellingwerf et al., 2019; Pan, 2010).

Another key prerequisite for PLC optimization is the adoption of an interdisciplinary approach. The
development of integrated solutions requires an in-depth knowledge of the product and the processes
(e.g., manufacturing and logistics activities) transforming it. As the design, control, and optimization of
PLC affect every aspect of the industrial processes, from production to recycling or disposal, it is
essential to integrate different points of view on the decision-making process to evaluate the

consequences of each decision on the whole PLC.

These prerequisites are vital for perishable products. Perishables experience a progressive decay of
their utility or value. This decay is due to obsolescence or physical, biochemical, and physiological
reactions affecting the product (Amorim et al, 2011). Some examples of perishable items are

pharmaceuticals, chemicals, dairy products, or fashion.

Food products represent typical examples of perishable items. A short shelf life characterizes food
due to the proliferation of microorganisms that progressively reduce their quality, causing spoilage
(Stoecker, 1998). Food is the second-largest manufacturing sector in Europe with a value of € 175.6
billion in 2001, according to Eurostat (2004). As this sector is less vulnerable to economic fluctuations,
it remains a crucial sector also during a crisis, although this also means it also experiences modest

growth than other sectors.

The complexity of food life cycle management is due to several peculiarities of this sector. Indeed, the
food sector is extremely fragmented, with hundreds of thousands of operating companies (Accorsi et al,,
2018). Furthermore, in modern supply chains, the number of stages of the network and the actors
involved in food processing and distribution are increasing and distributing globally. The distance

between the actors of the same supply chain, the differences in their cultures and languages, the erosion
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of the profits due to the number of nodes involved, and the low margins of many food products make

cooperation even harder in this sector (Hsiao & Huang, 2016).

Food Supply Chain System (FSCS) represents the supply chains of food products that are
characterized by complex interactions among harvesters, producers, processors, packagers,
distributors, and retailers of food products. This system is characterized by a myriad of small-sized
companies, especially in some stages such as harvesting, retailers, cooperating with bigger enterprises
to compete in global markets. Most FSCSs sell products with low margins that are considerably affected
by the costs of logistics, which therefore represent a crucial aspect of increasing the value of the
products. A typical example of these supply chains is the Ecuadorian banana sold in Europe through a

global supply chain system with significant carbon emissions (Roibas et al., 2016).

Interdisciplinarity plays a vital role in managing the food life cycle. Along with the multiple aspects
to be considered to optimize the PLC, from logistics to production, maintenance, information technology,
and data analysis, food also requires some specific knowledge for the type of product to be processed.
The reduction of food losses requires considering their characteristics, such as the seasonality and the
ideal storage conditions. Therefore it is essential to also consider knowledge in other disciplines, such
as food science and technology, to avoid that the best decision according to a partial understanding of
the product can cause unexpected adverse effects determining a decrease in the value of the product

itself.

1.1 The role of logistics in perishables life cycle

Data about losses prove the importance of novel integrated and interdisciplinary tools for Perishable
Products Life Cycle Management (PPLCM). Currently, up to 30% of all produced food - corresponding
to 1.3 billion tons of food per year - is lost throughout the supply chain before it reaches the consumers,
implying substantial economic, environmental, and ethical issues (Kefalidou, 2016). Food loss happens
when the quality of food decreases below a tolerance level, becoming unfit for human consumption due
to loss of flavor and changes in textures and taste, or become even harmful for human health. An
improper management strategy of perishables that do not consider the peculiarities of the specific
product and its optimal storage conditions accelerate its quality decay and increases losses. Therefore,
preservation of food requires analyzing and understanding the whole supply chain and developing an
integrated approach considering growing, harvesting, processing, packaging, storage, and distribution
and tailored on the specific properties and characteristics of the product (Rahman, 2007). The
knowledge of the specific product and FSCS is essential as the properties that must be preserved
depends on the particular application context. Indeed, consumers can appreciate a property when it
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belongs to one specific product but not to another one (e.g., consumers appreciate crust formation for
breakfast cereal ingredients but not for fresh food). Furthermore, the same environmental condition can
be favorable for one product and not for another (e.g., higher temperatures are favorable for exotic fruits

but harmful for cherries).

Figure 2 shows the example of the quality decay of broccoli shipped along an Italian route from
Naples to Perugia in August. Data characterizing the quality decay of broccolis refers to Jacobsson et al.
(2004), while the distribution path refers to an existing supply chain distributing food and vegetables
in Italy. Whether the vehicle is not refrigerated, broccolis experience about 50% of quality decay in just
8 hours, while with refrigeration, the quality decay for the same route is about 5%. This example shows
the importance of proper storage conditions of products considering their intrinsic characteristics, such

as their ideal storage conditions.
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Figure 2. Product quality decay.

While every product has a typical life cycle with its own duration determined by the specific
characteristics of the product itself, the example of figure 2 clearly shows how some external causes,
namely stresses, can alter the life cycle. Stresses are environmental factors (e.g., temperature, humidity,
vibrations) affecting the products throughout every stage of the supply chain and shortening its life
cycle, with direct consequences on the product’s quality and accelerating its end-of-life. These stresses
are typical of the environment surrounding the item and affect it in every phase of the life cycle. Whilst
stresses are unavoidable, an effective Product Life Cycle Management (PLM) strategy should mitigate
the effects of harmful stresses by modifying the environmental conditions in the microenvironment

surrounding the product or isolating the product with a proper packaging solution (Piergiovanni &

Limbo, 2016).
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When the desired conditions of the microenvironment are far from the optimal ones, the solutions to
reduce the negative effect of adverse environmental conditions can be very expensive both economically
and environmentally (e.g., for carbon emission to refrigerate the storage rooms). Therefore, it is
necessary to evaluate the effect of such conditions on the product. The same stress can determine a
completely different impact on the item. The intrinsic characteristics of the product and the ideal storage
conditions should be known to find out the more sustainable solutions. For some mechanical items, the
manufacturer can provide information on the ideal storage conditions of the product (e.g., an interval of
temperatures maximizing the PLC). However, for food, the ideal conditions have been studied for along
time by food scientists who provided optimal ranges for several parameters, such as temperature,

humidity, water activity, and so on (Rahman, 2007; Caccioni, 2005).

