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SYNOPSIS

This thesis reports on the research undertaken to increase the sustainability of the
management of industrial food waste. The main objective of this research is to develop a
systematic framework that can be used by food manufacturers to identify and implement

sustainable solutions for food waste management.

The research reported in this thesis is divided into four main parts. The first part reviews the
literature on ramifications and issues associated with the generation and management of
food waste, available options to tackle issues related to food waste, categorisations of food
waste and existing methodologies to support food waste management modelling and
decision-making with regard to the management of food waste. The second part introduces
a framework to identify types of food waste and link them to their most sustainable food
waste management solution. The third part presents a food waste management modelling
procedure and identifies attributes needed to model food waste management. The fourth
part analyses relationships between attributes and provides information flowcharts and a
methodology to support the modelling of food waste management systems.

The applicability and usefulness of the research have been demonstrated through case
studies with two UK food manufacturers: a brewery and a meat-alternative manufacturer.
Although the framework presented in this thesis aims at improving food manufacturers’
waste management, it could be easily adapted to be used in other stages of the food supply

chain.

In summary, the research reported in this thesis has concluded that food manufacturers
generate large amounts of food waste that are managed in a wide range of ways. A
systematic framework to analyse types of food being wasted, waste management processes,
food manufacturers, waste management processors and sustainability implications of food
waste management provides a sound methodology to identify opportunities to improve the
management of industrial food waste.



Development of a framework for sustainable management of industrial food waste

Guillermo Garcia-Garcia

ABBREVIATIONS

ABP

AD

AF
AHP/ANP
ASPID
BOD

C

CBA
COD
CPC
DEFRA
ELECTRE
FAO
FSC
FUSIONS
FW
FWH
FWM
FWMDT
FWMMP
FWMS
GAIA
GHG
GPC
GSFA
HDI
HRT
IGD
LATS
LCA
LCC

Animal By-Product

Anaerobic Digestion

Animal Feeding

Analytical Hierarchy Process / Analytic Network Process
Analysis and Synthesis of Parameters under Information Deficiency
Biochemical Oxygen Demand

Composting

Cost-Benefit Analysis

Chemical Oxygen Demand

Central Product Classification

Department for Environment, Food and Rural Affairs
ELimination and Choice Expressing REality

Food and Agriculture Organization of the United Nations
Food Supply Chain

Food Use for Social Innovation by Optimising Waste Prevention Strategies
Food Waste

Food Waste Hierarchy

Food Waste Management

Food Waste Management Decision Tree

Food Waste Management Modelling Procedure

Food Waste Management Solution

Geometrical Analysis for Interactive Aid

Greenhouse gas

Global Product Category

General Standard for Food Additives

Human Development Index

Hydraulic Retention Time

Institute of Grocery Distribution

Landfill Allowance Trading Scheme

Life-Cycle Assessment

Life-Cycle Costing



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

LCSA
MAUT
MCDMWMCDA
MSW
NMVOC
OLR

PAH

PCB

PM
PROMETHEE
R
REFRESH
SDGs
SLCA

TAN

TKN

TOC

TRL

TS

TSS

TT
TOPSIS
UNEP
UNSPSC
VFAs
VIKOR

VS

WRI
WRAP

Life-Cycle Sustainability Analysis

Multi-Attribute Utility Theory

Multi-Criteria Decision-Making / Multi-Criteria Decision Analysis
Municipal Solid Waste

Non-Methane Volatile Organic Compounds

Organic Loading Rate

Polycyclic Aromatic Hydrocarbons

PolyChlorinated Biphenyl

Particulate Matter

Preference Ranking Organization METhod for Enrichment Evaluations
Redistribution

Resource Efficient Food and dRink for the Entire Supply cHain
Sustainable Development Goals

Social Life-Cycle Assessment

Total Ammonia Nitrogen

Total Kjeldahl Nitrogen

Total Organic Carbon

Technology Readiness Level

Total Solids

Total Suspended Solids

Thermal Treatment with energy recovery

Technique for Order of Preference by Similarity to Ideal Solution
United Nations Environment Programme

United Nations Standard Products and Services Code

Volatile Fatty Acids

Multicriteria Optimization and Compromise Solution

Volatile Solids

World Resources Institute

Waste & Resources Action Programme

VI



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

LIST OF FIGURES

Figure 1-1. Challenges and approaches in the food sector and how to tackle them ............... 2
FIQUrE 1-2. TRESIS STIUCTUIE......cueiiieeeeieie e ettt e st e e et e e e e st e e e et e e e esseeeeeannneeaeeennnees 5
Figure 3-1. Percentage of edible parts of FW (in kcal) in the different regions of the world ..15

Figure 3-2. Percentage of edible parts of FW (based on energy) at different stages for the
FSC for different areas of the world (Lipinski et al. 2016)............cccccvveveeeeeiiiinns 16

Figure 3-3. Split of FW globally (edible parts only) by types of food (Lipinski et al. 2013).....16

Figure 3-4. Percentage of FW in different stages of the FSC in Europe. Adapted from
FUSIONS (2016) ....ueeiiiieiieiiieeieesiieeiee et stee et e esteesseesnseeasseesseeanseesseesnseesseesnseas 18

Figure 3-5. FW in European countries per capita (kg per year) (European Commission (DG
EINV) 2010) ..ottt et he e e et et e be e ne e naeennean 19

Figure 3-6. Percentage of FW in the manufacturing sector / food produced (European
CommisSioN (DG ENV) 2010)....ccccuueiiiiiieiiieeiiieesieie sttt eesneessneeas 19

Figure 3-7. Quantity of FW generated in the different stages of the UK FSC, in Mt .............. 21

Figure 4-1. Food waste management solutions (FWMSs), arranged in the food waste
hierarChy (FWH) ... ..o 39

Figure 4-2. Use of different FWMSs across the UK FSC, iNKt........ccccoooiiiiiiiiiiiie e 54

Figure 5-1. Proportions of avoidable FW in households in 2012 by weight and cost. Adapted

from Quested et al. (WRAP) (2013) ®WRAP........coeiiiiiiieeciiee e eea e 59
Figure 6-1. Stages to decide different types of research. Based on Kothari (2004) .............. 77
Figure 6-2. Technology Readiness Levels. Based on EARTO (2014) .......ccccceevveeeiiieeniiennnns 79
Figure 6-3. Research methodoIOgY ........coooiiiiiiiiiee e 84
Figure 7-1. Structure of the research approach proposed..........c.ccccovvriiiiiiiiiiiiiie e 86

Figure 7-2. Definitions of ‘food wastage’, food losses’ and ‘food waste’, according to FAO
(2011) and Lipinski et al. (2013). Definitions from (Think.Eat.Save 2014) .......... 87

VIl



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

Figure 7-3. Different aspects included in the definition of ‘food waste’ according to FAO
(2011), Lipinski et al. (WRI) (2013), Quested & Johnson (WRAP) and (2009
FUSIONS (2014) ...tieiee ittt ettt et stee st e e st e anteesseeenaeenneeeneeas 89

Figure 7-4. Types of food material at different phases of a food manufacturing site ............. 96
Figure 7-5. Qualitative parameters to categorise FW and the nine-stage FW categorisation97
Figure 7-6. Waste hierarchy for surplus food and FW ..........cccooeiiiiiiieneeece e 102

Figure 7-7. The Food Waste Management Decision Tree. Edible, eatable, animal-based
FWs and their most sustainable FWMSS .........cccccei i 109

Figure 7-8. The Food Waste Management Decision Tree. Edible, eatable, plant-based FWs
and their most sustaiNable FWMSS.........c.oieiiiiiie e 110

Figure 7-9. The Food Waste Management Decision Tree. Edible, uneatable FWs and their
MOST SUSTAINADIE FWIMSS .....ooiiiiiiiiii e 111

Figure 7-10. The Food Waste Management Decision Tree. Inedible and uneatable for

humans, eatable for animals FWs and their most sustainable FWMSs............. 112
Figure 8-1. Stages of the Food Waste Management Modelling Procedure ..............cc......... 115
Figure 8-2. Major phases in the operation of the FWMMP ..o, 116
Figure 9-1. Integration of tools to obtain information flow diagrams...........cccccccccveviiiienennns 138

Figure 9-2. Example 1: 24x7 matrix showing an analysis of 168 relationships between some
guantitative primary FW parameters and environmental impact to air indicators.
A green tick denotes presence of relationship and a red cross absence of
(1] F= U0 1S 1 1SR 140

Figure 9-3. Example 2: 29x7 matrix showing an analysis of 203 relationships between
performance factors and FW parameters...........ccccvvveeiiiieeeciiiieee e 141

Figure 9-4. 24x7 matrix showing an analysis of 168 relationships between some secondary

guantitative FW parameters and environmental impact to air indicators........... 144

Figure 9-5. 11x7 matrix showing an analysis of 77 relationships between some secondary
guantitative FW parameters and environmental impact to air indicators.

Indicators with same relationships have been grouped..............ccccoeeeiviiieeeenn, 145

Figure 9-6. 10x7 matrix showing an analysis of 70 relationships between some performance

factors and environMental INAICALONS ........coeue e 146

VI



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

Figure 9-7. Section of the Dependencies List for redistribution for human consumption

showing dependencies to five attributes ............ccocceeiiiiiniii i 146
Figure 9-8. Information flowchart for redistribution for human consumption......................... 149
Figure 9-9. Information flowchart for animal feeding...........cccoocvieiiiiiiiie e 150
Figure 9-10. Information flowchart for anaerobic digestion.............cccvvieiiiie e, 151
Figure 9-11. Information flowchart for COmpOStINgG.........ccceiiiiiiiiiiiiee e 152
Figure 9-12. Information flowchart for thermal treatment with energy recovery ................... 153

Figure 9-13. Methodology used to build the ‘List of attributes needed’ in the Table of
ASSESSIMENT.....oeiiiiiit e e e e e e e s s e e e e e a e e 155

Figure 9-14. Information flow diagram built from Table 9-4. Green attributes: known
attributes, red attributes: unknown attributes, attributes in yellow R boxes:

required attriDULES .........ooi i 159
Figure 10-1. Information flow diagram for waste DEEr ............cccceeiiiiiiiiie i 174
Figure 10-2. Information flow diagram for filter Waste.............ccocveiriiiiiiiiiiniee e 178
Figure 10-3. Information flow diagram for food product returns............cccccceeeeevvicciiiiiienenenn. 187



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

LIST OF TABLES

Table 3-1. Causes of generation of avoidable FW in the production stage............cccccoeevuneeen. 30
Table 3-2. Causes of generation of avoidable FW in the manufacturing stage ..................... 30
Table 3-3. Causes of generation of avoidable FW during distribution............ccccceeviivveennnee. 31
Table 3-4. Causes of generation of avoidable FW in the retail stage..........ccccccceeeeeiiiiinnennee. 31
Table 3-5. Causes of generation of avoidable FW in the food service stage.............cccceen.e. 31
Table 3-6. Causes of generation of avoidable FW in the household stage...........c................ 32
Table 4-1. Examples of FW types that cannot be managed following some FWMSs ........... 52

Table 5-1. Most relevant LCA software tools and examples of their use to model waste

T T T=Te T 0T =] o | PP UPTP PP 65

Table 7-1. Situations in the food systems when a material becomes food, and when food

DECOMES WASTE........eiiiiieeie e 93
Table 8-1. Qualitative FW Parameters ........c.cooiiii ittt 119
Table 8-2. Quantitative primary FW ParametersS........cc.euveiiiiieeeiiieieeeeeiieeeessiieeesseseee s s nneeees 120
Table 8-3. Quantitative secondary FW parameters ...........ccccevveeeiieeeiieeesniee e 122
Table 8-4. FWM process and company status variables ............ccccceeviiieeeiiciiiee e 124
Table 8-5. FWM performance faCtorS...........c.coiiiiee it 126
Table 8-6. Environmental indicators: iMPacts t0 @I ...........cueeiiieeriiee e 129
Table 8-7. Environmental indicators: impacts t0 Water.............occcvveeieeeeeieei e 130
Table 8-8. Environmental indicators: impacts t0 SOIl..........cc.eeiiieiiiie e 132
Table 8-9. ECONOMIC INCICALONS ........oviiiiieiiii ettt 134
Table 8-10. SOCIAl INAICALONS .......coiiuiiiiiiie et sbe e e ssbe e sanee e 135
Table 9-1. Discarded dependencies from the Relationships MatriX ............cccovvveeeeeeeiiiinnns 148



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

Table 9-2. An example of a section of the Table of Assessment for Redistribution for human

Lodo] 1571 10 110 ] o SRR 154

Table 9-3. An example of a section of the Table of Assessment for Redistribution for human
consumption in which the user has determined which values are known (Y),

which are unknown (N) and which are required (R)........ccccovviieeeiiiiie e, 157
Table 9-4. Results Table of the example presented in Table 9-3........cccccevviiiieiiciee e, 158

Table 10-1. Categorisation of spent grain and identification of its most sustainable FWMS

Table 10-2. Categorisation of waste beer and identification of its most sustainable FWMS 166

Table 10-3. Categorisation of conditioning bottom and identification of its most sustainable

Table 10-4. Categorisation of filter waste and identification of its most sustainable FWMS 169
Table 10-5. Categorisation of trub waste and identification of its most sustainable FWMS 170
Table 10-6. Table of Assessment for Waste DEET............ccoiviiiiiiiiiie e 171
Table 10-7. Results Table for Waste DEET ............ooiuiiiiiii e 173

Table 10-8. Section of Table of Assessment for filter waste showing categories of attributes,

attributes to asses, known/unknown attributes, and required attributes............ 175
Table 10-9. Results Table for filter Waste............cooviiiiiiiiiiiic e 177

Table 10-10. Categorisation of the food solid/slurry mix and identification of its most
SUSEAINADIE FWIMS ... 182

Table 10-11. Categorisation of food product returns and identification of its most sustainable

FWIMS ettt e et e e et e e et e e st e e e saae e e eat e e e aaareesneeeennes 183
Table 10-12. Table of Assessment for food product returns...........ccccceeeeeeiiiciiiiiieeee e 185
Table 10-13. Results Table for food product returns ............coceeeiiieeniee e 186

Xl



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

TABLE OF CONTENTS

ACKNOWIEAZEMENTS. ... .. it s s s e e e r s s e e e e nnnnnas 1
L0 ] N v
LN 0 0 == T \'
LiSt Of fiBUIES .....iiee it e e s s e e s s e e e s s e e e e s e e nn e s e e nn e e ennaaas Vil
LiSt Of tADIES ... s X
Table Of CONTENTS...... ..o s Xl
(08 0 2N o 11 e A 1y 1o Yo L1 T o o T 1
CHAPTER 2 Research justification and SCOPE...........ccevvreemmmmmimmmmmimmmeeeeeeeeeeneeenennnesssnsnnnsnssssssnsnnnnns 6
2.1 INEFOAUCTION ...ttt ettt e e bt e e e e beennneen 6
2.2 RESEAICN CONEXL .....oiiiiiiiiei ettt 6
2.3 RESEAICH QUESTIONS ....eeiieiiiiiieeiiiiie e e ettt ee e ettt e e e et e e s ente e e e s s snbb e e e ennbaee e s sseeeeeannnneeeeas 8
2.4  Research aim and ODJECTHIVES...........oiiiiiiiee e e 8
2.5 RESEAICN SCOPE ... .ttt 9
2.6 ChAPLEr SUMMIAIY.....ciiiiiiiiiiie ittt ee ettt sttt e et eeabae e sbe e e snbeeesnbeeesnbeeeennes 11
CHAPTER 3 A review of issues associated with the generation and management of food waste
................................................................................................................................................. 12
1 R (011 70T [0 ox i o] o P OO 12
3.2 OVerview Of fOOO SECUILY .......ciiuiiiiiie ittt 12
3.3 Quantification Of fOO WASTE........uuvvviviiiiiiiiiiiiii e as 13
3.3.1  GloDal FOOU WASTE .......eeiiiiiiiiiie ettt 14
3.3.2  FOOd WASTE IN EUMOPE ..ceiiiueiiiie ettt ettt e et e e e enneeee s 16
3.3.3 Food waste in the UK..........ooi e e 20

3.4 Assessment of impacts related to the food waste iISSUE ..........cccceeevciiieeccciiece e, 25
341  Global IMPACES ... e e e e e e e e 25
3.4.2  IMPACES INEUIOPE ...ueieeiiee et e e e a e e e e eneees 27

Xl



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

3.4.3  IMPacts INThe UK ... e e 28
3.5 Evaluation of the causes behind the generation of food waste in the FSC ............. 29
3.6 ChAPLEr SUMIMAIY......ciiiiiieiiieeitie ettt et et e et e e e e be e e e be e e abe e e snbe e e snbeeesnnneeans 32

CHAPTER 4 A review of options to tackle issues related to food waste .........cccceerrveneiirrenicnnnn. 34
R 1 1 (oo [§ox 1 o] o I PRSPPSO OPP PP 34
4.2  Initiatives to tackle fOOd WASTE ..........c.eiiiiiiiiiceiee e 34

4.2.1  GlODAl INILIALVES .....eeeiiiieiiei e 34

4.2.2  EUropean INILIALIVES........ccccuiiiiiieeiie ettt 35

4.2.3  INitIAtiveS iNthe UK ... 36
4.3 Food waste management solutions: the food waste hierarchy ..............ccccoevveiiinnens 38

4.3.1 Introduction and legislative framework .........cccccccoiiiiiiiiiiei e, 38

4.3.2  REUUCTION ...ttt ettt ettt et a e e st e e e s e e e enneeeanes 40

B.3.3  REUSE ... . 41

4.3 4 RECYCING....eiiiteieiiie ettt st 43

4.3.5  RECOVEIY ..oeiiiieeiietee ettt e e e e e e e e e e e s s n e e e e e e e e s s anrnrrrreeeaaeeeeaanns 47

.36 DISPOSAL....eeiiiiiiiiiiie it 50

4.3.7  Applicability of the food waste hierarchy ............cccoccviieeeeeiiiceee e, 52

4.4  Quantification of food waste management solutions in the UK food supply chain ..53

A5 Chapter SUMIMAIY......ueiiiiiiaiiee et ettt et et e e ate e e e abe e e abe e e sabe e e sabe e e anneeeanneeas 55
CHAPTER 5 A review of categorisations and methodologies for food waste management....... 57
5.1 INEFOTUCTION ...ttt ettt b et nne e 57
5.2 Categorisations Of fOOd WASTE........c.cceeiiiiiiiiieiece e 57
5.2.1  European regUIationS .........ccuueiieieei i e e 58
5.2.2  Categorisations of FW Dy OO tYPE .....cceviueiiiiiiiiiie it 58
5.2.3  Categorisations of FW based on other Criteria............ccccceeiivvereiniiiieeeeiieee s 60

5.3 Methodologies and tools to support food waste management.............ccccccvvveeenneee. 62
5.3.1  Life-CYClE @SSESSMENL.........cccoiiieie ettt e e 63
5.3.2  Cost—henefit analySis........cccuuiiiiiiiiiiicee e 66

X



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

5.3.3  Multi-criteria decision-making / multi-criteria decision analysis .............cccceeo.... 67
5.3.4  Other MethodOIOgIES.........ueiiiiiiiiieeeie e 72

5.3.5  Applicability of existing methodologies to support food waste management ...74

5.4 Chapter SUMIMAIY.......coiiuiieiiieeiiieeiiieeaieeesteeesteeessteeassteeassbeeesbeeesbeeesnbeessnbeeessseeeans 75
CHAPTER 6 Research methodolOgY ........ccecciiiiieiiiiiiici st se s e s s e s e e s e rnna e eeen 77
6.1 INIFOTUCTION ...ttt ettt e e e b e e e e 77
6.2  OVerview Of reSEarCh tYPES .....ccoiiiieeiiiiiie e e ettt e e et e e e s nnee e e e enees 77
6.3 ResearchmethodolOgy ..........ccceiiiiiiiiii e 79
6.3.1 Type of research used in this thesSiS............cceiiiiin e 79
6.3.2 Phases of the research methodology ...........ccccoviieiiiiiiiiii e, 82

6.4  Chapter SUMIMAIY.......ccoiieiiiiiiiiiiiiee e e e et e e e e e e e s e e e e e e e s e s snaaereeeeaeeeesnnnnrnnreees 83
CHAPTER 7 A framework for identification of food waste types and their most sustainable
waste management SOIULION........ccvue i r e e e s e rn s s e rm s s e e rmn s e enanas 85
4% R 11 o Yo (8 o3 1T ] o ISP 85
7.2  Definitions of food waste and the food system..........ccccoeveeeei i, 87
7.2.1  Definition Of fOO0 WASTE .......c.eeiiiiiiiiiieiiiic e 87
7.2.2  Determination of the boundaries of food SyStemS..........cccovvieeeiviiiee s 92

7.3 ldentification of types Of f0Od WaSTE..........ccueiiiiiiiiiieie e 94
7.4  Qualitative parameters to classify food Waste ..........ccocceeiiieiiiiiniiiie e 95
TAL  EAIDILY c.eeeeiecee e 98
LA S - L= PSSR RR 98
A T © 4T 1o SRRSO 98
TAA  COMPIEXILY .ottt e e e e e eneeas 99
7.45  Animal-material PreSENCE.......ccoiiiiiiiiii it 99
TA.6  TIEAIMENT.... ot e e e e e e e e e e s e e e e e e e s s e s annrnnes 99
A A = 1o - T (] o SRR 99
7.4.8 Packaging biodegradability ............cooouieriiiiiii 100
7.4.9  Stage of the supply ChaIN ........coeeiiiiiiie e 100

XNV



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

7.4.10 Applicability of the FW categoriSation .............cocueeeeiiiieieesisiiieeeesieee e siieeee s 100

7.5 A methodology to find the most sustainable waste management solution for each
TYPE OF TOOU WASTE .....uveeiiiee e e e e e s r e e e e e s s et e raeeeeaeeas 100
7.5.1  Selection of the version of the FWH to classify FWMSS..........cccccoeeiiiiiennn. 101
7.5.2 The Food Waste Management DeCiSion Tree ........cccccceeveiiiieeeenniiiien s, 108

7.6 Chapter SUMIMAIY........coiiiiiiiiieeiiiiee e e eeee e ettt e e e s s e e s st e e e e e ssseeeeannseeeeeanseeeeennsnees 113
CHAPTER 8 Quantitative attributes to model food waste management........ccccccovvieeiiirinnns 114
S R 011 70T [0 ox i o] o FU OOV 114
8.2  Overview of the Food Waste Management Modelling Procedure ......................... 114
8.3  Stages of the Food Waste Management Modelling Procedure ...........ccccccvveennnee. 118
8.3.1 Parameters to define characteristicS Of FW ..........ccccveiiiiiiiii e 119
8.3.2  Variables to model FWM processes and company Status............ccccceeeeeeenne. 123
8.3.3  Factors to assess the performance of FWM practiCes...........cccceeviuierrveennnne 125
8.3.4  Sustainability indicators to evaluate ramifications of FWMSs..............ccee.... 127

8.4  Chapler SUMMIAIY........uuiiiiiie et ee e e e e s s e e e e e e e st re e e e e e e e s eassnraaeeeaaeeeeannnes 136
CHAPTER 9 Analysis of information flows for food waste management..........c....cceirniienns 138
S0 R 111 £ Yo (8 o3 1o ] o IO OO PPPPOURROTRRN 138
9.2 Relationships between attributes: building the Relationships Matrix ..................... 138
9.2.1 Combination Of attriDULES ........ccoiiiiiiiie e 144
9.2.2  Streamlined RelationshipsS MatriX ..........cccocvieeeiiiiiie e 145
0.2.3  DependenCies LISt .........ccoiciiiiiiiie et 146

9.3 Information flowcharts to model FWMSS.........cc.ooiiiiiiiieiiee e 148
9.4 Methodology to assess information flOWS............cocoeiiiiiiiiiiiie e 154
9.4.1 Building the Table of ASSESSMENT .........cceiiiiiiiiiieie e 154
9.4.2 Using the Table of Assessment to obtain the Results Table and information

L1 (0N 0 1 =To | = o U RSR 156

0.5  Chapter SUMIMAIY........ciiiiiiiiieeeeiiie e e et e e e et tee e e s s e e e ssaeeeaeesnstaeeesnnseeeeeanseeeeennsnees 160
CHAPTER 10 Case SEUTIES. .....ceeeeeieeeeeieieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseseeeeeeeeeseeeeeneeeeeeeneeennsnennnnns 161
IO TS A 11 (o To L1 o] 1o ] o 1SRRI 161

XV



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

10.2 Brewery: MOISON COOIS.......ccciiiiiiieiiiiiee ettt e s steee et e e e s ssree e e e s snree e e e snseeeessnneeeas 162
10.2.1 Identification and categorisation of FWs, and selection of a FWMS .............. 163
10.2.2 Analysis of information flOWS .............ccooiiiiiiiii i 171
10.2.3 Discussion and conclusions of the research applied to Molson Coors .......... 176

10.3 Manufacturer of meat alternatives: QUoOrn Foods.............ccccoeeeeeeiiiiii 180
10.3.1 Identification and categorisation of FWs, and selection of a FWMS .............. 180
10.3.2 Analysis of information flOWS ..........c.ceeiiiiiiiiii e 184
10.3.3 Discussion and conclusions of the research applied to Quorn Foods............. 187

10.4  ChAPLEr SUMMEAIY....coiiuiiiiiiie ettt ee et e st ettt e be e e ssbe e e sabe e e snbeeessbeessnbeeeans 189

CHAPTER 11 Concluding diSCUSSIONS .........cceeeeeeieieeeieeeeeeeeeeeeeeeseeeeeesseseeeseseeeeeesesenenensseneennennnns 190

I I A 11 (o To [F o] o] o [PPSR PPPPOTRRTRRN 190

11.2 Research CONtribBULIONS ..........c.coiiiiiiiiii e 190

I8 IRC TN @ o Tod [FTo [1aTo I o (K]0 0 LSS (o] o 1SS 191

CHAPTER 12 Conclusions and further Work............. ..o 199

I A 11 (o To L8 o] 1o ] [P O PTTPTUPPTOTRRRTRRN 199

12.2 ReSEArCh CONCIUSIONS........coiiiiiiiiiie sttt 199

12.3 FUIMNEI WOTK ...ttt 201

RETEIENCES...... . 206
Y o] o= T L o= PR Al

Appendix 1: FOOd Waste qUESTIONNAINE .........ccoiuiiiiiieeiiie ettt A2

APPENTIX 2 JOUINAI PAPET .....eeieiieeieee ettt tee et et bb et e e sbe e et e e e sabe e e snbeeenneeeas A4

AppendixX 3: CONFEIENCE PAPET ......cccuveiee et etee et e e e e e e s e e e bbb e e e snae e e e e nnaeeaeeeanes A5

AppendixX 4: CONFEIENCE PAPET ......eeiie e e ettt e e e e e e e e e e e e e e e e s s s braeeeaaeeeaans Al2

APPENTIX 5: JOUMAI PAPET ..ottt e et e e s sbre e e e s nnneeee s Al19

APPENTIX 6: JOUINAI PAPET .....ceiiiieeiiie ettt ettt ettt sbe e e sane e e nnn e e e anns A34

APPeNdiX 7: CONFEIENCE PAPET ....ccoueeeiieieiiee ettt et ettt sbb e be e neeeeneeas A54

APPENdIX 8: BOOK CRAPLET ...t et e e e e e s AB3

XVI



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

CHAPTER 1 INTRODUCTION

The food industry is one of the largest and most important industrial sectors. Everybody,
except subsistence farmers and hunter-gatherers, rely on the food industry to feed
themselves and their families every day. The food industry is formed of very diverse
members, from multi-national manufacturers that process and package food, to sole traders

that sell food in markets.

The food industry is significantly affected by a number of issues and challenges that
humanity is currently facing, covering a broad range of different disciplines, including
aspects as diverse as those from environmental, social, economic, political and
demographical spheres. Some of the most important issues having a very significant

influence on global food systems worldwide are:

- Climate change and pollution of air, water and soil, which impact the ability to grow
crops (e.g. droughts).

- The rapidly growing population: global population is estimated to reach 9.6 billion by
2050 (United Nations 2013). A fast-growing population affects the ability to feed the
entire human population.

- New trends in consumerism, which includes over-consumption, use of more
processed foods and demand for healthier products, principally in developed regions.
In late-stage developing countries which are developing rapidly a high consumption
of meat also creates significant challenges; for instance, meat consumption is
expected to rise by 46% in China and 94% in India, the two most populated countries
in the world, between 2006 and 2050 (World Resources Institute 2013).

In the 20™ century the most common approach to feeding the rapidly growing global
population was to increase total food production, which was achievable principally because
of the use of more efficient and effective fertilizers and pesticides and the development of
new technologies and varieties of food (FAO n.d.). An alternative approach to increasing
food availability, especially useful for low-income societies, is to reduce current levels of food
waste (FW) and redirect surplus food to people in need. It is estimated that preventing and
redirecting just 25% of global FW would be sufficient to eliminate human starvation globally
(Save Food n.d.).
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Figure 1-1 summarises the most important challenges in the food sector and possible
approaches to tackle them, according to the author’s opinion and knowledge. The most
relevant links amongst challenges and between approaches and challenges are represented
with arrows. It can be seen that an increase in food production only tackles the growing food
demand issue, but increasing the efficiency of food systems tackles the most important
challenges in the food sector.

Increasing the efficiency of food systems can only be achieved through a reduction of the
waste generated. Currently, food systems are extremely inefficient due to their high FW
generation rate. It is estimated that between one-third and one-half of the food produced for
human consumption is wasted (FAO 2011, Institute of Mechanical Engineers 2013). The
Sustainable Development Goal 12 “Ensure sustainable consumption and production patterns”
established by the United Nations in 2015 includes a specific target for FW reduction: halve
per capita global FW at retail and consumer levels by 2030. Additionally, it also includes a
more general goal to reduce food loss across food supply chains (FSCs) (United Nations
2015). In the European Union, an EU Platform on Food Losses and Food Waste has been
created (European Commission. Directorate-General for Health and Food Safety 2016)
following the call on the European Commission by the Communication on Circular Economy
(European Commision 2015). The EU has also recently funded the following projects with
the aim of finding solutions to the FW issue: FORWaRD (European Commission n.d.),
FUSIONS (European Commission Framework Programme 7 n.d.) and REFRESH (Horizon
2020 Framework Programme of the European Union n.d.). In summary, it is expected that
there will be an increasing number of legislative developments, initiatives and campaigns to
tackle FW.

Global challenges Food-sector challenges
* Climate chaig/e///// * Environmentalimpact €——
v
* Pollution / * Scarcity of resources €
4\
* Population growth ¢ Growing demand of food €——
¢ Trendsin consumerism 4 ¢ High-cost processes €

Approaches

* Increase production

¢ Increase efficiency

Figure 1-1. Challenges and approaches in the food sector and how to tackle them
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Nevertheless, it is unrealistic to completely remove FW from FSCs: inevitably some FW will
always be generated due to a number of reasons, such as overproduction, damages to the
food during manufacturing, human errors; and also because most raw materials in the food
sector have inedible associated materials, i.e. food by-products. Therefore, reduction of the
current FW volumes must be accompanied by better management of the FW that remains.
There are countless possibilities to manage FW, yet the most common solution worldwide is
landfilling (FAO 2013b), which heavily damages both the environment and human health,
providing only little benefit. In spite of the progress achieved in recent years to find
alternative solutions, particularly in developed nations, an improved management of FW in
FSCs is still needed.

Consequently, sustainable management of FW is a vibrant research area that has grown
rapidly over recent years (Chen et al. 2017). This research area aims to find more
sustainable ways to manage FW, i.e. to reduce environmental, economic and social impacts
whilst maximising potential benefits. There are several meritorious examples of research
aiming to find sustainable solutions for food waste management (FWM), but they have been
generally inclined to look into only one domain of sustainability: environmental, economic or
social ramifications (Griffin et al. 2009, Thyberg & Tonjes 2015). Recent research aims to
expand the scope and consider two or even all three pillars of the aforementioned
sustainability ramifications. Notable examples are work by Minster et al. (2015), Ahamed et
al. (2016) and Martinez-Sanchez et al. (2016), who consider economic and environmental

ramifications of FW M.

In Europe, it has been estimated that the percentage of total FW generated at the
manufacturing stage of FSCs is between 39% for EU-27 (European Commission (DG ENV)
2010) and 19% for EU-28 (FUSIONS 2016); this difference can be partially explained
because the latter estimation does not include FW diverted to animal feeding or biochemical
processing. In the UK, food manufacturers generate about 5.2 million tonnes (Mt) of FW per
year, including redistributed food, FW diverted to animal feeding and food by-products
(Parfitt, Woodham, et al. 2016), out of approximately 13.5 Mt of FW generated in the entire
UK FSC (WRAP 2017). In summary, manufacturing FW represents a significant volume of
the total FW generated in the FSCs of developed regions of the world. These numbers are

discussed in more detail and supplemented with additional data in Section 3.3.

The aim of the research described in this thesis is to investigate feasible, more sustainable
solutions for FWM in the UK food industry. This is achieved through:
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1. The development of a framework for identification of food waste types and
sustainable waste management solutions
The identification of qualitative and quantitative attributes that can describe FWM
An analysis of the attributes identified to model FWM

The structure of this thesis comprises three main sections: research background and
literature review, theoretical research and case studies, and research discussion and

conclusions, as depicted in Figure 1-2.

The research background and literature review section comprises five chapters. Chapter 2
provides a research justification and establishes the objectives and scope of the research.
An extensive literature review is presented in Chapters 3-5, which discuss ramifications and
issues of FW (Chapter 3), possible solutions to manage FW (Chapter 4), and categorisations
and tools for FWM (Chapter 5). Chapter 6 provides a brief review of common research

methodologies and outlines the methodology adopted to complete the research presented in
this thesis.

The theoretical research and case studies section consists of four chapters and presents the
research novelty and main research contributions of this thesis. Chapter 7 presents a
framework for identification of FW types and their most sustainable waste management
solution. Chapter 8 introduces a procedure to model FWVM and identifies the quantitative
attributes needed for FWM modelling. Chapter 9 provides an analysis of relationships
between attributes and information flows to support analysis of different FWM scenarios.
Chapter 10 presents case studies with two UK food manufacturers in which the research

presented in Chapters 7-9 is used and its applicability and usefulness are demonstrated.

The final section of the thesis provides a research discussion and the main conclusions of
the research. In Chapter 11, a summary of the research findings and discussion of the
research results obtained are presented. Chapter 12 highlights the main research

conclusions and proposes opportunities for further work within this research area as a
continuation of this research.

Finally, Appendix 1 shows an example of a FW guestionnaire used to identify and categorise
FW streams in the food companies participating in the case studies, and Appendices 2-8
present the articles published during the development of the research reported in this thesis.
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Figure 1-2. Thesis structure
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CHAPTER 2 RESEARCH JUSTIFICATION AND SCOPE

2.1 Introduction

This chapter provides a justification and scope of the research presented in this thesis. The
research context and questions are described, the research objectives are established and

the research scope is defined.

2.2 Research context

The first Millennium Development Goal established following the Millennium Summit of the
United Nations in 2000 was “to eradicate extreme poverty and hunger’. Although the
objectives of halving the proportion of people whose income is less than $1.25 a day and
halving the proportion of people who suffer from hunger by 2015 (with reference to 1990)
were met (United Nations n.d.), there are still 795 million people suffering from chronic
hunger worldwide (FAO et al. 2015). However, it has been reported that the world already
produces enough food to feed the entire human population (FAO 2002). The main issue is
that large amounts of food are produced for human consumption, but never consumed. The
contrast between the number of hungry people in the world and the amount of FW provides
an enormous moral problem, and also highlights the importance of this issue to reach global

food security.

FW is indeed one of the most challenging issues humankind is currently facing worldwide. It
is a global problem that affects all stages of the FSC in both developing and developed
areas. It has been estimated that between one-third and one-half of the food produced for
human consumption worldwide is never consumed (i.e. between 1.3 and 2 billion tonnes per
year) (FAO 2011, Institute of Mechanical Engineers 2013). Although this FW is generated
across all stages of the FSC in all countries, previous research shows that in developing
countries most FW is created towards the beginning of the FSC (at the farm level) whereas
in developed countries the majority of FW is generated at the end of the FSC (at the
consumer stage) (Lipinski et al. 2013).

Depending on the size of the food industry, manufacturing FW can amount to a very

significant quantity in some developed regions as well. In Europe, the percentage of total FW

Page 6 of 235

CHAPTER 2 Research justification and scope



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

generated at the manufacturing stage of FSCs is reported to be between 39% for EU-27
(European Commission (DG ENV) 2010) and 19% for EU-28 (FUSIONS 2016), although the
latter reference does not include FW diverted to animal feeding or biochemical processing.
In the UK, the food industry produces of the order of 5.2 Mt of FW per year, which includes
redistributed food, FW diverted to animal feeding and food by-products (Parfitt, Woodham, et
al. 2016), out of approximately 13.5 Mt of food wasted in the entire UK FSC (WRAP 2017).
UK food manufacturers manage this FW in a range of ways, from more sustainable
alternatives such as animal feeding, to less sustainable solutions such as thermal treatments
or even landfilling (Lee & Willis 2010, Whitehead et al. 2013).

In addition to this issue, FWM has associated significant economic, social and environmental
impacts. The costs associated with these impacts are estimated to be as high as USD 1
trillion for economic costs, USD 900 billion for social costs and USD 700 billion for
environmental costs (FAO 2014c). It is imperative to reduce not only the quantity of FW but
also the environmental, social and economic ramifications of the FW that cannot be reduced
because it is unavoidable (i.e. inedible FW, such as food by-products). This unavoidable FW
accounts for 70% of the total industrial FW (Parfitt, Woodham, et al. 2016).

To find the most sustainable ways to manage FW it is paramount to minimise negative
impacts and maximise the socio-economic benefits of the processes. In recent years,
excellent results have been achieved to obtain value from FW through extraction of some of
its valuable compounds, or to obtain energy by means of anaerobic digestion. Other
alternatives heavily used in the past but which are hazardous to the environment, such as
landfilling and incineration, have fortunately been less favoured, although they are still

utilised in some cases.

On the other hand, the growing public and scientific interest in FW has created a number of
new approaches, terminologies and methodologies. There is no global agreement on the
meaning of the concept of FW, ways to quantify it and measure its impacts, classifications of
different types of FW, and optimal procedures to manage FW. There is a need for a better
understanding of the shortcomings associated with FWM, and for that a holistic approach is
necessary to define concepts and methodologies. Following that, an identification of
knowledge gaps is necessary, and finally improvements in management practices can be

developed and implemented.

In summary, UK food manufacturers generate large amounts of FW, of which a majority is
unavoidable. There is a wide range of ways that food manufacturers use to manage i,

including options with significant environmental, economic and social ramifications. It is
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hypothesised that a systematic framework to analyse FWM scenarios will support food

manufacturers to implement more sustainable solutions for FWM.

2.3 Research questions

The main question posed by this research is: How can food manufacturers minimise the
environmental impact and upgrade the socio-economic value of industrial food waste? In

order to effectively address this question, the following questions must be asked:

1. What types of FW are generated within food factories and how can they be
systematically categorised?

2. How can food manufacturing companies methodically find the most sustainable
solution to manage each FW type?

3. What information is needed to model FWM and consequently estimate the results

obtained from the management of a certain FW?

2.4 Research aim and objectives

The overall aim of this research is to investigate the suitability of various technologies and
management practices to maximise benefits and mitigate impacts when recovering value
from different types of FW generated during food manufacture. In order to achieve this aim,

the following objectives have been identified and investigated:

1. Review relevant literature in order to understand how much food is wasted in an
industrial context; and identify the types of food being wasted, how they can be
managed and what impacts are associated with them.

2. Provide a systematic categorisation of all types of FW.

3. Develop a framework that can be used by food manufacturers to harmonise different
approaches to FWM in order to support the identification of the most sustainable
solution to manage each type of FW.

4. Analyse the type and range of information needed to model FWM in order to be able
to quantitatively estimate the outcomes generated from management of FW so more
informed decisions can be made.

5. Apply the ideas generated in the aforementioned objectives to industrial case studies

and thus validate them.
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Once the research was completed, the research outcomes were examined, the conclusions

were highlighted and the findings were reported in this thesis.

2.5 Research scope

The objectives of this research have been used to define the research scope as follows:

1. Review relevant literature in order to understand how much food is wasted in an
industrial context; and identify the types of food being wasted, how they can be

managed and what impacts are associated with them.

An exhaustive review of relevant literature has been carried out in order to define the
research in its appropriate context. Chapter 3 provides the most reliable and updated data
on FW quantities in the world, Europe and the UK, with a focus on the UK FSC. Chapter 3
also analyses the most important ramifications associated with FWM, with a focus on
environmental impacts. Chapter 4 reviews relevant initiatives to tackle FW, introduces the
waste hierarchy and discusses the maost commonly used waste management practices.
Chapter 5 provides a study of different categorisations to characterise FW, and software
tools and methodologies to support FWM. As a result of this literature review, the research
scope was narrowed to reactive solutions to manage FW at the manufacturing stage of the
UK FSC.

2. Provide a systematic categorisation of all types of FW.

Following the analysis of existing categorisations of FW, a novel FW categorisation is
presented in Chapter 7, which allows the classification of FW types and identification of FW
characteristics necessary to select the most sustainable solution for FWM. The
categorisation proposed is divided into nine stages, and within each stage the qualitative
parameter that better describes the FW analysed must be selected. The FW categorisation
is applicable to all types of FW, as defined in Chapter 7, and it is determinative to identify the

most sustainable option for FWM.

3. Develop a framework that can be used by food manufacturers to harmonise different
approaches to FWM in order to support the identification of the most sustainable

solution to manage each type of FW.
The novel nine-stage FW categorisation is part of a framework to analyse FW types and

opportunities to manage FW sustainably. Chapter 7 provides a novel definition of FW that
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includes edible and inedible materials associated with food products, drinks, and any food
material originally intended to be used for human consumption and not ultimately sold as
planned for that purpose. Other materials, such as packaging waste, substances consumed
but not ingested (e.g. chewing gum, tobacco) and recreational drugs are out of the scope of
this research. Any food that is sold to be consumed by humans, although they may be of low
guality or there was no need to consume it (i.e. over-consumption), is also out of the
research scope.

The boundaries of food systems are also set in Chapter 7, where different materials that
become food and foods that become FW are identified, providing a scope for FW types to be
analysed using the FWM framework. A methodology is also presented in Chapter 7 to
simplify the use of the FW categorisation and the identification of the most sustainable
solution for FWM. Five FWM options have been analysed in detail and included in the FWM
framework: redistribution, animal feeding, anaerobic digestion, composting and thermal

treatments with energy recovery.

4. Analyse the type and range of information needed to model FWM in order to be able
to quantitatively estimate the outcomes generated from management of FW so more
informed decisions can be made.

Once FW has been defined and categorised, and its most sustainable FWM solution has
been identified, an estimation of the results obtained from FWM is necessary. These results
can be divided and classified into the three main domains of sustainability: environmental,
social and economic outputs. Chapter 8 analyses FWM systems and sustainability
implications of FWM, and provides specific lists of quantitative attributes to model FWM.
Chapter 9 examines the relationships between the attributes identified, and presents a
methodology to assess the information flows between attributes, with the aim of supporting
analyses of FWM. Mathematical modelling of relationships between attributes is out of the
research scope, but has been discussed and proposed as an extension of the research in
Chapter 12.

5. Apply the ideas generated in the aforementioned objectives to industrial case studies

and thus validate them.

The research ideas presented in Chapters 7-9 have been tested via case studies with two
UK food manufacturers: a brewery and a meat-alternative manufacturer. The applicability
and usefulness of the research, along with the results generated from the case studies, are

presented and analysed in Chapter 10. Limitations of the research identified while
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undertaking the case studies, such as the need for additional attributes to model FWM

systems, have also been discussed in Chapters 10 and 11.

2.6 Chapter summary

This chapter has described the context of the research and the questions that this research
addresses. The overall aim and specific objectives have been set, and the objectives have
been used to generate the scope of the research. The following three chapters present a
review of ramifications associated with FWM, the most common options to manage FW, and
relevant categorisations, tools and methodologies useful to support FWM.
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CHAPTER 3 A REVIEW OF ISSUES ASSOCIATED WITH THE

GENERATION AND MANAGEMENT OF FOOD WASTE

3.1 Introduction

The initial section of this chapter introduces the concepts of food security’ and ‘sustainability’
and justifies the important role FW has in both. Secondly, the most reliable and updated data
sources have been analysed in order to report quantities of FW generated in FSCs around
the world, Europe and the UK, discussing the guality of the data reported. Ramifications of
FW have also been identified and measured for global, European and UK FW, categorising
environmental, economic and social impacts. The latter part of the chapter presents a
comprehensive list of causes behind the generation of FW, classified in the different stages

of the FSC, for both developing and developed areas of the world.

Although covering the food sector as a whole, this chapter focuses on the manufacturing
stage of the UK FSC in order to fit with the research scope presented in Section 2.5.
Environmental impacts have also been assessed in more detail than socio-economic

ramifications.

3.2 Overview of food security

The most significant outcome from the World Food Summit on Food Security, held in Rome
(taly) between the 13" and 17" of November 1996, was the adoption of the Rome
Declaration on World Food Security, in which the right of every person to have access to
safe and nutritious food was reaffirmed. The consequent Plan of Action of the 1996 World
Food Summit provided the following definition of food security, which has been widely used
since then: “food security exists when all people, at all times, have physical and economic
access to sufficient, safe and nutritious food to meet their dietary needs and food
preferences for an active and healthy life” (FAO 1996). From the previous definition, “all
people” means that a state of food security must be global, i.e. cover the entire human
population, and consequently the concept ‘global food security’ is largely used. “All times”

refers to the fact that a state of food security must also be sustainable, since the definition of
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sustainable development is “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” (World Commission
on Environment and Development 1987).

Currently, it is estimated that there are 216 million people fewer than in 1990-92 suffering
from undernourishment, which is a significant reduction taking into account the increased
global population between now and then; nevertheless, 795 million people remain
undernourished (FAO et al. 2015). In order to feed these people, and the additional
approximate 2.2 billion people who will live on Earth by 2050 (according to projections by
Worldometers (2017a), based on 2015 data from the United Nations), both an increase in
food production and in food systems efficiency is necessitated. It has been stated that global
food supply must be increased by at least 60% due to rising human population, urbanisation
and an increase in per capita income, but that this additional food demand can be met with
the resources available (Grafton et al. 2015). Cutting FW in half would reduce the gap
between calories produced in 2006 and needed in 2050 by approximately 20% (World
Resources Institute (WRI) 2013). Additionally, saving just 25% of the current global FW
mass and redistributing it would be enough to feed all the undernourished people in the

world (Save Food n.d.).

Achieving global food security is a challenge that requires a set of actions to be established
and accomplished by numerous actors, including governments, supranational organisations,
non-governmental organisations, agriculturists, food businesses, retailers and consumers.
Unquestionably, FW plays a crucial role in this global challenge: the FW issue is a key
milestone to achieving global food security (Irani & Sharif 2016).

3.3 Quantification of food waste

In order to better understand the FW issue, its magnitude and the type of solutions needed,
firstly a quantification of FW is needed. This section provides the most up-to-date and

reliable information on FW quantities in the world, Europe and the UK.

Most of the estimates of FW quantities are based on weight (i.e. its mass content). Due to
the different water and calorific content of different food products, measuring by weight does
not consistently reflect the energy in food products that could have been consumed by
people (Lipinski et al. 2013), which could more precisely inform on the number of people that
could have been fed, based on a recommended daily intake of between 2,000 and 2,500

kcal. However, there is little availability of data on energy lost due to FW; furthermore
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knowing the mass of FW provides more valuable information in order to plan FWM, since
most of the calculations in FWM modelling are based on mass. Consequently, FW
guantification by mass is mostly used in this chapter.

3.3.1 Global food waste

FW is a global problem present in every country in the world. According to a very reliable
source and the most oft-quoted estimate, one-third of the edible parts of the food produced
for human consumption worldwide never reaches a human stomach, which represents 1.3
billion tonnes of FW per year, out of the total 4 billion tonnes of food produced every year in
the world (FAO 2011). However, this number could be even higher: it has also been
estimated that the amount of edible FW is between 1.2 and 2 billion tonnes per year
(Institute of Mechanical Engineers 2013), although this reference did not specify whether
food produced for uses other than for human consumption was considered. According to
most recent estimations, global FW amounted to 1.63 billion tonnes in 2011, although this

number includes inedible parts of FW (Porter et al. 2016).

1.3 billion tonnes of FW represents 1.5 quadrillion kcal based on energy, which is 24% of all
food produced (Lipinski et al. 2013). Including the food explicitly produced for uses other
than human consumption (such as animal feeding and biofuel production), the total FW is
only 16% based on energy, with half of the food produced worldwide being ultimately
consumed by humans (Kummu et al. 2012). Nevertheless, the potential of preventing or
better managing this FW is huge: the food currently produced worldwide is enough to feed
the entire human population (FAO 2002).

Perhaps unexpectedly, the ratio of edible FW:edible parts of the food produced is similar in
developing and developed areas of the world (i.e. with low and high Human Development
Index (HDI), respectively). Depending on the type of food considered, this ratio ranges
between 20% and 50%, based on estimations reported by FAO (2011). A more detailed
analysis of the efficiency of the food systems regarding their FW generation based on
energy lost in different areas of the world can be seen in Figure 3-1, based on average data
from Kummu et al. (2012) and Lipinski et al. (2013). By contrast, edible parts of FW per
capita based on mass is reported to be around two times higher in developed countries: in
North America and Europe edible FW reaches 280-300 kg/capita per year whilst in sub-
Saharan Africa and South and Southeast Asia it is only between 120 and 170 kg/capita per
year (FAO 2011).
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Figure 3-1. Percentage of edible parts of FW (in kcal) in the different regions of the world. Based on
average data from Lipinski et al. (2013) and Kummu et al. (2012)

This considerable amount of FW divides unequally amongst the different stages of the FSC
in developing and developed regions. As shown in Figure 3-2, edible parts of FW at the
consumption stage vary significantly between rich and poor areas: in developed areas, food
is typically wasted at the household level (95-115 kg of FW per capita per year in Europe
and North-America), whilst in sub-Saharan Africa and South/Southeast Asia most food is
wasted at the beginning of the FSC (only 6-11 kg of food is wasted per capita per year in
households) (FAO 2011). FW at the processing stage remains proportionally low in all
regions, from 2% in industrialised Asia to 9% in North America and Oceania, based on

energy.

Figure 3-3 shows the types of food most commonly wasted by energy and weight. The most
common food products which become waste are fruits and vegetables (44% of the total
edible FW, by weight), followed by roots and tubers (20%) and cereals (19%). Nevertheless,
due to the high amount of water and low caloric content, fruits and vegetables represent only
13% of FW by energy. On the other hand, cereal waste contains more than half of the kcal

wasted worldwide.
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Figure 3-2. Percentage of edible parts of FW (based on energy) at different stages for the FSC for
different areas of the world (Lipinski et al. 2016)
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Figure 3-3. Split of FW globally (edible parts only) by types of food (Lipinski et al. 2013)

The variant shares of FW amongst the stages of the FSC in developing and developed
regions suggest different reasons and causes for the food becoming waste, which are
analysed in Section 3.5. Thus, different solutions must be applied in different areas of the
world to reduce their amount of FW. Similarly, the different types of FW suggest that a
number of solutions must be used to manage FW in the most sustainable way.

3.3.2 Food waste in Europe

The official quantity of FW generated in Europe is 88-89 Mt, or 173-179 kg per capita
(European Commission (DG ENV) 2010, FUSIONS 2016). Nevertheless, the reliability of this
number is questionable, and the following considerations must be taken into account:

Page 16 of 235

CHAPTER 3 Areview of issues associated with the generation and management of food waste



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

1. Data from both studies have been collected from a number of sources from different
European countries, in which different methodologies and definitions of FW were
used.

2. Data used for estimations by the European Commission (DG ENV) (2010) are from
2006, and by FUSIONS (2016) from different years, but mostly from 2012.

3. Estimates by the European Commission (DG ENV) (2010) do not include agricultural
FW. FUSIONS (2016) does consider the production stage (which includes
agricultural FW), which accounts for 9.1 Mt of FW (although with a high uncertainty).
This raises a concern, since very similar total FW were estimated from both sources
(89.3 Mt and 87.6 Mt respectively) in spite of this significant difference in scope.

4. Estimates by the European Commission (DG ENV) (2010) are for EU-27, and by
FUSIONS (2016) for EU-28.

5. The European Commission (DG ENV) (2010) does not specify if drinks are included
in the estimations. FUSIONS (2016) does state that drinks are considered.

Both sources consider both edible and inedible parts of FW.

The European Commission (DG ENV) (2010) does not specify if food materials sent
for animal feeding or to manufacture bio-products are considered in the estimations.
FUSIONS (2016) does state that those food materials and drinks are not included in
the estimates as they are not considered FW.

8. FUSIONS (2016) explains that its numbers are significantly uncertain: the
approximate 95% confidence interval is 14 Mt (or £16%); consequently, the range of

results within this confidence interval is from 74 Mt to 101 Mt.

Another source estimates a total FW in EU-28 of an average of 123 kg per person per year
(i.e. a total 62.5 Mt of FW), of which 80% corresponds to edible materials (Vanham et al.
2015). However, this source highlights that the uncertainty of the data obtained is very high,
and that they have used data from only six European countries.

Figure 3-4 divides the total EU-28 FW into the different stages of the FSC according to data
from FUSIONS (2016). It can be seen that consumers generate approximately half of the
total FW, whilst manufacturing is the second largest source of FW, with 19% of the total.
According to Priefer et al. (2016), who also estimated the contribution of each stage of the
FSC in total FW generation in each European country, households create around half of the
total FW in each country, whilst processing and packaging accounts for 10-15%. The
European Commission (DG ENV) (2010) estimated a household FW of 42% of the total FWV
in the FSC, and a manufacturing FW of 39%, which is significantly higher than figures in the

aforementioned references.
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Figure 3-4. Percentage of FW in different stages of the FSC in Europe. Adapted from FUSIONS (2016)

Similarly to global FW, the foods most commonly wasted are fruits and vegetables, and
cereals, although by a similar proportion for both categories in most European countries
(Priefer et al. 2016). Nevertheless, as indicated by Brautigam et al. (2014), FW estimations
differ significantly, particularly for the manufacturing sector, depending on data sources and
assumptions made. Generally, it can be assumed that the split of FW in European FSCs is
typical of developed regions.

Keeping in mind the considerations discussed in this section, the estimated total FW per
capita in European countries can be seen in Figure 3-5. UK FW generation (= 230 kg per
capita per year) is higher than EU12, EU15 and EU27 average data, which ranges between
160 and 190 kg per capita per year. In fact, UK’'s absolute FW level is the highest of any
European country (European Commission (DG ENV) 2010); nevertheless, it is important to
consider that the UK has carried out very precise quantifications of FW, and therefore real
FW amounts in other nations may be higher. Interestingly, the Netherlands produces the
highest amount of FW per capita in Europe, with near 600 kg per capita per year. A notable
reason for this is the large size of the food manufacturing sector in the Netherlands; in fact,
the Netherlands is the world's second-largest exporter of food and agriculture products
(Hollandtrade.com n.d.). Considering the ratio of FW in the manufacturing sector/food
production the Netherlands falls into third position (12-13%), and the UK FW level (3%) is
lower than the EU27 average (5%) (Figure 3-6). This highlights the importance of the size of

the food industry when comparing FW levels from different countries.
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Figure 3-6. Percentage of FW in the manufacturing sector / food produced (European Commission
(DG ENV) 2010)
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In spite of the high variability in estimations and data from different countries, it can be
assumed that manufacturers contribute significantly to FW quantities in Europe. The high
variability of FW proportions in the industrial stage of developed nations’ FSCs can be
explained by a number of reasons, including different manufacturers’ efficiencies, size of the
food industry sector in the region, type of food predominantly produced (e.g. perishable
foods or preserved foods), proportion of food imports and exports in the sector, amount of
FW generated in other FSCs’ stages, different regulations and government encouragement

to reduce FW, and the existence of food charities to manages surplus food.

3.3.3 Food waste inthe UK

The UK has been making significant efforts over the last years in order to precisely measure
FW levels and reduce them. The Waste and Resources Action Programme (WRAP), a
charity organisation that aims to implement a more resource efficiency economy in the UK, is
leading a large number of initiatives to tackle FW and has provided most of the UK FW

estimates.

The UK generates around 10 Mt of FW per year, of which 60% could have been avoided (i.e.
it corresponds to edible parts of food) (WRAP 2017). Previous estimations indicate that FW
has been reduced in the UK FSC, since the preceding calculation estimated 15 Mt of FW per
year (WRAP 2015). However, the most significant difference in both studies is that WRAP
(2015) includes 3 Mt of FW in the production stage of the FSC, which has been excluded in
WRAP (2017) because it was not considered a robust estimation. Additionally, more precise
calculations and estimations have been used in the latter report.

Other analyses also seem to indicate that FW has been reduced, for instance WRAP (2017)
assessed its preceding estimates and reported a reduction in post-farm-gate FW of around
11%, or 1.25 million tonnes, between 2007 and 2015. The Department for Environment,
Food and Rural Affairs (Defra) estimated that the FW generated by manufacturers,
wholesalers and retailers was almost halved between 2002-2003 and 2009, down 49%
(Defra 2013). Nevertheless, there is a lack of reliable data from sources prior to the 2012-

2013 period, so this information should be considered with caution.

Yearly FW generated in the different stages of the FSC can be seen in Figure 3-7 and is
discussed in the following sub-sections. The data are from 2011-2015, reported by WRAP
(2017). It must be noted that data for the production stage are from an estimate from 2004
and is not considered a robust estimation, and manufacturers also generate a large amount

of FW that goes to animal feeding and other industries, which are not included here because
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WRAP does not consider them FW. Furthermore, WRAP does not include FW redistributed
for charitable purposes, used for animal feeding and synthesis of bio-products or rendering
in their measurements, so total amounts of FW are higher, particularly from food
manufacturers. Food disposed of into sewers is only included for household FW. Food
wasted outside of the UK in the production of food imported into the UK is also excluded,
which would most likely amount to a large figure, since the UK currently imports over 50% of
its food and feed (Ruiter et al. 2015). A detailed analysis of FW quantities in each stage of

the FSC can be found below.

3.3.3.1 Production

WRAP has been reporting an approximate figure of 3 Mt for on-farm FW (e.g. WRAP (2013),
WRAP (2014), WRAP (2015)), although this number is based on a 2004 report by the
Environment Agency (2004), and therefore is considered outdated and not a robust
estimation. WRAP is currently working towards a new, more reliable estimation which will be
published in 2018 (WRAP 2017). It must also be noted that WRAP usually refers to primary
production as on-farm, and therefore it is unclear whether the new estimates will include
measurements of FW in other primary production activities such as aquaculture and fisheries.

o= b & F 2 0

M Production B Manufacture B Wholesale M Retail M Food service B Household

UK FW, Mt

Figure 3-7. Quantity of FW generated in the different stages of the UK FSC according to WRAP data,
in Mt
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3.3.3.2 Manufacture

Food manufacturers generate 1.7 Mt of FW, according to WRAP’s estimations from data
collected in 2014-2015 (Parfitt et al. (WRAP) 2016). This is a significant reduction from the
3.9 Mt of FW reported in 2011 (Whitehead et al. (WRAP) 2013), although Parfitt et al.
(WRAP) (2016) reported that only 0.2 Mt of FW have been really prevented, the rest being
material associated with food production (such as water, soil and bedding) that was
previously added to the FW figure (1.8 Mt), and 90,000 t of FW that was double counted. In
2006, it was estimated to be 2.6 Mt (Lee & Willis (WRAP) 2010), although the methodology
used and data coverage were significantly different to more recent studies (Whitehead et al.
(WRAP) 2013). In contrast, Defra (2013) estimated that FW at manufacturing level dropped
by 43% between 2002-2003 and 2009, but this estimate is outdated and based on old
methodologies, so it was not considered a robust estimation.

A majority of FW is animal based: 31% of the total FW corresponds to meat, poultry and fish,
and 20% to dairy products; both FW categories carry a high environmental and economic
footprint, as explained in Section 3.4.3. From the rest, the most significant types of FW are
ambient products (11%), alcoholic drinks (9%), and fresh fruit and vegetable processing (8%)
(Parfitt et al. (WRAP) 2016). 53% of the total FW is considered to be formed of edible
materials (WRAP 2017).

Nevertheless, in addition to the aforementioned 1.7 Mt of FW, 2.8 Mt of food by-products
were sent to animal feeding (2.2 Mt) and rendering (0.6 Mt), and 0.7 Mt of food surplus was
redistributed (42 kt) or sent to animal feeding (0.6 Mt) (Parfitt et al. (WRAP) 2016). WRAP
does not consider these materials as FW, but depending on the definition of FW used they
could be included in the FW concept, as discussed in Section 7.2, which proposes a new
definition of FW. Accounting for all these materials, 5.2 Mt of FW are generated per year by
food manufacturers, of which 70% is unavoidable FW (i.e. inedible food materials). Adding
these food materials and the estimate of 3 Mt of FW by producers to the previously reported
10 Mt of FW in the FSC, manufacturers generate nearly one-third of the total FW of the UK
FSC.

Parfitt et al. (WRAP) (2016) did not assess other types of waste linked to food manufacturing
activities, but according to previous reports, food manufacturers generate an approximate
0.5 Mt of packaging waste and 0.5 Mt of other waste per year (Whitehead et al. (WRAP)
2013, WRAP 2014). Additionally, 1.8 Mt of sludge from on-site treatment and site cleaning is
generated every year (Parfitt et al. (WRAP) 2016).
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3.3.3.3 Wholesale

Wholesalers generated 43,000 t of FW in 2015, with an additional 225 t of animal by-
products sent to rendering, 300 t redistributed and 30 t diverted to animal feed (Parfitt &
Parry (WRAP) 2016). This is a significant increase from the 17,000 t of FW reported in 2011,
based on an estimation from a 2009 survey carried out by Defra combined with IGD data
(Whitehead et al. (WRAP) 2013); however (Parfitt & Parry (WRAP) 2016) claims that both
estimations are not comparable, due to different methodologies used and data coverage.
The estimation of FW from wholesalers in 2015 included specialist wholesale markets and
‘cash and carry’ wholesalers, and excluded delivered grocery wholesalers, delivered
foodservice wholesalers and retail street markets.

3.3.3.4 Retall

In the period 2014-15, retailers generated 210 kt of FW per year, with an additional food
surplus of 32 kt, of which 27 kt were sent to animal feeding and 5 kt were redistributed
(Parfitt et al. (WRAP) 2016). This is a significant reduction from 400 kt of FW generated at
the retalil level in 2011 (Whitehead et al. (WRAP) 2013). This level had already dropped by
69% between 2002 and 2009 (Defra 2013), however similarly to the analysis of other stages
of the FSC, previous estimations may not be reliable and comparable to the most up-to-date
numbers.

The most commonly wasted food products in this stage are bakery (32% of the total FW),
fresh produce (26%), dairy and eggs (13%) and pre-prepared meals (9%), which are wasted
mainly due to product damage or product passing its use-by or best-before date (Parfitt et al.
(WRAP) 2016).

Parfitt et al. (WRAP) (2016) did not assess types of waste such as packaging waste, but
according to previous reports, retailers generated an additional 1.2 Mt of packaging waste in
2011 (WRAP 2014).

3.3.3.5 Food service

The latest data reported in the food service sector is from Oakdene Hollins et al. (WRAP)
(2013), which used data collected from 2009 to 2013. Staff catering, healthcare, education,
services, restaurants, quick service restaurants, pubs, hotels and leisure are the major
sectors in this stage. It is estimated that they generate 0.92 Mt of FW per year, of which 45%
arises from food preparation, 34% from consumer plates and 21% arises from spoilage.
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These numbers exclude drink waste, which is likely to be a significant amount. Packaging
waste accounts for 1.3 Mt, and other wastes generated in the food service stage (such as
kitchen paper) for 0.66 M.

Nevertheless, it is expected that this quantity has been reduced since those numbers were
reported. As an example, the Hospitality and Food Service Agreement (HaFSA) was
endorsed by over 230 signatories, representing about 25% of the sector, in order to reduce
FW in the food service sector. HaFSA was launched in 2012, and in three years a significant
amount of FW was prevented by the signatories (between 11,600 and 24,000 tonnes, not
clearly reported) (WRAP n.d.).

It has been reported that 40% of FW generated within this stage arises in restaurants and
pubs and 26% from the education and healthcare sectors. 75% of FW is edible, and the
remaining 25% consists mainly of fruit and vegetable peelings. 40% of the total FW
corresponds to potato and potato products, bread and bakery, pasta and rice (Oakdene
Hollins et al. (WRAP) 2013).

3.3.3.6 Household

Households generate about half of the total FW in the UK: in 2015, consumers wasted 7.3
Mt of food at their homes, 75.2 kg per person per year (Quested & Parry (WRAP) 2017).
This is an increase of 0.3 Mt of FW from 2012 (Quested et al. (WRAP) 2013). The 7.3 Mt of
FW in 2015 ends a reduction of household FW in previous years: 8.3 Mt in 2006/07, 7.2 Mt
in 2010 (Quested & Parry (WRAP) 2011) and 7 Mt in 2012 (Quested et al. (WRAP) 2013).

Out of the 0.3 Mt increase in FW between 2012 and 2015, 0.2 Mt corresponded to edible
parts of the food, which has increased from 4.2 Mt to 4.4 Mt, which is the FW that could have
been consumed (namely avoidable FW). 1.3 Mt of FW is possibly avoidable, and 1.6 Mt is
unavoidable FW. Household FW is found in the following streams: kerbside (residual,
collections targeting FW and FW contaminating dry recycling), Household Waste Recycling
Centre (HWRC) residual waste, FW disposed to sewer, home composted and fed to animals
(Quested & Parry (WRAP) 2017).

Quested & Parry (WRAP) (2017) did not categorise different types of FW generated.
According to the previous report (Quested et al. (WRAP) 2013), the most commonly wasted
food products at the household level are fresh vegetables and salads (23% of the total),
drinks (18%) and fresh fruit (13%). Considering the avoidable FW only, fresh vegetables and
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salads and drinks remain as the two most wasted products, but bakery takes third place in
this list.

3.3.3.7 Others

This category includes FW generated in the FSC but not belonging to any stage previously
described. For instance, it has been reported that 0.1 Mt of food was wasted by consumers
out of home in 2012, e.g. in litter bins and street sweepings (WRAP 2017, Quested & Parry
(WRAP) 2017).

In 2008 the FW generated during distribution was estimated to be 4000 t, with a more
significant packaging waste of 85,000 t (Lee & Willis (WRAP) 2010). In addition to being an
outdated estimate, this value was scaled up by WRAP from only one major supermarket’s
company data. In any case, it is reasonable to assume that this FW is insignificant compared
to the total FW in the FSC.

3.4 Assessment of impacts related to the food waste issue

FW has very significant economic, social and environmental ramifications, which are
associated with the creation of food products, their distribution and their treatment once they
have become waste. These costs have been estimated to be USD 2.6 trillion annually,
roughly equivalent to the GDP of France (FAO 2014c). This section reviews the most
updated and reliable data to quantify impacts caused by FW, with a focus on environmental

ramifications.

3.4.1 Global impacts

FW has an associated carbon footprint of between 3.3-3.5 Gt CO,eq per year, more than the
total greenhouse gas (GHG) emissions of Russia, according to FAO (2013a) and FAO
(2014c), and 2.2 Gt CO,eq per year according to Porter et al. (2016). Carbon dioxide (CO,),
methane (CH,) and nitrous oxide (N,O) are the most significant GHGs at agricultural level,
carbon dioxide is the most important GHG in the rest of FSC, principally due to fossil energy
use (Garnett 2011). Other gases that present a greenhouse effect are hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SFg) (Carbon Trust 2012). Due
to their high levels of cereal waste, Asia is the region with the highest carbon footprint;

however, the highest carbon footprint per kg of FW corresponds to meat (FAO 2013a).
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70% of the total water consumed worldwide corresponds to agricultural activities
(Worldometers 2017b), which is 2.5 trillion m* (Institute of Mechanical Engineers 2013). 250
km?® of water per year are used to produce food that ends up being wasted, an average of
38,000 | per capita per year (FAO 2013a). This is 5 times the blue water footprint (which
refers to the water footprint of water in aquifers and water courses) for consumption of
agricultural products in USA. A more recent estimation raises this number to 300 km® of
water for irrigation and an additional 5 km® as drinking water uptake of animals (FAO 2014c).
FAO (2014d) reports a very similar figure of 306 km?® of water use related to FW. The
products with the highest blue water footprint are cereals (52%) and fruits (18%), since they
are two of the types of products most commonly wasted (FAO 2013a). Estimates of water
footprints vary considerably per kg of FW, although it is generally agreed that animal
products require significantly more water than plant-based products (Institute of Mechanical
Engineers 2013). Kummu et al. (2012) estimated that the proportion of water lost due to FW
represents a 24% of the total water used for food production globally, and reports a water
use for FW of 27 m® per person per year, i.e. total water use for global FW of about 200 km?
per year.

Global FW also had an associated land occupation of 1.4 billion hectares in 2007, near 28%
of the total agricultural land area of the world and a larger area than Canada’s total surface
(FAO 2013a). This is about 2000 m? per capita per year. Meat and milk present the highest
impact by mass of FW, and they occupy principally non-arable land (FAO 2013a).

All aforementioned environmental impacts include impacts associated with both edible and
inedible parts of food, but exclude FW used to feed animals (except Institute of Mechanical
Engineers (2013), who did not specify). FW environmental impacts have an associated
global cost estimated at USD 700 billion (FAO 2013a)

In addition to environmental impacts, FW has an estimated economic cost of USD 1 trillion
as bulk-trade value (FAO 2014c). Segré et al. (2014) proposed a useful theoretical
framework for quantitative studies on the economic impacts of FW, conceptualising FW in
terms of micro, macro and non-economic conditions, although no new estimate of the

economic costs of FW was given.

The social costs of FW include a broad range of impacts, such as increased public costs,
creation and aggravation of conflicts, jobs loss, livelihood loss, people’s health damage and
noise. It has been estimated that FW social impacts have an associated global cost of USD
900 billion (FAO 2014c).
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3.4.2 Impacts in Europe

According to the European Commission (DG ENV) (2010), in the EU27 FW generates 170
Mt of CO.eqglyear, with an average 1.9 t of CO.eq per t of FW. Nevertheless, FUSIONS
(2015) estimated higher FW-related emissions based on two studies: 227 and 304 Mt of

CO.eqglyear, although giving more credit to the former number due to the methodology used.

The blue water footprint for FW, excluding animal feeding and industrial uses of waste, is 18
m°®/capita per year (Kummu et al. 2012), which would be around 9 km® of water per year for
the EU28. This is a proportion of 31% of water lost due to FW of the total water used for food
production in Europe. Vanham et al. (2015) estimated an agricultural water footprint of
production of avoidable FW from EU consumers of 52 km® per year of green water (i.e.
water footprint with regard to the rainwater use) and 5 km? per year for blue water, with meat
waste as the largest contributor to the water footprint (18.8 and 1.2 km?® per year for green
and blue water footprint respectively).

Kummu et al. (2012) estimated a cropland use due to FW of 334 m? per capita per year
(about 26% of the total cropland use) and a fertiliser use of 3.9 kg per capita per year (15.8%
of the total fertiliser use). According to Vanham et al. (2015), the nitrogen footprint of
production of avoidable FW is 1.34 Mt N per year, and meat waste provides the largest
nitrogen footprint, followed by milk and cheese. Grizzetti et al. (2013) estimated that globally
2.7 Mt N are lost per year due to FW at consumption, and that the nitrogen delivered to the
environment associated with the global FW is 6.3 Mt N per year.

The European Commission (DG ENV) (2010) also assessed other indicators of European
FW, such as acidification (2563 kt SO.,egl/year), photochemical oxidation (666 kt
NMVOCeg/year) and resource depletion (261 Mt/year), although end-of-life impacts (i.e.
environmental impacts of FWM) were not considered. FUSIONS (2015) reported that for
carbon footprint, acidification and eutrophication, most of the emissions across the life cycle

are related to the production of food that ends up wasted.

The economic costs of the edible parts of FW in EU-28 were estimated at around €143
billion in 2012, with two-thirds of the economic costs associated with domestic FW (around
€98 billion), and €13 billion related to the food manufacturing sector (FUSIONS 2016). These
costs refer to the value of the food that has been wasted within the given sector, thus the
value of FW per kg increases towards the end of the FSC. Social costs related to FW in
Europe have been recognised, such as loss of jobs and increased food prices, but not

measured.
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3.4.3 Impacts in the UK

The FSC accounts for about a fifth of GHG emissions in the UK, between 130 and 170 Mt of
CO.eq per year (Chapagain & James (WRAP) 2011, Whitehead et al. (WRAP) 2013). Defra
(2016) estimated annual emissions of 70 Mt of CO,eq per year, although this excludes
emissions from food packaging, food waste, land use change, electricity use in food
manufacturing, road freight transport and emissions from heating water for washing up or
dishwashers at home. At least 20 Mt of the FSC GHG emissions comes from FW (WRAP
2017), although the exact number is unclear. This is a reduction from the 25 Mt reported in
2010, of which 78% was associated with avoidable FW and the rest with possibly avoidable
(unavoidable FW was not considered) (Chapagain & James (WRAP) 2011). This reference
adds 7.6 Mt of CO,eq per year for emissions associated with land use change from
avoidable FW not included in the 25 Mt reported above. In terms of types of FW associated
with large impacts, the foods associated with a higher cradle-to-retail carbon footprint are
milk, fresh beef, chilled ready meals, frozen red meat and pre-packaged sandwiches (Fisher
et al. 2013), although it is important to notice that this does not include the use phase and
end-of-life. At retail and manufacturing levels, 250,000 tonnes of CO.eq are generated each
year only to manage FW, not including emissions of FW in its life cycle (Whitehead et al.
(WRAP) 2013). Emissions related to disposal of food correspond to only 2% of the total
GHG emissions of the UK FSC, excluding land use change (according to Garnett (2011),

based on estimations of Garnett (2008)).

Chapagain & Orr (WWF-UK) (2008) stated that agricultural products have a water footprint
of 74.8 km®/year, which is 73% of the total UK water footprint. Whitehead et al. (WRAP)
(2013) provides a similar figure of 70 km®/year or 70% of the total UK water footprint. 62% of
this water footprint is related to agricultural products from abroad (Chapagain & James
(WRAP) 2011). Regarding FW, the total water footprint is 6.3 km®/year, with 86% associated
with avoidable FW and 14% with possibly avoidable FW (Chapagain & James (WRAP)
2011), although this reference did not assess the water footprint of unavoidable FW and
attributed it to actual food consumption. 6.3 km®year seems a too-large number for the
water footprint of the UK, since the European water footprint is estimated to be 9 km®/year
(Section 3.4.2); this emphasises the need for a standardised methodology to assess
environmental impacts of FW. Although there is not a consensus about the exact water
footprint per mass of different food products, it can be assumed that it is generally higher for
animal products, due to the high water footprint of the feed consumed by the animal
throughout its lifetime (Fisher et al. 2013).
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It is estimated that the 10 Mt of post-farm gate FW has a value of over £17 billion per year,
of which £13 billion is associated with FW from the household level, £2.5 billion with the food
service stage, £1.2 billion with manufacturers, and £0.8 billion with wholesalers and retailers
(WRAP 2017). Quested et al. (WRAP) (2013) estimated that the value of avoidable FW from
the household level was £12.5 billion in 2012, which seems to indicate that the real value of
the FW is attributable to its edible part. Whitehead et al. (WRAP) (2013) suggested an
alternative estimate of £3.71 billion for manufacturers, £20 million for wholesalers and £510
million for retailers, based on an estimated value of FW of £950/t for manufacturers, £1000/t
for wholesalers and £1200/t for retailers. The estimated costs for manufacturing include the
cost of ingredients, energy and water costs, disposal costs and lost profit, of which the cost
of ingredients, energy and water costs represent nearly 80% of the total cost. For retailers,
an additional 20% of the total manufacturing cost was assumed, whilst for wholesalers the
estimated cost was assumed to be near that of manufacturers.

The social impact of FW in the UK has not been quantified, although it has been recognised.
For instance, Priestley (2016) discussed how FW could have been redistributed and used to
feed ‘people in need’, and highlighted the work of organisations and food banks, such as

The Trussell Trust, to address this issue.

3.5 Evaluation of the causes behind the generation of food waste in the
FSC

As stated in Section 3.3.1 the proportion of food which ends up being wasted at different
stages of the FSC varies significantly between developed and developing areas of the world.
This leads to the hypothesis that there must be different reasons as to why food is wasted in
different regions. In fact, FW is generated principally at the beginning of the FSC in
developing countries (during production) due to a lack of technology, infrastructure, proper
storage facilities and ‘know-how’. On the other hand, food is generally wasted at the end of
the FSC in developed countries (during consumption), as a result of buying and preparing an
excessive amount of food (Institute of Mechanical Engineers 2013).