Logistics plays an essential role in preventing adverse conditions to accelerate PLC and causing losses
(Thyberg & Tonjes, 2016). By managing the material and information flows within the supply chain,
logistics managers can protect products from external stresses. To achieve this result, they need
support-decision tools to assess alternatives to identify the solutions that best fit the specific product
based on its characteristics and on the stresses it experiences, for example, by adopting the best package

and choosing the best route and vehicle for deliveries.

Logistics is a critical component of the final cost of products as it constitutes a considerable share of
the final cost that varies between 12% for electronics up to 31% for food in Italy (Ministero delle
Politiche Agricole Alimentari e Forestali, 2014). Its importance increases along with the distances
among nodes in global supply chains. Although logistics play such a crucial role in perishable product
supply chains (Amorim et al, 2011), most of the approaches in literature do not consider the
peculiarities of such products and the stresses they experience to provide tailored solutions to manage
PLC. A large body of the literature on perishable products supply chain provides general-purpose tools

and models, often focused only on inventory management or distribution, separately.

Most supply chain decisions are strictly interdependent. However, only a few approaches integrate
problems and issues of different supply chain stages while considering the peculiarities of perishable
products. This lack of integrated and interdisciplinary approaches characterizes both support decision
framework for strategical decisions and integrated models and tools to manage operatively the PLC

within an existing supply chain.
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1.2 Aim of the thesis

This thesis aims to provide integrated and interdisciplinary approaches, models, and tools to support
the design, control, and optimization of the perishable product life cycle. There are few attempts for
PPLCM with an integrated approach. Usually, researchers focus on single stages of the supply chain.
However, the sum of the optimization of single supply chain processes rarely conducts to the overall
optimization of the system. Furthermore, literature often focuses on the analysis of FCSC from a single
perspective (e.g. logistics, food science, information technology), rarely applying an interdisciplinary
approach. Finally, many logistics models and tools are not tailored to the peculiarities of perishable
products. Hence, their objective is to optimize variables that do not take into account the specific
requirements of such products. For example, the minimization of the total costs that do not include the
ones for product losses could increase the margin in the distribution or storage phase. Still, it could
determine an unacceptable quality decay of the product, vanishing all the expected margins when trying

to sell it to the clients.

As the knowledge of the application context is essential to create effective logistics tools for PLM, the
first sections provide some classification methods for products and supply chain systems. Then, based
on an analysis of supply chains, the next sections provide several models and tools to support decision-
making with an integrated approach. As the stresses affecting the PLC and determining the optimal
solutions for supply chain management are uncertain and cannot always be forecasted, some tools for
stochastic management of products are provided, too. Finally, the proposed methods and tools are

applied to a case study to prove the effectiveness in the real context of a food supply chain.

The provided methods and tools support practitioners and managers from the initial analysis of the
AS-IS situation to the optimization and monitoring of the TO-BE solution. They aim to represent a
practical handbook for managing the supply chain system with an integrated approach. Furthermore,
these tools highlight the importance of a comprehensive and interdisciplinary approach for PLM for
students and researchers, addressing some existing gaps in the literature and showing potential future

developments.

An innovative logistics strategy, ‘climate-driven logistics’, is proposed as a new approach to the
optimization of FSCS. Climate-driven logistics increases the sustainability of the supply chain by
scheduling logistics operations, choosing packaging and vehicle alternatives, and finding the best
distribution route also based on climate conditions. An optimization considering climate conditions
guarantees the delivery of high-quality products reducing unnecessary preserving solutions (e.g.,
avoiding expensive packaging solutions and reducing the use of refrigeration) by exploiting the most

favorable distribution routes and reducing the exposure to critical environmental stresses.

19



1.3 Thesis outline

This section presents an outline of the thesis. The following chapters follow a framework for PPLCM,

shown in figure 3. This framework aims to provide practical guidelines to manage the supply chain with

an integrated approach, either for already existing networks or for new ones. The proposed models,

methods, and tools illustrated in the next sections have been applied to practical cases to show their

effectiveness in the real world.

The thesis adopts a typical supply chain system with four stages. This configuration does not

compromise the generalization of the proposed approaches as additional stages can be added in each of

the proposed methods and treated similarly to the other stages.

The four stages of the supply chain are the following:

Suppliers. These nodes provide the products to the following nodes of the network. The
products supplied by such nodes can be either raw materials, semifinished or finished

products.

Processing nodes. They process food, prepare finished products or meals, and pack them for
their distribution. For networks selling unprocessed materials, which is frequent for the
distribution of fruits and vegetables, the processing nodes could only work as packing nodes.

Sometimes, they also include storage rooms.

Storage nodes. They collect, store, and consolidate products before selling. Such nodes can be

either warehouses or cross-docks.

Warehouses have racks where products are stored for medium or long terms and then

collected either as unit loads or by pickers.

Cross-docks are nodes intended for fast-moving items that do not need storage as the
delivery towards clients occurs within 24 hours from their arrival at the node. This solution
does not contain racks as products are stored for a short time, and racks would not be

efficient for these nodes usually intended just for consolidation.

Clients. They could be stores selling the products to the final clients or other companies
belonging to other supply chains, further processing and distributing products until reaching

the final consumer.
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Among these different stages, there is the distribution phase that is also part of the processes studied

in this thesis and included in the proposed models and tools.

Processing Storage
nodes nodes

Suppliers Clients

¢ oo

Perishable Supply chain Packaging . Supply chain Uncertainty

§ . [ ; Traceability re
products analysis classification solutions optimization management
Chapter 2 Chapter 3 Chapter 3 Chapter 4 Chapter 5 Chapter 6

Figure 3. Thesis outline.

The remainder of this manuscript is organized in the following chapters, according to the framework

presented in figure 3.

e Chapter 2 introduces some peculiarities of perishable products. It resumes the main intrinsic
characteristics of these products that are useful to evaluate the effect of external stresses on
the product life cycle. Indeed, each product has some ranges of ideal storage conditions to
maximize its life cycle duration. Furthermore, different products experience different
consequences when faced with adverse environmental conditions.