An extensive collection of causes of food becoming waste, divided by stages of the FSC and
by developing and developed areas, can be seen in Table 3-1 to Table 3-6. The lists of

causes are based on the author's knowledge and the following sources: Van der Vorst
(2000), WRAP (2007), Mena et al. (2011), FAO (2011), Barilla Center for Food & Nutrition
(2012), Institute of Mechanical Engineers (2013), FAO (2014b) and Raak et al. (2016).
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Table 3-1. Causes of generation of avoidable FW at the production stage

Climatic factors

Limited technical, financial and managerial
resources

Premature harvests due to urgent need for food
or to obtain income

Inefficient harvesting methods

Inadequate infrastructure for transportation of
food

Lack of appropriate storage facilities

Infestations caused by a lack of use/availability
of pesticides

Spillage

Climatic factors

Over-production caused by poor forecasting
methods, changeable demand or lack of
information sharing with other agents

Quality standards (usually aesthetic)
established by other stages of the FSC

Clausesthat penalise farmers who do not meet
agreed quantities of food harvested

Table 3-2. Causes of generation of avoidable FW at the manufacturing stage

Lack of technology and ‘know-how’ to process
food properly

Lack of appropriate storage facilities
Spillage

Lack of use of food preservatives

Inefficiencies in production processes

Damage to food during processing (e.g. burnt
food)

Clauses that give retailers the right to return
unsold products

Lack of awareness about the FW issue

Over-production caused by poor forecasting
methods, changeable demand or lack of
information sharing with other agents

Food not used in time (spoilt or passed
expiration date)

Poor inventory management

Quality standards established by regulations
(e.g. sterility, chemical composition)

Other quality standards (usually aesthetic)
established by other stages of the FSC

Concerns about food safety and traceability
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Table 3-3. Causes of generation of avoidable FW during distribution

Inadequate roads and vehicles fortransportation Spoilage of food due to the need of
of food transporting it long distances (e.g. food
importation)

Improper loading and offloading

Problems to transport products in proper
conditions (e.g. cold chain)

Inefficiencies in distribution systems

Spillage

Table 3-4. Causes of generation of avoidable FW at the retail stage

Lack of appropriate storage facilities Displayinglarge quantities and a wide range of

Overcrowded and not hygienic markets foods

Over-purchase of food caused by poor

Employees notfollowing procedures for stacking forecasting methods or changeable demand

and shelving
Aesthetic standards demanded by consumers
which are not met

Employees not following procedures for
stacking, shelving and stock rotation

Table 3-5. Causes of generation of avoidable FW at the food service stage

Excessive size (and lack of offer for different
sizes) of food portions served

Lack of acceptance to take the leftovers home
Damages during cooking (e.g. burnt food)

Food not used in time (spoilt or passed
expiration date)

Poor planning before buying food
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Table 3-6. Causes of generation of avoidable FW at the household stage

Improper storage of food Marketing strategies by retailers that
encourage buying more food than necessary
(e.g. offers such as ‘buy one, get one free’)

Too much food cooked or served
Damages during cooking (e.g. burnt food)

Poor process control (e.g. inefficient fruit
peeling where part of the pulp is discarded
with the skin)

Food not used in time (spoilt or passed
expiration date)

Confusion concerning ‘use-by’ and ‘best-
before’ dates

Poor planning before buying food
Improper storage of food
Limited knowledge of how to use leftovers
Not liking the food prepared

Underestimation of the real value and impacts
of FW (e.g. high incomes are linked to larger
amounts of FW)

In summary, food is wasted in every region of the world, from developing to developed areas,
but due to very different reasons. For the manufacturing stage of developed FSCs, where
this research focuses as explained in Section 2.5, there are a number of reasons as to why
food manufacturers waste food, including poor processing systems, over-production and

strict quality standards.

3.6 Chapter summary

This chapter has evaluated the extent of the problem of FW, firstly putting it into the context
of food security, and then analysing how much FW is created and what the ramifications
associated with it are. Global, European and UK FSCs have been assessed, concluding that
both developing and developed areas of the world are affected by the FW issue, but in
different stages of the FSC and due to different reasons. In the UK, only 1.7 Mt of FW has
been allocated to the food industry; however there is an additional 3.5 Mt of food materials
that are not sold for human consumption, which proves that the FW issue is of significant
importance for food manufacturers. Considering these food materials, manufacturers
generate nearly one-third of the total FW of the UK FSC.
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Additionally, ramifications of the FW issue have been identified and classified into
environmental, economic and social impacts. Focusing on environmental impacts, FW
ramifications have been quantified, concluding that the FW issue has an enormous negative
impact. Finding ways to minimise these FW impacts is paramount to increasing the
sustainability of food systems.
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CHAPTER 4 A REVIEW OF OPTIONS TO TACKLE ISSUES

RELATED TO FOOD WASTE

4.1 Introduction

The initial section of this chapter reviews the most significant initiatives implemented by
global, European and UK organisations to tackle the FW issue, with a main focus on the
efforts of the UK. Next, management options to deal with FW are described and discussed,
classifying them according to the food waste hierarchy depending on their sustainability
performance. The latter part of the chapter uses the most reliable and up-to-date estimates
to quantify the use of each solution for FWM across all stages of the UK FSC. The analysis
presented in this chapter justifies the delimitation of the scope of this research presented in
Section 2.5.

4.2 Initiatives to tackle food waste

Due to the rising awareness of the importance of FW, several organisations have launched
different initiatives to tackle the FW issue. A number of them aim to raise consumer
awareness to reduce FW, particularly at the domestic level, but there are also initiatives to
explore alternative ways to manage FW. This section details the most relevant organisations

and campaigns that tackle this issue in the world, Europe and the UK.

4.2.1 Globalinitiatives

The Food and Agriculture Organisation of the United Nations (FAQO) has published several
reports over the last years to improve people’s awareness of the FW problem. Together with
the United Nations Environment Programme (UNEP) and the Messe Disseldorf, FAO
created the Save Food initiative, whose aims are to raise awareness of FW and encourage
dialogue between industry, research, politics and civil society. Think.Eat.Save is one of the
most noticeable campaigns of the Save Food initiative. In addition, the Zero Hunger
Challenge, an initiative from the United Nations to tackle hunger in the world, has as its third

target to “adapt all food systems to eliminate loss or waste of food”.
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The United Nations also set the Sustainable Development Goals (SDGs) in 2015, which
includes 17 objectives as part of a new sustainable development agenda. Goal 12.3 is to
halve per capita global FW at the retail and consumer levels and to reduce food losses along
production and supply chains, including post-harvest losses, by 2030. Following the
establishment of the aforementioned goal, Champions 12.3 was formed as a coalition of
executives from governments, businesses, international organizations, research institutions,
farmer groups and civil society with the objective of supporting the achievement of SDG
Target 12.3.

Another important initiative is the World Food Preservation Center, which is formed of
research universities located in North America, Hawaii, Asia, Europe, Africa, Australia and
South America; two agricultural research institutes located in Israel and Morocco; and
GrainPro, Inc., a major manufacturer of advanced postharvest technologies. Its aim is to
“develop new sustainable technologies to combat food loss in developing countries and
throughout the world”. The global research organisation World Resources Institute (WRI)

has ‘food’ as one of its six areas of work, where FW plays an important role.

4.2.2 European initiatives

There are a great number of initiatives in Europe tackling FW. The European Commission
has an Expert Group on Food Losses and Food Waste whose aims include supporting the
European Commission and the Member States in preventing and reducing FW. The
European Commission also established an EU Platform on Food Losses and Food Waste to
support the definition of measures needed to prevent FW, share best practice and evaluate
progress made over time. FW is one of the issues the EU action plan for the circular

economy is tackling (European Commision 2015).

Similarly, the European Commission Framework Programme 7 launched in 2012 the four-
year project Food Use for Social Innovation by Optimising Waste Prevention Strategies
(FUSIONS), which has produced reports of significant importance about FW quantities and
standardised methods to assess FW in European countries. The joint declaration on FW
Every Crumb Counts was launched in 2013 as an initiative that involves stakeholders from

across Europe’s FSC to reduce FW.

The European Commission is also working in the framework of the Lifelong Learning
Programme in the two-year FORWaRd project (Food Recovery and Waste Reduction), which
aims to tackle FW through training and IT solutions. REFRESH (Resource Efficient Food
and dRink for the Entire Supply cHain) is a research project funded by the Horizon 2020
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Framework Programme of the European Union taking action against FW, which involves 26
partners from 12 European countries and China. AgroCycle is also a Horizon 2020 research
and innovation project which addresses the recycling and valorisation of waste from the agri-
food sector. It is led by the School of Biosystems and Food Engineering at University
College Dublin, and involves 26 partners from 8 EU countries, two partners from mainland

China, and one from Hong Kong.

4.2.3 Initiatives in the UK

The Waste & Resources Action Programme (WRAP), a charity organisation registered as a
limited company, is the main body tackling FW in the UK. WRAP works with governments,
businesses and communities to improve resource efficiency and move to a more sustainable
economy. It launched the Love Food, Hate Waste campaign in 2007, which aims to raise
awareness of consumer FW and to reduce it. WRAP also launched the Courtauld
Commitment, a voluntary agreement funded by Westminster, Scottish, Welsh and Northern
Ireland governments aimed at improving resource efficiency and reducing waste within the
UK grocery sector. Four phases of the Courtauld Commitment have been consecutively

launched:

1. Courtauld Commitment 1 (2005-2009), which looked at new solutions and
technologies to save food and primary packaging from becoming household waste.

2. Courtauld Commitment 2 (2010-2012), which shared the same aim as Courtauld
Commitment 1 and extended it to include secondary and tertiary packaging, and
supply chain waste.

3. Courtauld Commitment 3 (2013-2015), which aimed at reducing FW in the food
sector and to deliver sustainable growth, save money and reduce environmental
impact.

4. Courtauld Commitment 2025 (2015-2025), which aims to achieve a relative per
capita reduction of 20% of FW, 20% in GHG intensity of food consumed and a non-
specified reduction in impact associated with water use in the FSC. It is the Courtauld

Commitment currently in force (WRAP n.d.).

Feedback is one of the most noticeable UK organisations that seek to reduce FW. It has
launched the following initiatives so far:

1. The campaign Feeding the 5000 raises awareness of the FW issue by organising
events in large cities in which meals from food that otherwise would be wasted are

prepared and served to 5000 people.
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2. The Gleaning Network aims to save fresh fruit and vegetables on UK farms and
direct this to people in need.

3. The Pig Idea promotes the practice of feeding pigs with FW and aims to lift the ban
on feeding catering FW (FW from households or the food service) to pigs.

4. Stop Dumping draws attention to the food wasted in developing countries due to
strict product specifications of European retailers.

5. The Food Surplus Entrepreneurs Network is a European community connecting food

surplus entrepreneurs with organisations that are building solutions to FW.

One of the best ways to tackle FW is redistribution. FareShare, FoodCycle and Plan Zheroes
are some of the organisations that help to collect surplus food and redistribute it to charities.
Company Shop also collects surplus food, but sells it at a discounted price to Company
Shop members. Company Shop has also launched the initiative Community Shop to help
people at risk of food poverty. The Real Junk Food Project is a network of pay-as-you-feel
cafes that serves food past its expiration date to the general public. It has opened cafes
around the UK and has more recently expanded to other countries, such as France,
Germany and Australia. In order to raise awareness of the FW problem, This is Rubbish
aims to communicate the preventable scale of FW through policy research, community and
arts led public events.

There are also examples of initiatives to support food businesses to manage or reduce their
FW. The Food Waste Network helps businesses to find their best FW recycling options.
Working on Waste is an initiative by the Institute of Grocery Distribution (IGD) to support
food companies to help consumers to reduce FW. Too Good To Waste, launched by the
Sustainable Restaurant Association, aims at increasing both consumer and industry
awareness about the scale of restaurant FW and proposed ideas to reduce it (e.g. doggy
bags). The Sustainable Restaurant Association has also launched the project FoodSave,
which has helped almost 200 businesses in London between October 2013 and March 2015
to reduce their FW and manage surplus food and FW more responsibly.

In terms of research into valorisation options for FW, notable examples of projects and
organisations include WasteValor, from the Green Chemistry Centre of Excellence at the
University of York, which aims to create economic value from FW by offering scientific
consultancy to waste producers and companies who could potentially use materials
extracted from FW; FoodWasteNet, funded by the BBSRC and hosted by the University of
Reading, a community of industrial practitioners and academic scientists that encourages
the application of industrial biotechnology to FW to produce renewable chemicals and
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biomaterials with added value and market potential; and Vision 2020, launched by ReFood

and aiming at banning the landfill of FW.

4.3 Food waste management solutions: the food waste hierarchy

There is a global consensus on the fact that prevention of FW generation is the optimal
practice to deal with the FW issue, which therefore should be prioritised. Yet some FW will
always be produced due to a number of reasons, including overproduction, damages to the
food during manufacturing and human errors; and also because most raw materials in the
food sector have associated inedible materials, namely food by-products. Although the most
common management practice to deal with FW in the world is still landfilling (FAO 2013b),
fortunately there are a number of alternatives which can provide value from FW. These
alternative solutions for FWM can be classified according to their sustainability performance
using the waste hierarchy, which is described in this section. The applicability of the waste
hierarchy and waste management alternatives to deal with UK industrial FW is assessed and
discussed.

4.3.1 Introduction and legislative framework

In 1975, the first Waste Framework Directive was launched to provide a legislative
framework in order to protect human health and the environment against the adverse effects
of waste (The Council of the European Communities 1975). It presented for the first time the
concept of ‘waste hierarchy’, although without using that term. In 2008, the Directive
2008/98/EC was introduced, which contained a more detailed five-step waste hierarchy that
must be applied by all Member States (The European Parliament and the Council of the
European Union 2008). The waste hierarchy comprised, in order of preference, the following
steps: prevention, reuse, recycling, recovery and disposal. It has proven to be a useful tool
to rank waste management alternatives according to their sustainability performance. It has
been continuously used since its introduction in 1975, not only in European Directives which
have been implemented since then, but also by global organisations, such as the United
Nations Environmental Program (UNEP 2011).

In the UK, the Government and institutions such as Defra et al. (2011) and WRAP (2011)
have also used the waste hierarchy. In 2011 Defra published “Guidance on applying the
waste hierarchy” based on the previous directives to help any business or public body
manage their waste (Defra 2011c). Defra, together with WRAP and the Environment Agency,

also produced the report “Applying the waste hierarchy: evidence summary”, where scientific
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research on the environmental impacts of different waste management options was
analysed for various products, including food (Defra et al. 2011). The waste hierarchy has
also been implemented in UK law (Statutory Instruments 2011).

There is a considerable number of research papers published in prestigious scientific
journals discussing the waste hierarchy, plenty of them focused on FW, e.g.
Papargyropoulou et al. (2014), Eriksson et al. (2015). This proves the usefulness and
acceptance of the waste hierarchy to classify and prioritise the most beneficial waste
management solutions based on their sustainability performance (Papargyropoulou et al.
2014, Manfredi & Cristobal 2016). More detailed information on the technologies described
in the waste hierarchy and their associated emissions can be found in the Best Available

Techniques for the Waste Treatments Industries (European Commission 2006a).

Following the waste hierarchy, the most preferred management options when tackling FW
are prevention of FW generation and reuse of the surplus food. Once the waste is created,
the order of preference is recycling it into a second use, recovery treatment and disposal as
the least preferred option. These five management possibilities are discussed in the
following sub-sections and represented in Figure 4-1. The most common food waste
management solutions (FWMSs) have been added and organised in line with the
appropriate level of the waste hierarchy based on existing versions of the hierarchy and the
author’s knowledge. It is important to notice that the order of the FWMSs is debatable (e.g.
considering thermal treatments with energy recovery more or less beneficial/damaging than
landspreading). Indeed, the delimitation of the recycling and recovery options and which
FWMS corresponds to which category is unclear at times (UNEP 2015); consequently they

have been represented with the same colour in Figure 4-1. The specific food waste hierarchy

(FWH) used in this research is presented and discussed in Section 7.5.1.

Most .
preferred Reduction Prevention
options
Reuse Redistribution, animal feeding
. Industrial uses, extraction of
Recycling compounds, anaerobic digestion,
composting
Recovery Thermal treatment with energy
recovery, landspreading
Least \
preferred D) d Thermal treatment without energy
options recovery, landfilling

Figure 4-1. Food waste management solutions (FWMSs), arranged in the food waste hierarchy (FWH)
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In addition to complying with the waste hierarchy, any company or person working with
waste in England should fulfil the ‘Duty of Care’: classification of the waste; registration in
case of production or storage of hazardous waste; obtaining a permit to store, treat,
transport or dispose waste; storage of the waste safely and securely; following the rules for
transporting waste and keeping a proof of license of other businesses that deal with waste
and the aforementioned company or person (Gov.uk 2015a). Other regulations that may
have to be complied with are the Hazardous Waste Regulations (Gov.uk 2014a), Nitrate
Pollution Prevention Regulations 2015 (Gov.uk 2015b) and Animal By-product Regulations.

Other European regulations relevant to FWM were launched by the Commission of the
European Communities (2008) and the European Commission (2010) on the management
of bio-waste (which includes food and kitchen waste from households, restaurants, caterers
and retail premises and comparable waste from food processing plants), and The European
Parliament and the Council of the European Union (2009a) on the management of animal

waste and by-products.

More information about specific legislation regulating management of particular FW types

can be found in Section 7.5.1.1.

4.3.2 Reduction

FW must be prevented at every stage of the FSC, particularly at the consumer level, where
most UK FW is generated (Section 3.3.3). Nevertheless, this section describes prevention of
FW during food manufacturing, as this is the stage on which this research focuses (as
explained in Chapter 2). Prevention of FW can be applied to the edible parts of food surplus
only, since there will always be inedible parts of food that wil remain as FW.
FoodDrinkEurope (2014) carried out a survey of 29 companies and associations within the
FoodDrinkEurope membership and found that over 80% of respondents are working to
identify the causes of their FW generation and optimising their production systems
accordingly.

Ideally, the generation of FW should be avoided through appropriate management practices
and control across the FSC up to retailers’ gate. IGD (n.d.) recommended six steps to
prevent FW generation: measure it; engage people and raise awareness; design products,
packaging and processes with waste-minimisation thinking; select a new product range to
cut down waste; forecast demand precisely; and reshape processes to ensure products and
information flows are seamless.
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Some of the FW generated in the industry can be caused by other stages of the FSC, such
as retailers. For instance, retailers’ inaccurate forecasts may lead to overproduction from
food manufacturers (Stuart 2009). In addition, retailers can often return food to
manufacturers when it has not been sold and it is near its expiration date: in this way FW

originally generated at retail level is moved to the manufacturing level (Stuart 2009).

An additional problem in the manufacturers-retailers interface is the short time that retailers
give to manufacturers to react when they change their order. This issue can be improved
through an extension of the order time or a reduction in the time the manufacturer needs to
produce the food product. In order to comply with the second possibility, some food
industries that produce different food products with a variety of ingredients (such as
convenience foods) can develop and use standard processes which are common for all (or
at least most) of their products (e.g. boiling rice), and then carry out the ‘special operations’
to give the different products their particular identity (e.g. adding sauces) (Darlington &
Rahimifard 2006).

Other alternatives for prevention of FW generation include the usage of food products with
aesthetical defects in a different manner than its original intended use. For instance, fruits
with spots in their skin can be peeled and cut to be used in convenience foods. The
industrial processes and their control must also be optimised for minimisation of FW (e.qg.
reduction of trimmings and minimisation of burning during cooking).

In addition to increasing resource efficiency of the processes and improving the
management of the products and processes, an alternative product design can increase
shelf life of foods and consequently reduce FW. Shelf life has been defined as “the
estimated period during which the food maintains its safety and sensory qualities at a
specific storage condition” (Joint FAO/WHO Food Standards Programme 2016). The shelf
life of a food can be increased through an improvement in the design of the food product
and/or its packaging. According to Defra & Food Standards Agency (2011), the shelf life of a
food product is affected by the following factors: Good Manufacturing Practices,
implementation of effective Hazard Analysis and Critical Control Points, quality of raw
materials, processing steps, packaging, conditions of distribution, storage temperature,

product formulation, and the intended use and target consumer.

4.3.3 Reuse

‘Reuse’, in this context, means that the product is used as a food product (i.e. consumed),

although not with its original purpose, which is generally to be sold to the final consumer and
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subsequently consumed. This section describes the two possibilities to reuse surplus food:

redistribution for human consumption and animal feeding.

4.3.3.1 Redistribution

When there is an unavoidable excess of food produced, the most recommended option is to
redistribute it to feed humans. This includes reusing the food for charitable purposes, such
as fundraising or raising-awareness events, or redistributing the food to people in need
through food banks. There are a growing number of organisations which redistribute food in
the UK, such as FareShare, Plan Zheroes and FoodCycle, as described in Section 4.2.3.
Buksti et al. (2015) carried out a feasibility study to test how to set up an IT system in
Denmark that connects organisations with surplus food like supermarkets with local
organisations such as homeless shelters, which can be useful to implement a redistribution
programme. Bilska et al. (2016) identified the following defective products as appropriate for
redistribution, since they do not pose a threat to human health: wrong labelling of packages,
food product wrong weight, close-to-end expiration date and mechanical damage to bulk
packages.

In the UK, the Government does not provide direct support to food banks (Downing et al.
2014). O’Connor et al. (2014) carried out a comprehensive study on current legislation and
practices concerning food donation in European countries, and recommends a clarification
around VAT liability on donated food and EU guidelines for assessing additional lifetime of
products. A more detailed analysis of food products suitable for redistribution can be found in
Section 7.5.1.1.

Redistribution must be prioritised for avoidable FW that could not be prevented. It can
provide not only a clear social benefit, but also an economic benefit to the donor (Giuseppe
et al. 2014). On the other hand, Reynolds et al. (2015) assessed economic and
environmental consequences of redistributing food to people in need in Australia, and found
that this option can be more economically costly than other options lower down in the FWH.

4.3.3.2 Animal feeding

When redistribution of food to people is not possible, it should be distributed for animal
feeding. However, since 2001 in the UK and 2002 in the EU feeding farmed animals with
catering FW is forbidden (Defra n.d., Gov.uk 2014c). In addition, preparation of animal feed
from FW that has been in contact with animal by-products is significantly restricted, and the

following legislation must be followed: European regulations (European Commission 2005a,
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The European Parliament and the Council of the European Union 2009a, European
Commission 2011) and UK legislation (The Secretary of State 2013). A more detailed

assessment of the types of FW fit for animal feeding can be found in Section 7.5.1.2.

Parfitt et al. (2016) provides useful guidance on the use of FW as animal feed for food
manufacturers and retailers, recommending dry carbohydrate rich foods such as cereals and
bread to feed animals. San Martin et al. (2015) produced animal feeds from vegetable waste
using drying techniques such as pulse combustion drying, oven and microwave, concluding
that vegetable waste is both nutritionally and sanitarily appropriate for use in animal feeds.
Chen et al. (2015) claimed that FW treated with fermentation, heat treatment or coupled
hydrothermal treatment and fermentation produces nutritional and valuable animal feed,
although the presence of bovine- and sheep-derived materials and a few chemical
contaminants such as Pb were close to or might exceed the legislation permitted values in
animal feeding. However, conclusions by Chen et al. (2015) might be China-specific, and
different results could be achieved, particularly in terms of contaminants present in animal
feeds, in other regions of the world with different food systems and regulations. In the UK,
The Pig ldea, a campaign by the organisation Feedback, promotes the use of FW to feed
pigs and aims to lift the ban on feeding catering FW to pigs. The use of FW as feed is

applicable to some types of avoidable, possibly avoidable and unavoidable FW.

The intensive animal farming practices increasingly used over the last decades have
switched livestock diets from grass and FW to grains and imported proteins like soya.
However, animal feeding as an alternative for FWM is economically advantageous, since
FW can be typically sold to produce animal feeding at prices ranging from £30 to £50 per
tonne (Parfitt, Stanley, et al. 2016). This option is also environmentally friendly: Stuart (2009)
argues that at least 20 times more CO, is saved by feeding pigs with FW rather than using it
for anaerobic digestion. Salemdeeb et al. (2017) also demonstrated that reusing dry or wet
FW as pig feed has lower environmental impact than AD or composting.

4.3.4 Recycling

If the surplus food cannot be redistributed, altering it to obtain an alternative application is
the most recommended option. This includes extraction of compounds of interest from FW

and industrial uses, anaerobic digestion, and composting.
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4.3.4.1 Extraction of compounds and industrial uses

There are a significant number of valuable compounds in FW that can be extracted and used
within different applications (Ravindran & Jaiswal 2015). This can play a pivotal role in a
sustainable biobased economy, due to their high volume, chemical richness and
heterogeneity (Matharu et al. 2016). Some of the extraction processes require complex
technology and are expensive; additionally some technologies are not fully developed and
need to be scaled up, which brings additional challenges (Galanakis et al. 2015, Matharu et
al. 2016). A lack of industry expertise and experienced workforce, along with the
heterogeneity and seasonal production of FW are also relevant problems in obtaining
valuable compounds from FW (Lin et al. 2014). Therefore, FW from the early stages of the
FSC (such as industrial FW) is more suitable for compounds extraction and industrial
applications since they are more homogeneous and their supply is more stable than that of
consumer FW (Girotto et al. 2015). In all circumstances, after extracting compounds from

FW there is a residue to treat, i.e. a leftover FW.

Galanakis (2015) presented a 5-Stage Universal Recovery Process applicable to extraction
of compounds from FW, which includes the following stages: macroscopic pretreatment,
macro- and micro-molecules separation, extraction, isolation and purification, and product
formation. Waldron (2007) provided an extensive review of technologies and processes
needed to extract useful compounds from FW. Fat can be separated from animal by-
products in rendering plants and be used to produce animal feeds, fuel, soap and other
products (Meeker 2006). Essential oils, aromas and colourings can also be extracted from
vegetables and fruits (Morawicki 2012). Substances can be extracted from citrus waste and
wheat bran to be used as ingredients in new foods (Fava et al. 2013). Okoro et al. (2016)
reviewed processes to obtain compounds from meat processing waste, classifying them into
thermochemical, biochemical and physicochemical technologies, and identified the following
challenges to undertaking those processes: technical difficulties, economic performance,
heterogeneous FW composition and onsite integration challenges. Pleissner et al. (2016)
extracted succinic acid, lactic acid and fatty acid-based plasticiser from agricultural residues
and FWs. Gould et al. (2016) used materials prepared from FW as emulsifiers. Mirabella et
al. (2014) compiled a list of substances that can be extracted from different FWs and
reviewed their uses, concluding that research mainly focuses on the extraction of
antioxidants, fibre, phenols, polyphenols and carotenoids, because of their potential to be
used in a range of applications. Galanakis (2012) classified substances according to their

FW source, reviewed established and emerging technologies needed to carry out the
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extraction processes and discussed issues related to safety and cost of the processes and

commercialisation of the products obtained.

Considerable potential also exits to use FW to produce biofuels (e.g. biodiesel and
bioethanol), supporting the transition from a fossil fuel-based economy to a sustainable,
circular economy based on renewable energy sources (Zhang et al. 2016, Skeer & Nakada
2016, Karmee 2016).

Other industrial applications of FW include adsorption of heavy metals from aqueous
solutions (Arvanitoyannis et al. 2006), production of construction bricks (Aliyu & Bala 2013)
and its use as adsorbents for carbon dioxide and benzene gas sorption (Opatokun et al.
2017).

4.3.4.2 Anaerobic digestion

Anaerobic digestion (AD) is a process in which organic matter is broken down by bacteria in
the absence of air, producing a gas, namely biogas, and a residue, namely digestate. The
AD process is divided into the following steps: hydrolysis of the organic matter, conversion of
decomposed matter to organic acids and reaction of the acids to obtain biogas
(Arvanitoyannis et al. 2008). The remaining digestate from the digestion can be used as a
fertilizer (Tampio et al. 2016), following specifications by British Standards Institution (2014).

The biogas is composed of an approximate proportion of 48-65% methane, 36-41% carbon
dioxide, with a minor proportion of other gases: nitrogen (up to 17%), oxygen (<1%),
hydrogen sulphide (32-169 ppm) and traces of other gases (Khalid et al. 2011). The biogas
is generally used to generate heat and/or electricity (Whiting & Azapagic 2014), although it
can also be directed into the gas grid or used to produce fuels for vehicles (Grosso et al.
2012). In the UK, nearly all biogas produced until 2014 was used to fuel combined heat and
power engines (Styles et al. 2016). The UK Government has supported the AD sector over
the last years with subsidies such as the Renewable Heat Incentive, which provides financial
support to renewable heat technologies, and the Feed-in Tariff, which supports the
generation of low-carbon electricity using small-scale systems (Gov.uk 2008), although there
are concerns that such subsidies have been already lowered and could disappear in the
future (ADBA 2016b). Additionally, gate fees are paid by waste generators and bring
additional income to the AD operator. The median AD gate fee for food waste is currently
£40/tonne (Hannah Dick et al. 2016).
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The AD sector has grown rapidly over the last years. In the period 2014-2015, over 100 AD
plants were commissioned per year, reaching a total of 540 AD plants in December 2016
(ADBA 2016a). ADBA (2017) mapped all AD plants in the UK, which can be classified into
their different main uses (electricity, biomethane to grid or heat) and feedstock used
(agricultural, industrial, municipal/commercial or sewage sludge). Currently, most of the AD
plants produce electricity and are fed with agricultural products, which include FW. In 2015,
over 90 AD plants exclusively treated FW (Morton 2015). At the end of 2014, the headline
capacity of operational source segregated FW AD plants was claimed to be 2.6 2.6 Mt per

year, whichis an increase of 1.2 Mt per year from 2012 (UK Green Investment Bank 2015).

FWs are an ideal substrate for AD due to their high moisture content and easy
biodegradability (Mao et al. 2015, Sen et al. 2016). Alternatively, FW can be used as a co-
substrate together with other substrates, improving biogas production (Chiu & Lo 2016).
Generally, AD is considered more environmentally friendly than composting (Defra 2011b,
Defra et al. 2011, Fisher et al. 2013). Additional information on suitable FW for anaerobic

digestion can be found in Section 7.5.1.3.

4.3.4.3 Composting

Composting is a process in which microorganisms transform organic waste into a nutrient-
rich soil conditioner called compost. Unlike anaerobic digestion, the metabolism of these
microorganisms uses oxygen. Composting can be carried out in vessels at an industrial level
and at households. In-vessel composting is currently carried out in containers, silos, agitated
bays, tunnels and enclosed halls (IGD n.d.). In-vessel composting is the only legal method to
compost commercial FW that has been in contact with animal products (WRAP 2011).
Alternative methods to in-vessel composting are static piles, static piles with forced aeration,

windrow composting, passively aerated windrows and vermicomposting (Cooperband 2002).

Composting as a waste management solution shows clear advantages: it is cheap to
undertake and eliminates the payment of tipping fees, it produces a product that can
generate revenue, and it can reduce the volume of waste by up to 40%, whilst killing most

pathogens during the thermophilic phase (Schaub & Leonard 1996).

Li et al. (2015) identified the starting culture, i.e. the type of material that starts the
composting process, as the most critical factor contributing to product maturity, i.e. the
efficiency of the compost process, followed by the aeration rate. In order to achieve an
optimal composition of feedstock, several raw materials may be needed (Cooperband 2002).

Numerous materials, namely bulking agents, can be mixed with FW to increase the
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efficiency of the composting process, including wood chips, wheat straw, sawdust, rice husk,
rice bran, chopped hay, wood shavings and peanut shells (Chang & Chen 2010). Additional

information on suitable FW for anaerobic digestion can be found in Section 7.5.1.4.

A Quality Protocol has been developed by WRAP (n.d.) to set out criteria for the production
and use of compost. WRAP has also published good practice guidance for farmers, growers,
advisers and agricultural contractors to carry out the composting process successfully
(WRAP 2016). The compost produced must meet specifications by the British Standards
Institution (2011).

4.35 Recovery

When FW cannot be recycled, it should be used in a way that maximises the value
recovered from it. The two most significant options to recover value from FW are thermal
processes with energy recovery and landspreading.

4.3.5.1 Thermal treatments with energy recovery

Thermal treatments with energy recovery include different processes such as incineration,
pyrolysis and gasification, which differ mainly in the temperatures reached and the materials
obtained (Arvanitoyannis et al. 2008). These waste treatments are carried out in order to
recover energy in the form of heat and/or electricity (Kwak et al. 2006). The bottom ash (i.e.
the remaining solid after thermal treatment) and residues found in air pollution control
devices may also be valuable in further industrial applications (Ahmed & Gupta 2010,
Brunner & Rechberger 2014). A reference document on the Best Available Techniques for
Waste Incineration has been prepared by the European Commission, which focuses on
incineration but also covers pyrolysis and gasification processes (European Commission
2006c¢).

During incineration, the waste is burnt at 870-1200 °C so the solids and liquids convert into
gases. The gases obtained are further heated and broken down into simple molecules and
reacted with oxygen. At the end of the process, the gases produced include carbon dioxide,
water, carbon monoxide, nitrogen oxides and other compounds; the remaining solid is ash
and slag (Arvanitoyannis et al. 2008).

Pyrolysis is a similar process that usually occurs under pressure, at temperatures above 430

°C and with no oxygen. The main gases released are carbon monoxide, hydrogen, methane
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and other hydrocarbons; also a small quantity of liquid and coke (solid residue) is obtained

(Arvanitoyannis et al. 2008).

In the case of gasification, the gas obtained, namely syngas, consists mainly of carbon
monoxide and hydrogen. The solid residues are ash and char. The temperatures reached
are normally higher than 700 °C and a controlled amount of oxygen and steam is used
during the reaction (Arvanitoyannis et al. 2008). Gasification has proven to be more
beneficial than pyrolysis, although a longer period of time was needed to finish the
gasification process (Ahmed & Gupta 2010).

In the case of FW, in addition to the processes described above, hydrothermal carbonisation
is a thermal treatment which is attracting increased attention from researchers, since it is
especially advantageous for treating waste with high moisture, and produces a highly energy
densified material (hydrochar) (Pham et al. 2014). Thermal treatments can be potentially
applied to every FW type, although they are more economically beneficial when treating dry
FWs.

Although these processes are less efficient than coal-fired power stations and generate
ashes and noxious pollutants to human health that also have a negative effect on water, soil
and air (FAO 2013b), they replace the combustion of fossil fuels, and FW can be considered
a renewable material. It also significantly reduces the volume of waste and destroys
potentially harmful substances, including pathogenic microorganisms and viruses (Brunner &
Rechberger 2014). On the other hand, it creates environmental impacts, mostly due to gas
emissions, and also social impacts such as odour, noise, dust and traffic (Defra 2013b). It is

also a costly method, due to high capital and maintenance costs (Thi et al. 2015).

Caton et al. (2010) claimed that energy recovery from thermal treatments of FW could result
in cost savings by offsetting the use of traditional fuels (e.g. natural gas for heating) and by
reducing disposal costs, although FW is not appropriate for thermal treatments due to its
high water content. Different thermal treatments are frequently carried out consecutively, for
instance pyrolysis in a first stage and gasification in a second stage (Ahmed & Gupta 2010),
and they can also be combined with other FWMSs, for example pyrolysis can be used to
treat digestate resulting from AD (Opatokun et al. 2015).

After sending the waste to landfill and open dumping, thermal treatments (with and without
energy recovery) are the most common method to deal with waste worldwide
(Arvanitoyannis et al. 2008). In EU-15, around 20-25% of the total 200 Mt of municipal solid

waste (MSW) produced in 2006 was treated by incineration (European Commission 2006c).
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In England, 15.1% of the total MSW produced in 2010-11 was treated by incineration. It is
important to notice that in high-income countries the organic fraction of MSW is over one
third, of which FW represents a large proportion (UNEP 2015).

4.3.5.2 Landspreading

Landspreading consists of spreading an organic material, usually a waste, onto the land in
order to increase the nutrient content of the soil. Landspreading of FW can enhance physical,
chemical and biological characteristics of the soil, reducing the need for manufactured
fertilisers to support plant growth (Environment Agency 2013).

At the farm stage, landspreading can be a good management option because farmers can
spread FW, typically inedible parts of harvested plant-based products, onto their soil, and
therefore FW does not have to be stored and transported. If animal-based material is used,
the proximity of a groundwater source must be checked, since faecal bacteria,
Cryptosporidium and viruses, amongst other microorganisms, can be present in animal
waste and therefore contaminate water (Environmental Protection Agency 2004). The
amount of sand, silt and clay in the soil (which defines its texture) must be determined in
order to landspread, along with the organic matter content, depth and underlying geological
parent material in the soil (Environment Agency 2013). In August 2016, the Environment
Agency published its response to a consultation calling for views on proposed changes to a
number of standard rules for the Environmental Permitting Regulations in relation to

landspreading, which is yet unpublished on Gov.uk (Environment Agency 2016).

Marsland & Whiteley (2015) published a Rapid Evidence Assessment methodology to
identify key hazards which can arise during or after landspreading a specific waste on
agricultural land. The Food Safety Authority of Ireland (2008) analysed the most relevant
hazards for landspreading of agricultural, municipal and industrial materials on agricultural

land used for food production, and divided them into the following two categories:

1. Microbiological hazards: viruses, bacteria, parasites (such as protozoa and helminths)
and Transmissible Spongiform Encephalopathies (caused by prions).

2. Chemical hazards: metals (such as nickel and selenium), organic pollutants (such as
PAHs, dioxins and PCBs), disinfectants and detergents, musk compounds,
medicines and illicit drugs (including veterinary and human medicinal products such
as antibiotics), endotoxins and Endocrine Disrupting Substances (such as phthalates

and some pharmaceutical compounds).
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On the other hand, certain FWs such as agricultural by-products can be used as
amendments in the remediation of soils contaminated with trace metals and metalloids
(Clemente et al. 2015). Gendebien et al. (2001) estimated that over 90% of the waste spread
on land in EU-15 in 2001 was farm waste, primarily animal manure. Of the remainder, the
most important waste categories are food production wastes, dredgings from waterways and

paper waste sludge.

4.3.6 Disposal

Disposal of FW is the last option in the FWH, which should always be avoided. It includes

thermal treatment without energy recovery and landfilling.

4.3.6.1 Thermal treatment without energy recovery

Thermal treatments without energy recovery are similar to those described in Section 4.3.5.1,
but without a recovery of energy from the waste treatment. It essentially consists of burning
the waste, often in open air. The solid residue, namely char, can be recovered and used in a
range of industrial and domestic applications, including as a fuel (charcoal) and as a soil
amendment (biochar) (Lohri et al. 2015). Additionally, the waste volume is reduced and
harmful substances are destroyed (Brunner & Rechberger 2014). However, the heat is lost
and the gases obtained in the process are toxic and increase the greenhouse effect.
Because of the lack of benefits and the severe air pollution caused during the process,
thermal treatments without energy recovery are discouraged (Hoornweg & Bhada-Tata
2012).

This management option is more commonly used in developing areas of the world, since its
practice is strictly regulated in developed countries (Guendehou et al. 2006). FW is typically
mixed with other consumer waste in MSW when processed with thermal treatments without
energy recovery (Caton et al. 2010).

4.3.6.2 Landfilling

A landfill is a waste disposal site for the deposit of waste onto or into land (Environment
Agency 2010). Therefore, regardless of whether landfilled waste is buried or not, landfilling
has a significant environmental impact and minimal positive effects. Microorganisms
decompose the organic matter, generating principally methane and carbon dioxide, gases
which significantly increase the greenhouse effect. On the other hand, gases emitted can be
collected and used to produce energy in properly managed landfills (Emkes et al. 2015).
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Other toxic compounds generated in the process can contaminate the atmosphere, water

and land, spreading diseases that can affect humans (FAO 2013Db).

The European Council Directive 1999/31/EC regulates operational and technical
requirements of landfilling to minimise negative effects on the environment (The Council of
the European Union 1999). BIPRO (2008) prepared a report for the European Commission
with the conclusions of a series of workshops involving the Member State authorities and the
Commission Services on raising awareness concerning the application and enforcement of
community legislation on landfills. In the UK, Defra published the Environmental Permitting
Guidance (Defra 2010) to support those regulating and operating landfill sites to comply with
European regulations. Following the aforementioned European Directive, the UK approved
the Waste and Emission Trading Act in 2003 (Legislation.gov.uk 2003) and launched the
Landfill Allowance Trading Scheme (LATS) in 2004 (Defra 2012), which restricted the
amount of municipal bio-waste sent to landfills. The importance of LATS diminished after
2008, mostly because the introduction of the landfill tax, which has been considered more
effective at discouraging landfill use (Defra 2012, Hill 2014). Ultimately, LATS was
suppressed in September 2013 (Calaf-Forn et al. 2014). There are two rates of landfill tax: a
standard rate for active wastes such as household waste which decays, and a lower rate for
less-polluting waste (HM Revenue & Customs 2014). Currently, the standard rate is £84.40
per tonne, and the lower rate is £2.65 per tonne (Gov.uk n.d.). Because of these regulations,
and increasing environmental awareness, a large number of UK companies have targeted

towards a “Zero waste to landfill” strategy.

From 1996-97 to 2012-13, the proportion of waste landfilled in England decreased
progressively year-on-year, from 1996 to 2006 due to an increase in recycling and since
2005-06 due to an increase in recycling and incineration (Farmer et al. 2015). Globally,

landfilling is still the most common solution to manage FW (FAO 2013b).

Landfilling is the last option in the waste hierarchy, which should always be avoided due to
significant environmental consequences and a lack of socio-economic benefits. Yet,
landfilling waste in a properly controlled landfill site is recommended against options such as
fly-tipping and open dumping, which are illegal in most developed countries. In the UK,
where this practice is illegal, there were 900,000 incidents of fly-tipping in 2014-15, which
caused an economic cost to the local authorities of £50 million (Defra & Government
Statistical Service 2015). On the other hand, disposing of FW into the sewer is generally
considered as negative as landfilling, and many references place it at the same level of the
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FWH as landfilling (e.g. WRAP (2017)). Nevertheless, this option is not included in the FWH
(Figure 4-1) because it is not considered a FWMS.

4.3.7 Applicability of the food waste hierarchy

The waste hierarchy applied to FW, presented in Figure 4-1, is useful in distinguishing
amongst different options to manage FW according to their socio-economic benefits and
environmental impacts. However, not every type of FW is suitable for following all the
FWMSs discussed. There are restrictions based on regulations and laws: some treatments
for some types of FW are not permitted, as per EU and UK legislation. A few examples of

such banned treatments for some FW types can be seen in Table 4-1.

Consequently, an identification of all types of FW seems to be necessary in order to
understand which FWMS is suitable for each FWM situation. Next, a targeted analysis of
each FW type identified is necessary to cast FWMSs aside when they are not permitted.
Therefore, the applicability of the FWH is limited, since not all FWMSs are suitable for all FW
types. Furthermore, some FWMSs, such as extraction of compounds of interest and
industrial uses, are entirely different for each FW type, in terms of the processes needed and

the outputs generated.

Unfortunately, the FWMSs at the top of the FWH are applicable to fewer FW types than
those at the bottom. Consequently, a range of different solutions is required for a tailored
treatment of each FW type. For example, the reduction in the previously widespread use of
FW for animal feeding due to a stricter regulation has resulted in fewer types of FW that can
be used to feed animals (Defra n.d.). Health and safety concerns influence legislation on
FWM, and governments must protect the health and wellbeing of their citizens. However,
bans of FWMSs also result in the unintended consequence that less-advantageous FWMSs
are utilised more often. With regard to the animal feeding example, there are initiatives to

Table 4-1. Examples of FW types that cannot be managed following some FWMSs

The European Parliament and the

Redistribution Spoilt Council of the European Union (2002)
Animal feeding Catering Gov.uk (2014c)
Animal feeding Some animal by-products European Commission (2011)
Wlndro_w ‘Commerua! FW that has been WRAP (2011)
composting in contact with animal products
Composting Some animal by-products The European Parliament and the

Council of the European Union (2009a)
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change legislation and allow more types of FW to be fed to animals (Stuart et al. n.d.,
Salemdeeb et al. 2017).

Additionally, it is difficult to apply a waste hierarchy to food products due to the heterogeneity
of these materials and the number and types of actors at different levels of the FSC that
generate FW. Therefore, ideally the FWH should be assessed for each type of FW, rather
than for food waste’ as a whole, creating a FWH for each FW type identified. This would
allow a targeted analysis of all FWM possibilities under a specific scenario, ensuring the
most sustainable FWMS is followed in all cases. This case-specific application of the waste
hierarchy has also been recommended by Rossi et al. (2015) in their analysis of the
applicability of the waste hierarchy for dry biodegradable packaging. Defra (2007); Laurent,
Bakas, et al. (2014) and Eriksson & Spangberg (2017) also noted that the waste hierarchy is
useful as general guidance but exceptions for particular materials and circumstances may
occur.

In line with the conclusion presented in this section, a review of existing categorisations of
FW, along with methodologies to identify sustainable solutions to manage them, is presented
in Chapter 5. The issue identified in this section is further discussed and assessed in
Chapter 7, in which a systematic approach is used to identify FW types and suitable FWMSs

to treat them.

4.4 Quantification of food waste management solutions in the UK food

supply chain

As described in Section 4.3, there are a number of solutions to manage FW. All these
options are currently used in the UK, but in very different proportions, varying across the
different levels of the FSC. Figure 4-2 shows the quantity of FW treated with each of the
FWMSs from the FWH, divided into the different stages of the UK FSC. Data has been
collected from the following references at each stage of the FSC: manufacture: Parfitt et al.
(WRAP) (2016); wholesale: Parfitt & Parry (WRAP) (2016) and Parfitt (WRAP) (2016); retail:
Parfitt (WRAP) (2016); food service: Oakdene Hollins et al. (WRAP) (2013) and WRAP
(2017); and household: Defra (2015), Quested & Parry (WRAP) (2017) and WRAP (2017). It
must be noted that FW from manufacture amounts to a higher quantity than that reported in
Figure 3-7, since WRAP does not include some food by-products in its FW definition, as
explained in Section 3.3.3. On the other hand, other sources, such as the Foodchain and

Biomass Renewables Association (Fabra UK), estimated a higher quantity of FW going to
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industrial uses, particularly animal by-products sent to rendering. According to Fabra UK,
this could be as high as 2.25 Mt per year, although WRAP considers this an over-estimate
(Parfitt, Woodham, et al. 2016). Additionally, the total sum of FW from each stage of the FSC
can be slightly different than that reported in Figure 3-7 due to rounding.

As can be seen in Figure 4-2, it can be assumed that the sustainability of the FWMSs used
in the food service and household stages is lower than that of manufacturers’ FW, based on
the FWH. This can be explained because at the end of the FSC, particularly at the
household level, FW is often mixed with other materials, forming a heterogeneous waste
which is difficult to manage and obtain value from it. Therefore, sustainable FWMSs such as
redistribution, animal feeding and industrial uses are not applicable for these types of FW,
e.g. domestic FW contaminated with other materials.
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Figure 4-2. Use of different FWMSs across the UK FSC according to WRAP and Defra data, in kt
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On the other hand, manufacturers generally manage their FW more sustainably, sending a
significant amount to animal feeding. Manufacturers commonly have more capability than
consumers to find the best solutions to increase efficiency in their activities, which partially
explains why manufacturers tend to manage their FW more sustainably than consumers.
Additionally, homogeneity of manufacturers’ FW makes it significantly easier to use a wider
range of solutions for FWM. Manufacturers also segregate their FWs into different categories
which can be managed differently according to their characteristics, as opposed to

consumers.

Nevertheless, manufacturers often manage their FW in unsustainable ways. Solutions such
as thermal treatments and landspreading are still commonly used, whilst the most
sustainable FWMS according to the FWH, i.e. redistribution for human consumption, is
barely used. This means that opportunities to increase the sustainability of FW M practices at
the manufacturing level exist. As manufacturers are the second largest FW generator in the
UK FSC, finding ways to manage their FW more sustainably will presumably generate a
significant, positive effect in the UK, in terms of not only minimising environmental impacts,

but also creating socio-economic benefits.

4.5 Chapter summary

This chapter has described the most significant initiatives to tackle the FW issue in the world,
Europe and the UK. Most efforts have been directed towards a minimisation of FW, rather
than an optimisation of FWM. Next, the FWH has been presented and all of its FWMSs have
been described. The FWH has also been critically analysed to find shortcomings in its
applicability. Consequently, a thorough study of FW types and characteristics has been
proposed to identify the FWMSs with the most potential to improve the sustainability of a
FWM.

The usage of different FWMSs from the FWH in the UK FSC has been shown and analysed,
concluding that optimising manufacturers’ FWM is a valuable opportunity to improve the
sustainability of the UK food systems. The reasons as to why increasing the sustainability of
UK manufacturers’ FWM can be significantly beneficial, and consequently the justification of

the scope of this research presented in Section 2.5, is summarised in the list below:

1. Manufacturers generate the second largest quantity of FW in the UK FSC.
2. A large proportion of manufacturers’ FW is unavoidable and cannot be prevented.

3. Manufacturers often manage their FW in unsustainable ways, e.g. thermal treatments.
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4. Manufacturers’ FW is homogeneous and its composition and quality is generally
known, thus more FWMSs are suitable for use and results from their implementation
are more easily assessable.

5. Manufacturers tend to segregate their waste into different categories, or at least they
could easily start to do so, thus more FWMSs are suitable for use and results from
their implementation are more easily assessable.

6. FW generates an economic loss to manufacturers, thus they will presumably be
receptive to finding ways to improve their FWM if this causes an economic benefit.

7. Manufacturers generally have capacity to implement changes to optimise their
performance.

Whilst this chapter has reviewed the most significant options to manage FW, Chapter 5
reviews categorisations and methodologies that can be useful to identify the most

sustainable option to manage FW in the industry.
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CHAPTER S5 A REVIEW OF CATEGORISATIONS AND

METHODOLOGIES FOR FOOD WASTE MANAGEMENT

5.1 Introduction

The initial section of this chapter reviews and discusses existing categorisations of FNV. The
second section of the chapter evaluates methodologies and tools to assess waste
management systems, and their applicability to FWM systems. An analysis of the strengths
and weaknesses of these methodologies is used to identify research gaps that the research
reported in this thesis aims to fill. This analysis is also used to justify the need of this

research and to precisely define the research scope presented in Chapter 2.

5.2 Categorisations of food waste

FWs are heterogeneous materials which significantly differ from each other. It is readily seen
that there is a number of types of FW, with significant differences between them, e.g. in
terms of their chemical composition and nutrient content. These differences produce distinct
properties for each FW type, which presumably means that some FWMSs may be more
suitable and beneficial for some FW types than for others. As explained in Section 4.3.7, a
better understanding of the FW characteristics makes it easier to select the FWMS that
optimises the results obtained from FWM. This section reviews existing FW categorisations
and critically analyses their applicability and usefulness for identifying the most sustainable
FWMS. FW categorisations should consider all the divisions necessary to link the FW under
consideration with a FWMS in a way that their socio-economic benefit is optimised and their

environmental impact is reduced to its minimum level.

Generally, each study that deals with the FW issue uses its own categorisation of FW
(Lebersorger & Schneider 2011). This causes a lack of homogeneity amongst the different
studies, not only on FW definitions and categorisations, but also in assessments of
ramifications generated from FWM. A unified terminology is needed so results from different

studies are comparable.
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5.2.1 European regulations

The Commission Decision 2000/532/EC aimed at providing a common terminology for
Member States in order to improve the efficiency of waste management practices (European
Commission 2000). It includes a European List of Waste that encodes types of waste
according to their characteristics. This list is particularly useful to categorise hazardous
wastes. However, although it includes a category for wastes from agriculture, horticulture,
aquaculture, forestry, hunting and fishing, food preparation and processing, the food
categories used are too general. The European List of Waste is complemented by Directive
2008/98/EC (The European Parliament and the Council of the European Union 2008), which
also classifies hazardous wastes, in this case by its hazard type, e.g. explosive, oxidising,
flammable or irritant. These regulations were assessed by Sander et al. (2008) on behalf of
the European Commission, with the aim of simplifying and updating the aforementioned

legislation.

The European Commission also proposed a standard characterisation method for municipal
solid waste (European Commission SWA-Tool Consortium 2004). These classifications
include all types of waste, and therefore it is too general to be used for categorising FW in
sufficient detail to identify optimal FWM opportunities. Consequently, a tailored
categorisation process specific for food systems is necessary.

Furthermore, the European Directive 2006/12/EC, which was repealed in 2010, classified
waste into 16 categories, including according to the reason for disposal, damages in the
product, end of its service life and the original use of the product (European Parliament
2006). This classification criterion may be useful to understand why waste was generated,
but not particularly beneficial to decide how to manage it.

5.2.2 Categorisations of FW by food type

Narrowing down the scope of waste categorisations, the simplest FW categorisation
classifies FWs according to food types, e.g. cereals, fruits, meat, fish and drinks. This
classification is widely used and is useful to quantify the amount of FW based on mass,
energy content and economic cost. Bernstad Saraiva Schott & Cénovas (2015) analysed
avoidable FW types based on their associated environmental impact, recommending
classifying FW in the following categories: vegetables/fruit, bread, cheese, other dairy
products, fish, meat (beef) and meat (other than beef). As Bernstad Saraiva Schott &
Céanovas (2015) notes, this categorisation does not cover all FWV types, e.g. spices, oils,
most drinks, snacks and sweets.
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Zheng et al. (2013) assessed the methane yield potential of several FW types, which is
useful to model anaerobic digestion and landfilling operations. They concluded that FW
should be classified into animal-derived and plant-derived FW, and plant-derived FW should
be further subdivided into nut FW and non-nut FW.

Figure 5-1 shows an example in which domestic avoidable FW is categorised according to
high-level food types, and the proportion of each FW category represents its proportion of
weight or cost over the total. There are many other sources that categorises FW according
to its food type, e.g. Flores et al. (1999), Malamis et al. (2015). Venkat (2011) used a
comprehensive bottom-up approach in which 134 food products were analysed and then

classified into 16 major categories.

FW categorisations by food type are typically based on codes. The Food Loss + Waste
Protocol (2016) published a Food Loss and Waste Accounting and Reporting Standard
(FLW Standard) that recommends the use of the Codex Alimentarius General Standard for
Food Additives (GSFA) system or the United Nations’ Central Product Classification (CPC)
system as main codes, and when more precise classifications are needed, the Global
Product Category (GPC) code or the United Nations Standard Products and Services Code
(UNSPSC) as additional codes. These codes are described in the next page.
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Figure 5-1. Proportions of avoidable FW in households in 2012 by weight and cost. Adapted from
Quested et al. (WRAP) (2013) ®WRAP
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The GSFA (WHO & FAO 2016) code provides a comprehensive list of 16 food
categories along with a description of the foods in each category. It was designed to
describe admissible food additives for various food categories.

- The CPC (United Nations Statistics Division 2015) is not focused exclusively on the
food sector. In comparison to the GSFA system, its categorisation of some food
types is more detailed, providing more classification options.

- The GPC (GS1, GPC n.d.) provides detailed classification attributes for products,
however it focuses on retalil trade.

- The UNSPSC (GS1, UNSPC n.d.) provides a global classification framework for all

products and services in all industry sectors.

The GPC and UNSPC systems complement each other and do not overlap, and in the same

time both allow a more detailed FW categorisation than those by GSFA and CPC.

However, according to the FLW Standard, in some occasions these four classifications may
not provide enough detail of food types, e.g. for items that are composed of multiple
ingredients (e.g. ready meals), and this reduces the applicability of these codes. In this type
of cases, the FLW Standard recommends to describe such food product with a commonly-
used name that would be understood by those managing FW, although this lack of detail
would affect the selection of the FWMS.

The FLW Standard also distinguishes between ‘food category’ and ‘material type’. ‘Food
category’ alludes to the types of food included in the FW being reported, and refers to the
classifications based on the codes described above. On the other hand, ‘material type’ refers

to the composition of the FW, i.e. food, associated inedible parts, or both.

5.2.3 Categorisations of FW based on other criteria

Apart from the food sector to which the FW belongs to, FW can be categorised with regard
to its nutrient composition (e.g. carbohydrate and fat content (Russ & Meyer-Pittroff 2004)),
chemical composition (e.g. C, H, N, O, S and CI content (Hla & Roberts 2015)) or storage
temperature (e.g. ambient, chilled or frozen (Mena et al. 2011)). These are useful data to
classify FW based on its characteristics. Nonetheless, the information provided with these
examples is not enough detailed to facilitate the selection of the most suitable FWMS.

In the UK, WRAP also identified the stages of the FSC where FW was generated (e.g. at
manufacturing or retail level), which is relevant since FW from some stages of the FSC

cannot be managed in certain ways (e.g. catering waste should not be used for animal
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feeding (The European Parliament and the Council of the European Union 2009a)). WRAP
also assessed the edibility of FW, classifying FW into avoidable (parts of the food that have
been edible), unavoidable (inedible parts of the food, such as egg shells and bones) and
possibly avoidable (food that some people would have eaten and others do not, such as
bread crusts and potato skins) (Bridgwater & Quested 2013). Several authors have further
classified FW at the household level as cooked/uncooked, as unpackaged/packaged FW
(when waste is packaged, it is additionally sorted as opened/unopened packaging) and
according to their reason to disposal (Ventour 2008, Quested & Murphy 2014, Bernstad
Saraiva Schott & Andersson 2015). Leftovers and untouched food which goes to waste have
also been identified by other researchers, for instance Matsuda et al. (2012). Considering
these options is useful for a more detailed categorisation, but there is still a lack of
categories that further classify FW in a way that some FWMSs can be prioritised against
others based on sustainability performance, e.g. single ingredient or mixed product.
Furthermore, some of these classifications have been applied to household FW only, and a

comprehensive categorisation mustinclude all stages of the FSC.

Lin et al. (2013) used a more detailed categorisation where FW falls into the following
categories: organic crop residue (which includes fruits and vegetables), catering waste,
animal by-products, packaging, mixed FW and domestic waste. In this study the potential for
valorisation and some of the most appropriate options to manage FW were assessed for
each FW type. However, the edibility of FW and whether the food was fully processed during

manufacturing were not considered.

Edjabou et al. (2015) classified FW into two major categories: vegetable or animal-derived
FW, and avoidable-processed, avoidable-unprocessed or unavoidable FW. A more explicit
classification with sub-categories was also suggested by Lebersorger & Schneider (2011),
who classified FW into three main types, based on its avoidability, life-cycle stage and
packaging. The new category introduced, i.e. life-cycle stage, might be confusing because it
does not refer to the stage of the FSC where FW was generated nor to the specific point of
the product life cycle where food became FW, but rather to the edibility and final use of the
FW. Therefore, life-cycle stage is rather a more detailed assessment of the avoidability of
the FW. In this way, non-avoidable FW is named ‘preparation residues’, and avoidable FW
can be classified into ‘leftovers’, ‘whole unused food’, ‘part consumed food’ and ‘not
classifiable remainder’. This classification has been used to categorise household FW only.

From a different angle, the seven wastes from lean theory, also known by its Japanese

translation as mudas, consist of transport, inventory, motion, waiting, overproduction, over-
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processing and defects. Chabada et al. (2013) used that seven-waste approach to classify
categories of FW in fresh foods and determine the causes of waste generation, but not to
identify solutions for FWM.

In summary, a comprehensive and exhaustive analysis of all types of FW to support
sustainable FWM has yet to be published. A holistic approach, where all relevant sub-
categories of FWs are identified and assessed, is necessary to identify sustainable FWMS.
This FW categorisation should be used to propose or discard potential solutions for FWM. A

solution to fill this knowledge gap is described in Chapter 7.

5.3 Methodologies and tools to support food waste management

An increasing number of articles have been published over the last years not only to identify
sustainable solutions for FWM, but also to propose strategic decision-making approaches to
support the identification of such solutions. These approaches consist in methodologies,
frameworks, decision-support systems and software tools. This section reviews and

analyses existing approaches to support sustainable management of FW.

Models to support decision making were first applied to waste management in the late 1960s
(Karmperis et al. 2013). Whilst the first solid waste management models were optimisation
models, later models were compromising models, which assume that the decision maker
may have limited knowledge of the waste management problem, and are focused in
integrated waste management and its sustainability implications (Morrissey & Browne 2004).

Chang et al. (2011) published a comprehensive review of simulation and optimisation
models for solid waste management developed before 2010, dividing them into systems
engineering models, systems analysis platforms and system assessment tools. They
concluded that there is a lack of a whole waste-management cycle approach. Ness et al.
(2007) categorised tools for sustainabilty assessment into three main categories:
indicators/indices, product-related assessment and integrated assessment, and concluded
that most sustainability tools actually focus on environmental ramifications only, disregarding

economic and social implications.

The most widely used decision support frameworks are life-cycle assessment, cost-benefit
analysis and multi-criteria decision making (Morrissey & Browne 2004, Karmperis et al.
2013). The following sub-sections review these frameworks, providing examples of their use

and identifying software tools that support the use of the aforementioned frameworks.
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5.3.1 Life-cycle assessment

Life-cycle assessment (LCA) is a methodology to assess environmental impacts associated
with all life cycle stages of a product, i.e. raw materials extraction, manufacture, distribution,
use, repair and end of life (generally, disposal or recycling). In this context, the term ‘product’
refers to both physical goods and services, and often the analyses refer to the function of the
product rather than to the product itself (Guinée et al. 2004). LCA has been proven to be a
useful method to identify opportunities for pollution prevention and for increasing efficiency of
industrial practices (Rebitzer et al. 2004).

The LCA procedure has significantly developed during the last decades, and some specific
areas with regard to databases, quality assurance, consistency and harmonization of
methods have experienced notable improvements (Finnveden et al. 2009). Allesch &
Brunner (2014) reviewed 151 articles that investigated decision support for waste
management and concluded that 41% of the studies were based on LCA.

LCA uses life-cycle inventory data to facilitate the assessment of environmental indicators
for different products. Some of the most significant impacts usually analysed with LCA are
climate change, stratospheric ozone depletion, photooxidant formation (smog),
eutrophication, acidification, toxicological stress on human health and ecosystems,
resources depletion and noise. There are different modelling possibilities and methodologies
that support calculation of these impact indicators from life-cycle inventory data (Pennington
et al. 2004). However, converting the results of each impact indicator to a single score is
intricate, since it requires the use of value judgments. This can be done in different ways, for
instance by using previous knowledge and experience of the commissioner of the study or
the LCA user, or preferably through the use of an expert panel, but in any case it cannot be

done based solely on natural science (Scientific Applications International Corporation 2006).

Due to the widespread use of LCA in many areas of the world and its application to assess
very different products, the usage of LCA has been standardised by the International
Organization for Standardization. Currently, the following two standards apply:

1. ISO 14040:2006, which describes the principles and framework for LCA, including
the definition of the four main phases of LCA: goal and scope, life-cycle inventory
analysis (LCI), life-cycle impact assessment (LCIA) and life-cycle interpretation. ISO
14040:2006 also provides a reporting and critical review of LCA, and describes
limitations of LCA, the relationship between the LCA phases, and conditions for use
of value choices and optional elements (ISO 2006a).
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2. I1ISO 14044:2006, which specifies requirements and provides guidelines for the
phases and areas described in ISO 14040:2006 (ISO 2006b).

In order to compare LCA results for different products or production processes, it is
important to use consistent data and not to mix information from different data sources or
obtained from different methodologies. The three most widely used methodologies to
undertake an LCA are CML, EDIP and Eco-indicator 99 (Laurent, Clavreul, et al. 2014). CML
is a method developed by the Centre of Environmental Science of Leiden University which
includes a set of impact categories and characterization methods for the impact assessment
step (Pré Consultants 2016). EDIP includes the modelling of dispersion of substances and
subsequent exposure increase, along with background exposure and vulnerability of target
systems (Hauschild & Potting 2005). Eco-indicator 99 allows representing the environmental
impact of a product with a single score. This is achieved in three steps: obtaining an
inventory of emissions, resource extractions and land use across the life cycle of a product;
calculation of damages to human health, ecosystem quality and resources; and weighting
the damage categories (Ministry of Housing, Spatial Planning and the Environment (The
Netherlands) 2000). Another noteworthy methodology is ReCiPe, which is based on both
CML and Eco-indicator 99, and comprises harmonised category indicators at the midpoint
level (such as acidification, climate change and ecotoxicity, from CML) and the endpoint
level (such as damage to human health and damage to ecosystem quality, from Eco-
indicator 99) (Goedkoop et al. 2013).

Life-cycle inventory data is usually obtained from databases. The most widely used
databases to undertake an LCA for solid waste management systems are Ecolnvent,
BUWAL and EASEWASTE (Laurent, Clavreul, et al. 2014). Data collection and subsequent
impact calculation are commonly laborious tasks. Because of this, the use of software to
undertake an LCA has spread during the last decades. Currently, there are a number of
commercial software packages specific for LCA. The most used software tools to undertake
an LCA for solid waste management systems are SimaPro, EASEWASTE, GaBi and
ORWARE. Some of these software packages, such as EASEWASTE, SimaPro and GaBi,
have embedded their own life-cycle inventory data (Laurent, Clavreul, et al. 2014). Table 5-1
shows the most relevant software tools for LCA and remarkable examples of their use to
model waste management in the last 10 years.

LCA is a useful tool to model waste management systems (Winkler & Bilitewski 2007).
Although LCA usually considers the entire life cycle of a product, LCA for waste streams

generally narrows the analysis to the life cycle of the waste material, from the point the
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Table 5-1. Most relevant LCA software tools and examples of their use to model waste management

Hung et al. (2007), Kaufman et al. (2010), Sevigné-ltoiz et al. (2015),

SimaPro Panepinto et al. (2015)
Christensen et al. (2007), Martinez-Sanchez et al. (2016), Cristébal et
EASETECH/EASEWASTE al. (2016), Turner et al. (2016), Manfredi & Cristobal (2016)
GaBi Tagliaferri et al. (2016), Ameli et al. (2016)
ORWARE Eriksson et al. (2002), Eriksson et al. (2014)
IWM2
DST Winkler & Bilitewski (2007), Gentil et al. (2010)
WISARD
WRATE Gentil et al. (2010)
SSWMSS
TRACI Hodge et al. (2016), Soltani et al. (2016)
Total 3 Kim & Kim (2010)
ARES Winkler & Bilitewski (2007)
EPIC/CSR Winkler & Bilitewski (2007), Gentil et al. (2010)
SPlonexcel Cherubini et al. (2009)

product is discarded until the waste has either been converted into a new resource (e.g. a
recycled material or recovered energy), or when the waste has finally become part of the
ecosphere (Hauschild & Barlaz 2009).

Although 50-60% of the publications between 2000 and 2015 that used LCA to assess solid
waste management were dedicated to MSW management (Komilis & Ferrer 2017), there are
several examples of LCA undertaken to study management of FW. Lee et al. (2007)
analysed environmental ramifications of feed manufacturing, composting, incineration and
landfilling of separate collection of FW and municipal solid waste (MSW) in Seoul and
aggregated them into global warming, human toxicity, acidification, eutrophication and
ecotoxicity. Khoo et al. (2010) evaluated environmental impacts of anaerobic digestion,
composting and incineration of MSW in Singapore, although left some considerations out of
the scope of LCA, such as transportation. Kim & Kim (2010) assessed dry and wet feeding,
composting and landfilling of household FW but considered only global warming and
resource recovery as environmental impacts. Liamsanguan & Gheewala (2008) used LCA to
assess energy consumption and GHG emissions of incineration and energy recovery of
MSW in Phuket, Thailand. Lundie & Peters (2005) compared the environmental performance
of home composting, centralised composting and landfill of household FW and concluded
that it is necessary to employ LCA in combination with other tools that address technical,
social and microbiological risk implications to achieve an integrated assessment of the FW
problem. Bernstad & La Cour Jansen (2012) compared 25 LCAs addressing FWMSs such
as anaerobic digestion, composting, thermal treatment and landfill, and found significant
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differences between studies with regard to delimitation of system boundaries,

methodological choices and variations in used input.

Most of the weaknesses identified for LCA methodologies and tools, such as those remarked
by Karmperis et al. (2013) and Gentil et al. (2010), also occur when assessing environmental
implications of different FWMSs with LCA. For instance, developing and using an LCA model
is usually complex and time consuming; data available may be lacking; and LCA requires
significant assumptions, such as boundary conditions, data sources, impact assessment
criteria and weights, which are often subjective and even arbitrary. Furthermore, Laurent,
Bakas, et al. (2014) asserted that LCA results from the study of MSW systems are strongly
dependent on local conditions. Corrado et al. (2017) also noted that discrepancy in
definitions of FW and the LCA approaches used significantly affect results from LCA.
Consequently, a specific tool that considers the particularities of FW and FWM, and more
specifically the unique conditions of a specific food manufacturing environment, would be
advantageous to find targeted, bespoke solutions for sustainable FWM. This approach is
also suggested by Notarnicola et al. (2017).

5.3.2 Cost—benefit analysis

Cost-benefit analysis (CBA) has been defined as a “systematic approach to estimating the
strengths and weaknesses of technology alternatives that satisfy agency business
requirements” (International Records Management Trust 2006). However, CBA is not only
used to assess technology alternatives, but also to evaluate programmes, decisions, policy,
or any project in general. CBA may be used for the following purposes (Mishan & Quah
2007):

1. Decide whether a project should be undertaken.

2. If there is more than one feasible project to undertake, decide which one to
undertake.

3. At what level a manufacturing plant should operate.
What combination of outputs the company should produce.

For a project to qualify following a CBA, its social benefits (i.e. increases in human wellbeing)
must exceed its social costs (i.e. reductions in human wellbeing) (Pearce et al. 2006). These
benefits and costs must be converted into monetary values to be assessed by CBA, and
include both real economic benefits/costs and non-marketed implications such as damages
to health or the environment (namely externalities) (Finnveden et al. 2007).
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A standard CBA is structured in seven steps: description of the context, definition of
objectives, identification of the project, technical feasibility and environmental sustainability,
financial analysis, economic analysis and risk assessment (European Commission 2014).

CBA has significant weaknesses. For instance, it is very complex, and inherently flawed, to
translate all implications of a decision into monetary terms, e.g. consequences to human
health and impacts to environment (Heinzerling & Ackerman 2002). The same authors claim
that the case for CBA of environmental protection is, “at best, wildly optimistic and, at worst,
demonstrably wrong”, and that CBA should not be used to assess environment implications
of decisions. Arvanitoyannis (2008) also highlighted the problems of using CBA to support
environmental policies due to its high uncertainty regarding the estimations of external

environmental costs.

Despite its shortcomings, CBA has been previously used to analyse waste management
systems. For instance Eshet et al. (2005) used CBA to analyse externalities of incineration
and landfilling of waste, Jamasb & Nepal (2010) applied a social CBA to evaluate socio-
economic implications of waste-to-energy systems and Aye & Widjaya (2006) applied both
LCA and CBA to the assessment of anaerobic digestion, composting and landfilling. The
Nordic Council of Ministers (2007) published an exhaustive guideline for CBA in waste
management, and noted that CBA is only supposed to ‘assist’ in the decision making, since
not all information can be captured in a CBA.

When applying a CBA in solid waste management, this methodology also presents
significant weaknesses, such as those identified by Karmperis et al. (2013): valuing non-
market goods is complex, comprehensive CBA models are time-consuming to develop, it is
difficult to measure benefits and costs of a project with regard to its environmental impacts,
and values of variables needed to model CBA may change and invalidate the simulation.
Reich (2005) concluded that CBA is a very ambitious method, but it also lacks in
transparency. Because of the reasons explained in this section, and also considering the
lack of previous use of CBA to assess FWMSs, CBA is not considered a sound methodology
to support sustainable management of FW.

5.3.3 Multi-criteria decision-making / multi-criteria decision analysis

Multi-criteria decision-making (MCD M) or multi-criteria decision analysis (MCDA) (hereinafter,
both referred as MCDM) are methodologies to support decision making when there are
multiple, usually conflicting, objectives in which the decision maker must choose amongst

quantifiable or non-quantifiable and multiple criteria to reach a compromise solution
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(Pohekar & Ramachandran 2004). MCDM usually consists of the following main steps
(Opricovic & Tzeng 2004):

1. Establish criteria for system evaluation to relate system capabilities to goals
Develop alternative systems to achieve the goals
Evaluate options according to the criteria, applying a normative multi-criteria
analysis method
Choose one option as optimal

5. In case the final solution is not accepted, collect more information and start the next
stage of iteration

MCD M methods are advantageous because they are flexible methodologies, which take into
account both qualitative and quantitative criteria, and allow considering and prioritising
different stakeholders’ views (Karmperis et al. 2013).

MCDM has been widely used to support waste management. There are a number of
different MCDM methods, which generally differ in the type of decision criteria, type and
number of alternatives, approach to compensation amongst decision criteria and preference
ordering (Stefanovi¢ et al. 2016). The most relevant MCD M methods for waste management
are briefly described and discussed in the next sub-sections.

5.3.3.1 Analytic Hierarchy Process / Analytic Network Process

The Analytic Hierarchy Process (AHP) is a MCDM methodology presented by Thomas L.
Saaty in 1980. It comprises the following three major stages (Wind & Saaty 1980):

1. Decomposing the problem into a hierarchy of different levels

2. Establishing priorities amongst the elements in each level of the hierarchy by asking
each stakeholder involved in the decision making to evaluate each set of elements
on a pairwise basis

3. Calculating the priorities and consistency

The Analytic Network Process (ANP) is an extension of the AHP (Huang et al. 2011), and
uses a similar procedure but adds a feedback loop for the different criteria and allows
interrelations between them (Achillas et al. 2013).

There are a number of examples of the use of AHP to assess different waste management
strategies, although AHP has been used mostly to decide location of waste treatment plants
(Angelo et al. 2017). Vucijak et al. (2015) used AHP to evaluate criteria weights along with
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another MCDM method, namely VIKOR (explained in Section 5.3.4), to rank alternatives for
MSW management based on environmental, economic, social and technical criteria. Su et al.
(2010) assessed social, economic and management aspects of waste treatment practices
combining LCA, TOPSIS (explained in Section 5.3.3.4) and AHP. Chen (2010) applied data
envelopment analysis (a linear programming technique) and AHP to evaluate the efficiency
of MSW generation, sorting and collection. Herva & Roca (2013) applied the ecological
footprint and MCDM comprising AHP and two outranking methods (PROMETHEE and GAIA,
described in Section 5.3.3.3) to assess the environmental performance of thermal plasma
gasification, biological treatment of organic fraction with energy recovery from refuse derived

fuel, incineration with energy recovery and landfilling of MSW.

A number of software tools can be utilised to support the use of AHP, for instance Herva &
Roca (2013) used Microsoft Excel and MATLAB to establish criteria weights. Other
examples of software tools are EXPERT CHOICE, HIPRE 3+ and LOGICAL DECISIONS
(Morrissey & Browne 2004).

Nevertheless, AHP has rarely been used to assess FWM. Two isolated examples are the
work by Chen et al. (2014), who used AHP to assess the safety of directing FW to animal
feeding, and Babalola et al. (2015), who applied AHP to assess sustainability of animal
feeding, rendering, anaerobic digestion, composting, incineration with energy recovery and
landfilling to deal with food and biodegradable waste.

Hung et al. (2007) pointed out that AHP presents significant weaknesses to deal with real-
world waste management decisions in which there are numerous stakeholders with different
points of view, and proposed to combine AHP with a consensus analysis model (CAM). CAM
allows assessing the degree of consensus between stakeholders, complementing AHP. This
approach was applied by Hung et al. (2006) and Hung et al. (2007) to assess environmental,
economic, social and technological considerations of hog feeding, anaerobic digestion,

composting, incineration and landfilling of FW in Taiwan.

5.3.3.2 Multi-Attribute Utility Theory

The Multi-Attribute Utility Theory (MAUT) aims at expressing the preferences (namely
utilities) of muilti-attribute outcomes as a function of the utilities of each attribute alone
(Torrance et al. 1982). MAUT has a similar procedure than that of AHP, and in fact AHP is
sometimes classified as a MAUT approach (Dyer et al. 1992). MAUT comprises the following
steps (Min 1994):
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1. Identify the goals of the decision and define the problem scope

2. Define a set of attributes which affect the decision outcome and structure them in
the form of a hierarchy

3. Obtain information of the attributes from the decision maker(s) and decide their
relative importance

4. Establish functional relationships between the attributes and the utility scores, using
probability distributions if relationships are uncertain

5. Calculate the overall utility score for each decision alternative and subsequently
rank alternatives

6. Undertake a sensitivity analysis

MAUT has been applied to solve waste management problems. For instance, Kijak & Moy
(2004) proposed a framework for MSW management that includes streamlined LCA,
consideration of economic and social implications, data integration, valuation and
interpretation. For valuation and interpretation, MAUT was used to assist with the integration
of qualitative and quantitative information. The application of MAUT was aided by the use of
the software package Criterium DecisionPlus 3.0, developed by InfoHarvest Inc. Binder et al.
(2008) used MAUT to assess environmental, social and economic aspects of the use of
radio frequency identification devices for waste and resource management.