Based on such characteristics, similar products are grouped as a starting point to classify

products and supply chains and suggest the best strategy to optimize the life cycle. Based on
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these characteristics and response to stresses, the items can be associated with a criticality

score that will guide practitioners in defining the best management strategy for them.

Chapter 3 introduces a classification framework for supply chains that integrates the one
based on products. These classifications aim to provide a two-dimensional criticality map to
support practitioners and managers in evaluating how critical the stresses are for their
products. The criticality score highlights the necessity to invest in infrastructures to avoid
product losses and increase the sustainability of their supply chain.

When the criticality is lower, logistics managers can reduce the investments in
infrastructures, as a proper packaging solution can protect products adequately. Therefore,
this chapter also analyses the choice of packaging alternatives. It introduces the main
properties of packaging and the effects on food preservation. As packages create a protected
microenvironment mitigating the negative impact of environmental stresses, this chapter
also analyzes how the right package paired with a perishable product can lower its risk and

avoid expensive investments in infrastructures while preserving product’ quality.

From chapter 4, the focus switches from new supply chains to the analysis and the
development of methods and tools for existing supply chains. The aim of this chapter is the
analysis of the AS-IS situation with the development of integrated tools for product
traceability. A cooperative approach among supply chain actors in an SCM perspective is
essential for this step of the analysis. However, this chapter also introduces new methods to
enhance data integration even if the cooperation and current integration between the
databases of the different actors is still not complete.

Traceability of products throughout their life cycle allows practitioners to highlight the
critical stages of an existing supply chain to mitigate the highest risks for the product. For an
existing supply chain, there are not the same chances to design the best solutions in advance
with a strategic perspective, as the previous chapters suggest. However, traceability can point
out the exact steps in which the environmental stresses threaten PLC the most and take action
to mitigate these risks.

The same tools and methods proposed in this chapter to analyze the AS-IS situation also
provides monitoring information for the TO-BE situation. The efficacy of the solutions applied
to mitigate the risks in the most critical phases of the supply chain can be assessed with the
same tools. Monitoring the implementation of PLC solutions also allows practitioners to
continuously improve the supply chain system and enhance PLM according to the framework

proposed in figure 1.
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Chapter 5 proposes several methods, models, and tools for the optimization of PLC. The
previous chapters focused on the analysis of products and supply chains. In contrast, from
this moment on, the dissertation will focus on practical tools to manage the network in the
next steps. After taking major strategic decisions according to the identified criticalities of the
supply chain system, these tools support making shorter-term decisions about the product
life cycle.

This chapter proposes some tools to evaluate where to locate new nodes of the network, how
to manage flows of materials and allocate them to the available nodes, how to choose the best
transportation mode and how to manage operatively an existing supply chain of perishable
products.

This chapter aims to provide logistics managers with a set of practical tools to manage their
supply chain in an integrated manner. These tools follow the product in its whole life cycle to
guarantee the delivery of high-quality goods to the clients and enhancing the sustainability

of the supply chain at the same time.

Chapter 6 introduces the topic of uncertainty. The environmental stresses affecting PLC are
not deterministic. Temperature, for example, cannot always be forecasted accurately. This
uncertainty has consequences on the decision-making process to manage the supply chain. It
can modify the expected stresses that the product experience in its life cycle and can make it
challenging to provide a schedule to manage the operative decision level for the supply chain.
Therefore, this chapter presents methods, tools, and algorithms to manage the supply chain

and mitigate the risks originating from stochastic processes affecting PLC.

Chapter 7 illustrates a real case study of a global supply chain of perishable products. The
methods, tools, and algorithms introduced in the previous sections have been applied to this
case study to prove the effectiveness of the proposed methodology to design, control, and
optimize PLC.

Through the sequence of models and tools proposed in this dissertation, managers can
optimize their PLC with an integrated approach from the strategic to the operational

decisional level.

Chapter 8 concludes the manuscript by highlighting the main steps of the proposed
methodology, the models and tools for PLM, and the most important results achieved with
the application of the proposed approach.

The chapter illustrates the main benefit of the application of an integrated and

interdisciplinary approach for PLM, resumes general tips and managerial insights for the
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application of the proposed methodology, and highlights the actors that can benefit from the

application of these tools in their decisional process.

1.4 Scope and demarcations

Managing the entire PLC requires making several decisions concerning all supply chain stages and

several research areas.

These decisions are integrated into an SCM approach, as the activities in a single node of the network
affect the optimal strategies in the other stages. For example, different harvesting decisions determine
different varieties and quantity of products available, the entity of flows to be handled, purchases of
missing products from an external market, the right package to adopt, the vehicles for distribution, and

SO on.

Whilst the breadth of decisions for PLM imposes some demarcations, these interdependencies
among the decisions in different stages of the supply chain require an interdisciplinary and integrated

approach also when focusing only on some of the supply chain stages.

In particular, this thesis has its main focus on logistics for perishable products. The tools illustrated
in the next chapters will provide support for PLM from production, after the harvesting phase, to the

final delivery to clients, without supporting the decision-making process within the stores.

According to their time horizons, the decisions supported by the tool provided in this dissertation

are:

e Strategic decisions. These are long-term decisions with a time horizon going beyond the year.
They will affect the future development of the supply chain, such as the design of the supply
chain network. Some examples of strategic decisions are choosing the best location for a new

warehouse, how to source raw materials, and the purchase of a fleet of vehicles.

e Tactical decisions have a medium-term horizon concerning several months and up to a year.
Tactical decisions do not need to be continuously reviewed as they provide solutions for
seasonal problems. Some examples of such decisions are: the allocation of material flows

between the storage nodes, the definition of fixed delivery routes.

e Operational decisions are short-term, daily reviewed decisions. The level of detail of these
decisions can concern a single product. Within the frame of the strategic and tactical decisions
taken at a higher decisional level, the operational decisions determine how to handle each

perishable item, and their effect on PLC is directly observable. Typical operational decisions
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are: which node provides products to the next stages of the supply chain for a specific order,
how to aggregate products in loads to be handled by a single vehicle, the optimal delivery

route, the schedule of operators, and vehicles’ daily activities.