One isolated example of the use of MAUT to assess different options for FWM s the work by
Chadderton et al. (2016). They used a modified swing-weighting technique (namely
SMARTER: Simple Multi-Attribute Rating Technique Exploiting Ranks) that allows the
decision maker to identify the objective that is the most important to them and weigh the
other objective relative to that one. MAUT was used to determine the overall utility of each
alternative.

5.3.3.3 OQutranking

Outranking procedures requires comparison between alternatives to be made in a pairwise
fashion, which are characterised by the limited degree to which a disadvantage on a
particular viewpoint may be compensated by advantages on other viewpoints (Pirlot 1997).
For this reason, outranking methods have been classified as ‘non-compensatory’ or ‘partially
compensatory’ methodologies (Pirlot 1997, de Boer et al. 1998). Outranking models deal
well with both qualitative and quantitative attributes and with imprecise situations (de Boer et
al. 1998).
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ELimination and Choice Expressing REality (ELECTRE) and Preference Ranking
Organization METhod for Enrichment Evaluations (PROMETHEE) are the most significant
outranking models which have been used to evaluate different environmental issues (Huang
et al. 2011, Karmperis et al. 2013), although no examples were found in which they were
applied to assess FWMSs. ELECTRE was the most commonly used method to undertake
waste management decisions up to 2004 (Morrissey & Browne 2004), but a more recent
review by Huang et al. (2011) shows a decline in its use compared to other methods.
ELECTRE needs weights of criteria, preference and indifference thresholds and veto
thresholds; the latter two are determined by analysts (Hokkanen & Salminen 1997). Two
relevant examples are the application of ELECTRE to assess management of MSW in
Greater Athens area (Karagiannidis & Moussiopoulos 1997) and to assess management of

solid waste in Uusima region in Finland (Hokkanen et al. 1995).

PROMETHEE includes the following steps: determination of deviations based on
comparisons on a pairwise basis, application of the preference function, calculation of an
overall preference index, calculation of outranking flows and calculation of the net outranking
flow (Behzadian et al. 2010). Herva & Roca (2013) combined AHP with PROMETHEE and
its complement Geometrical Analysis for Interactive Aid (GAIA), to assess the environmental
performance of four different treatment options for MSW. They used the software Decision
Lab 2000 (Visual Decision Inc., 2009) to apply the PROMETHEE/GAIA model. Bertanza et
al. (2016) used the web application D-Sight to apply the PROMETHEE/GAIA model to

evaluate the selection of a sewage sludge management strategy.

5.3.3.4 Technique for Order of Preference by Similarity to Ideal Solution

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) consists of
finding the optimal solution by ranking alternatives based on the shortest distance from the
positive ideal solution and the farthest from the negative ideal solution (Shih et al. 2007).
TOPSIS has significant advantages compared with other MCDM methodologies, such as a
sound logic that represents the rationale of human choice, a scalar value that accounts for
both the most and least appropriate alternatives simultaneously, and a simple computation
process (Kim et al. 1997). Shih et al. (2007) also considers as an important advantage that

TOPSIS allows to visualise the performance measures of all alternatives on a polyhedron.

There are several examples of the use of TOPSIS to assess waste management scenarios.
For instance, Su et al. (2010) used TOPSIS to integrate quantitative and qualitative analyses
on the social, economic, and management aspects of waste treatment policies. Aghajani Mir
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et al. (2016) combined extended versions of TOPSIS and VIKOR (described in Section 5.3.4)

to identify the optimal MSW management option. With regard to the application of TOPSIS to
assess food systems, Roghanian et al. (2014) used TOPSIS to rank different suppliers in a
FSC.

5.3.3.5 Conclusions of MCDM methods used to assess sustainability of waste
management

The most used MCDM methods to assess environmental issues of waste management are
AHP/ANP, followed by MAUT and PROMETHEE (Huang et al. 2011, Vucijak et al. 2015). In
spite of their widespread use, MCDM models have a significant weakness: the evaluation
criteria by decision makers and, specifically, the weight assigned in each criterion may be
subjective (Karmperis et al. 2013). Huang et al. (2011) asserted that the different MCDM
methods are ultimately similar and decision makers choose a method mostly based on
familiarity and available opportunities, and finally recommends an integration of various

methods and tools.

The challenge of identifying the most sustainable FWMS is a multi-criteria problem, since
different and sometimes conflicting goals exist, which can be classified into environmental,
economic and social goals. On many occasions, MCDM methodologies are used to make a
decision when there are different stakeholders and/or decision makers. Nevertheless, as
defined in the scope of research in Chapter 2, the research presented in this thesis aims to
consider the food manufacturer as the sole decision maker, although there can be other
stakeholders affected by that decision, and some of these are considered in the research
scope, e.g. the wellbeing of citizens of the area is considered when defining social
implications of FWM. Furthermore, in order to effectively use MCDM methods, a sound
understanding of sustainability implications of FWM is needed. Chapters 7-9 present a novel
methodological framework that support the evaluation of the aforementioned sustainability
implications, which can be subsequently used by decision makers by using any of the

MCDM approaches described in this section.

5.3.4 Other methodologies

There are a number of other methodologies to support decision making which can be used

to find sustainable solutions for waste management, such as game theory and ASPID.

Game theory is “the study of mathematical models of conflict and cooperation between
intelligent rational decision-makers” (Myerson 1991). It has been used in a wide range of
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applications, including waste management. Karmperis et al. (2013) analysed game-theoretic
approaches in decision support models for solid waste management, focusing on the
cooperative part of game theory. They presented the “waste management bargaining game
framework”, which addresses the problem where the stakeholders negotiate over a surplus
yielded through solid waste management systems, and the stakeholders are partially
cooperative (they aim to reach an agreement) and partially conflicting (they have different
objectives). Soltani et al. (2016) designed a framework for the selection of MSW treatment
options, which models conflicting priorities of stakeholders over sustainability criteria. Game
theory is subsequently applied to support stakeholders to decide how to share the costs and

benefits fairly, guiding them towards an agreement on a sustainable solution.

The Analysis and Synthesis of Parameters under Information Deficiency methodology
(ASPID) is a mathematical method based on the synthesis of fuzzy sets to determine
weighting factors given in a form of equality or inequality, and can use non-numerical,
inexact and incomplete information to generate results (Pilavachi et al. 2009, Stefanovi¢ et al.
2016). ASPID has been used to model energy systems, but it had never been used to
assess sustainability of waste management practices until 2016 (Stefanovi¢ et al. 2016).
Stefanovi¢ et al. (2016) used ASPID to assess environmental, economic and social
performance of recycling, anaerobic digestion, composting, thermal treatment and disposal

of waste, obtaining similar results as with AHP method.

Other methods that have been applied more rarely to waste management, or are bespoke
solutions, are explained in this paragraph. VIKOR, which stands for Multicriteria Optimization
and Compromise Solution in Serbian, was used by Vucijak et al. (2015) to rank alternatives
for selecting the MSW management scenarios considering environmental, economic, social
and technical aspects. Wang et al. (2012) used an interval-valued fuzzy-stochastic
programming (IVFSP) approach to assess MSW management under uncertainty. IVFSP has
the feature of being capable of reflecting the confidence of decision makers over subjective
judgments. Harrison et al. (2001) presented a software-based decision-support framework
for solid waste management that incorporates Microsoft Excel, Visual Basic for Applications
(hosted by Excel), and the CPLEX LP solver. Khan et al. (2015) developed a decision model
to assess techno-economic aspects of different MSW scenarios called FUNdamental
ENgineering PrinciplEs-based ModeL for Estimation of Cost of Energy and Fuels from MSW
(FUNNEL-Cost-MSW). Hanandeh & El-Zein (2010) presented the Stochastic Integrated
Waste Management Simulator model, which provides a view of the environmental impacts
and economic costs of MSW management options under conditions of uncertainty. Tan et al.
(2014) presented a model supported by the software General Algebraic Modelling System
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which aims to predict the best mix of waste treatment technologies, forecast the production
of by-product from waste treatment processes, estimate the facility capacity, forecast the
GHG emissions of the system, and generate an optimal, cost-effective solution for MSW.
Zaman & Lehmann (2013) proposed a ‘zero waste index’ for forecasting the amount of virgin
materials, energy, water and greenhouse GHG substituted by the resources that are
recovered from waste streams. Levis et al. (2013) presented the Solid Waste Optimization
Life-cycle Framework to minimise costs and environmental impacts of the collection and
treatment of solid waste. Rigamonti et al. (2016) defined a composite indicator to assess
environmental and economic sustainability of integrated MSW management systems.
Similarly, Wilson et al. (2015) presented a qualitative-quantitative indicator set for integrated
waste management to allow benchmarking of a city’s performance in terms of its
sustainability performance. Xu et al. (2016) used a stakeholder analysis and social network
model to analyse management of household FW. Bergeron (2017) presented an Analytical
Method of the Waste Allocation Process to describe, classify, explain and predict outcomes
of waste management systems. Ho et al. (2017) presented a novel method known as Waste
Management Pinch Analysis to identify waste management strategies based on specific
targets. With regard to FWM, Manfredi & Cristobal (2016) proposed a methodology based on
LCA (supported by EASETECH), multi-objective optimisation and Pareto optimality concepts

to quantitatively evaluate the environmental and economic performance of FWM options.

5.3.5 Applicability of existing methodologies to support food waste management

Allesch & Brunner (2014) reviewed 151 articles that investigated decision support for waste
management and concluded that below 20% of the studies analysed impacts on the three
pillars of sustainability: environmental, economic and social implications. Typically,
methodologies consider one of the pillars only, e.g. LCA assess environmental impacts,
whilst its counterpart Life-Cycle Costing (LCC) analyses economic performance and Social
Life-Cycle Assessment (SLCA) assesses social implications (Klopffer 2003). More recently,
it has been proposed to integrate these methodologies into a Life-Cycle Sustainability
Analysis (LCSA), which can be used to assess all sustainability implications of an activity or
product in its life cycle (Kloepffer 2008). In 2006, the European Commission started the
Coordination Action for innovation in Life-Cycle Analysis for Sustainability (CALCAS) project,
which generated a framework for LCSA (Guinee et al. 2010). This is a young research area
that still needs to be further developed and tested in a variety of situations. Literature on
LCSA of FWM or, more generally, waste management, is lacking. Furthermore, LCSA

presents similar problems than those of LCA, as discussed in Section 5.3.1: complexity,
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availability of data, subjectivity of the criteria chosen and difficulty to extrapolate local results

to obtain general conclusions.

Generally, methodologies and tools focus on different aspects of reality. Therefore, a
combination of them can provide a more holistic description of the real situation and offer
additional advantages (Ekvall et al. 2007, Achillas et al. 2013). For instance, Angelo et al.
(2017) successfully combined LCA and MCD M (supported by the software tool VIP-analysis)
to assess management of household FW from Rio de Janeiro. Arena & Di Gregorio (2014)
and Martinez-Sanchez et al. (2015) used a LCC approach to assess economic, social and
environmental costs. Nevertheless, this brings the challenge of collecting and managing
large amounts of information, due to the assessment needed to analyse different aspects of

waste management, e.g. environmental, economic and social ramifications.

Furthermore, developing frameworks and tools which are case and site specific, for instance
for FWM and for one particular food company, may provide additional benefits (Ness et al.
2007, Pires et al. 2011). Up until now, there are not enough examples of methodologies for
waste management applied to FWM, and bespoke methodologies for FWM are lacking.

Hence, there is a clear need to harmonise the different methods to assess the sustainability
implications of waste management and apply them to FWM. The research area of FWM
would benefit from a holistic approach to identify the most relevant attributes for FWM and
develop a framework for its management. This would facilitate the collection and use of large
amounts of data. As a result, bespoke solutions to manage FW more sustainably can be
proposed. Holistic approaches were also suggested by Lee et al. (2016) to assess

management of MSW.

Del Borghi et al. (2009) proposed a useful approach to waste management which includes:
definition and categorisation of waste streams, development of a waste hierarchy to guide
preferential order of different options and identification of specific, key environmental
indicators. This seems to be a helpful initial approach that can be applied to FWM and it is

explored in Chapters 7 and 8.

5.4 Chapter summary

This chapter has reviewed the most relevant categorisations of FW and methodologies and
tools that can be used to support FWM. It was concluded that there is a lack of a
comprehensive and exhaustive analysis of all types of FW with the final aim of supporting

sustainable FWM. Furthermore, a sound FW classification is the first step needed to identify
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the most sustainable solution for FWM. A novel FW categorisation, developed with this aim,

is presented in Chapter 7.

A number of methodologies and associated software tools that have been used to assess
waste management systems have been reviewed. They have been classified into LCA, CBA
and MCDM methods. Some of the methodologies have not yet been applied to FWM
problems. Strengths and weaknesses of each methodology have been identified, and their
applicability to FWM systems has been discussed. Consequently, the need for specific,
bespoke methodologies for FWM has been identified. A starting point would be to assess
sustainability implications of FWM. Chapters 7-9 present a novel systematic framework to
assess the aforementioned sustainability implications. This can be subsequently used by
environmental managers to assess environmental impacts with LCA, financial managers to
analyse economic performance and finally decision makers by using any of the MCDM
approaches described.
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CHAPTER 6 RESEARCH METHODOLOGY

6.1 Introduction

This chapter explains the research methodology used in this thesis. It starts by providing a
definition of ‘research’ and an overview of different research types and methodologies,
discussing the applicability of each. At the end of the chapter, the research methodology
selected in this thesis is presented and justified.

6.2 Overview of research types

Research constitutes “creative and systematic work undertaken in order to increase the
stock of knowledge — including knowledge of humankind, culture and society — and to devise
new applications of available knowledge” (OECD, 2015). According to this source, every
research activity must be novel, creative, uncertain, systematic, and transferable or
reproducible.

Research activities are very diverse and can be divided into several research types. Kothari
(2004) described different types of research according to a set of criteria, which can be seen
in Figure 6-1 and are described below. In each section of the diagram, one research type, or
a mixture of both is used. This means that each piece of research belongs to one research

type for each research criteria (according to Figure 6-1).

Descriptive research aims to describe and report situations that exist at present through
measures and without any control over the variables. On the other hand, analytical research
uses information already available to make a critical analysis of the situations and draw
conclusions.

- Descriptive - Applied - Quantitative - Conceptual

- Analytical - Fundamental - Qualitative - Empirical

Figure 6-1. Stages to decide different types of research. Based on Kothari (2004)
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Applied research looks at the applicability of the research to modify some phenomena and
gain a benefit from it, solving a specific problem. On the other hand, fundamental (or basic)
research is aimed at gaining an understanding of observed phenomena and predicting how
they will behave in the future, adding information to the existing body of knowledge.

Quantitative research seeks to confirm or refute a pre-established hypothesis through
objective measurements, for instance by using experiments and collecting data, in which
numerical results are obtained. Qualitative research is concerned with qualitative
phenomena, such as opinions and behaviours, and it may use interviews, surveys, tests and
tools alike to obtain results. Quantitative research is more commonly used in physics,
engineering and similar disciplines, whilst qualitative research is typically more useful in

social and business research.

Conceptual research is related to abstract ideas and theories, and it is used to develop new
ideas or to reinterpret existing ones. Empirical research uses empirical evidence, i.e.
generating knowledge through experience and observation. Empirical research uses
experiments to generate results, generally manipulating some variables and analysing the
effects caused in others, whilst conceptual research seeks the development of new or

existing theories generally without experimentation.

Research activities can be classified in further groups. Kothari (2004) also identified and
described additional types of research, including one-time research or longitudinal research,
depending upon the number of time periods used to carry out the research; field-setting
research, laboratory research or simulation research, depending upon the environment in
which the research is developed; exploratory research or formalized research, depending on
whether the research attempts to develop or test theories; and conclusion-oriented research
or decision-oriented research, depending upon the freedom the researcher has to decide the

scope of the research.

In spite of the classification described above, numerous research activities are currently
carried out using a combination of different research types. This type of ‘multi-method
research’ has the advantage of benefitting from the strengths of each research method
utilised, which is particularly useful in research that involves several phases. A multi-method
research enables the use of a more holistic approach to address the research area under

investigation.

In addition to the research types described above, Technology Readiness Level (TRL) is a

useful tool to categorise research activities. TRL was developed by the National Aeronautics
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and Space Administration (NASA) during the 1970-80s in order to assess maturity of
particular technologies and enable a consistent comparison of maturity between them
(EARTO, 2014). TRLs are based on a scale from 1 (early/blue sky research) to 9 (the most
mature technology), as shown in Figure 6-2. TRLs are widely used by organisations,
industries and businesses to enable planning of future development stages and timescales
for a particular technology.

6.3 Research methodology

This section explains the research methodology applied in this thesis, based on the types of
research identified in the previous section. It also describes the various phases in the
development of the research.

6.3.1 Type of research used in this thesis

The different research types described in the previous section have been considered when
devising the research methodology to be used in this work. Following the stages listed in

Figure 6-1, the research types that best describe the methodology used in this research are:

- Analytical research: the present research aims not only to understand the existing
FWM practices, but also to critically analyse FWM issues to propose alternative
solutions or approaches in which FWM is improved with regard to sustainability
criteria. The alternatives proposed are also discussed and analysed in the context

of required improvements.

;™ Basic principles observed

* Technology concept formulated

A - * Experimental proof of concept

* Technological validity in a lab

- * Technology validated in relevant environment
* Technology demonstrated in relevant environment
* System prototype demonstration in an operational environment

* System completed and qualified

* Actual system proven in operational environment

Figure 6-2. Technology Readiness Levels. Based on EARTO (2014)
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- Fundamental research: the present research attempts to improve FWM through
an analysis of current situations and proposed alternatives, but does not
specifically consider the development of new technologies. The solutions
described are proposed for the food industry, but it is their ultimate decision
whether to apply them or not; however, the results predicted from their
implementation have been estimated. Furthermore, the present research is
computer based (based on framework development, modelling and simulation)

rather than based on laboratory investigations.

- Qualitative and quantitative research: the present research incorporates aspects
of both qualitative and quantitative research, as it studies qualitative issues (e.g.
edibility of food, reasons for FW generation, feasibility of redistribution) and
guantitative matters (e.g. amount of food being wasted, economic costs,
emissions of greenhouse gases). When generating and analysing results, both
gualitative and quantitative outcomes are examined in the context of sustainability
in FWM.

- Conceptual research: the present research aims to develop new approaches to
FWM through the development of a novel framework, FW categorisation and
terminology. This research is not built upon direct observations or laboratory
experiments made by the author of the thesis, but it is based on the analysis of
previous experiences and research carried out by other researchers and

industries.

In addition to the main four stages to define different types of research (Figure 6-1), the
present research also incorporates aspects of simulation research and field-setting research.
Initially, the present research focuses on modelling and simulating FWM practices currently
used in the food industry and also feasible alternatives. However, the use of case studies to
prove the research validity is related to field-setting research, as it includes industrial visits,
data collection, and consultation with company employees from various food industries.

It is important to note that a range of research approaches have been utilised within each
research category. For instance, the analytical research has been chosen over descriptive
research, nonetheless the literature review chapters of the thesis include a descriptive study
of FWM issues and practices. In conclusion, the research types described above are the
‘predominant’ research types used, and a ‘multi-method’ research approach was used in

most of the work presented.
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Regarding the maturity of the research work, the Technology Readiness Level of this
research is 2-4. The basic principles have been observed through an exhaustive review of
FWM practices and a study of state-of-art alternatives. Novel approaches to the issues
identified have been formulated and tested via case studies in the food industry. Although
the validity of the research ideas proposed have been demonstrated via industrial case
studies and discussed, a universal applicability would have to be proven through further
research.

Not only do different disciplines (e.g. engineering and social sciences) necessitate different
research types, but also the different economic sectors require bespoke research
methodologies. The research described in this thesis falls into the scope of industrial
engineering, which encompasses very varied sectors, such as automotive, aeronautical,
chemical and pharmaceutical. The sector under consideration must be assessed in detail to
understand its distinctive characteristics. In the case of the food sector, there are a number
of unique aspects to consider. For instance, legislation is very strict in order to protect
consumers, with high attention paid to issues such as food safety and traceability.
Perishability is also of high relevance, as numerous types of food have a short shelf life
compared to other products. FW can also be considered perishable, as its natural
degradation tends to occur very rapidly; this highlights the fact that time is one of the most
important variables to consider when managing FW. In addition, compared to other products,
foods (and FWSs) are very heterogeneous materials. The research solutions proposed in this
thesis take into account these and other particularities of FWM. For instance, the qualitative
parameters presented in Section 7.4 and quantitative parameters presented in Chapter 8
were proposed taking into consideration the aforementioned particularities of FW and the
food industry, and are bespoke to the food industry and FWM environments.

In recent years, the growing issue of FW has attracted the attention of international research.
Numerous research projects are currently looking into consumer behaviour towards FW
generation, commonly using descriptive, qualitative research. Alternatively, a more well-
developed area of research uses applied, quantitative, empirical research to assess different
alternatives to manage FW and their outcomes, e.g. anaerobic digestion or composting. The
author of this thesis is aware of those research efforts and took an innovative mixed
approach: using existing applied, quantitative, empirical research to assess FWMSs in order

to propose solutions to manage FW more efficiently through conceptual research.
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6.3.2 Phases of the research methodology

The research described in this thesis has been developed taking into consideration the
viewpoints mentioned in the previous section. Following those factors, the research was
developed in four different phases: research definition and literature review, framework
development and implementation, testing and validation, and research evaluation. These

phases are outlined in Figure 6-3 and described below:
a) Research definition and literature review

Using the author’s prior knowledge and experience in the food industry, the first stage
involved the identification of the research problem and definition of research to be done.
Secondly, in order to understand better the FW issue, relevant literature was reviewed
around three areas: ramifications and issues associated with the generation and
management of FW, options to tackle the FW issue, and categorisations and tools for FWM.
The descriptive, qualitative-quantitative research carried out around these four areas
enabled the identification of major challenges in management of FW, directing towards an
analytical research approach. As a consequence of this analysis, the research assertions,

hypotheses and objectives (i.e. research scope) were precisely defined.
b) Framework development

The conclusions drawn in the previous phase were utilised to propose new approaches to
FWM. Specifically, a framework based on five stages has been developed to support
decision making in FWM: delimitation of the boundaries of the food system, identification of
FW types, qualitative and quantitative categorisation and quantification of FW types,
identification of feasible FWMSs and sustainability analysis. The last stage, i.e. sustainability
analysis, comprises the definition of quantitative attributes and the identification of
connections and dependencies amongst attributes, design of a network of information flows
for FWM, and a proposed scheme to identify optimal calculation steps of attributes.

c) Testing and validation

The proposed framework has been applied in a series of case studies at two relevant food
industries to test its validity and practicality. Data were collected from two food companies
and used to generate proposed solutions and these results were fed back to the two
companies to enable them to manage their FW in a more sustainable way. In order to obtain
results, both qualitative and quantitative indicators were used. The results generated were

analysed and utilised to refine the proposed framework.
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d) Research evaluation

The final research results and findings were analysed and discussed in order to draw
research conclusions. Areas for further research which could be built on this work were
identified.

6.4 Chapter summary

This chapter gives an overview of different research types and methodologies, highlighting
their applicability to different research areas. A justification of the research methodology
chosen to meet the objectives established in Chapter 2 is subsequently presented. The four

main phases used to develop the research are briefly described. The first phase (namely

Research definition and literature review) comprises the definition of research context and
scope, which is described in Chapter 2. The first phase also includes a review of literature on
FWM, which is presented in Chapters 3-5. The remainder of thesis addresses the phases 2-
4: the second phase (Framework development) is described in Chapters 7-9, the third phase
(Testing and validation) is addressed in Chapter 10, and the fourth phase (Research

evaluation) is presented in Chapters 11 and 12.
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Figure 6-3. Research methodology
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CHAPTER 7 A FRAMEWORK FOR IDENTIFICATION OF
FOOD WASTE TYPES AND THEIR MOST SUSTAINABLE

WASTE MANAGEMENT SOLUTION

7.1 Introduction

This chapter presents a framework to analyse FW to support the identification of the most
sustainable FWMS. The first stage of the FWM framework is also described in this chapter,
which is complemented by the research described in Chapters 8 and 9. Firstly, a consistent
definition of FW and the food system is provided, which is used throughout the rest of the
thesis. Secondly, a terminology and methodology to support the identification of FW types in
a business is presented. Thirdly, qualitative parameters to assess characteristics of FW
identified in the previous stage are described. Finally, these parameters are used along with
the FWH to build a methodological procedure that enables the identification of the most
sustainable solution for FWM.

Food companies (and any business) make decisions based primarily on economic
considerations in order to maximise profit. In the case of FWM, the availability of waste
management facilities can be a predominant factor to decide which FWMS to use.
Furthermore, legislation limits the range of solutions applicable to manage different types of

FW and therefore the decision is often made considering only a few alternatives.

In recent years, more research has been looking at additional implications of FWM including
environmental and social results. More attention has been directed towards environmental
impacts of FW, and currently there are tools and data available to measure greenhouse gas
emissions, emission of pollutants to wastewater, and other environmental impacts from
FWM facilities. However, as discussed in Chapter 5, most of the research examines only
one type of impact (economic, environmental or social impact), and only very recent
research aims to expand the scope and consider two or even all three types of

aforementioned implications.

The research presented in this thesis aims to consider the three pillars of sustainability

(economic, environmental and social ramifications) in the decision-making process so that
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more sustainable solutions can be achieved from the range of feasible waste management
options. A visual model of the research approach used can be seen in Figure 7-1, which
consists of providing a clear definition of the food system and the FW concept, identification
of FW types in the food company under consideration, categorisation and quantification of
FW identified, identification of suitable FWMSs, assessment of sustainability implications of
each suitable FWMS, and selection of the most sustainable FWMS. Del Borghi et al. (2009)
proposed a similar approach to waste management (not specific to FW M) which includes:
definition and categorisation of waste streams, development of a waste hierarchy to guide
preferential order of different options and identification of specific, key environmental
indicators.

The framework presented in this chapter can be used to analyse all types of FW, including
inedible by-products associated with food products. It can also be applied to any stage of the
FSC, from farm to fork, although it is more useful and beneficial to analyse FW generated in
the beginning of the FSC (e.g. during agricultural and manufacturing activities) since these
FWs are generally more homogeneous than FWs from the end of the FSC. On the other
hand, household FW is formed of a mix of food and non-food materials that complicates its
management. The applicability of the framework is also discussed in more detail in
Section 7.5 and tested in Chapter 10.

l 1 | Delimitation of the boundaries of the food system and the FW concept ]
l 2 | Identification of FW types ]
' 4\'9 N\
Categorisation and quantification of FW Assessment of the FWH
Edibility Reduce Most
sy preferred
i Reuse options
Treatment ] H
Packaging ! Recover pr:?:rsrflad
5 r»vk el options
| - I >
@ { } . \
Environmental assessment Economic assessment Social assessment

Figure 7-1. Structure of the research approach proposed
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7.2 Definitions of food waste and the food system

In order to systematically assess FW generated in a company or stage of the FSC and
improve its management, the first aspect to consider is to unambiguously define the exact
meaning of food waste’, as well as delimit the boundaries of the food system under analysis.
A comprehensive analysis of the terminology used by different organisations is presented in
this section. As a result, novel definitions of FW and food systems are proposed and

discussed.

7.2.1 Definition of food waste

Despite the concept of food waste’ initially seeming to be easy and commonly understood,
there is not a global consensus on the exact meaning of this concept. In this section different
definitions of ‘food waste’ by the most relevant organisations are reviewed and their
applicability and appropriateness are discussed, with the final objective of conceiving the
most pertinent definition to be used throughout this thesis.

Waste has been defined as “any substance or object which the holder discards or intends to
discard” (The European Parliament and the Council of the European Union 2008). However,
when adapting this definition to FSCs, FAO differentiates between food loss (generated
generally in the beginning of the FSC: at production and manufacturing stages) and food
waste (occurring at the end of the FSC, when the food has been fully processed and
packaged). Both concepts are included in the more general term ‘food wastage’ (FAO 2011)
(Figure 7-2). The same terminology is used by Lipinski et al. (2013), from the World

Resources Institute.

Producers Food supply
‘ chain

' .
Food losses: Food waste:

Food that gets spilled, spoilt, or otherwise lost, or Food that completes the food supply chain up to

incurs reduction of quality and value during its a final product, of good quality and fit for
process in the food supply chain before it reaches its consumption, but still doesn’t get consumed
final product stage because it is discarded, whether or not after it is
left to spoil

f
Food wastage

Figure 7-2. Definitions of ‘food wastage’, ‘food losses’ and ‘food waste’, according to FAO (2011) and
Lipinski et al. (2013). Definitions from (Think.Eat.Save 2014)
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These definitions create some concerns, since the concepts ‘food loss’ and ‘food waste’
would cover different stages of the FSC for different companies, geographical areas and
food products. For instance, if sandwiches are produced in a factory and then sent to a
retailer, the leftovers would be named ‘food waste’ at the retailer and food loss’ at the
factory; however if the sandwiches are produced directly in the point of sale in a retail
company, the refuse would be named ‘food loss’, even when it has been generated at the
retail level. In this case, although the stages of the FSC are the same (i.e. retail stage) the
definitions would be different in each specific situation. The problem is aggravated when
comparing different countries, since their FSCs are different and therefore systematic
comparisons amongst them would be largely difficult. Contrary to the above, FUSIONS
(2014) and Quested & Johnson (WRAP) (2009) name all these concepts as ‘food waste’,
since both types of food wastage are similar in composition. This approach simplifies the
assessment of this issue, as there would be no need to distinguish between two very similar

concepts.

There is also disagreement about considering inedible parts of food (e.g. fruit stones and
meat bones) as FW: FAO (2011) and Lipinski et al. (2013) only include parts of the food that
could have been eaten by people in their definition of FW. By contrast Quested & Johnson
(WRAP) (2009), the European Commission (DG ENV) (2010) and FUSIONS (2014) also
consider inedible materials as FW. It is generally unmanageable to separate edible and
inedible parts of the food for their quantification and treatment. For instance, a wasted
banana would normally consist of the inedible skin and the edible flesh, and it would not be
peeled before it is treated or disposed of. Additionally, inedible FW is generated in very high
guantities and an optimisation of its management is also needed, therefore a definition of

‘food waste’ including inedible parts of the food is more advantageous.

Another major discrepancy involves the planned use of food: the intended use of it in a
different way than for human consumption (such as growing crops for feed or bioenergy
generation) is not considered FW by any of the aforementioned organisations; whilst the
unplanned use of it in a non-food use is considered FW by FAO (2011) and Lipinski et al.
(2013) but not by Quested & Johnson (WRAP) (2009) and FUSIONS (2014). The distinction
between planned and unplanned non-food use is ambiguous and imprecise: some farmers
may not plan in advance how much of their product is going to be directed for human
consumption and how much for other use, and they would simply use for animal feeding
what could not be sold for human consumption. On the other hand, it is unreasonable to
consider a material as waste when it is used for its original intended application, e.g. food
that was grown for animal feeding and is used for that purpose should not be considered FW.
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Food sent for animal feeding or synthesis of bio-products is not considered FNV by Quested
& Johnson (WRAP) (2009) and FUSIONS (2014). Furthermore, FAO (2011) and Lipinski et
al. (2013) does not consider those materials as FW when animal feeding or synthesis of bio-
products were their planned use. However, the value obtained from the application of any of
these management alternatives to FW clearly differs from the potential use of food for
human consumption, therefore Stuart (2009) considers animal feeding and bio-products
synthesis as FW.

The Figure 7-3 summarises the most important differences in the definition of food waste’ by

the most relevant organisations as explained in the previous paragraphs.

It must be pointed out that FAO published another report in 2014 in which the definitions
provided were more specific, particularly at defining the beginning and end of the FSC.
Besides that, the main difference between FAO (2011) and FAO (2014a) is that the latter
considers ‘food waste’ as a part of the broader concept ‘food loss’, although it keep defining
both in one single concept named ‘food loss and waste’ (FLW). It must also be considered
that FAO (2011) has been widely cited in both the grey and academic literature and is
considered a key study in the FW area, and in contrast FAO (2014a) has not received much
public nor research attention.

Inedible
(WRAP, FUSIONS)

y
<,
.

s« = Unplanned
27 I.’
%/ (FAO, WRI)

1
<

4 g Food loss '+~ , | Foodwaste
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Figure 7-3. Different aspects included in the definition of ‘food waste’ according to FAO (2011),
Lipinski et al. (WRI) (2013), Quested & Johnson (WRAP) (2009) and FUSIONS (2014)
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In addition to this, the Food Loss + Waste Protocol published in 2016 a momentous
Reporting Standard in which the concept of FLW (‘food loss and waste’) is used for the sake
of simplicity, highlighting that the users of the standard should decide themselves the exact
definition to use, based on their quantification goals (Food Loss + Waste Protocol 2016).
The reporting standard, namely FLW Standard, considers food (and therefore FW) as the
substances intended for human consumption only, and excludes materials such as
cosmetics, tobacco, or substances used only as drugs. It does not include in its FW
definition processing agents used along the FSC, e.g. water to clean or cook raw materials
in factories or at home, nor packaging materials. On the other hand, it includes inedible parts
of the food and food that was fit for human consumption but was sent for animal feeding
instead. The authors of the Food Loss + Waste Protocol include members of FAO, WR,
FUSIONS, UNEP and WRAP, amongst others.

Eriksson & Spangberg (2017) emphasised the importance of harmonising different
definitions and methods to measure FW. Chaboud & Daviron (2017) also identified the lack
of consistency amongst FW definitions and developed a framework of analysis, concluding

that a focus on the end use of FW is needed.

Based on the reasons described in this section, the following definition of FW is proposed
and used throughout the rest of this thesis:

Food waste is any food material (including its inedible parts) originally intended to be used to
feed humans and not ultimately sold as planned for human consumption by the food
business under consideration

This definition is unambiguous and it can be applied to every stage of the FSC up to the

consumer level, and to companies, cities and regions in any area of the world.

The following materials are included in the definition of FW proposed and are therefore

considered in the rest of the thesis:

1. Drink waste, which is categorised as FW, since drinks are included in the definition of
food (Section 7.2.2). However, water is considered FW only when it is a component
of a food or drink composed of different ingredients, e.g. fruit, juice, beer. Bottled
water, or wastewater generated from manufacturing activities is not included in the

definition.
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2. Inedible parts of food (e.g. egg shells and meat bones), since they are an important
component of a food material that needs management, and the difficulty of sorting
edible and inedible food materials. Inedible parts of food must be associated with
edible parts to be considered FW, e.g. inedible skins from some fruits are FW, but
stones accidentally collected during the harvesting process are not FW.

3. Food materials which are technically edible, but are considered inedible by the
consumers of the geographical area under consideration. For instance, some types
of offal are consumed in some countries but not in others. The ‘inedibility’ of these
materials varies amongst consumers and can also change over time. It is affected by
factors such as price and local culture.

4. Food materials sent to animal feeding when they were originally intended to be used
for human consumption.

5. Food materials used for synthesis of bio-products or any industrial application, when
they were originally intended to be used for human consumption.

6. Food redistributed with the help of charities and food banks and consumed by people,
when it was originally intended to be sold for human consumption. The social value
of this solution is high because food is consumed by people in need or is used in
charitable activities, such as fundraising or raising-awareness events. However, this
option entails an economic loss to the food company as the food could have been
sold and was given away at a lower price, commonly for free. It is important to note
that, although from a biological and legal perspective this material is not FW, it is

considered FW in this thesis only due to its associated economic loss.

On the other hand, the following considerations fall out of the scope of this research and are

not included in the definition of FW:

1. Over-consumption, understood as the gap between the energy value and nutrient
content of the food consumed and the energy value and nutrient content needed,
which is considered a type of FW by some authors (e.g. Smil (2004)), since over-
consumption and obesity are serious problems in a number of countries of the
developed world. However, including this aspect in the definition of ‘food waste’
would significantly complicate the quantification of FW.

2. Food sold and not consumed, since the scope of this research is food companies
rather than consumers. When food is sold, food companies get an economic income
and meet their ultimate objective (i.e. selling food), whilst the final use of the food

product is considered to be the concern of the consumer only. Nevertheless,
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although the FWM framework was not designed to be applicable to consumer FW, its
existence and significance is recognised and discussed in the thesis.

3. Food grown for other use than for human consumption, such as for animal feeding or
any industrial application.

4. Packaging waste, since it is not considered part of the food material. Nevertheless,
the framework presented in this chapter allows the assessment of different types of
packaged foods.

5. Materials used as ingredients to produce other foods, providing they are consumed in
their new food application, e.g. spent yeast from breweries used to produce
Marmite®.

6. Substances consumed but not ingested, such as chewing gum and tobacco, since
they are not considered food.

7. Harmful substances, which includes products ingested without nutritional value
and/or substances which are consumed for recreational purposes, such as
recreational drugs, since they are not considered food.

8. Food with lower quality than originally expected, providing they are sold as planned
and consumed. Although a decrease in the quality of food is a real problem to tackle
(e.g. loss of organoleptic properties), it would be infeasible to measure and quantify

food-quality loss in a large scale.

7.2.2 Determination of the boundaries of food systems

The definition of FW proposed can be used to identify FW from various origins, such as
farms, food businesses, retailers, cities and countries. Therefore, a clear definition of the
food system to be analysed is necessary to delimit the scope of the assessment. Hence, a
clear understanding of the types of materials which are considered food (and are prone to
become food waste) and types of treatment which are considered ‘waste management’ is

needed.

In order for a material to become FW, it must have been considered ‘food’ previously.
Throughout this thesis, ‘food’ is defined as any substance or product, whether processed,
partially processed or unprocessed, which contains an edible part that is intended to be, or
reasonably expected to be ingested by humans. ‘Food’ includes drinks and any substance,
including water, intentionally incorporated into the food during its manufacture, preparation
or treatment. This definition is based on the definition provided by The European Parliament
and the Council of the European Union (2002).
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Table 7-1 proposes specific points in the food systems where different plant and animal
materials become food, and when food becomes waste, partially based on previous work by
FAO (2014a) and FUSIONS (2014). It should be noted that all materials in the left column
will become FW, and therefore fall into one of the categories on the right column, unless they
are sold as planned by the food business and consumed by humans. Additionally, Table 7-1
is applicable to food originally intended to be used for human consumption; if food is grown
for animal feeding or bioenergy production and is used for those purposes it is not
considered FW, as explained in Section 7.2.1. It can be assumed that materials becoming
food are entering the food system under consideration, and foods becoming waste are

leaving the food system. This thesis analyses materials leaving the food system, i.e. FW.