Finally, it is important to remark on the geographical scope of this dissertation. Although many case
studies included in this thesis come from Italian companies or at least are focused on their Italian
distribution centers, many of them have global supply chains, with suppliers and clients distributed all
over the world. It is worth noting that several approaches and tools proposed in this dissertation are
particularly suitable for global supply chains, which currently represent an increasing share of the food
supply chain throughout the globe. However, all the approaches presented in this thesis can also be
applied to alocal context, although some of the contributions included in models and tools could become

negligible in local networks (e.g., temperature variations and product losses during distribution).

1.5 Methodology

The methodology utilized in this dissertation includes different approaches based on the specific
research topic. The whole structure of this thesis is intended to follow a structural path guiding
researchers, practitioners, and managers in PLC design and optimization from scratch, according to the
framework illustrated in figure 3. Therefore, some methods and tools that will be presented
subsequently in this dissertation can be identified. However, some of them will be adopted in more than

one chapter throughout the thesis.

A critical pillar that will conduct the reader through all the following chapters is data collection. Data
are the starting point of each of the proposed methods and tools. Data are collected at each stage of the
supply chain system to reach the desired integration for PLM. Structured data architecture will be
essential to gather and organize all the data to feed the analysis and tools proposed in this dissertation.
In particular, relational SQL DBs are adopted to organize and collect input data, feed processing tools,
and store the outcomes of the proposed approaches. This extensive data collection is the fundamental
of a PLM approach. It will allow practitioners to assess the effectiveness of the proposed methodology

and feed further analysis in a continuous improvement perspective.

The main software used for the data collection procedures in this thesis will be Microsoft Access and
Microsoft SQL Server. Data collected and used in the following sections come from on-field activities
whenever it is possible. They have been collected from several industries collaborating with the
Department of Industrial Engineering of the University of Bologna during the development of research

activities with real applications.
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When the primary data is not available, the required information is extracted from published papers

in literature and well-known public DBs (e.g., World bank data).

Another critical pillar used to process data and implement the proposed solutions is developing
computer applications with the .NET C# programming language. Code written within the Microsoft
Visual Studio programming environment has been developed to convert algorithms in practical, ready-

to-use tools for practitioners to analyze, optimize, and monitor PLC.

Furthermore, data visualization plays a crucial role in the proposed framework as it is useful to
provide practical insights for PLM, track and trace the product in every stage of the supply chain,
monitor the application of the suggested strategies, and evaluate the outcomes of the proposed
methodology. The supply chain operating conditions are analyzed with a combination of Graphic Users
Interfaces (GUIs) coded in C# and data visualization techniques developed with Microsoft Excel,
MATLAB, Power BI, and other existing tools. Charts and interfaces provide fast, user-friendly, and
informative graphics to highlight criticalities, compare the AS-IS and TO-BE scenarios and evaluate the

effectiveness of the proposed tools.

In the first chapters, the methodology involves the use of classifications for products and supply
chains based on their characteristics. Data collected for this purpose are analyzed with clustering

techniques to group together similar products that should be managed with the same approaches.

Once these techniques classified products and identified criticalities, several mathematical models
have been implemented to support the decision-making process and provide the best solution to

manage each of the modeled stages of the supply chain.

Several Mixed-Integer Linear Programming (MILP) models are introduced in chapter 5 to optimize
PLC. The models have been implemented in the AMPL mathematical language and optimized with
commercial solvers, such as Gurobi. These models have frequently been included in software application
gathering the input data, allowing users to manipulate them to perform what-if analysis and storing and

visualizing results with GUIs to facilitate the interpretation of their outcomes.

In Chapter 6, stochastic programming provides optimization methods for uncertain context.
Uncertainty is typical of the unexpected stresses affecting the products, so traditional MILP models
could not provide the desired outcomes as they require approximations of stochastic parameters with

deterministic ones.

Finally, given the complexity of some of the proposed models, some heuristics and metaheuristics

approaches are introduced to solve problems of greater sizes typical of real-world instances.

Figure 4 depicts the proposed framework for the design, control, and optimization of PLC and the

methodology.
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Figure 4. Methodology framework.

1.6 Pillars of assessment

This section introduces the main pillars of assessment that will be adopted in the following chapters

as evaluation metrics to quantify the effectiveness of the proposed tools.

Choosing a metric to evaluate the entire PLC is a complicated task. It requires simple indicators able
to resume in a nutshell several activities that are very different from each other. The chosen metrics
should cumulate the effect of all the processes the product goes through, from the production to
processing, packaging, storage, distribution, sale. These assessment pillars should consider the effort
PLC requires to the supply chain system (machinery power, maintenance, vehicle fuel consumption, and

so on).
The indicators adopted in the following chapters refer to the three dimensions of sustainability:

- Economic sustainability, such as costs, profits, energy consumption, fuel consumption.
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- Environmental sustainability, such as CO; equivalent emissions, water consumption, plastic and

carton wastes, number of vehicles’ trips, traveled distance.

- Social sustainability, such as food losses, customers satisfaction.

Along with these indicators, it is also important to individuate some product-specific metrics
referring to quality. As it could be tough to find a simple metric to measure the quality of perishable
products, the following chapters will frequently adopt the remaining shelf life as a product-specific KPI.
Shelf life measures the time interval for which the perishable item remains fit for consumption or

saleable according to clients, which adopts a series of objective and subjective quality control to

determine whether the product fits consumers’ expectations or not.

1.7 Nomenclature

This section introduces the nomenclature adopted throughout the dissertation.