Table 7-1. Situations in the food systems when a material becomes food, and when food becomes
food waste

Crop is mature for harvest
Fruit is mature for harvest
Animal is ready for slaughter
Wild animal is caught or killed
Milk is drawn from an animal
Eggs are laid by the bird
Fish is caught in the net/on the hook
Fish from fish farm is mature
Any other material which is ready to be processed for human consumption (excluding non-
ingested materials and harmful substances, as explained in Section 7.2.1)

Ploughed back into ground
Not harvested
Discarded at sea
Sold at a lower price than originally intended (e.g. to a redistributor of surplus products)
Redistributed for charitable purposes
Fed to animals
Processed to produce bio-materials
Used for industrial applications (such as rendering)
Microbiologically digested (including anaerobic digestion and composting)
Incinerated (with or without energy recovery)
Landspread
Made into briquettes and used in stoves
Flushed down the sewer or to a controlled water course
Landfilled
Littered / disposed of by open dumping or fly tipping

Page 93 of 235

CHAPTER 7 A framework for identification of food waste types and their most sustainable waste management solution



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

7.3 Identification of types of food waste

A deep understanding of the different types of FW helps to identify poor practices in FWM.
Additionally, in the case of the food industry, identifying the point in the production line where
FW was generated can also aid in the implementation of a plan to reduce or manage it. For
instance, FW generated towards the end of the production line has associated higher
economic and environmental costs, which should be taken into consideration when planning
how to tackle FW in the manufacturing plant. This section introduces a terminology proposed
by the author to describe FW types depending on their location in the manufacturing chain.

The following types of food material that are prone to become FW have been recognised:
raw material, unprepared ingredient, prepared ingredient, incomplete food, unprocessed
food, processed food and final food product. The identification of food materials was
undertaken based on the recognition of standard processes used in food manufacturing:
arrival of raw material, preparation and mixing of ingredients, processing, packaging, storage
and despatch. A definition of these food materials can be found below:

1. Raw material: food product as it leaves the production stage that must be processed
before being sold to the final consumer. Raw materials become FW if they are spoilt,
expired, damaged during transportation or storage, or do not meet the quality
standards required. By-products generated from raw materials are also FW (e.g.
branches and leaves from fruits that arrive to the food company).

2. Unprepared ingredient: ingredients that have to undergo some process before they
are ready to be mixed with other ingredients, or to be packaged if it is to be sold as a
single food product. Unprepared ingredients become FW if they are spoilt, expired or
damaged during preparation. By-products generated from unprepared ingredients
are also FW (e.g. skins from some fruits).

3. Prepared ingredient: ingredients ready to be mixed with other ingredients, or ready
to be packaged if is to be sold as a single food product. Prepared ingredients
become FW if they are spoilt, expired or damaged during preparation.

4. Incomplete food: food product made of different food materials that does not contain
all the ingredients of the final food product. Incomplete foods become FW if they are
spoilt, expired or damaged during processing. By-products generated from
incomplete foods are also FW (e.g. residue from a filtration process when
manufacturing a juice made of different fruits).

5. Unprocessed food: food that has to undergo some processing before it has the

required properties required by the final consumer. Unprocessed foods become FW if
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they are spoilt, expired or damaged during processing. By-products generated from
incomplete foods are also FW (e.g. yeast from fermentation and maturation

processes in breweries).
6. Processed food: food with the same properties to those required by the final

consumer at the point of sale, but unpackaged. Processed foods become FW if they
are spoilt, expired, damaged during packaging or do not meet the quality standards
required.

7. Final food product: processed and packaged food ready to be sold. The final food
product becomes FW if it is spoilt, expired, if it cannot be sold due to a lack of buyers

or if unacceptable errors in the product or processes involved are found.

In the Figure 7-4, the production processes and different types of food using this terminology
have been exampled with the production of a pizza. It is worth noting that the order of the
processes may vary slightly among different food products and manufacturing sites. For
instance, when manufacturing some types of milkshake there can be food processing (e.g.

heat treatment) after packaging (i.e. bottling).

7.4 Qualitative parameters to classify food waste

Once the boundaries of the food system to be analysed have been set, and all types of FWs
have been identified according to the definition of FW provided in Section 7.2.1, FW must be
categorised to better understand its properties. The aim of such a categorisation is to
provide support for an improved selection of solutions to manage FW, prioritising FWMSs
with sound sustainability performance (i.e. maximising economic, environmental and social
benefits whilst reducing their impacts). As explained in Section 5.2, a comprehensive and
exhaustive categorisation of all types of FW to support FWM does not exist yet. This section
presents a novel FW categorisation, in which some of the food categories used in
Section 5.2 are wused, e.g. edble/inedible;, some categories are new, e.g.
processed/unprocessed; and some already exist but slight changes in their meaning are
proposed, e.g. eatable/uneatable.

The categorisation proposed in this thesis is based on nine qualitative parameters as
introduced in Garcia-Garcia et al. (2015) (Appendix 2) and explained in more detail in
Garcia-Garcia et al. (2016) (Appendix 6). The nine parameters used are shown in
Figure 7-5. The categorisation process can be applied to all types of FW as defined in

Section 7.2.1. It is based on nine characteristics that the author considers most important in
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characteristics was based on the four criteria explained in the next page.
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1. The characteristics must be qualitative and easy to assess, generally at a glance.

2. The characteristics must be specific and only one out of two or three parameters
must be selected in each stage of the categorisation process.

3. The characteristics must be determinative and non-redundant to discriminate
between different solutions to manage FW and select more sustainable FWMSs.

4. The characteristics must be applicable to all types of FW and non-specific to any one
food category.

The evaluation of these nine characteristics provides a systematic classification of the
different types of FW that enables a more appropriate selection amongst the available
FWMSs. The analysis of each stage has been simplified in a way that there are only two or
three types of FW in each step of the categorisation process. Additionally, the parameters
have been designed to simplify the analysis, and consequently in most cases the
assessment can be completed through visual inspection of the FW with no technical
knowledge required. The different qualitative parameters at each stage of the categorisation

process are described in the following sections.

Edibility
! - Edible - Inedible
State
’ - Eatable - Uneatable - Uneatable for humans, eatable for animals
Origin
3
- Animal based - Plant based
Complexity
! - Single product - Mixed product
Animal-material presence
5 - Meat - Animal product - Animal by-product (categories 1-3)
- In contact with animal materials - Not in contact with animal materials
Treatment
o - Processed - Unprocessed
Packaging
! - Packaged - Unpackaged / separable from packaging
Packaging biodegradability
8 - Biodegradable packaging - Non-biodegradable packaging
Stage of the supply chain
? - Catering waste - Non-catering waste

Figure 7-5. Qualitative parameters to categorise FW and the nine-stage FW categorisation
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7.4.1 Edibility

Afood product is edible if it is or has been expected to be consumed by humans at any point
during its life cycle. Under all other conditions the product is inedible (e.g. some fruit skins,
meat bones and some vegetable stalks). When the product is edible from a biological point
of view, but there is no consumer demand for it (e.g. chicken feet), it is considered inedible in
this scheme, as its reallocation for human consumption is not possible. Consequently, the
edibility of some FWs can vary over time and geographical area considered. Various food
products still contain inedible parts when they reach the point of sale (e.g. a banana and its

peel); in these cases the food products are considered edible.

7.4.2 State

‘State’ must be assessed for edible products only. The food product is eatable when it has
not lost the required properties to be sold and to be fit for human consumption at the
moment of its management as FW. Under other circumstances the product is considered
uneatable. If the food has not lost those properties, but it still requires further processing in
the industry before being sold and consumed, it is classified as eatable and unprocessed
(see parameter ‘treatment’ in Section 7.4.6). A food product can become uneatable by being
damaged at different points of the FSC (e.g. overcooked during its manufacture, spilled
during its distribution), becoming spoilt (e.g. due to leaving the cold chain) or passing its use-
by date. If a product contains both eatable and uneatable parts and it is going to be
managed as a whole, it must be considered uneatable, since if a part of the food product is
not fit for human consumption, the entire product should be discarded. When the product is
eatable from a biological point of view, there may still be ethical issues that can lead to
classify it as uneatable to restrict its usage for human consumption, for instance to prevent
using surplus alcoholic drinks for redistribution to charities, or products that do not meet the
minimum quality standards to an acceptable required level. A third type of FW in this
categorisation stage includes products which are uneatable for humans because of safety
concerns, but still fit for animal feeding (e.g. fallen from conveyor belts during manufacturing
and thus discarded for human consumption).

7.4.3 Origin

The food product is animal based if it was produced by an animal (e.g. dairy products, eggs,
honey) or using parts of an animal (e.g. meat, which includes fish). Otherwise the product is
plant based, which includes all plant-based products and all materials which cannot be
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considered animal-based materials, such as salt and fungi. When the product contains both
animal and plant-based materials (e.g. convenience foods), it must be classified according to
its main ingredient, which is the predominant ingredient by mass. When the main ingredient
is plant based, but there are some animal-based materials, the product is also classified as a

mixed product (as explained in the next categorisation stage).

7.4.4 Complexity

This characteristic is required for plant-based products exclusively. A single product is
formed of only one type of ingredient and it has not been in contact with other food material.

In any other circumstances the product is mixed.

7.4.5 Animal-material presence

When the product is animal based, it must be further categorised as meat (which includes
fish), animal product (i.e. a product produced by animals) or by-product from an animal
carcass (ABP) not intended for human consumption (e.g. by-products from
slaughterhouses). In the last case, the FW should be additionally classified according to
European regulations into Category 1, 2 or 3 (The European Parliament and the Council of
the European Union 2009a). Plant-based mixed products must be assessed in order to

evaluate whether the product contains or has been in contact with animal-based material.

7.4.6 Treatment

A product is considered processed when it has the same properties as the final food product
to be sold to the consumer. This occurs when either the food product has completed the
manufacturing process, e.g. a ready meal, or the food does not need any processing before
being distributed, e.g. most fresh fruits and vegetables. If the food still needs any treatment
at the moment of its management as FW it is considered unprocessed. Consequently, only
edible and eatable FW needs to be assessed in this stage.

7.4.7 Packaging

A product is unpackaged if it is not contained in any packaging material. If the product is
packaged but there is an available technology for the company to unpack and separate the
FW from its packaging, the product can be considered unpackaged. Under other
circumstances the product is considered packaged.
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7.4.8 Packaging biodegradability

Obviously, this characteristic must be assessed for packaged foods only. Commonly, a
material is biodegradable if it can be digested by microorganisms, although the process may
last for several months or even years. Hence, in this thesis biodegradable packaging refers
to that made of materials which have been tested and received a certificate of being
“suitable for anaerobic digestion” or “compostable” (e.g. ‘OK compost’ logo and ‘DIN
CERTCO’ logo). Biodegradable packaging is generally made of paper, cardboard,
bioplastics, or any plant-based product. Non-biodegradable packaging is usually composed

of plastic, glass or metal.

7.4.9 Stage of the supply chain

Catering waste includes domestic waste and waste from the food service sector (i.e. staff
catering, healthcare, education, services, restaurants, quick service restaurants, pubs, hotels
and leisure). As opposed to catering waste, non-catering waste is generated in earlier stages

of the FSC (i.e. at farm, manufacturing, distribution or retail level).

7.4.10 Applicability of the FW categorisation

The FW categorisation explained in this section is applicable to all types of FW. Although it is
easy to use, since it is based on simple, qualitative characteristics, it is also determinative to

select the most sustainable FWMS, as explained in the next section.

7.5 A methodology to find the most sustainable waste management

solution for each type of food waste

The assessment of the nine stages of the FW categorisation explained in the previous
section, and the consequent determination of nine characteristics, is the starting point to
select the most sustainable FWMS. Following the nine-stage categorisation, each
combination of nine FW characteristics has one most suitable FWMS associated with it. This
section proposes and ranks a set of FWMSs for the different FW types identified following
the nine-stage FW categorisation, as described by Garcia-Garcia et al. (2016) (Appendix 6).
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7.5.1 Selection of the version of the FWH to classify FWMSs

The waste hierarchy applied to food products (FWH) is an appropriate tool to classify the
different options to manage FW based on their sustainabilty performance, i.e.
environmental, social and economic implications of FWM (Papargyropoulou et al. 2014,
Manfredi & Cristobal 2016). The specific order of the different options in the hierarchy (i.e.
the preference of some options against others) is debatable. For instance, some authors
place anaerobic digestion and/or composting in the recovery section (e.g. IGD (n.d.), Defra
(2011b), Defra (2011c)); on the other hand, Adenso-Diaz & Mena (2014) and WRAP (2014),
amongst others, include them in the recycling section. Additionally, Rossi et al. (2015)
demonstrated that in certain cases thermal treatments with energy recovery can be more
environmentally friendly than composting. Although there are several slightly different
adaptations of the FWH, the most recent versions are usually based on the Waste
Framework Directive 2008/98/EC (The European Parliament and the Council of the
European Union 2008).

The version of the FWH to be used in this thesis is presented in Figure 7-6. It has been
designed after completing an exhaustive review of existing FWHSs, and based on previous
work by Defra et al. (2011), Adenso-Diaz & Mena (2014), Papargyropoulou et al. (2014) and
Eriksson et al. (2015). When a disagreement existed between different sources with regard
to the order of two FWMSs (e.g. anaerobic digestion and composting), the most common
order reported in the literature was decided. The final objective of the FWH is to prioritise
solutions which provide not only better environmental performance, but also economic and
social results. Balancing these three sustainability pillars is intricate, since some FWMSs
provide better performance for one of the pillars but poorer results in the others. The FWH
presented in Figure 7-6 takes this into consideration and aims at presenting the order of
FWMSs based on overall performance. For instance, redistribution for human consumption
usually has poorer economic performance than other options lower down the FWH, but its

optimal social performance justifies placing in the second position of the FWH.

Five FWMSs (redistribution for human consumption, animal feeding, anaerobic digestion,
composting and thermal treatment with energy recovery) are highlighted because they are
the only solutions considered in the rest of the thesis. This is justified in Section 7.5.1.6,
which discusses FWMSs that have not been included in the procedure to select sustainable
FWMSs, namely Food Waste Management Decision Tree (FWMDT), which is presented in
section 7.5.2. A description of the FWMSs evaluated and the associated types of FW can

also be found in the following pages, along with a justification of their position in the FWH.
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Figure 7-6. Waste hierarchy for surplus food and FW

7.5.1.1 Redistribution for human consumption

When FW cannot be prevented, redistribution for human consumption is the optimal FWMS,
since food is used as originally intended to feed people. This provides an optimal social
outcome, due to the social value of feeding people in need or using FW in charitable
activities, such as fundraising or raising-awareness events. Additionally, its environmental
performance is high since FW is consumed and therefore a waste management treatment is
not necessary. Preparing the FW (e.g. washing, cooking) may be necessary prior to serving
the food, and this causes an environmental impact (e.g. use of energy and water), although
this FW would substitute other food that would also need to be prepared to be used for
human consumption. Therefore, the environmental impact of preparing the food can be
considered to be zero. On the other hand, the economic result may be not the best
compared to other options in the FWH, because food companies generally receive a low or
no income from this FWMS. Overall, the optimal social outcome and the very good
environmental implication compensate by far the rather low economic result of redistributing
FW for human consumption. Generally, charities and food banks are in charge of collecting
and distributing surplus food for people in need. Philanthropic organisations organise

fundraising or raising-awareness events where FW can be used to feed people.
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This alternative is accessible for edible, eatable and processed products, as defined in
Section 7.4. Processed food does not necessarily mean that the final product was fully
processed as initially planned by the food business, e.g. surplus potatoes for the preparation
of chips for convenience foods can be redistributed if they still are fit for distribution and
human consumption (e.g. they have not yet been peeled) and comply with legislation. In this
case the potatoes are defined as processed because they are as sold to final consumers.

Redistribution for human consumption must meet the following European legislation:
General Food Law (The European Parliament and the Council of the European Union 2002),
Food Hygiene Package (The European Parliament and the Council of the European Union
2004a, The European Parliament and the Council of the European Union 2004b, The
European Parliament and the Council of the European Union 2004c, The European
Parliament and the Council of the European Union 2004d), the Regulation (EU) No
1169/2011 (The European Parliament and the Council of the European Union 2011), and the
Tax legislation (The Council of the European Union 2006), as explained by O’Connor et al.
(2014). An extensive analysis of the situation of food banks and food donation in the UK was

carried out by Downing et al. (2014).

7.5.1.2 Animal feeding

This is the most suitable FWMS for FW not fit for human consumption but apt for animal
feeding. Its social benefit is lower than for redistribution, since FW is used to feed animals
and not humans. Its environmental performance can be considered as good as that of
redistribution, since a waste management treatment is not necessary and the use of FW for
animal feeding substitutes the use of other food materials in animal feeds. The economic
result of animal feeding is similar or better than that of redistribution for human consumption,
since food companies may give away the FW for free or sell it and receive an economic
income in certain cases. In either way, its significantly lower social benefit justifies placing it
lower than redistribution in the FWH. Yet, its positive social and environmental implications,
along with a neutral or also positive economic outcome, prove animal feeding is more

sustainable than other FWMSs lower down in the FWH.

In this analysis only animals from the FSC are considered for animal feeding (farmed
animals such as cattle, swine, sheep, poultry and fish). Pets and non-ruminant zoo animals
are excluded, following guidelines explained at Gov.uk (2014€). In order to be used for
animal feeding, products must be eatable or uneatable for humans but eatable for animals,

unpackaged or separable from packaging, and non-catering waste. Inedible, plant based,
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single product, non-catering waste can be used for animal feeding depending on the type of
FW: this particular case must be assessed for each type of FW independently. When the FW
has been categorised as mixed, it must be either not in contact with or containing meat, by-
products from animal bodies or raw eggs if it is eatable, or not in contact with or containing
animal-based products if it is inedible or uneatable for humans but eatable for animals.
Mixed waste containing animal products from manufacturers is suitable for animal feeding
when the animal product is not the main ingredient. Meat and plant-based products
containing meat cannot be sent for animal feeding. Eggs, egg products and plant-based
products containing eggs must have been generated at the production or manufacturing
stage and follow specific treatments when used for animal feeding. Milk and dairy products
can be used for animal feeding providing they are processed (the processing needed is
similar to that for human consumption), or unprocessed under UK rules if the farm is a
registered milk processing establishment. Inedible, animal based, category 3 FW can be
used for animal feeding only under the conditions listed in the FWMDT (Figure 7-10).
According to European regulations (explained below), all types of category 3 animal by-
products can be used in animal feed except hides, skins, hooves, feathers, wool, horns, hair,
fur, adipose tissue and catering waste. However, UK regulations are stricter than European
legislation and thus this has been used to develop the FWMDT. It must be noted that
although some category 3 animal by-products are technically edible, they are not intended
for human consumption. In any case, they must be not spoilt in order to be used for animal
feeding, and in most cases they must be processed following specific requirements before
being utilised. If a FW contains different categories of animal by-products, it must be treated
following the requirements of the material with the highest risk (category 1 has the highest

risk and category 3 the lowest).

The following sources have been used to develop the FWMDT and must be consulted when
using animal by-products to prepare animal feeds: European regulations (European
Commission 2005a, The European Parliament and the Council of the European Union
2009a, European Commission 2011) and UK legislation (The Secretary of State 2013). Any
company or person donating or receiving food for animal feeding must also be registered
under the specific activity code with the local Trading Standards office under the EU Feed
Hygiene Regulations (European Commission 2005b). Useful guidance information to
produce animal feed in the UK can be found at Defra (2011a), Gov.uk (2014e). Further
information on additional legislation that applies to work with animal by-products can be
found at Gov.uk (2014b) and Gov.uk (2014g) for milk products. Eggs must be treated in a

processing facility under national rules (Gov.uk 2014d). The following additional legislation
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for animal feeding has also been consulted: European regulations (European Commission
(2002), The European Parliament and the Council of the European Union (2003), The
European Parliament and the Council of the European Union (2009b)) and regulations in
England (The Secretary of State 2010b). General guidance and more information on animal
feeds have been collected by the Food Standards Agency (n.d.) and the Food Standards
Agency (2014).

7.5.1.3 Anaerobic digestion

Anaerobic digestion (AD) does not provide a significant positive social outcome as
redistribution and animal feeding do, since FW is not consumed and therefore is not used as
food, consequently lowering its value. This loss of social value causes a lower sustainability
performance of AD compared to redistribution and animal feeding. The process of AD also
creates an environmental impact, e.g. emission of greenhouse gases. Nevertheless, since
this FWMS allows recovering energy from FW, AD has associated an overall positive or
negative environmental implication depending on the energy source it can be considered it
substitutes, for instance fuel-based energy or renewable sources. In terms of economic
results, it may also be positive or negative for the food business depending on who
processes the FW. Generally, if the food manufacturer sends the FW to a waste processing
facility to be anaerobically digested, the food manufacturer would need to pay a fee (namely
gate fee). Otherwise, if the company that generates the FW manages it with AD, a positive
economic result can be achieved, selling biogas or electricity produced. Both environmental
and economic results are generally better than those obtained with composting or thermal
treatment with energy recovery, which justifies its higher position in the FWH.

AD can be used with all types of FW except category 1 animal by-products and packaged
waste (i.e. non-separable from packaging) in a non-biodegradable packaging. Category 3
animal by-products must be pasteurised; the particle size of category 2 animal by-products
must be 50 mm or smaller, and its core must have reached a temperature of 133 °C for at
least 20 minutes without interruption at an absolute pressure of at least 3 bar (The European
Parliament and the Council of the European Union 2009a, The Secretary of State 2013,
Gov.uk 2014f). In the UK, AD plants must comply with regulations with regard to
environmental protection, animal by-products, duty of care, health and safety and waste
handling (more information about the different legal requirements can be found at Biogas-
info.co.uk (n.d.)).
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7.5.1.4 Composting

Composting provides a similar social value than AD. Its environmental performance is
significantly less favourable than for AD (Defra 2011b, Defra et al. 2011, Fisher et al. 2013),
but better than for thermal treatments with energy recovery, since compost is used to
enhance the quality of the soil and composting generates low emissions compared to
thermal processes. Similarly than with AD, the economic outcome depends on who
processes the FW: if it is sent to be composted in a waste processing facility the economic
outcome would be negative for the food manufacturer; if it is processed by the company that
generates the FW, compost can be sold and an economic income would be obtained.

The types of FW suitable for composting are the same as for AD: all FW except category 1
animal by-products and packaged waste (i.e. non-separable from packaging) in non-
biodegradable packaging. Composting category 2 animal by-products is possible if the
process is carried out under the following regulations: The European Parliament and the
Council of the European Union (2009a), The Secretary of State (2013). In-vessel composting
(i.e. composting in closed vessels) must be used when FW contains or has been in contact
with any animal-based material (WRAP 2011, Gov.uk 2014f), because these materials can

attract vermin. Further guidance for the composting of waste can be found in (WRAP n.d.).

7.5.1.5 Thermal treatment with energy recovery

Thermal treatments with energy recovery are the least sustainable option from the five
FWMSs discussed, due to their poor social (Defra 2013b) and environmental performance
(FAO 2013Db). Similarly than with AD and composting, thermal treatments with energy
recovery can cause an economic cost to the food manufacturer if FW is processed
elsewhere or an economic benefit for the waste processor if enough energy is obtained from
the thermal treatment.

This option can be applied to every type of FW; nevertheless its use must be minimized as it
provides small benefits compared to the impacts generated. Thermal treatments with energy
recovery include incineration, pyrolysis and gasification, as explained in Section 4.3.5. They
are the only alternatives available to treat packaged food (i.e. non-separable from
packaging) in non-biodegradable packaging, except the cases when the product is also
edible, eatable and processed, and therefore it can be redistributed for human consumption.
As this type of FW is the final packaged product it would usually be generated in the last
stages of the FSC, particularly at retailing and consumer level (which is usually mixed with

municipal solid waste). Due to the mainly high water content of FW, a great quantity of
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energy is needed to treat FW with this FWMS, and therefore this solution may be useful and
give an energy return on investment when treating dry FW (e.g. bread and pastries) or FW
mixed with other materials, such as in municipal solid waste. Thermal treatments with energy
recovery are also the most appropriate FWMS to treat category 1 animal by-products, which
in some cases, need to be processed by pressure sterilisation (The European Parliament
and the Council of the European Union 2009a, The Secretary of State 2013).

Useful information on incineration of municipal solid waste was collected by Defra (2013b).
Data with regard to technologies and emissions from waste incineration plants have been
collected in the Best Available Techniques for Waste Incineration (European Commission
2006c¢).

75.1.6 FWMSs from the FWH not included in the FWMDT

The development of a categorisation that covers all types of FW is arduous not only due to
the number of FW types and their variety, but also because there are numerous alternatives
for FWM. Some of the FNVMSs have been grouped in Figure 7-6, for instance all processes
for extracting substances from all types of FW are included in the alternative ‘extraction of
compounds / industrial uses’. This is because there are dozens of chemical and physical
routes to obtain bio-compounds from FW, and also numerous possibilities to use different
types of FW for industrial applications such as removal of pollutants from wastewater. It is
therefore infeasible to consider all these options explicitly for all the FW categories.
Furthermore, extraction of compounds and industrial uses are generally considered more
sustainable FWMSs than other recycling, recovery and disposal options from the FWH,
principally due to their potentially high economic benefit. Consequently, in all cases when
there are FWMSs other than redistribution and animal feeding suggested in the FWMDT, a
targeted study for each type of FW must be carried out in order to find opportunities to
extract compounds of interest or industrial applications, before considering options lower
down in the FWH. The use of a bespoke FWH for each type of FW identified would be an

ideal solution, as explained in Section 4.3.7.

Additionally, prevention of FW generation is not included in the FWMDT because it is out of
the scope of this thesis, and also this option would be always prioritised, as it is at the top of
the FWH and could potentially be applied to all types of edible FWs. The option of prevention
includes reducing the quantity of FW generated in the production line and identifying
alternative uses of products for human consumption, e.g. a misshapen vegetable that can be

used to prepare a ready meal. In these cases the product must be reprocessed, and it would
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not be considered FW according to the definition provided in Section 7.2.1, thus falling out of
the scope of this research. If instead it is directly consumed by humans without further
processing the solution considered would have been redistribution, although this gives a
smaller economic benefit to the food company than selling it at its regular price, and
consequently the food would be considered FW. In this thesis it is assumed that all
prevention steps have been taken to minimise FW generation, but nevertheless FW is

created and an optimisation of its management is required.

Landspreading can be used with the majority of types of FW, but according to the version of
the FWH used (Figure 7-6) this FWMS is less beneficial than composting. As both
alternatives can be used to treat the same types of FWs, landspreading has not been further
considered in this work and only composting has been examined.

The last two FWMSs, landfiling and thermal treatment without energy recovery, are not
considered in the analysis. Both have a significant environmental impact (Lohri et al. 2015,
Calaf-Forn et al. 2014), and they also cause negative economic and social ramifications. In
both cases there are always more sustainable FWMSs that can be applied, even if these two
alternatives could be potentially used with all types of FW, regardless of their nature.

7.5.2 The Food Waste Management Decision Tree

In order to connect FW with their most sustainable FWMSs from the FWH, the parameters
described in Section 7.4 have been firstly used to identify the different types of FW. Each
parameter has been assessed and superfluous categories have been eliminated to simplify
the assessment (e.g. state for inedible FW). A maximum of three FWMSs have been
identified for each type of FW, ensuring that at least one of the FWMS should be available to
use. Selected FWMSs have been ranked according to their sustainability performance using
the FWH (Figure 7-6). Al FWMSs proposed are in compliance with UK and European
regulations. The result of this assessment has been represented in a diagram, namely Food
Waste Management Decision Tree (FWMDT), which helps with analysing FW using the
parameters proposed. The FWMDT has been divided into four parts for display purposes
and can be seen in Figure 7-7 (edible, eatable animal-based FW), Figure 7-8 (edible,
eatable, plant-based FW), Figure 7-9 (edible, uneatable FW) and Figure 7-10 (inedible and
uneatable for humans, eatable for animals FW).

The FWMDT is intended to be easy to use and determinative for selection of the optimal

FWMS, taking into account current legislation and economic, environmental and social
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ramifications of FWM. It functions as a flowchart: the user starts at the highest level, and
selects the parameter that best describes the FW under consideration (e.g. edible or
inedible). The user then moves through subsequent levels of the diagram, following the
arrows and making further parameter selections. At the bottom the user is presented with a

set of FWMSs that differ according to the set of parameters for that FW type.
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Figure 7-8. The Food Waste Management Decision Tree. Edible, eatable, plant-based FWs and their
most sustainable FWMSs

The FW must be broken down for analysis into the same subgroups as for the treatments to
be applied, e.g. if a food company generates both animal-based waste and plant-based
waste which are collected and treated separately, they must also be assessed
independently. However, if a ready-meal manufacturer produces undifferentiated FW
composed of both plant and animal products, this must be studied as a whole product. In the
latter example, the FW is classified as a mixed product. Separate collection provides the
benefit that more targeted management practices can be applied on the different FW
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streams. When separate collection is not possible, a thorough waste sorting is
recommended, although some of the alternatives would not be available then (e.g. plant-
based FW that has been in contact with meat cannot be used for animal feeding).
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Figure 7-9. The Food Waste Management Decision Tree. Edible, uneatable FWs and their most
sustainable FWMSs
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The FWMDT was designed as far as possible to embody the categories and parameters
described in Section 7.4, but this was not always achievable. For instance, the category
animal-material presence includes additional parameters for inedible, animal-based
products, as can be seen in Figure 7-10, to comply with European regulations (The

European Parliament and the Council of the European Union 2009a).

7.6 Chapter summary

This chapter has introduced a novel FWM framework that can be used as a guidance to
identify and assess more sustainable solutions for FWM. In order to keep consistency in this
thesis, a comprehensive analysis of prospective aspects to be included in the definition of
FW has been completed, and as a consequence a new definition of FW has been proposed,
which not only is used throughout the rest of the thesis but can also be used by any
researcher or manager of FW. Similarly, the boundaries of the food systems have been
defined, delimiting the scope of the research. These definitions provide a basis to identify
FW types in a food company. A terminology has been proposed to describe FW's according
to their point in the production line where they were generated.

Once the FW has been identified, the next step is to categorise it according to a pre-
established criterion. A novel nine-stage FW categorisation based on qualitative parameters
has been proposed and described in this chapter. The categorisation is universally
applicable and has been used to identify all possible types of FW. This analysis has been
utilised to design the Food Waste Management Decision Tree (FWMDT). The most
appropriate FWMSs have been identified for each type of FW using the FWMDT, which
prioritises the most sustainable FWMSs. The feasibility of using each FWMS from the FWH
has been discussed, highlighting constraints due to UK and European legislations and
environmental, economic and social ramifications.
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CHAPTER 8 QUANTITATIVE ATTRIBUTES TO MODEL FOOD

WASTE MANAGEMENT

8.1 Introduction

This chapter presents an analytical process to assess environmental, economic and social
implications of FWMSs as the next step of the framework after using the FWMDT. After
selecting the most sustainable solution for FWM using the qualitative parameters and
methodology described in Chapter 7, there is a need to procure a precise, quantitative
estimation of the output generated from managing FW. In order to achieve this, this chapter
introduces a series of quantitative attributes to model FWM, which are used to design a
Food Waste Management Modelling Procedure (FWMMP). The procedure comprises the
determination and analysis of attributes categorised as FW parameters, management and
company variables, FWM performance factors and sustainability indicators. The FWMMP
can be used as a methodical scheme to identify and assess all information needed to model
FWM.

8.2 Overview of the Food Waste Management Modelling Procedure

The FWMMP consists of a systematic methodology to estimate environmental, economic
and social implications of FWM, as outlined by Garcia-Garcia et al. (2017) (Appendix 7). The
analysis introduced in Chapter 7 (i.e. nine-stage categorisation and FWMDT) can be
incorporated in this procedure, as it provides a recommendation of the most sustainable
FWMS to manage the FW under consideration. However, as opposed to the FWMDT, the
FWMMP uses quantitative attributes to model FWM, which can therefore be useful to
accurately estimate a quantitative outcome from managing FW using the FWMS selected by
the food company. Additionally, the FWMMP can be used to compare the FWMS selected
against other possible alternative solutions, reassuring that the option selected is the most
sustainable solution for FWM. It is possible, although expected to be uncommon, that a
guantitative assessment with the FWMMP reveals that the solution proposed using the
FWMDT is not optimal, and that there is an alternative solution with better sustainability

performance. This is unlikely, because it would disagree with the FWH, which, as discussed
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in Sections 4.3 and 7.5.1, is a reliable way of classifying FWMSs according to their
sustainability implications. It is more likely, however, that a company decides to use an
alternative solution to the one proposed with the FWMDT if the FWMMP highlights a
potential improvement in one specific aspect of FWM of special relevance for the company.
For instance, a food manufacturer can decide to sell FW for animal feeding rather than
redistributing it to people in need if animal feeding can provide a higher economic benefit to
the food business, and despite the option of redistribution to people having an overall better
sustainability result. Consequently, the FWMMP can provide more customised and precise
results to a food company. Nevertheless, the main drawback of using the FWMMP is the
difficulty to collect all data needed and model all possible solutions, as opposed to the
simple-to-use FWMDT.

The structure of the FWMMP can be seen in Figure 8-1 and includes four stages, in which
the identification and assessment of the following attributes is needed: qualitative (from
Section 7.4) and quantitative parameters to evaluate properties of FWs, variables to model
FWM processes and status of the company under consideration, factors to assess the
performance of FWM practices, and sustainability indicators to analyse ramifications of
FWMSs.

A flowchart description of the use and operation of the FWMMP can be found in Figure 8-2.
There are three major phases: data collection, data processing and decision making. Data
collection must be completed by the user, but data processing and decision making can be
implemented in a software tool to automatize and accelerate the procedure. The three major

phases to use the FWMMP are explained in the next page.
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Figure 8-1. Stages of the Food Waste Management Modelling Procedure
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Figure 8-2. Major phases in the operation of the FWMMP

1. The first phase is the selection of the relevant attributes from each of the four stages

in Figure 8-1. The attributes selected are likely to vary for each FW type or food
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company. For instance, in order to manage a fruit juice waste the pH value may be
needed, as opposed to cereal waste, where the carbohydrate content is more
pertinent. Data can be collected manually, using spreadsheets, or, principally when
assessing the final food product, scanning a barcode or QR code.

2. Secondly, data must be processed using the FWMMP, or, if a software tool is
available, data must be introduced into the system. After that, relationships must be
built between the attributes identified (which is explained in Chapter 9). As a result, a
mathematical model that enables the estimation of the value of one attribute through
the values of other known attributes can be developed. For instance, the nutrient
composition of compost can be estimated knowing the characteristics of the FW to
treat and the composting process used. Additional data is necessary for the attributes
that cannot be estimated through calculations from other attributes. For instance, the
pH value of FW cannot be calculated from other attributes and therefore must be
obtained from empirical data (e.g. using analytical methods in a laboratory),
published research and databases, or using models developed previously. In this
way, collected data and additional data needed are processed, modelling FWMSs as
aresult.

3. Finally, the modelling process allows obtaining the values of the sustainability
indicators defined in phase 1. These are compared for each FNMS using a pre-
established criterion. The assessment of these indicators helps to select a tailored

FWM practice that optimises the outputs generated.

Alternatively, the procedure can also be applied following the reverse order than that of
Figure 8-1. In this way, firstly the relevant sustainability indicators to the company under
consideration must be identified, and then the FWM performance factors required to
calculate the sustainability indicators can be assessed, continuing the process until the FW
parameters needed are found. For instance, a food company may decide to base its FWM
decision on a reduction of greenhouse gases emissions exclusively, and consider only
animal feeding and anaerobic digestion as potential FWMSs. In this case, the sustainability
indicators can be reduced to the emission of CO,, CH,, and N,O. Performance factors
needed to calculate these indicators would be biogas production rate and methane content
of biogas. Management variables would include variables needed to model the anaerobic
digestion process and distance to transport FW. Finally, the FW parameters needed would
be those referring to animal feeding and anaerobic digestion only. In these cases, the

FWMMP can be simplified removing unneeded attributes from the procedure.
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The key attributes required to implement the FWMMP are classified and explained in

Section 8.3.

8.3 Stages of the Food Waste Management Modelling Procedure

This section defines the data needed to model FWM. Each stage of the process is presented,
and the most relevant parameters, variables, factors and indicators are identified and

arranged in Tables 8-1 to 8-10.

The list of attributes was compiled after undertaking an extensive study of the five FWMSs
considered, which are, as justified in Section 7.5.1.1, redistribution for human consumption,
animal feeding, anaerobic digestion, composting and thermal treatment with energy recovery.
The attributes needed to model the processes and characterise raw materials and outputs
generated were identified and classified according to the FWMMP. Redundant attributes
were removed or combined into a single attribute. Each attribute was assessed
independently and their inclusion in the list was decided upon its relevance to support the
aim of the FWMMP. Therefore, some attributes were discarded if they were found only in a
very small number of publications (e.g. lowest pH achieved during composting) or were not
relevant to FWM (e.g. N, content in biogas). The lists are intended to be not only exhaustive
but also determinative and practical. It includes the attributes needed to model FWM to a
great level of detail, based on a thorough analysis of the five FWMS considered.
Nevertheless, the user of the FWMMP can add or remove attributes in the lists in order to
adapt it to their specific needs.

The tables are comprised of four columns: first column shows the attribute considered,
second column gives an example of that type of attribute or a unit commonly used to
measure it, third column presents the FWMSs that need the attribute to be defined (‘R’
redistribution for human consumption, ‘AF’: animal feeding, ‘AD’: anaerobic digestion, ‘C’
composting and ‘TT’: thermal treatment with energy recovery; in some tables ‘T’ has been
added to represent transportation, which affects the five FWMSs), and the last column gives
one example of published research where the attribute is used per type of FWMS listed in
the third column. Consequently, the references from the fourth column, which include
published research and legislation, confirm the need to consider the attribute for the FWMS
assessed.
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8.3.1 Parameters to define characteristics of FW

FWs are very diverse in their characteristics and composition. Parameters to estimate
characteristics of FWs are classified into two categories: qualitative and quantitative
parameters. Quantitative parameters are further subdivided into two sub-categories: primary

and secondary parameters. These parameters are defined below and listed in Tables 8-1 to

8-3.