Acronym
3PL

DB

DC

DST

ERP
FSCS
GHG
GIS
GUI
HACCP
ILP
[oT
ISO
KPI
LAP
LCA
MAP
MILP

Definition

Third-Party Logistics

Database

Distribution Center

Decision Support System

Entity Relationship

Enterprise Resource Planning

Food Supply Chain System

Greenhouse Gases

Geographic Information System
Graphic-user Interface

Hazard Analysis of Critical Control Points
Integer Linear Programming Model
Internet of Things

International Organization for Standardization
Key Performance Indicator
Location-Allocation Problem

Life Cycle Assessment

Modified Atmosphere Packaging

Mixed-Integer Linear Programming Model
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PLC

PP
PP-PLC
PPLCM
RFID
SC

SCM
SCS

SL
SMILP
SGA-ST
T™W
VRP

Product Life cycle

Polypropylene

Perishable Product Life Cycle

Perishable Product Life Cycle Management
Radio-Frequency Identification

Supply Chain

Supply Chain Management

Supply Chain System

Shelf life

Stochastic Mixed-Integer Linear Programming
Stochastic Genetic Algorithm implementing Scenario Tree
Time window

Vehicle Routing Problem
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1.8 Chapter’s highlights

e The food sector is the second-largest manufacturing sector in Europe with a value-added of

about € 200 billion per year.

e Foodisaperishable item and experiences a decay of quality with time. Up to 30% of the whole

produced food is wasted each year.

e Productlife cycle optimization requires an integrated approach based on cooperation among

the stakeholders of the supply chain system and an interdisciplinary approach.

e This thesis aims to fill some extant gaps in the literature by providing integrated and
interdisciplinary tools tailored to perishable products. It also introduces a new logistic

strategy, namely climate-driven logistics, to improve the sustainability of FSCSs.

e The optimization of the product life cycle can be achieved by preserving product quality from
environmental stresses, such as temperature. As these stresses are uncertain, this thesis also

provides stochastic tools to face such uncertainties.
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2. Perishable products classification

The content of this chapter is based on the research presented in the following paper:

Gallo, A., Accorsi, R, Baruffaldi, G., Ferrari, E., Manzini, R. (2018). A taxonomy framework to manage
perishable products in cold chains. XXIII Summer School “Francesco Turco”, Palermo, Italy, 12 - 14

September 2018.

Perishable products have a limited lifetime, after which they are considered unsuitable for
consumption (Paam et al., 2016). The quality decay affecting such products is due to a combination of
mechanical, physical, chemical, and biological processes happening during the life cycle of these
products. Mostly, these reactions are due to the proliferation of bacteria, yeasts, molds, and viruses

populating the environment around products (Stoecker, 1998).

2.1 The proliferation of microorganisms in food

The proliferation of these microorganisms affecting perishable products is strictly related to
environmental conditions that enable their lives and foster their diffusion. The main cause accelerating
the proliferation of microorganisms is temperature, but several other factors are also to be monitored
to avoid losses. When the environmental conditions are favorable for these microorganisms, they start

growing by following three typical phases.

The first is the lag phase, and its characterized by slow or no-growth. To avoid food losses and
guarantee a good quality level of the delivered products, it is essential to extend this phase as long as
possible. Indeed, during the lag phase, the product experiences neither severe quality decay nor visible
or noticeable changes in the appearance or taste. During this period, microorganisms try to adapt to the
environment, looking for favorable conditions allowing them to proliferate, so it is important to create
a microenvironment around the product with adverse conditions for such pathogens so that they cannot

adapt to the environment and cause damages to the product.

If the environmental conditions are favorable for microorganisms, then the lag phase is followed by

exponential growth. In this phase, the pathogens can more than double their number at every hour, so
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this phase usually determines product losses. Unless this deterioration is rapidly noticed and handled,
microorganisms lead to changes in taste, texture, slime production. If such deterioration continues, then

the product reaches the death phase.

Although food loss and food waste are usually used interchangeably to indicate spoilage, there is an
important difference between them. Food losses indicate the cases in which the death phase occurs
before reaching the consumer. Poor management strategy, errors, and irregularities in the processes
(i.e., in the production, harvesting, processing/manufacturing, storage, transportation, and sale phase)
are responsible for food losses. Conversely, food wastes represent the cases when the death phase
occurs when the consumer already owns the product (i.e., households or caterers). Therefore, it is due

to its poor storage and inventory management (Bilska et al., 2016).

As the main focus of this dissertation is on industrial processes and the scope of this thesis includes

up to the arrival at the final consumers, we will focus on the reduction of food losses, more than wastes.

Product losses affect all three dimensions of sustainability of the food supply chains. The missing
profits for unsold products and the costs resulting from the losses (i.e., for harvesting, processing,
packing, storage, and distribution phases already performed), as well as the costs for waste management
(Kim etal., 2011), influence the economic sustainability of the supply chain (1). Furthermore, the energy
consumption and the carbon emissions due to the refrigeration (Gallo et al., 2017) and the exploitation
of land and resources for harvesting (Vandermeersch et al, 2014) impact on the environmental
sustainability of the supply chain (2). Finally, social sustainability (3) is compromised by food shortage
due also to product losses, especially in developing countries, and food waste, especially in developed

countries (Kefalidou, 2016).

The proliferation of microorganisms causing the deterioration of perishable items represents the
main difference between supply chains of perishable products and all the other supply chains. For
perishables, a continuous and significant change in their quality characterizes products. This decay
could determine a serious deterioration of their taste and appearance before products reach the points

of consumption (Ahumada & Villalobos, 2009).

2.2 Quality decay formulations

Several researchers studied the kinetics of natural processes determining the proliferation of
bacterias that causes the quality decay of perishable products. Many mathematical formulations
describing how these processes evolve with time have been proposed. Among the others, Arrhenius

provided a well-known equation to describe the kinetics of such deterioration processes. The Arrhenius
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equation (Eq. 2.1) is an empirical collision model that clearly states the non-linear relation existing
between the environmental temperature in the product’s microenvironment and the acceleration of its

quality decay process (Cisse et al., 2009).

E

k = ko,e RT (2.1)
where:
e kg is the pre-exponential factor expressed in 1/s . It corresponds to the value of k at T = oo.

e T is the temperature expressed in degrees Kelvin. This value depends on the
microenvironmental conditions where the biochemical process is happening. Therefore,

logistics decisions can alter this value and slow down the deterioration process.

e F, is the activation energy of the biochemical process, expressed in ]/mol. The value of this

parameter depends on the specific reaction whose kinetic is analyzed.

]
mol K’

e R istheideal Boltzmann gas constant equal to 8.31

This equation clearly shows how the deterioration process of a perishable item depends on a
combination of intrinsic characteristics of the product itself (i.e., the activation energy of the processes
causing the quality decay of the specific product) and the environmental stresses it experience (i.e., the

environmental temperature).

Feeding the input of the Arrhenius equation is sometimes a complex task due to the specificity of the
quality decay processes affecting the product’s quality. However, researchers proposed some
alternative equations to overcome this issue. In particular, the pre-exponential factor is unknown for
many biochemical processes. When practitioners can not estimate the value of this parameter, they can

apply other equations based on the one provided by Arrhenius.

Connors et al. (1986) provided the following set of equations to overcome the problem of the
unknown pre-exponential factor. This equation can be easily fed by experimentally estimate the shelf
life of the analyzed product at a fixed micro-environmental temperature, which can be achieved by

storing the product in a refrigerated environment.

Hegmom)
QlO =e R \(To+10)Tq (22)
AAF = Qlo[(T—To)/10] (2.3)
AAT = 2o (2.4)
AAF
100
Asl = m (25)
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where:

RT, is the known shelf life of the product exposed at a constant temperature.

T, is the controlled temperature at which the known shelf life has been measured.
Q1ois the resulting aging factor.

AAF is the accelerated aging factor.

AAT is the accelerated aging time.

Asl is the percentage shelf life decay that determines the expected length of the product life

cycle.

Another well-known equation for the kinetics of chemical reactions is the Eyring equation. The

equation requires additional parameters to find out the value of k, as shown by Eq. 2.6.

AH*-TAS*

k="ET xe™ =t (2.6)

where:

kg is the Boltzmann constant, equal to 1.381 x 10723 J /K.
h is the Planck constant, equal to 6.626 x 1034 ] s.
AH* is the activation enthalpy expressed in ] /mol.

AS* activation entropy expressed in J/mol K.

The Arrhenius equation is one of the most known kinetic equations. It is still applied in many real

applications due to the many contributions in literature providing useful values for the parameters of

this equation. However, researchers made many attempts to propose alternative equations that are not

based on the Arrhenius one (Chan & Dill, 1998; Peleg et al., 2002) to overcome some limits of this

formulation. Indeed Arrhenius equations could not be precise whenever the analyzed process has an

optimal temperature value, as occur for the deterioration of perishable products.

Other researchers revised equation 2.1 by proposing improvements to estimate the proliferation rate

of bacterias better than with the canonical Arrhenius formulation (Knies & Kingsolver, 2010; Peleg et

al,, 2012). For example, (Valentas et al.,, 1997) proposed the following modified Arrhenius equation.

In(e) = In(kyer) = Gl = 7] (27)

where k,.f is the constant growth rate at the reference temperature T .
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The knowledge of the concentration of the spoilage limit (log N;) and the initial load (log No) of the
proliferation of the analyzed bacterias (both expressed in log C%U) allows estimating the residual shelf-
life (expressed in hours) of the perishable product by applying the following equation.

log N;—log No

kref—exp[(_%)(%_ﬂlef)]

SL =

(2.8)

2.3 Environmental stresses

Atanda et al. (2011) and Rahman (2007) reviewed the main environmental stresses affecting
perishable products. Among the other environmental factors, the temperature is undoubtedly the
primary stressor for perishable products. Generally, temperature increases foster the proliferation of
microorganisms and accelerate the reactions determining quality decay and product losses, causing
changes in the product's appearance and other effects, such as the reduction of water content. Also,
exposure to solar radiation contributes to the increase of temperature on the product surface, so a good

management practice is to avoid direct sunlight exposure.

Humidity is another important stressor for perishable products. Products exchange water with the
environment as vapor. The more is the water within a product, the more it will give up moisture to the
air. Conversely, whether the water content of the food is low, it will absorb moisture from the
environment. For such reason, dry foods must be stored in an environment with low humidity and vice

versa to avoid compromising product quality.

The composition of the atmosphere represents another potential stressor for perishable products.
This issue fostered the adoption of Modified Atmosphere Packaging (MAP). Altering the composition of
the atmosphere can shorten or extend product shelf life based on the quantity of certain gases in its
microenvironment (e.g., carbon dioxide) and the characteristics of the product. Therefore, MAP

recreates a favorable atmosphere for the perishable item to lengthen product life cycle.

The pressure is another stressor for perishable products as it can damage their texture and accelerate

the quality decay process.

Furthermore, there is another key factor in decreasing the shelf life of perishable products. As the
definition itself of perishable products refers to a limited life cycle of such products as they lose their
value with time, the time itself represents an important stressor for such products. The time required

to deliver products to the clients is highly dependent on SCM strategies, cooperation, and supply chain

37



efficiency. Shortening product travel time during distribution and storage time is essential to deliver

high-quality products to the final consumers.

Most of these stresses are highly dependent on climate and weather conditions (Salin, 1998). This
increases the complexity of PPLCM due to the high uncertainty associated with such phenomena.
Therefore, the management strategies for the product life cycle should also consider the risks due to

unpredictable environmental conditions to reduce product losses.

2.4 Product intrinsic characteristics

Whilst the stresses affecting perishable products are usually attributable to the causes listed before,
regardless of the specific product, the effects on products’ quality depend on some intrinsic
characteristics of products. The type of perishable item, its biochemical structure, the production area,
the harvesting season, and many other factors define the product’s intrinsic characteristics that
determine their response to specific environmental stresses. The peculiarities of perishable products
reflect on the ideal storage conditions analyzed by food scientists. They define the optimal

microenvironment for such products.