8.3.1.1 Qualitative parameters

Quialitative parameters have been identified and described in Section 7.4. They do not have
a numerical value and are used to describe the qualitative characteristics of the FW. They
provide an initial recommendation on the most sustainable FWMS available. Qualitative FW

parameters are listed in Table 8-1 below.

8.3.1.2 Quantitative parameters

Quantitative parameters provide more specific and quantitative information about the
characteristics of the FW. Quantitative parameters are needed to estimate quantitative
results from FWM. They are further subdivided into primary and secondary.

Table 8-1. Qualitative FW parameters

Edibility Edible / Inedible R, AF
State Eatable / Not eatable / R, AF
Uneatable for humans, eatable
for animals
Origin Animal based / Plant based AF, AD, C
Complexity Single / Mixed AF, AD, C
Animal-material Meat / Animal product / By- AF, AD, C
presence productfrom animal bodies / In

contact with ABP / Notin

contact with ABP Section 7.4 of this thesis

Treatment Processed / Unprocessed R
Packaging Packaged / AF, AD, C
Unpackaged/separable from
packaging
Packaging Biodegradable package / Non- AD,C
biodegradability biodegradable package
Stage of the supply  Catering waste / Non-catering AF
chain waste
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Primary parameters are those parameters which cannot be determined by other

parameters. In order to obtain the value for primary parameters, experimental analysis,

review of published literature or data collection from databases must be carried out. The

values of primary parameters are specific and different for the type and quantity of FW under

consideration, e.g. chemical composition. Quantitative primary FW parameters are listed in

Table 8-2 below.

Production or flow
rate

Carbohydrate content
and composition

Fat content and
composition
Protein content and
composition

Vitamin content and
composition

Other organic
compounds

Inorganic content and
composition

Moisture content

Biological hazard

pH

Particle size

Table 8-2. Quantitative primary FW parameters

kg orm®
/ day

% mass

% mass
% mass

% mass

% mass

% mass
% mass

CFU/g
fresh
matter

0-14

mm

R, AF, AD,
C,TT

AF, AD, C,
T

AF, AD, C,
T
AF, AD, C,
T

AD,C TT

R, AF, AD,
CTT

R, AF, AD,

C,TT

AD,C, TT

R, AF, AD,
C,TT

AD, C

AD, C

R: The Commission of the European Communities
(2005), AF: European Commission 2005b), AD:
British Standards Institution (2014), C: British

Standards Institution (2011), TT: Brunner &
Rechberger (2014)
AF: Parfitt, Stanley, et al. (2016), AD: Batstone et
al. (2002), C: Chang & Hsu (2008), TT: Caton et al.
(2010)

AF: San Martin et al. (2015), AD: Batstone et al.
(2002), C: Chang & Hsu (2008), TT: Caton et al.
(2010)

AD: Climenhaga (2008), C: Ipek et al. (2005), TT:
Caton et al. (2010)
R: The Commission of the European Communities
(2006), AF: European Commission (2002), AD:
British Standards Institution (2014), C: British
Standards Institution (2011), TT: Caton et al.
(2010)

R: WHO/FAO (1995), AF: European Commission
(2002), AD: Fisgativa et al. (2015), C: Himanen &
Hanninen (2009), TT: Caton et al. (2010)

AD: Zhang et al. (2007), C: Chang & Hsu (2008),
TT: Caton et al. (2010)

R: The Commission of the European Communities
(2005), AF: European Commission (2005b), AD:
British Standards Institution (2014), C: British
Standards Institution (2011), TT: Brunner &
Rechberger (2014)

AD: Fisgativa et al. (2015), C: Chang & Chen
(2010)

AD: Zhang et al. (2015), C: Nakasaki et al. (2015)
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It is highly beneficial to provide a detailed analysis of the composition of the FW: the main
components of the FW should be identified (e.g. percentage of carbohydrates in the FW)
and subdivided into its minor constituents (for carbohydrates: the exact content of glucose,
lactose, amylose and other relevant substances).

‘Other organic compounds’ refer to those not included explicitly in the other attributes of the
list, and include mainly pollutants or non-nutritive organic substances such as pesticides,
fertilisers and dioxins. ‘Inorganic compounds’ are those that are present in form of salt or ion,
e.g. NaCl, Na’, K*, Cl'and F.

‘Biological hazard’ refer to the presence of microbiological activity that affect the quality of
the FW, such as bacteria, yeasts and moulds. The presence or absence of biological hazard
would have already been elucidated during the assessment of the qualitative FW parameter

‘state’, but here the type of microorganism must be identified and quantified.

Secondary parameters are parameters that can be calculated using values of primary
parameters. In order to do so, mathematical relations must be built between secondary and
primary parameters. Additionally, secondary parameters can also be obtained from
experimental analysis, published literature or databases. Secondary parameters can be
defined when assessing FWMSs, e.g. total Kjeldahl nitrogen (which depends on protein,
vitamin and other organic content and composition) is only relevant to evaluate anaerobic

digestion and composting. Quantitative secondary FW parameters are listed in Table 8-3.

‘Hazardous materials’ include those substances containing a biological hazard, pollutants
and any other material which can cause a harmful effect to people, the environment or the
FWMS (e.g. stones and sharp objects).

‘Energy value’ must not be confused with ‘calorific value’: the former refers to the energy
obtained from the digestion of the FW (which is relevant for animal feeding) and the latter to
the energy obtained through a thermal treatment of the waste (i.e. incineration, pyrolysis or
gasification).

Three different ratios of chemical elements have been added to the table, since different
elements are relevant for different FWMSs: C:H:O:N:P:S ratio for anaerobic digestion, C:N
ratio for composting and C:H:O:N:S:Cl ratio for thermal treatment with energy recovery. For
each FWMS, the source that provides a more itemised ratio of chemical elements was
selected. For instance, although for AD a number of sources consider C:N ratio only, a ratio
of C:H:O:N:P:S was selected as suggested by Hidalgo et al. (2016).
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Table 8-3. Quantitative secondary FW parameters

R, AF,
Densit kg/m’ AD, C,
¥ g/ T R: Bilska et al. (2016), AF: European Commission
R AF (2002), AD: Fisgativa et al. (2015), C: WRAP (n.d.),
Hazardous Type and % A'D C' TT: Lee et al. (2007)
materials mass T
Energy value kcal/kg AF Parfitt, Stanley, et al. (2016)
Volatile solids o AD, C, AD: Zhang et al. (2007), C: Chang et al. (2006), TT:
(VS) %massof TS~y Ahmed & Gupta (2010)
. AD, C, AD: Kumar et al. (2015), C: Wang & Ai (2016), TT:
0,
Total solids (TS) % mass T Ahmed & Gupta (2010)
Total Kjeldahl ) . I
nitrogen (TKN) mg/g TS AD, C AD: Kumar et al. (2015), C: Adhikari et al. (2008)
Total ammonia
nitrogen (TAN) mg/! AD . .
. Fisgativa et al. (2015)
Chemical oxygen me/| AD
demand (COD) g
CH:O:N:PsSratio CH-ONPS g Hidalgo et al. (2016)
mass
C:H:O:!V:S:CI C:H:0:N:S:Cl T Caton et al. (2010)
ratio mass
C:N ratio C:N mass C Chang & Chen (2010)
Ash % mass CTT C: Chang & Chen (2010), TT: Caton et al. (2010)
Porosity % volume C Cooperband (2002)
Calorific value MIJ/kg 1T Bujak & Sitarz (2016)

Volatile fatty acids (VFA) content is of relevance to the anaerobic digestion process, since it
inhibits the digestion (Kondusamy & Kalamdhad 2014). However it was not included in this
list since volatile fatty acids are generated during the process and are present in the raw
material in low quantities. Initial VFA is included in ‘fat content and composition’ quantitative
primary FW parameter.

Some of the FW parameters introduced in this section are also needed to assess the
performance of the processes, e.g. the final moisture content of compost gives information
about the yield of the composting process. In addition, the value of some parameters can be
corrected during the treatment (e.g. addition of a buffer to control pH in the anaerobic
digester) and therefore can also be considered FWM process variables. These types of
parameters should be monitored during the process and also evaluated at the end of the

treatment as performance factors.
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8.3.2 Variablesto model FWM processes and company status

In addition to parameters based on FW characteristics, there are a number of variables
which depends on other factors. They can be classified into two major categories: FWM
process variables and company status variables, which are defined below and listed in
Table 8-4.

FWM process variables need to be defined in order to estimate the performance of the
different FWMSs, e.g. the air ratio in a composting process is a key variable in order to
estimate the final composition of the compost obtained. The variables must be different and
specific for each FWMS considered. The values of these variables must be determined for
each type of FW treated, since optimum values are different for each feedstock (e.g. solid
and liquid FW). Depending on the precision of the modelling needed, assessing each FW
batch can also be necessary, since FW compositions may change from batch to batch (e.qg.
different levels of ripeness for the same type of FW would cause variations in chemical

compositions of the FW).

Some of the FWM process variables are also relevant to evaluate the performance of the
processes, e.g. nutrient content in the digestate material obtained from anaerobic digestion.
This type of parameter should be monitored during the process and also evaluated at the
end of the treatment as performance factor.

Transportation (‘T’) has been added to the list in the column of FWMS, since it should be
analysed for all FWMSs.

Company status variables do not change from batch to batch as they are constant for a
certain company. ‘Company’ refers to the food manufacturer that generates the FW or the
waste management processor, which in some cases may be the same. For instance, the
type and volume of equipment available to treat FW in the company and the distance to
waste processors that take charge of the FW generally remain unchanged. Clearly, these
variables may change over longer periods, e.g. new equipment can be purchased, but these
variables would be considered fixed variables as the time to implement the changes is
longer than the time given to manage FW. When the variables (or their values) change, they
will have to be amended in the model.
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Distance to
transport FW

Type of
equipment
available

Volume of
equipment
available
Number of
stages

Temperature
Process time

Treatment
method

Pre-treatment

Additives /
Catalysts

Co-products

Inoculum /
Seeding

Agitation /
Stirring

pH
Organic loading
rate (OLR)
Hydraulic
retention time
(HRT)
Composting of
digestate
Oxygen
concentration /
Air ratio
Pile size
Pressure

Steam injection

Guillermo Garcia-Garcia

Table 8-4. FWM process and company status variables

km

E.g. Upflow
anaerobic sludge
blanket reactor
(UASB)

3
m

Number and type
°C

Days / hours

Batch /
Continuous /
Semi-continuous

Yes (type) / No

Yes (type and
concentration) /
No
Type and quantity
of co-product

Type and % mass

Yes (type and
speed /
periodicity) / No
0-14

kg VS/m?® day

Days

Yes (type) / No

%

c¢cm high, m wide
Bar
Yes (quantity,
temperature,
pressure) / No

AD, C,

AD, C,

AD, C,

AD, C,

AD, C

AD, C

AD, C

AD

AD

AD

CTT

den Boer et al. (2009)

AD: Mao et al. (2015), C: Cooperband (2002),
TT: Defra (2013b)

AD: Mao et al. (2015), C: Chang et al. (2006), TT:
Lohri et al. (2015)

AD: Mao et al. (2015), C: Cooperband (2002),
TT: Caton et al. (2010)

AD: Mao et al. (2015), C: Kwon & Lee (2004),
Suler & Finstein (1977), TT: Lohri et al. (2015)

AD: Zhang et al. (2014), C: Nakasaki et al.
(2015), TT: Lohri et al. (2015)

AD: Mao et al. (2015), C: Peigne & Girardin
(2004), TT: Ahmed & Gupta (2010)

AD: Mao et al. (2015), C: Cooperband (2002),
TT: Manfredi & Cristobal (2016)
AD: Kondusamy & Kalamdhad (2014), C: Chang
et al. (2006)

AD: Leung & Wang (2016), C: Cooperband
(2002)

AD: Mao et al. (2015), C: Cooperband (2002)

Mao et al. (2015)

Kondusamy & Kalamdhad (2014)

C: Cooperband (2002), TT: Caton et al. (2010)

Cooperband (2002)
Lohri et al. (2015)

Ramzan et al. (2011)
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‘Distance to transport FW’ is the crucial variable to assess economic costs and
environmental impacts of transportation of FW (which is relevant to all FWMSs but especially
for redistribution and animal feeding). There are other variables in FW transportation, such
as the weight and volume capacity of trucks, route topography, driving style and traffic, but

these have been considered less relevant and have been excluded.

‘Number of stages’ refers to processes that comprise more than one sub-process, e.g. two-
stage anaerobic digestion. Variables must be defined for all stages, e.g. temperature and
pressure at each stage.

For anaerobic digestion, ‘hydraulic retention time (HRT) has been considered besides
‘process time’. ‘HRT' is the time FW is retained in the digester, whilst ‘process time’ refers to
the total time to treat the FW in the facilities until final results are achieved, which can
include biogas upgrading, digestate concentration and other processes before and after the
digestion process. ‘HRT’ is needed to model the anaerobic digestion process only whilst
‘process time’ is useful to assess the efficiency of the entire FWM process.

It is important to notice that ‘pH as a FWM process variable refers to the pH determined to
be used for the treatment of FW (i.e. pH in the digester or composting vessel/facility), as
opposed to ‘pH’ as a quantitative primary FW parameter, which is the initial pH of FW before

treatment.

The FWMMP is useful to analyse current FWMSs which are possible for the company. If
new FWMSs are to be considered and they require an economic investment (e.g.
purchasing new equipment), the ‘availability of economic investment’ can be considered a
company status variable useful to analyse the feasibility of such proposed FWM modification.

Several variables can be considered to belong to FWM process variables and company
status variables as they depend on both categories, e.g. addition of co-products to the FW to
be treated depend on the availability of co-products for the company, thus it is a company
status variable, but is also a variable needed to model FWM processes (anaerobic digestion,
composting and thermal treatment with energy recovery), so it can also be considered a
FWM process variable. Consequently, FWM process variables and company status

variables have been combined and are not distinguished in Table 8-4.

8.3.3 Factors to assess the performance of FWM practices

Once the data needed to characterise FW, FNVM processes and company status have been

collected, the performance of the different FWMSs can be estimated through modelling of
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the different processes. This can be done manually by the user or using a software tool to
automate the procedure. In the second case, the user introduces the collected data into the
tool and this would generate values for the FWM performance factors. The list of

performance factors can be found in Table 8-5.

For this purpose, firstly a set of factors to assess the performance of FWM practices must be
defined for each FWMS considered. For instance, for redistribution for human consumption
the most relevant factor is usually ‘quantity of food redistributed’. Secondly, these factors
must be connected to the parameters and variables identified in Sections 8.3.1 and 8.3.2
using mathematical relationships. As a result, the value of these factors could be calculated
using parameters and variables that have been previously assessed.

The terms ‘digestate composition’ and ‘compost composition’ are generic, and they refer to
the need to obtain the specific composition of both materials. The preciseness of those
compositions (i.e. the number of components analysed, e.g. concentration of different
aminoacids) depend on the degree of precision required for the company and the type of
sustainability indicators to be determined (Section 8.3.4). For instance, if the only nutrient to
be assessed as environmental impact to soil is nitrogen, only protein and vitamin content are
necessary, and carbohydrate and fat content can be discarded from the analysis, as they do
not contain nitrogen. In general, it can be assumed that a detailed composition of the
different materials obtained is beneficial as a more representative estimation of the outputs

generated can be obtained.

Table 8-5. FWM performance factors

Quantity of food redistributed kg/day R Bilska et al. (2016)
Quantity animal feed produced kg/day AF Westendorf (2000)
Biogas production rate I/day AD
o o
-[CH4] in biogas % volume AD Chen et al. (2010)
Digestate flow rate I/day AD
Digestate composition % mass AD
C t producti t kg/d C
ompost produc |o.n. rate g/day Cooperband (2002)
Compost composition % mass C
Gas flow rate Nm3/da 1T
- /day Buragohain et al. (2012)
Lower heating value of gas MJ/m3 T
Ch ducti t kg/d TT
ar.pro uction rate g/day Lohri et al. (2015)
Heating value of char Ml/kg 1T
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On the other hand, for biogas composition the methane content has been the only factor
included in Table 8-5. Similarly, a more precise analysis of other gases of the biogas allows
a representative estimation of the ramifications of FWM, such as leaks of H,S to the
atmosphere. The same applies to the compositions of the gas and char obtained from
thermal treatments. In this list only the most relevant and used factors to assess the
performance of the FWMSs studied are included.

8.3.4 Sustainability indicators to evaluate ramifications of FWMSs

Since FWM performance factors are valued using different units, they must be converted
into comparable indicators in order to contrast the results obtained from different FWMSs.
Considering the aim of this research to increase the sustainability of FWM, the indicators
chosen are associated to the three pillars of sustainability: environmental, economic and

social ramifications.

Mathematical models are needed to link the sustainability indicators with the FWM
performance factors. However, occasionally the sustainability indicator cannot be calculated
from performance factors (e.g. noise), and in these situations the sustainability indicator
must be obtained through direct measurements or using FW parameters and FWM process
and company status variables.

In order to use the FWMMP, only environmental, economic and social ramifications
associated with FWM must be considered. Impacts of the food during its life cycle (e.qg.
harvesting, storage and manufacturing) are not included in the FWMMP since they do not
affect FWM decisions, i.e. the ramifications have already occurred before the food was
wasted. Consequently, a product life-cycle approach was not appropriate to assess different
possible solutions and only end-of-life impacts were studied. End-of-life impacts include
ramifications generated from the moment FW is generated until the management of FW is
completed (i.e. a life-cycle approach of the waste, and not the product, was considered).

Transportation (‘T’) is included in the FWMMP, and this should be analysed for all FWMSs,

as potentially all management options include a transportation of FW.

8.3.4.1 Environmental indicators

Environmental indicators assess the impact on the environment and/or human health of the

different FWMSs. These impacts are generally negative (e.g. toxic gases emitted), but can
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be positive in certain occasions (e.g. use of waste for the removal of pollutants in

wastewater).

In order to better understand the environmental impact generated managing FW, it can be
useful to classify the indicators into the different types of impacts created, for instance
greenhouse gas emissions (e.g. CO,, CH,, N,O), eco-toxicity (e.g. NMVOC, NH;, H.S),
acidification (e.g. SO,, NOx, NH3) and photochemical oxidation (e.g. VOC, NOx, CH,). This
could be considered in future versions of the FWMMP, however for the current purpose of
the FWMMP only quantities of substances emitted are accounted.

The list of environmental impacts have been divided into three tables, Tables 8-6 to 8-8, to
describe impacts to air, water and soil respectively. Some indicators can be present in more
than one table, e.g. particles that are emitted to the atmosphere can precipitate and pollute
water and soil. It must also be noted that some indicators include the assessment of other
indicators, e.g. TOC’ includes ‘NMVOCs’, and ‘leaching value’ includes presence of
chemical elements such as ‘Sb’, ‘Cd and ‘Cr’. These types of ‘general indicators’ were
included in Tables 8-6 to 8-8 when they are commonly used to assess environmental
impacts of a FWMS.

Table 8-6 lists the environmental indicators used to assess impacts of FWM to air.

All five FWMSs studied generate a range of emissions to the atmosphere. For redistribution
for human consumption and animal feeding, these emissions are generated due to
transportation, since these options potentially do not require any treatment to process the
FW. In order to decide which emissions to include in Table 8-6, a study was carried out to
identify the substances which can negatively impact the environment and/or human health.
For this purpose, the following documentation was reviewed and used to complete a list of
damaging atmospheric emissions: Parliament of the United Kingdom (2008), The European
Parliament and the Council of the European Union (2010), The Secretary of State (2010a),
European Commission (2013) and European Environment Agency (2015). Subsequently,
when reviewing published research on emissions from the five FWMSs, the emissions found
were compared against the list created with the aforementioned regulation. Providing the
substance emitted by the FWMS was in this list, it was added to Table 8-6, proving that the

substance creates a negative environmental impact.
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Table 8-6. Environmental indicators: impacts to air

Total

.. 3 T, AD,
emls:i(:ns o m/day C,TT  T:den Boeretal. (2009), AD: Whiting & Azapagic (2014), C:
. T.AD, Khoo et al. (2010), TT: European Commission (2006c)
Cco, mg/m ¢ 1T
T: den Boer et al. (2009), AD: Whiting & Azapagic (2014), C:
CH, mg/m’ T, AD, Borjesson & Berglund (2007), TT: European Commission
C,TT
(2006c¢)
N,O me/m’ T, AD, T: den Boer et al. (2009), AD: Mgller et al. (2009), C:
C,TT Amlinger et al. (2008), TT: European Commission (2006c)
NOX mg/m’ T,AD, T:den Boeretal.(2009), AD: Styles et al. (2016), C: Peigne
C,TT & Girardin (2004), TT: European Commission (2006c)
Non-methane
‘::;Z:Iii me/m’ T,AD, T:Environmental Protection UK (n.d.), AD: Gerardi (2003),
compounds C,TT  C: Amlingeretal. (2008), TT: European Commission (2006c)
(NMVOC)

Total organic

3 : . e
carbon (TOC) mg/m T,T1T T: Wada et al. (2015), TT: European Commission (2006c)

AD, C, AD: Whiting & Azapagic (2014), C: Khoo et al. (2010), TT:

NH; mg/m’ 1T European Commission (2006c)
3 AD, C, AD: Beylot et al. (2015), C: Zhao & Deng (2014), TT:
SOx mg/m T ! Europe(an Co)mmission (2006?:)( )
Hl meg/m’ AD, C, AD: Zhao & Deng (2014), C:.Zh.ao & Deng (2014), TT:
T European Commission (2006c)
Dioxins,
furans, PAH, s AD,C, AD: Haight (2005), C: Haight (2005), TT: European
PCBs and mg/m T Commission (2006c)
products alike
H,S mg/m’ AD, C AD: Gerardi (2003), C: Peigne & Girardin (2004)
3 AD, C, AD: Gerardi (2003), C: Zhao & Deng (2014), TT: European
co mg/m TT ( )Commission (ZO%E(SC) ) ’
Dust mg/m’ T,T1T T: Wada et al. (2015), TT: European Commission (2006a)
T,AD, T:denBoeretal.(2009), AD: Cherubinietal.(2009), C: Zhao
PM<10 mg/m’ CTT & Deng (20151), TF:) European Commissicgn (20)06c)
PM<2.5 mg/m> T,TT  T:den Boeretal. (2009), TT: European Commission (2006c)
As mg/m’ TT
cd mg/m’ T
Hg mg/m’ 1T
3
Zn mg/m T Lee et al. (2007)
Cr mg/m T
Ni mg/m> TT
Pb mg/m’ 1T
Cu mg/m’ TT
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The indicators included in the list refer to emissions of the main process and also of
additional processes if they are of relevance. For instance, for anaerobic digestion most of
CO, emitted is generated during biogas combustion, and most CH, and NH; emitted is
related to open storage of digestate and its application to the land (Whiting & Azapagic
2014). These additional processes can be removed from the analysis if they do not take
place in the company under consideration (e.g. the biogas is combusted in a different facility).

One of the main sources used to study emissions from thermal treatments with energy
recovery was the Reference Document on the Best Available Techniques for Waste
Incineration (European Commission 2006c¢), which is not specific to FW. When analysing

types of substances that can be emitted from incineration, the substances were assessed
and included in Table 8-6 only if they can be present in food products or food packaging. For
this reason, substances such as hydrogen fluoride (HF) were not included in Table 8-6,

since its main source are fluorinated plastic, fluorinated textiles and decomposition of CaF,
during the incineration of sludge.

Table 8-7 below lists the environmental indicators used to assess impacts of FWMto water.

K, Ca, Mg and S were found as potential impacts to soil for anaerobic digestion and soil and
water for composting. Since the application of digestate from anaerobic digestion to land is

similar to that of composting, and these substances were found as potential impacts to water

from composting, they were also considered for anaerobic digestion in Table 8-7.

Table 8-8 lists the environmental indicators used to assess impacts of FWM to soil.

Table 8-7. Environmental indicators: impacts to water

Wastewater 374 AF, AD,
flow m’/day CTT
Chemical AF: Lee et al. (2007), AD: Deepanraj et al. (2015), C: Peigne
oxygen 3 AF, AD, & Girardin (2004), TT: European Commission (2006c)
demand g/m C,TT
(CoD)
Biochemical
oxygen 3 AF, AD, AF: Lee et al.(2007), AD: Suwannarat & Ritchie (2015), C:
demand g/m CTT Peigne & Girardin (2004), TT: Abbasi & Abbasi (2010)
(BOD)
Total -
suspended g/m? AF, AD, AF: Lee et‘al. (2007), AD: Wu et a!. (2016), C Lasaridi &
. CTT Stentiford (1998), TT: Abbasi & Abbasi (2010)
solids (TSS)
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NH,"

Cd
Zn
Cr

Pb
NO;
K

Ca
Mg

S

Hg
Cu
Ni
As
Vv
Be
Br
Se
Co
E
B
Fe
Mn
Na
Total organic
carbon (TOC)
Dioxins,

furans and
PCBs

s0,?
cr

g/m’

g
P,0s/PO,*
/m’

g/m
g/m

g/m
g/m

g/m

g/m
g/m’
g/m
g/m
g/m
g/m’
g/m’
g/m’
g/m’

g/m’

g/m’
g/m’
g/m’
g/m

g/m
mg/m’

g/m
g/m

AF, C

AD, C

AD, C

AD, TT
AD, TT
AD, TT
AD, TT
AD
AD
AD
AD
AD

CTT

d oooo

=~

Guillermo Garcia-Garcia

AF: Lee et al. (2007), C: Peigne & Girardin (2004)

AF: Lee et al. (2007), AD: Vogeli et al. (2014), C: British
Standards Institution (2011)

AD: Xu et al. (2015), C: British Standards Institution (2011),
TT: European Commission (2006c)

AD: Ortner et al. (2013), C: Peigne & Girardin (2004)

AD: Levén et al. (2012), C: British Standards Institution
(2011)

AD: Brandli, Bucheli, et al. (2007), C: British Standards
Institution (2011)
AD: Levén et al. (2012), C: British Standards Institution
(2011)
AD: Opatokun et al. (2015), C: British Standards Institution
(2011)

AD: Xu et al. (2015), TT: European Commission (2006c)

Xu et al. (2015)

C: British Standards Institution (2011), TT: European
Commission (2006c)

British Standards Institution (2011)

European Commission (2006c)
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Solid residue
flow rate

Cu

Zn

Nutrient
content: N
Nutrient
content: P
Nutrient
content: K
Nutrient
content: Mg
Nutrient
content: S
Nutrient
content: Ca
Moisture
content

Loss on ignition
/ VS /TOC

pH/
neutralising
value
Dioxins, furans,
PAH, PCBs and
products alike
Fungicides,
herbicides,
insecticides,
acaricides

E. coli

Salmonella spp

Ccd
Cr
Pb
Hg
Ni
VFAs

Guillermo Garcia-Garcia

Table 8-8. Environmental indicators: impacts to soil

kg/day
mg/kg
mg/kg
g N/kg
g P,0s/kg
g K,0/kg
g MgO/kg
g SOs/kg
g CaCOs/kg

g/kg

g/kg

0-14

ng I-TEQ/kg
dry

mg/t dry

CFU/g fresh
matter
CFU/g fresh
matter
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
COD/g Vs

AD, C,

AD, C,

AD, C,

AD, C

AD, C

AD, C

AD, C

AD, C

AD, C

AD, C

AD, C,

AD, C

AD, C

AD, C

AD, C
AD, C
AD, C
AD, C
AD, C
AD, C

AD: British Standards Institution (2014), C: British
Standards Institution (2011), TT: European
Commission (2006c)

AD: Levén et al. (2012), C: WRAP (2016)

AD: Opatokun et al. (2015), C: WRAP (2016)

AD: Brandli, Bucheli, etal. (2007), C: Brandli, Bucheli,
et al. (2007)
AD: British Standards Institution (2014), C: British
Standards Institution (2011)
AD: British Standards Institution (2014), C: British
Standards Institution (2011), TT: European
Commission (2006c)

AD: British Standards Institution (2014), C: British
Standards Institution (2011)

AD: Brandli, Bucheli, etal. (2007), C: Brandli, Bucheli,
et al. (2007), TT: European Commission (2006c)

AD: Brandli, Bucheli, etal. (2007), C: Brandli, Bucheli,
et al. (2007)

AD: British Standards Institution (2014), C: British
Standards Institution (2011)
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Total glass,
metal, plastic
and any ‘other’
non-stone,
man-made
fragments > 2
mm

Stones >5 mm

Total physical
contaminants
(excluding
stones)
Nutrient
content: Na
Nutrient
content: B
Nutrient
content: Fe
Nutrient
content: Mn
Particle size
distribution
C:N
Electrical
conductivity

Microbial
respiration rate

Germination
seeds or
propagule
regrowth
Stones >4 mm
in grades other
than "mulch"
Stones >4 mm
in "mulch"
grade
Leaching value
Sb
Mo
Cl-
so,”

% m/mdry
matter, no
sharps

% m/m dry
matter

kg/t

mg WS Cl/kg
mg/kg
mg/kg
mg/kg

mm
C:N (mass)
mS/cm

mg CO,/g
organic
matter per
day

mean
number/litre
of compost

% mass

% mass

mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

AD, C

AD, C

AD

C

34434

AD: British Standards Institution (2014), C: British
Standards Institution (2011)

British Standards Institution (2014)

British Standards Institution (2011)

European Commission (2006c)
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Some of the pollutants found after managing FW are related to secondary activities linked to
the FWM, such as PAH (polyaromatic hydrocarbons) deposited to the soil from fossil fuel
combustion and traffic near the waste management facility.

8.3.4.2 Economic indicators

Economic indicators are used to assess the economic result from FWM, which can be either
positive (economic benefit obtained from management of the FW) or negative (economic
cost to treat or dispose of the waste). FWMSs with significantly less favourable economic
implications than currently-followed alternatives can be discarded at this stage. The list of

economic indicators used in the FWMMP can be found in the Table 8-9.

‘Management cost’ includes the direct economic costs of FWM (e.g. economic cost of the
water added to the anaerobic digester) and also indirect economic costs. Indirect costs
include aspects such as storage and transportation costs, which are more relevant for
redistribution for human consumption and animal feeding since their direct costs should be
nearly zero (because on most occasions there is not any processing required). In the
FWMMP, redistribution generally does not provide any direct economic income to the
company because the product is not sold, however the storage costs are generally lower
than for the other FWMSs, since the food must be redistributed rapidly before it expires.
Nevertheless, costs of redistribution per day (for storage costs) and per mile (for
transportation costs) are generally higher than for any other FWMS, since the cold chain
may be required at all times for redistribution for human consumption.

Solid material from the indicator ‘economic value of solid material’ refers to animal feed,

digestate from anaerobic digestion (although digestate can be solid or liquid), compost, and

Table 8-9. Economic indicators

R: Giuseppe et al. (2014), AF: Kim et al. (2010), AD:

Manz::i(:tment £ R, éF_'l__?D’ Gebrezgabher et al. (2010), C: Ruggieri et al. (2009),
! TT : Herva & Roca (2013)
E°°“o‘;"::"‘éa'“e " AF,AD,C,  AF: Parfitt, Stanley, et al. (2016), AD: Styles et al.
. T (2016), C: Rothenberger et al. (2006), TT: Bujak (2015)
material
Heat recovered .
/ Output power kJ/min AD, TT AD: Styles et al. (2016), TT: Ahmed & Gupta (2010)
Bi } D
|og.as r.ate Nm’/day A Styles et al. (2016)
[CH,] in biogas % AD
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char from thermal treatment with energy recovery. These materials can be usually sold and

an economic income can be obtained from them.

In the case of anaerobic digestion, the main economic income is generated from the biogas
obtained, which can be sold or used in-situ to produce energy. Therefore, the economic
income obtained is dependent on the biogas production rate and concentration of methane
in the biogas. It is worth noting that these two economic indicators are also used as

performance indicators.

In the case of thermal treatment with energy recovery, the main economic income is
generated from the amount of heat recovered. If the heat is used in situ to obtain electrical

energy, the economic indicator for this FWMS would be the output power produced.

8.3.4.3 Social indicators

Social indicators incorporate social considerations not addressed with environmental and
economic indicators. They can be either positive (e.g. food redistributed to people in need)
or negative (e.g. loss of jobs). The list of social indicators used in the FWMMP can be found
in the Table 8-10 below.

Table 8-10. Social indicators

Supportof  Yes (number of R, AF, R: Buksti et al. (2015), AF: Sugiura et al. (2009), AD:
local people benefitted AD,C, Chongetal.(2016), C: Chongetal. (2016), TT: Chong
economies /tonne) / No T et al. (2016)
Job Yes (number of R, AF, R: Buksti et al. (2015), AF: Defra et al. (2016), AD:
creation people benefitted AD,C, Vogelietal.(2014), C: Rothenberger et al. (2006), TT:
/tonne) / No 1T Friends of the Earth (2010)
T AD T: den Boer et al. (2009), AD: Kythreotou et al. (2014),
Noise dB L C: Cooperband (2002), TT: European Commission
C,TT
(2006c¢)
Yes (number of
NIMBY people AD, C, AD: Chong et al. (2016), C: Chong et al. (2016), TT:
syndrome affected/tonne) / 1T Chong et al. (2016)
No
Yes (humber of
Feeding people .
people benefitted/tonne) R Buksti etal. (2015)
/ No
Number of
Traffic vehicles / tonne T Kijak & Moy (2004)
of FW
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In order to decide which social indicators to include in Table 8-10, a study was carried out to
analyse common social indicators used to assess waste management practices. For this
purpose, the following papers were reviewed and used to complete a list of social
ramifications: Kijak & Moy (2004), Hung et al. (2006), Hung et al. (2007), Su et al. (2010),
Thyberg & Tonjes (2015), Vucijak et al. (2015) and Chong et al. (2016). Subsequently, when
reviewing published research on social considerations from the five FWMSs, the indicators
found were compared against the list created with the aforementioned papers. Providing the

social ramifications generated by the FWMS was in this list, they were added to Table 8-10.

‘NIMBY (Not In My Back Yard) syndrome’ in this context refers to the opposition by citizens
of treating FW near their homes. It has been assumed that NIMBY do not affect
redistribution for human consumption or animal feeding, and it would occur only in waste
management plants, i.e. when using anaerobic digestion, composting and thermal treatment
with energy recovery. Clearly, the effect of NIMBY in these examples is also different:
presumably thermal treatments would generate a more negative social impact than

anaerobic digestion.

‘Feeding people’ in this context refers to the number of people fed for a charitable purpose,
e.g. food consumed by people in need or used in charitable activities, such as fundraising or

raising-awareness events.

The social indicator ‘traffic’ in this context refers to the social ramifications of a traffic
increase, for instance delays, noise and perturbations to citizens. The environmental impacts
generated due to transportation of FW are considered environmental indicators only and are
included in Table 8-6.

8.4 Chapter summary

This chapter has presented a procedure to optimise industrial FWM. A terminology and
FWMMP has been defined, which includes the description and identification of attributes:
parameters, variables, factors and indicators to model FW types and FWMSs. The
guantitative FW parameters complement the qualitative FW parameters presented in the
previous chapter. The assessment of the attributes presented in this chapter makes possible
a quantitative estimation of the potential impacts of FWM to the economy, environment and
society. Although the FWMMP presents a great level of detaill and allows a precise
estimation of results from FWM, the FWMMP is flexible and its user can add or remove

attributes to adapt it to their specific needs.
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Due to the complexity of the FWMMP, it may be difficult for some users to apply the
procedure presented in this chapter. In the next chapter, an analysis of the relationships
between attributes is presented, which simplifies the use of the FANMMP. The practicality of
the approach is tested in Chapter 10.
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CHAPTER 9 ANALYSIS OF INFORMATION FLOWS FOR

FOOD WASTE MANAGEMENT

9.1 Introduction

This chapter analyses the attributes presented in Sections 7.4 and 8.3 in order to identify
relationships between them, revealing the dependencies between attributes and identifying
which attributes must be defined in order to obtain the information pursued (i.e. sustainability
implications of FWM). The end of the chapter describes a methodology to determine the
attributes needed to assess unknown attributes and the optimal order of the assessment.
The sequence of the application of the different tools explained in this chapter can be seen

in Figure 9-1.

9.2 Relationships between attributes: building the Relationships Matrix

In order to model FWM, an analysis of the relationships between the different parameters,
variables, factors and indicators presented in Chapter 8 is necessary to understand the
dependencies between attributes. This analysis is also needed to determine which attributes
are needed to determine the values of unknown attributes. For instance, there is a
relationship between the ‘carbohydrate content of FW’ and the ‘methane content of biogas’
obtained from anaerobic digestion, since FW composition affects the yield of the digestion
process and the proportion of products obtained. In this example, ‘carbohydrate content’ is
an attribute needed to estimate the outputs generated (such as ‘methane content of biogas’)

from anaerobic digestion, which are initially unknown.

Information

Relationships Dependencies Table of

Matrix List Assessment Results Table

flow diagram

Figure 9-1. Integration of tools to obtain information flow diagrams
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Defining all relationships between all variables is largely complex due to a number of
reasons. Firstly, because of the number of attributes: 175 attributes were identified and listed
in Chapter 8. The relationship between each attribute and all other attributes was assessed,
thus (175°-175)/2 = 15,225 relationships between pairs of attributes were analysed and
listed in the Relationships Matrix. Secondly, each FWMS presents distinctive relationships.
For instance, presence of ‘hazardous materials’ has an effect on ‘management costs’ for
FWMSs such as anaerobic digestion and composting, since those materials may have to be
removed or treated before the process starts. However, for redistribution for human
consumption, it was assumed that ‘hazardous materials’ do not affect the cost of managing
the FW, since its presence is sufficient to discard this FWMS. All situations in which a

relationship occurred to only some of the FWMSs are explained in Section 9.3.

Furthermore, there are different types of relationships between two attributes, as explained

below:

- No relationship: both attributes assessed lack of any dependency to each other.
For example, the concentration of ‘volatile solids’ in FW and the ‘distance to
transport FW’ are not related, i.e. in order to calculate the value of one attribute
the other one is not needed.

- Indirect relationship: there is no a mathematical connection between both
attributes, although one attribute indirectly affects the possible values of the other
attribute. This can occur when the value of one variable limits the use of a FWMS,
and therefore the value of the second attribute is affected. For example, ‘energy
value’ is only needed for animal feeding, and the use of animal feeding can be
restricted by the ‘edibility’ and ‘state’ of FW. Although neither ‘edibility’ nor ‘state’
are needed to calculate the ‘energy value’ of FW, their values can restrict the use
of FW for animal feeding and therefore the need to assess ‘energy value’.