The main parameters evaluated to determine the optimal storage conditions of perishable products

are:

e Safe temperature. It represents the optimal temperature in the microenvironment
surrounding the perishable product. For most of the products, it is a range of temperatures

determining the maximum duration of product shelf life.

e Safe humidity. Similarly to temperatures, an interval of optimal values where the product

shelf life is maximized also exists for humidity.

e Ethylene. Itis a natural ripening hormone of plants that affects the growth, the development,
and storage life of many fruits and vegetables (Keller et al., 2013). Crops itself produce
ethylene, so there is a double aspect to be considered. On one side, perishable items produce
ethylene themselves. From another side, that same ethylene accelerates the life cycle of other
perishable products by softening and ripening them and causing a fast deterioration during

storage and shipping phases.

Its effect on perishable products can be disruptive, as it is estimated to cause significant
product losses (from 10% up to 80% based on the type of product). Therefore it must be

removed from the storage and distribution environment.
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e Frost damages. The primary stressor for perishable products is considered high
temperatures. However, some products experience permanent damages when exposed to
frost. For most fruits and vegetables, freezing occurs a few degrees below the freezing
temperature of water due to the substantial water content constituting them. Frost seriously
damages many perishable products, changing their appearance, texture, and color and make

them unfit for sale and consumption.

Frost damages depend on several factors: the minimum temperature reached, the rate of
drop in temperature (i.e., the faster is the decrease in temperature, the more are the
damages), the duration of exposure to low temperatures, and product sensitivity to frost

(Kays, 1999).

e Water content. Water is the predominant constituent in most foods, and the water content
significantly influences the thermophysical properties of foods. For fruits and vegetables,
water content varies with the maturity of the harvested product, growing conditions, and the

moisture lost after harvest (Rao & Rizvi, 1986).

2.5 Food losses and quality standards

Nowadays, perishable product losses constitute a real plague on society. The Food and Agriculture
Organization of the United Nations (FAO) estimates that roughly one-third of the total food intended for
human consumption and produced throughout the globe is currently lost or wasted, which amounts to
about 1.3 billion tons per year (Buzby & Hyman, 2012). According to Gustavsson et al. (2011), the
industrialized world wastes much more food than developing countries. Indeed, the per capita food
waste by consumers in Europe and North America amounts to 95-115 kg/year. In comparison, in sub-

Saharan Africa and South/Southeast Asia, it is equal to 6-11 kg/year.

With the global population expected to be between 8.3 and 10.9 billion people by 2050 (Prosekov &
Ivanova, 2018), food shortage will happen much more frequently. Furthermore, as land available for
cultivation has already been destined for current crops or replaced by factories and cities, it represents
a scarce resource. This reason further proves the importance of reducing product losses and wastes as
the costs and the environmental impact of loss reduction is much lower than devoting new land to crop.
Furthermore, also the social dimension of sustainability would benefit from the decrease in food losses
by contributing to an increase in the availability of food all over the globe, including developing

countries.
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Product losses are becoming an increasing issue, also due to dietary transitions. People worldwide
are diversifying their diets due to growth in household incomes and the higher quality standards of life
in modern countries. These increases in food varieties eaten by populations around the globe are
pushing the development of the global food market and the consumption of shorter shelf life items,
which is associated with increases in food losses and consumption of land and other resources
(Lundgvist et al., 2008). The increasing traveling distances due to global supply chains, where nodes are
distributed worldwide, also increases the time to reach the retailers. Global supply chains extend the
distribution, which is the most critical phase of the perishable product life cycle, where the product is
more exposed to potential environmental stresses due to the changes in its environment as it travels to

the next stage of the supply chain.

Indeed, distribution is a critical phase in the perishable product supply chain system. During
distribution, it is more frequent to face adverse environmental conditions, and the control of supply
chain actors on the products they sell is lower. Furthermore, the control of perishable products during
distribution is frequently more challenging due to outsourcing this phase to third parties. Third-Party
Logistics (3PL) providers, for example, are third-party companies operating the distribution and other
logistics phase on behalf of the supply chain actors. These operators increase the efficiency of the
distribution phase as they are specialized in such operations but decrease the control of the supply chain
on their product compared to the use of proprietary vehicles that can share data continuously with the

DB of supply chain actors.

The diffusion of global supply chains and the increasing variety of products coming from abroad
foster the perception of lower control on perishable products not only by companies operating in the
supply chains but also by consumers. The industrialization and globalization of the food supply chain
have increased consumers’ skepticism about the quality and safety of the food they eat (Toler et al,,
2009). The bacterial outbreaks and food safety scandals happened in the past years threatened
consumer confidence in food safety (Yeung & Morris, 2001; Thirumalai & Sinha, 2011). In order to
increase product safety and restore consumers’ trust, regulators adopted many standards on food
quality and preservation and introduced new laws and regulations (Regattieri et al., 2007; Abad et al,,
2009; Council Regulation, 2002). Such regulations strengthen rules on quality and safety control and
product traceability. For example, regulators determine the temperature ranges within some perishable
products must be stored to be considered fit for consumption. Whether products are exposed to
temperature stresses going beyond the preset threshold, they can not be sold and must be discarded to
avoid risks for consumers’ health. Other regulations impose stricter traceability information on product
origins and impose to correctly inform consumers about the production and processing sites of the

product and its nutritional values.
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In order to increase consumers’ safety and avoid risks for their health, regulators adopted new rules
and standards about quality assurance systems. Such systems aim to guarantee the quality level of
products to consumers, giving them more information and control over the products they buy. Some of
these quality assurance systems are the Good Agricultural Practices (GAPs), Hazard Analysis of Critical
Control Points (HACCP), and International Organisation for Standardisation (ISO). GAP and HACCP
include technological and managementissues and are intended explicitly for the food sector, ISO focuses

on management practices, and it is independent of any specific industry (Trienekens & Zuurbier, 2008).

Furthermore, new regulations to be considered when managing perishable product supply chains
also concern environmental aspects. As environmental issues and global warming concerns are
increasing throughout the globe, rules about the emission of perishable product supply chains are
spreading. As concern on carbon emissions reduction increases, many international and national

authorities are introducing new regulations to reduce the emissions (Bai et al., 2017).

Among the other systems, cap-and-trade is one of the most adopted approaches for reducing carbon
emissions. Based on some objective criteria, the authorities allocate a maximum amount of carbon
emissions to each company. Whether the company’s carbon emissions exceed this limit, then the
company should buy the right to emit such exceeding quantity in a carbon trading market from more
companies emitting less than their allowed amount. This system incentives companies to acquire new
and efficient assets emitting less carbon and therefore reducing their impact on the environment. An
important example of such cap-and-trade initiatives at an international level is the European Emissions
Trading System (EU-ETS), the first and largest carbon market globally, covering approximately 45% of

carbon dioxide emissions in the European Union (European Commission, 2013).

The increasing interest in carbon emissions reduction initiatives is also due to the economic benefits
of reducing carbon emissions. Air pollution is becoming a significant problem in big cities, and the
emissions of supply chains are an important cause of this issue. For example, air pollution caused 1.23
million deaths in China, 103,027 in the United States, and 23,036 in the United Kingdom in a single year,
which amounts respectively to 9.7-13.2%, 3.2-4.6%, and 4.6-7.1% GDP of such countries (Shi et al,,
2020). As aresult, governments and factories are under growing pressure to limit their carbon emission

quantity.

2.6 Logistics solutions

Logistics plays a crucial role in ensuring the respect of these regulations about perishable products

and guaranteeing the delivery of high-quality products. As the most critical phases for PPLCM are
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storage and distribution, effective logistics decisions are essential to meet quality standards and to

increase the level of service provided to the clients.

Some of the most important logistics decisions for PPLCM to increase the sustainability of these

supply chains, also represented in figure 5, are:

Packaging. By protecting products from external stresses, packaging conducts a primary role
in preserving the quality of perishable products. Packaging isolates perishable products from
the external environment and creates a microenvironment with favorable conditions for the
perishable items. It attenuates the fluctuations of the temperature of the external
environment, protects the product from humidity and mechanical stresses (i.e., vibrations
and impacts), and can recreate a microenvironment with its own atmosphere to extend
product shelf life (Modified Atmosphere Packaging). In the last decades, the interest in
packaging has increased a lot due to their fundamental role in protecting products, facilitate

handling operations, and marketing reasons.

Vehicle type. Distribution is the most critical phase of product shelf life. During distribution,
the product could face continuously face environmental stresses and unstable weather
conditions. Throughout the journey from one node to the next one, the product travels across
different geographical areas with different climatic conditions. It experiences temperature
and humidity fluctuations and vibrations depending on the type of vehicle used and the
infrastructure (e.g. roads). Furthermore, different types of vehicles have different costs and
environmental emissions. For example, vessels emit few carbon emissions if compared with
trucks. However, vehicle alternatives also entail changes in travel times. For this reason,
although the vessel is economically and environmentally convenient, sometimes it is not
viable not only due to the lack of infrastructures and routes but also due to much longer travel
times that could increase product losses and reduce the level of service provided to the

clients.

Storage time. As the quality of perishable products decays fast, it is essential to reduce the
storage time to the minimum necessary time. Perishable products are usually fast-moving
items that reach storage nodes just for consolidation and are stored in the warehouse while
waiting for the other products to be ready for shipments to complete clients’ orders. As the
storage of perishable products must be limited to reduce losses, these products prompt the
adoption of new logistics solutions such as cross-docking to verify, label, weight, and

consolidate products and ship them to their destination within a single working day.
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Refrigeration. Reducing the storage time and choosing the best type of vehicle could not be
enough to preserve product quality. Critical environmental conditions could compromise
product quality and safety also during short time intervals. For this reason, refrigeration is
essential to avoid product losses. Refrigeration, along with a proper package, represents an
effective solution to recreate an ideal micro-environment for perishable products. It is the
best solution to reduce the negative effect of high environmental temperatures, especially for
foods that perish in a few days when not stored at their ideal conditions (e.g., cherries).
However, refrigeration is highly energy consumptive and therefore threatens the economic
and environmental sustainability of the supply chain. Intensive use of refrigeration should be

avoided when possible to reduce the carbon emissions of food supply chains.

Flows allocation. Whilst all product lots in the same supply chain go through the same
supply chain stages, the choice of allocating them to a specific node of each stage is an
important logistics decision. An effective allocation balances the network, avoids
oversaturation of some processing or storage nodes, and meets clients' demands while
optimizing the sustainability of the supply chain. The allocation of flows is a typical problem

that can be optimized by mathematical decision support models.

Distribution route. The choice of the best distribution route for each delivery is another
critical aspect to increase the sustainability of supply chains of perishable products and to
avoid the exposure of perishables to critical stresses that may cause product losses. The best
distribution route is the one that aims to reduce the travel time to limit the reduction of shelf
life of the product, and it should also avoid the geographical areas with a higher risk of critical

environmental conditions that could compromise product quality.

Traceability. Traceability is an essential tool to control the product throughout its life cycle
and monitor its stresses to guarantee compliance to regulations and quality standards and
increase consumers’ trust by giving them detailed information on the product’s origin,
processing area, and safety. A well-structured traceability system allowing to follow the
product in every stage of the supply chain requires a complete integration of information

systems and cooperation and information sharing among all the supply chain actors.
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Figure 5. Main logistics decisions for food preservation.

2.7 Research trends

This section introduces a literature review to assess the current developments of research trends about
perishable products and the most studied logistics solutions to handle these products. A bibliometric
study has been conducted to highlight the research trends about the supply chains of perishable

products.

2.7.1 Map of keywords

The bibliometric analysis involves a sample of 500 papers collected on Web of Science on August 16,
2020, and contains papers published within a time interval between 2000 and 2020. The papers were
extracted from the Engineering Village search engine and analyzed through the software VOSviewer.
VOSviewer collects information from papers to create and visualize bibliometric maps and networks
(Van Eck & Waltman, 2009). This software gathers bibliometric and text data from published papers,

extracts the main keywords, and highlights trends and connection among research trends.

Figure 6 shows the map of keywords extracted from the analyzed papers. Each circle represented in
the graph corresponds to a keyword, as indicated in the text within the circle. The dimension of the circle

corresponds to the number of papers containing the keyword. Each link connecting two keywords
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represents a con