- Direct relationship: both attributes assessed are related, i.e. in order to calculate
the value of one attribute the value of the other one is needed. For example,
‘protein content’ of FW is needed to estimate the ‘nitrogen content’ obtained in the
composted material after the composting process.

Due to the impracticality of assessing indirect relationships within this research, only direct
relationships have been identified. The presence or absence of relationships between
attributes has been represented in a 175x175 matrix with 30,450 relationships, since
relationships ‘attribute A’ — ‘attribute B’ and ‘attribute B’ — ‘attribute A’ have been
considered as they represent different dependencies. The complete Relationships Matrix
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has not been included in the thesis due to size limitations, although two sections in
Figure 9-2 and Figure 9-3 are provided as examples. The relationships were identified based

on the author’s knowledge about the FWMSs assessed.

In Figure 9-2, it can be seen that ‘inorganic content and composition’ affects all
environmental impact to air indicators listed, since presence of different inorganic
compounds can largely affect the performance (hence, the composition of gases obtained)
of FWMSs. However, ‘other organic compounds’ have an effect in most compounds that can
be created during treatment of FW, but not on the release to the atmosphere of inorganic
substances such as As, Cd and Hg, since their presence in the gases generated as
suspended particles must be explained due to their original presencein FW.

In Figure 9-3 it can be seen that nearly the same attributes affect ‘quantity of food
redistributed’ and ‘quantity of animal feed produced’, since both factors mainly depend on
‘production or flow rate’, ‘edibility’ and ‘state’, and the attributes which depend on ‘edibility’
and ‘state’. However, ‘quantity of food redistributed’ is also affected by ‘treatment’ and
‘quantity of animal feed produced’ by ‘packaging’ and ‘stage of the supply chain’, as justified

in Section 7.4.

Relationships between food waste ...,
management attrib“tes Vitamin Other Inorganic

content and{ organic | content and | Moisture | Biological Particle
composition | compounds | composition | content |  hazard size

=
u

Total emissions to air

CO:z

CHg

Nz0

NOx

NMVOC

Total organic carbon (TOC)
NHa

S0x

HCI

Dioxins, furans, PAH, PCBs and
products alike

Air H.S

co

Dust

PM=10

PM=2 5

simixiximimimin {AINIRIATA] S faiaiafaaaiaiains
®ixixiximim e im iR IIAIAT A PR AR R s

Bikikisisin s NININININ S RIRINIRIRIR RN
simixixinisiginin AR iaial S faiaiaisjajajaiaists

sigigigigigiginin Vi IO i ig it s
Bixixixixis|ixin {Lixiaia S ASIRINIR ISR AR

sdaidiisiaiaisiainininiad «iniadainiainindaiciy

Figure 9-2. Example 1: 24x7 matrix showing an analysis of 168 relationships between some
guantitative primary FW parameters and environmental impact to air indicators. A green tick denotes
presence of relationship and a red cross absence of relationship
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Figure 9-3. Example 2: 29x7 matrix showing an analysis of 203 relationships between performance
factors and FW parameters

If a relationship between two attributes exists only for some FWMSs and not for others, it
was considered that the relationship exists. For instance, ‘biological hazard’ and ‘economic
value of solid material’ are related for anaerobic digestion and composting, since biologically
contaminated digestate or compost may not be spread on land. However, for thermal
treatment with energy recovery, this is not relevant when the char is used as fuel. Since
there are some situations in which this relationship exists, it was considered that both
attributes were related in the Relationships Matrix.

‘Other organic compounds’ include hydrocarbons and organic substances with oxygen (e.g.
ethanol), nitrogen (e.g. nitrogen fertilizers such as urea), phosphorus, (e.g. adenosine
triphosphate produced by microorganisms), sulphur (e.g. coenzyme A) and chlorine (e.g.
dioxins). Consequently, the presence of ‘other organic compounds’ may affect the presence
of the aforementioned elements in impacts to air, water and soil.

Possible chemical reactions have been considered in this analysis. For instance, nitrogen
present in FW (and measured with ‘total Kjeldahl nitrogen’ and/or ‘total ammonia nitrogen’)
can create substances such as N,O, NOx, NH; and NO;’, which can pollute air, water or soil.
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Hence, when assessing chemical compounds that can be formed during the process (e.g.
NH;), the precise initial composition of FW is needed (i.e. content of carbohydrate, fat,
protein and other molecules and elements) since this affects the generation of new
substances. On the other hand, if it can be assumed that the substances were present in the
initial FW sample and they have not been altered, only the relevant primary quantitative FW
parameters must be assessed. For instance, in order to assess impact of nickel in the soll,
only the ‘inorganic content and composition’ must be assessed as a primary quantitative FW

parameter, since nickel was not created during the FWM process.

Both ‘volatile solids’ and ‘total solids’ depend on the initial solid content of FW, and therefore
on the content of carbohydrate, fat, protein and other molecules and elements. Despite the
fact that ‘moisture content’ does not directly affect the ‘total solids’ of FW, a relationship has
been considered, since ‘total solids’ of FW is typically calculated measuring the total mass
and subtracting the mass of volatile compounds (which is mainly water) after drying at a high
temperature. Therefore, it is considered that ‘moisture content’ can be a parameter needed

to assess ‘total solids’ of FW.

‘Type of equipment available’ may prevent the emission of substances to air, water and soil.
For instance, scrubbers reduce the release of substances to the atmosphere, and filters and
gratings reduce the emission of substances and materials to water. Consequently, a
relationship between ‘type of equipment available’ and a release of substances to air, water

and soil has been considered.

‘Dioxins, furans, PAH, PCBs and products alike’ are not produced during anaerobic digestion
or composting, although these compounds have been found in waste treatment plants.
According to Brandli, Kupper, et al. (2007), the cause of this was activities indirectly related
to the waste treatment, such as fossil fuel combustion and vehicles emissions. It has been
assumed that, when these compounds are found in the soil, they have been deposited from
air, where they were released because of the aforementioned reasons. Because of this,
environmental impacts to soil such as ‘dioxins, furans, PAH, PCBs and products alike’ are
related to ‘distance to transport FW’, since longer distances generates higher emissions of

those compounds that precipitate on the sail.

Management of solid and water residues also generates relevant air emissions. For instance,
digestate from anaerobic digestion causes significant impacts to air, such as release of
ammonia and methane (Whiting & Azapagic 2014). For thermal treatments with energy
recovery, air emissions were also considered for the management of char, since char is

widely used as a fuel, releasing substances to the atmosphere when it is burnt. Char,
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particularly biochar, can alternatively be used as a soil amendment, and therefore in these
cases there is a relationship between char and nutrient content of different elements in soil.
Yet, the primary quantitative FW parameter ‘ash’ is considered to impact only water and soil,
and not air, since ash is the solid that remains after the thermal treatment.

For ‘total emissions to air’ and ‘solid residue flow rate’, all attributes that affect the output
generated have been considered as a relationship. For instance, FW composition affect the
type and quantity of gases released during the composting process. However, for
‘wastewater flow’, only the causes of generating a specific quantity of wastewater have been
considered, e.g. ‘production or flow rate’ of FW. A modification of the FW composition or the
FWM process does not change the quantity of wastewater, but rather the composition of
wastewater. For instance, a higher protein concentration in FW would generate a similar
wastewater flow from the FWM process, although it can increase quantity of nitrates,
ammonia and other substances, or values such as COD or BOD of the wastewater.

The presence of all elements classified as an environmental indicator has been assessed for
each FW parameter. For instance, sulphur (‘S’) is present in some proteins and vitamins;
consequently ‘protein content and composition’ and ‘vitamin content and composition’ are

related to ‘S’ in environmental impacts to water. Similarly, all elements classified as an
environmental indicator have been assessed to elucidate whether they can be harmful for
humans and/or the environment. For instance, mercury (‘Hg’) in air, water or soil is clearly

noxious and therefore is related to ‘hazardous materials’.

‘Electrical conductivity’, as an indicator for environmental impact to soil, is related with the
final inorganic and moisture content in the residue after the FWM process. The final
inorganic and moisture content is related to the initial value of these attributes in FW and
process and company variables such as ‘process time’, ‘temperature’ and ‘additives and

catalysts’.

‘Management cost’ is related to performance factors regarding quantity of outputs generated,
such as ‘quantity of animal feed produced’, and ‘biogas production rate’, because higher
production rate generally increases costs, for instance storage costs.

As explained in Section 8.3.4.3, the social indicator ‘traffic’ refers to the social ramifications
of a traffic increase, such as delays, noise and perturbations to citizens, and not to
emissions generated during transportation of FW. Additionally, ‘noise’ is affected by the
amount of FW to treat, FW processing (e.g. type and volume of equipment, stirring), quantity
of materials produced and traffic.
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9.2.1 Combination of attributes

Due to the considerable size of the Relationships Matrix, a number of actions have been
taken to reduce its size and make it easier and more efficient to use. Firstly, all attributes and
their relationships have been checked to combine attributes which are related to the same
attributes. For instance, Figure 9-4 shows a section of the original Relationships Matrix. It
can be seen that, in the section displayed, ‘CO;’, ‘CH,’, ‘NMVOC’ and ‘PM<10’ are related to
the same attributes: ‘density’, ‘hazardous materials’ and ‘volatile solids’. In fact, that similarity
is extended to the rest of the Relationships Matrix. Figure 9-5 shows the same section of the
Relationships Matrix in which the attributes have been grouped. It can be seen that ‘CO,,
‘CH/, ‘'NMVOC’ and ‘PM<10’ have been combined in one single attribute, namely ‘CO,, CH,,
NMVOC and PM<10. This means that, in order to find the relationships of one of the
aforementioned attributes, e.g. ‘CO.’, the attribute ‘CO,, CH,;, NMVOC and PM<10’ must be
checked. This combination of attributes allows reducing the size of the Relationships Matrix
from a 175x175 matrix with 30,450 relationships to a 136x136 matrix with 18,360
relationships.
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Figure 9-4. 24x7 matrix showing an analysis of 168 relationships between some secondary
guantitative FW parameters and environmental impact to air indicators
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A B C D Y Z AA AB AC AD AE

1

2

;  Relationships between food waste Seconda

. Total Total
management attributes Volatile! Total | Kjeldahl|ammonia
Hazardous: Energy | solids i solids {nitrogen! nitrogen
Density { materials | value (WS) i (TS) | (TKM) | (TAN)
Total emissions to air * v x v ® v v
COz, CHy, NMVOC, PM=10 v v = v x x x
Nz, NOx v v ® v * v v
'Fl"ol\‘tqaqlzn?;ganic carbon (TOC), dust. v v w v " " -
NHs v v v v v
Air SOx v v v x x

HCI v v v * *
Dioxins, fur_ans, PAH, PCBs and v v " v " " "
products alike
H:5 v v ® v ® ® x
co v v ® v ® * *
As, Cd, Hg, Zn, Cr, Ni, Pb, Cu * v ® v ® * x

Figure 9-5. 11x7 matrix showing an analysis of 77 relationships between some secondary quantitative
FW parameters and environmental impact to air indicators. Indicators with same relationships have
been grouped

9.2.2 Streamlined Relationships Matrix

In order to further reduce the size of the Relationships Matrix, an alternative version has
been developed: the Streamlined Relationships Matrix. Since the stage of the FWMMP with
more attributes is ‘environmental indicators’ (Section 8.3.4.1), this has been reduced to
include only the most relevant indicators: ‘total emissions to air’, ‘CO,” and ‘CH, for
environmental impacts to air; ‘wastewater flow’, ‘chemical oxygen demand’ and ‘total
suspended solids’ for environmental impacts to water; and ‘solid residue flow rate’, ‘nutrient
content: N, ‘nutrient content: P’ and ‘nutrient content: K’ for environmental impacts to soil.
The selection of those indicators was undertaken considering the most commonly used
indicators to assess environmental impacts of FWM in the literature.

Similarly, the list of process and company variables has been reduced to include only those
more relevant. Accordingly, only the following company and process variables have been
included in the Streamlined Relationships Matrix: ‘distance to transport food waste’, ‘volume
of equipment available’, ‘temperature’, ‘process time’, ‘pH’, ‘organic loading rate (OLR)’,

‘oxygen concentration / air ratio’ and ‘pressure’.

A section of the Streamlined Relationships Matrix showing these attributes can be seen in
Figure 9-6. The dimension of the Streamlined Relationships Matrix is 73x73, and contains

5,256 relationships.
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;  Relationships between food waste

u Lower
management attrlbl.ltes Compost heating} Char {Heating
Digestate {production; Compost |Gas flow{value of production|value of]
composition rate composition| rate gas rate char

Total emissions to air * v * v * s *

Air CO: v v v v v v v

CH, ' v v v v v v

Wastewater flow * v * * * s *

Water  !Chemical oxygen demand (COD) v v v % * v v

Total suspended solids (TSS) v v v ® x v v

Solid residue flow rate * v * * I v *

Soil Wutrient content: N v v v ® * s v

Mutrient content: P v v v * * «/ v

Nutrient content: K v v v ® x v v

Figure 9-6. 10x7 matrix showing an analysis of 70 relationships between some performance factors
and environmental indicators

9.2.3 Dependencies List

Once all relationships between attributes have been found, there is a need to assess the
dependencies between attributes. For instance, it had been determined that ‘CO, emissions’
and ‘distance to transport FW’ are related, but not which attribute depends on the other. In
this example, ‘CO, emissions’ depend on ‘distance to transport FW’, since the value of
‘distance to transport FW’ is needed to find the value of ‘CO, emissions’, and not the other
way round. All dependencies for each relationship have been assessed and listed in the
Dependencies List, in which each attribute is listed at the top of each column, and the
attributes which depend on it are underneath. This procedure has been completed for all 136
attributes which were obtained after combining attributes (Section 9.2.1). An example of a
section of the Dependencies List can be seen in Figure 9-7. For instance, in the example
provided, the first column means that ‘state’, ‘quantity of food redistributed’ and ‘quantity of

animal feed produced’ depend on ‘edibility’.

4 |Edibility State Origin Complexity Animal-material presence

5 |State Biological hazard Animal-material presence Animal-material presence Temperature

6 |Quantity of food redistributed Hazardous materials Temperature Temperature Pre-treatment

7 |Quantity animal feed produced |Quantity of food redistributed  |Pre-treatment Pre-treatment Quantity animal feed produced
8 Quantity animal feed produced |Quantity animal feed produced |Quantity animal feed produced |Compost production rate

9 Compost production rate Compost production rate Compost composition

10 Compost composition Compost composition

Figure 9-7. Section of the Dependencies List for redistribution for human consumption showing
dependencies to five attributes
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Five Dependencies Lists have been created, one for each FWMS under consideration:
redistribution for human consumption, animal feeding, anaerobic digestion, composting and
thermal treatment with energy recovery (as justified in Section 7.5.1.1). In each
Dependencies List the attributes relevant to the FWMS assessed have been highlighted in
red (as in Figure 9-7), because only those attributes are needed to model that FWMS
according to the analysis presented in Chapter 8. For instance, ‘quantity of animal feed
produced’ is not needed to assess redistribution for human consumption and therefore is not
highlighted in Figure 9-7.

Even when the attributes are relevant for the FWMS assessed, there are some situations in
which a relationship can be discarded. For instance, ‘other compounds of interest’ were
considered relevant for redistribution for human consumption, since they may include
hazardous materials. However, for anaerobic digestion, composting and thermal treatment
with energy recovery ‘other compounds of interest’ is also needed for attributes such as ‘total
emissions to air’, since FW composition affects the gases generated from the processes.
Therefore, each dependency from each FWMS was assessed independently in order to
discard non-necessary dependencies. As a result, discarded dependencies have been listed
in Table 9-1.

Dependencies have been built between attributes of each stage and prior stages from the
Figure 8-1. For example, secondary quantitative FW parameters may depend on quantitative
primary and qualitative FW parameters, performance factors may depend on process and
company variables and FW parameters, and environmental indicators may depend on
performance factors. However, process and company variables cannot depend on
performance factors. The dependencies have also been assessed within the same stage,
e.g. ‘process time’ needed to anaerobically digest FW may depend on the ‘volume of
equipment available’, since a larger vessel would allow more FW to be treated in a certain

amount of time.

Defining dependencies between attributes within the same stage is more intricate than
between attributes from different stages, since deciding which of both attributes depend on
the other attribute can be complex and unclear. When that happened, an assessment of
each situation was carried out on a case-by-case basis in order to define the most common
or sensible dependency between both attributes. For instance, it was considered that the
‘temperature’ in a thermal treatment with energy recovery affects the ‘air ratio’ used in the
incinerator to obtain the final products pursued.
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Table 9-1. Discarded dependencies from the Relationships Matrix

Other organic
compounds
Inorganic content
Redistribution and composition
for human . .

. Biological hazard
consumption
Density

Hazardous materials

Carbohydrate
content and
composition

Fat content and
composition
Protein content and
composition

Other organic
compounds

Inorganic content
and composition

Animal feeding

Biological hazard
Density

Hazardous materials

9.3

Density, total emissions to air, CO,, CH,, NMVOC,
PM<10, N,O, NOx, TOC, dust, PM<2.5
Density, total emissions to air, CO,, CH,, NMVOC,
PM<10, N,O, NOx, TOC, dust, PM<2.5
Density, total emissions to air, CO,, CH,;, NMVOC,
PMK<10, N,O, NOx, TOC, dust, PM<2.5, management cost
CO,, CH,;, NMVOC, PM<10, N,0, NOx, TOC, dust, PM<2.5
Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5, management cost

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,O,
NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,O,
NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5

CO,, CH,;, NMVOC, PM<10, N,0, NOx, TOC, dust, PM<2.5

Total emissions to air, CO,, CH,, NMVOC, PM<10, N,0,
NOx, TOC, dust, PM<2.5

Information flowcharts to model FWMSs

The five Dependencies Lists explained in Section 9.2.3 have been used to draw information
flowcharts which show dependencies between all attributes relevant to each FWMS. The
attributes have also been classified according to the FWMMP (Chapter 8). The information
flowcharts can be seen in Figure 9-8 to Figure 9-12. It must be noted that the full version of
the Relationships Matrix with combined attributes (Section 9.2.1) was used for Figure 9-8
and Figure 9-9, but due to size limitations the Streamlined Relationships Matrix

(Section 9.2.2) was used for Figure 9-10 to Figure 9-12.

The information flowcharts can be used in different ways. An attribute can be chosen and it
can be elucidated which attributes depend on it following the arrows, e.g. in Figure 9-8,

‘biological hazard’ is needed to assess ‘hazardous materials’ and ‘quantity of food

Page 148 of 235

CHAPTER 9 Analysis of information flows for food waste management



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

redistributed’. Alternatively, an attribute can be chosen and it can be elucidated which
attributes are needed to assess that attribute following the arrows backwards, e.g. in
Figure 9-8, ‘quantity of food redistributed’, ‘distance to transport FW’ and ‘production or flow
rate’ are needed to assess ‘management cost’.

It must be noted that in for Figure 9-10 to Figure 9-12 chemical oxygen demand (COD) and

total suspended solids (TSS) have been combined, since in the streamlined version of these

three information flowcharts their dependencies are identical.

Qualitative

food-waste !
parameters

Primary
quantitative |
food-waste |
parameters |
Secondary
quantitative
food-waste
parameters

Process and
company
variables

Performance

T
|
|
|
factors |
|
|

Environmental|
indicators:
impacts to air |

Environmental |
indicators: |
impacts to :

water :

Environmental|
indicators: |

impacts to soil |

Economic
indicators

Edibility

State
A S
|

Biological |
hazard

¥
Hazardous
materials

Quantity of food
redistributed

Redistribution

Treatment

Production or

Other organic
flow rate
A

compounds

Distance to
transport
food waste |

Total
| emissions
to air

Management

cost

Density

Inorganic
content and
composition

Total organic
carbon (TOC),
dust, PM<2.5

Social
indicators

Support of
local
economies

Job
creation

Feeding
people

Traffic

Figure 9-8. Information flowchart for redistribution for human consumption
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9.4 Methodology to assess information flows

This section explains a methodology that can be used to determine the attributes needed to
assess unknown attributes and the optimal order of the assessment. This methodology has
been designed such that it can be used by any company or suitably knowledgeable person
who manages FW, referred to hereinafter as the ‘user’. The methodology should be applied

every time a new FW is identified or the known/unknown attributes change.

The main tool for this methodology is the Table of Assessment. The Table of Assessment is
built from the Dependencies List, as explained in the following subsection. Next, the Table of
Assessment is used to obtain the Results Table, which can be subsequently used to draw

information flows diagrams, as explained in Section 9.4.2.

9.4.1 Building the Table of Assessment

The user starts the assessment using the Table of Assessment, which is a spreadsheet that
contains one sheet for each FWMS. In each of the sheets, all attributes needed to model
FWM for that particular FWMS are listed, which have been identified using the tables of
Section 8.3. Additionally, for each attribute identified the attributes on which it depends were
determined, which were added to a ‘List of attributes needed’ in the spreadsheet, as
explained below. An example of a section of the Table of Assessment can be seen in
Table 9-2.

Table 9-2. An example of a section of the Table of Assessment for redistribution for human
consumption

Category of attribute to assess Attribute to assess List of attributes needed
Edibility
Qualitative food-waste parameters State Edibility
Treatment
Production or flow rate

Biological hazard State
Other organic compounds
Inorganic content and composition

Primary quantitative food-waste par: S

Secondary quantitative food.waste par P gziz{gous materials State Other organic compounds
Process and company variables Distance to transport food waste Production or flow rate
Performance factors Quantity of food redistributed Edibility Treatment
Total emissions to air Distance to transport food waste :Production or flow rate
3 e ¥ 7 CO;z, CHs, NMVOC, PM<10 Distance to transport food waste
Environmental indicators: impacts to air 3
N20, NOx Distance to transport food waste

Total organic carbon (TOC), dust, PM<2.5 |Distance to transport food waste

Environmental indicators: impacts to water
Environmental indicators: impacts to soil

Economic indicators Management cost Production or flow rate Distance to transport food waste
Support of local economies Production or flow rate Quantity of food redistributed
Job creation Production or flow rate Quantity of food redistributed

Social indicators Noise Production or flow rate Quantity of food redistributed
Feeding people Production or flow rate Quantity of food redistributed
Traffic Production or flow rate Quantity of food redistributed
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In order to build the ‘List of attributes needed’, the Dependencies List (Section 9.2.3) was
used along with the information flowcharts (Section 9.3) to identify dependencies relevant for
each FWMS. The specific methodology used to build the ‘List of attributes needed’ is

depicted in Figure 9-13 and explained in the next page.
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Figure 9-13. Methodology used to build the ‘List of attributes needed’ in the Table of Assessment
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Firstly, each attribute relevant to the FWMS under consideration must be found in the
Dependencies List. If the attribute found is in the top row, it must not be assessed, because
its position indicates that it does not depend on the value of other attributes. It must be noted
that all attributes appear once in the top row, since all attributes and relationships have been

assessed, but for this process only the attributes that depend on other attributes are needed.

Secondly, for each time an attribute is found, the attribute in the top row must be identified.
However, only those attributes which appear in the Table of Assessment are needed, since
this means that the attribute is necessary to model the FWMS under consideration.
Additionally, the attribute must be added to the ‘List of attributes needed’ only if the
relationship found is not included in the ‘List of exceptions’ (Table 9-1). This process should
be repeated until all attributes relevant to the FWMS under consideration have been
assessed, completing the ‘List of attributes needed’.

9.4.2 Using the Table of Assessment to obtain the Results Table and information

flow diagrams

Once the ‘List of attributes needed’ has been built for each FWMS, an analysis must be
carried out to define the order of calculation for the different attributes, and what attributes
should be used to calculate unknown attributes. The entire process, integrating the research

presented in Chapters 7, 8 and 9 is explained below.

The process starts when the user identifies the FW to be analysed according to the
definitions provided in Section 7.2. Next, the user assesses the FW using the nine-stage
gualitative categorisation (Section 7.4) and the FWMDT (Section 7.5) to identify the most
sustainable FWMS. After that, the user must open the Table of Assessment and select the
correct sheet, according to the FWMS chosen. The user would see a list of attributes to be
assessed, the category to which they belong, and the ‘List of attributes needed’ in order to
assess each attribute. Then, the user has to identify which values of attributes are known
(typing ‘Y’), unknown (typing ‘N’) required (typing ‘R’), since the user may want to assess
only some attributes. An example of a section of the Table of Assessment, with the required
information filled in, can be seen in Table 9-3. In this example, the ‘production or flow rate’,
‘density of FW’, ‘distance to transport FW’ and ‘quantity of food redistributed’ are the only
values known by the user. ‘Biological hazard’, ‘hazardous material’, ‘total emissions to air’,
‘CO,, ‘CH/, ‘NMVOC’, ‘PM<10’ and ‘number of people in need fed’ are the unknown
variables required by the user. The ‘quantity of food redistributed’ is also required, but its

value is already known by the user as mentioned above.
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Table 9-3. An example of a section of the Table of Assessment for Redistribution for human

consumption in which the user has determined which values are known (Y), which are unknown (N)
and which are required (R). The section of the table is divided into two parts for displaying purposes

Category of attribute to assess

Attribute to assess

Qualitative food-waste parameters

Primary quantitative food-waste parameters

Secondary quantitative food-waste parameters

Process and company variables
Performance factors

Environmental indicators: impacts to air

Environmental indicators: impacts to water
Environmental indicators: impacts to soil
Economic indicators

Social indicators

Edibility

State

Treatment

Production or flow rate

Biological hazard

Other organic compounds

Inorganic content and composition

Hazardous materials

Density

Distance to transport food waste

Quantity of food redistributed

Total emissions to air

COz, CH4, NMVOC, PM<10

NzO. NOx

Total organic carbon (TOC), dust, PM<2 5

Management cost

Support of local economies

Job creation

Noise

Feeding people in need

Traffic

M NNINANANANAANANNANANANANNN

§ Is the value of the |Mark the attributes
attribute known? required List of attributes needed
N N
§ N Edibility
N
Y,
N R State
N
N
§ N R State Other organic compounds
Y
Y Production or flow rate
Y R Edibility Treatment
N R Distance to transport food waste :Production or flow rate
N R Distance to transport food waste
N Distance to transport food waste
N Distance to transport food waste
§ N Production or flow rate Distance to transport food waste
N Production or flow rate Quantity of food redistributed
N Production or flow rate Quantity of food redistributed
N Production or flow rate Quantity of food redistributed
N Production or flow rate Quantity of food redistributed
N Production or flow rate Quantity of food redistributed §
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Once the two columns of the Table of Assessment have been completed, the Results Table
must be filled in. An example of a Results Table for the example presented in Table 9-3 can
be seen in Table 9-4. The user must find all attributes which are both unknown and required,
and copy them into the column ‘destiny attribute’ in the Results Table. Additionally, the
attributes from ‘List of attributes needed’ are copied to ‘origin attribute’ for each ‘attribute to

assess’ copied to ‘destiny attribute’.

Next, the row ‘origin attribute’ for each ‘destiny attribute’ is assessed to find unknown
attributes. If only known attributes, or no attributes are found in ‘origin attribute’, ‘destiny
attribute’ receives a value n = 1, which means that the attribute must be assessed in first
place. For instance, in Table 9-4 ‘edibility’, ‘other organic compounds’, ‘inorganic content and
composition’, ‘total emissions to air’, ‘CO,, CH,, NMVOC, PM<10’ and ‘feeding people’

receive a value n = 1.

Each unknown attribute found in ‘origin attribute’ must be assessed and added to the
Results Table as a new ‘destiny attribute’ (along with its correspondent attributes to ‘origin
attribute’) if they had not been placed there before. For instance, in the example presented in
Table 9-3, the first ‘attribute to assess’ is ‘biological hazard’, since it is unknown and required.
‘Biological hazard’ and ‘state’ (from the ‘List of attributes needed’) are copied to ‘destiny
attribute’ and ‘origin attribute’, respectively. Since ‘state’ is unknown, ‘state’ is also copied to
‘destiny attribute’, and consequently ‘edibility’ to ‘origin attribute’. The process is repeated for

‘edibility’, which does not depend on any other attribute, and therefore receives a value n = 1.

Table 9-4. Results Table of the example presented in Table 9-3

Results Table
n :Destiny attribute Origin attrib
3 :Biological hazard State
2 iState Edibility
1 :Edibility [%)
4 :Hazardous materials State Other organic compounds
1 :Other organic compounds [
1 iInorganic content and composition |2
1 :Total emissions to air Distance to transport food waste :Production or flow rate
1:COz, CHy, NMVOC, PM<10 Distance to transport food waste
1 iFeeding people in need Production or flow rate Quantity of food redistributed

%
§
:

Inorganic content and composition :Biological hazard
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Each time the process is repeated, the value of n increases by one unit. Each attribute from
‘destiny attribute’ receives an increasing n value, starting from the last attribute assessed. In
the example presented, n(edibility) = 1, n(state) = 2 and n(biological hazard) = 3. When there
are more than one attribute in ‘origin attribute’, the n value of ‘destiny attribute’ is the highest
from all possible of ‘origin attribute’ + 1. For instance, it can be seen in Table 9-4 that
‘hazardous materials’ have an n = 4. The values of n for each of its ‘origin attribute’ is n(state)
= 2, n(other organic compounds) = 1, n(inorganic content and composition) = 1 and
n(biological hazard) = 3. Therefore, highest n is n(biological hazard) = 3 and consequently

n(hazardous materials) = n(biological hazard) + 1 =3 +1 =4.

The results obtained in Table 9-4 can be used to determine the attributes needed to assess
unknown attributes and the order of the assessment. This has been represented in
Figure 9-14, which shows known, unknown and required attributes in the different calculation
steps according to their n value, and arrows representing information flows. The arrows must
be read from top to bottom, and considering all existing intersections. The origin of the arrow

represents the ‘origin attribute’ and the arrowhead the ‘destiny attribute’.

Distance to Broductionior Quantity of
transport food DU food
waste redistributed
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Q0 Inorganic
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Figure 9-14. Information flow diagram built from Table 9-4. Green attributes: known attributes, red
attributes: unknown attributes, attributes in yellow R boxes: required attributes
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9.5 Chapter summary

This chapter has presented an analysis of the attributes presented in Sections 7.4 and 8.3 in
order to identify relationships between them. The relationships identified have been collected
in the Relationships Matrix, which have been simplified through a combination of attributes.
A Streamlined Relationships Matrix has also been designed in order to represent only the
most relevant attributes.

The Relationships Matrix has been used to create the Dependencies List, which determines
which attribute depend on the other in a relationship. The Dependencies List has been used
to draw information flowcharts to model redistribution for human consumption and animal
feeding, and the streamlined version of the Dependencies List has been used to draw
information flowcharts for anaerobic digestion, composting and thermal treatment with
energy recovery. This allows identifying which attributes must be defined in order to obtain
the information pursued.

The end of the chapter describes a methodology to determine the attributes needed to
assess unknown attributes and the order of the assessment, integrating the research

presented in Chapters 7, 8 and 9 and completing the FWM framework.
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CHAPTER 10 CASE STUDIES

10.1 Introduction

In order to demonstrate and evaluate the applicability of the research presented in
Chapters 7-9 and getting feedback on the use of the FWM framework, two case studies
have been carried out with large UK food manufacturers: Molson Coors Brewing Co. (UK),
Ltd., a subsidiary of the Molson Coors Brewing Company and referred to hereinafter as
Molson Coors; and Quorn Foods, which is the trading name of Marlow Foods Limited, a
manufacturer of meat alternatives. These food companies were selected because previous
contact between the research group and the industries existed, and also due to their leading
position in their product market, large size and therefore number of different types of FW
produced. Additionally, these two companies produce two very different types of product, a
drink and a solid food, and therefore the applicability of the research could be evaluated

against these diverse products.

Three main approaches were used to collect data: site visits, interviews and questionnaires.
Before the site visits both telephone and email contact were used to identify interests of the
companies participating in the study, present the methodology of the FW analysis and
explain the main objectives of the case studies. Following initial contact, site visits to the
respective companies’ headquarters took place to gain a better understanding of the FW
generated. In-person interviews were held with company employees: the Product and
Process Development Brewer of Molson Coors and the Environment & Sustainability
Manager of Quorn Foods. During the interviews, a questionnaire was used to systematically
identify FW streams and collect relevant qualitative and quantitative data. An example of the
guestionnaire used is shown in Appendix 1. The questionnaire was filled for each FW
identified in each food company, according to the FW definition and delimitation of the
boundaries of the food system explained in Section 7.2. Following the site visits and in-
person interviews, further email contact was needed to collect additional information.
Consultation with other company employees was also necessary to collect all necessary
data (e.g. from production and purchasing departments).
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The data presented in this chapter are original data provided by the food manufacturers, as
well as published data on the types of FW identified (e.g. edibility of different materials and
relevant legislation). Sensible assumptions have been made where suitable information was
not available with regard to decide which attributes are known or unknown (Sections 10.2.2
and 0) and the type of diatomaceous earth used (Section 10.2.1.4). It should be noted that
some of the data collected and generated is not reported here because of confidentiality

agreements with the food companies involved (e.g. economic performance of FWM).

This chapter is divided into two main sections, one for each case study. Each section begins
by giving an overview of the food company, and then describes the FW types identified
according to the definition of FW provided in Section 7.2.1 and the boundaries delimited in
Section 7.2.2. Each FW has been categorised following the nine-stage categorisation
presented in Section 7.4 and its most sustainable FWMS has been found by using the
FWMDT from Section 7.5. The FW types that could be managed in a more sustainable way
have been further assessed by using the FWMMP presented in Chapter 8, and finally the
research ideas presented in Sections 9.3 and 9.4 have been used to generate information

flow diagrams to support the estimation of results generated from the proposed FWMS.

10.2 Brewery: Molson Coors

Molson Coors is a multinational brewing company that produces beer brands such as
Carling, Coors Light and Cobra Beer. The headquarters of its UK arm, located in Burton
upon Trent in Staffordshire, produces 652,000,000 litres of beer per year. Beer is
manufactured through a number of process stages: malting the raw material (maostly barley,
but other materials such as wheat can also be added to the initial mixture), milling, mashing
with water, mixing with hops and brewing in kettles, separation of sediments, fermentation,

maturation, filtration, pasteurisation and packaging.

Beer production in Molson Coors generates approximately the same quantity of wet FW than
that of final product, i.e. proportion product/FW = 1:1, although if dried the FW volume is
reduced to one third, i.e. proportion product/FW = 3:1. Most of the dried FW corresponds to
barley used in the mashing process, with a small quantity of wheat and sugar. The quantity
of total FW generated is directly linked to the level of production, e.g. in August the amount
of FW is twice as big as in February because the demand is double in the hot season. It is
estimated that liquid waste amounts to approximately 7% of the total beer production. In the
beginning of the production line liquid waste is water with a small concentration of other
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substances, and near the end of the line the liquid waste is more similar to beer in
composition. The remainder waste is either solid or wet waste. This section only assesses
solid/wet FW and final product waste (waste beer).

10.2.1 Identification and categorisation of FWs, and selection of a FWMS

This section identifies and categorises the different types of FW generated at Molson Coors’
manufacturing plant located in Burton upon Trent, according to the definition of FW provided
in Section 7.2.1 and the boundaries delimited in Section 7.2.2. The different types of FW
identified, in order of decreasing quantity, are spent grain, waste beer, conditioning bottom,
filter waste and trub. It must be noted that Molson Coors also generates 10,000 — 11,000
t/year of a by-product from the mashing process, namely spent yeast. This is currently sold
to Unilever, also located in Burton upon Trent, to produce Marmite®, a food spread. This by-
product is not considered FW according to the definition provided in Section 7.2.1, and
therefore is out of the scope of this work, because it is sold as planned by Molson Coors and
used to produce a food product. If spent yeast were sent for any other use, it would be
considered FW and its assessment would be necessary.

The FWs identified are assessed in the following sub-sections. Possible alternative options
from the FWH are suggested as further possibilities when their sustainability performance
has been estimated to be higher than that of the suggested alternative. For instance, the
suggested FWMS for conditioning bottom cannot be redistribution for human consumption
because the FW is unprocessed; nevertheless the potential to use this food material to
produce new food products has been assessed. Similarly, some industrial uses are out of

the scope of the FWMDT, but they have been assessed independently.

In the following tables, ‘N/A" means not applicable, e.g. ‘packaging biodegradability’ cannot
be assessed for unpackaged FW. ‘N/N’ means that the information is not necessary, e.g. for
spent grain, ‘treatment’ is not needed, since inedible, plant-based, single product can be
treated indifferently whether the FW is processed or not (see Figure 7-10). The current
treatment has been highlighted in green when the proposed FWMS coincides with the

current treatment and in red when a more sustainable solution has been found.

10.2.1.1 Spent grain

Spent grain represents around 85% of the total FW in the manufacturing plant. It is an
unavoidable by-product discarded after the mashing process and is composed of barley and

small amounts of wheat.
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According to the point in the production line where this FW is generated (Section 7.3), spent

grain can be considered a by-product from an incomplete food (the mashing mixture).

Table 10-1 classifies spent grain according to the nine-stage categorisation presented in
Section 7.4. Additionally, the most sustainable FWMS was identified by using the FWMDT

(Section 7.5): animal feeding.

Currently, spent grain is mixed with trub and used for animal feeding, which is the FWMS
selected using the FWMDT. The mixture has an approximate proportion of 99% spent grain,
1% trub.

The possibility of reprocessing the spent grain to adapt it for human consumption has also
been explored to assess the potential to upgrade this FW. If spent grain is processed for
human consumption, it must not be mixed with trub and must be managed separately. Spent
grain contains a high proportion of dietary fibres and proteins which may provide a number
of health benefits (Santos et al. 2003). It can be used to produce flour through a process that
includes drying and grinding (Santos et al. 2003). This can be mixed afterwards with wheat
flour and used in a wide range of food products to increase their health benefits, e.g. bread,

Table 10-1. Categorisation of spent grain and identification of its most sustainable FWMS

Unavoidable by-product from incomplete food

Edibility Inedible
State N/A
Origin Plant based
Complexity Single product

Animal-product presence
Treatment
Packaging

Packaging biodegradability
Stage of the supply chain
Current treatment
Proposed FWMS
Other possibilities

Quantity
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muffins or biscuits (Mussatto et al. 2006). It must be noted that production of new food
products was not selected by using the FWMDT because spent grain was considered
inedible, since currently there is no consumer demand for the aforementioned products or
economically advantageous technologies to produce them. In case that technology existed
to produce new food products from spent grain, such as those described above, and these
food products could be sold because there was a consumer demand for it, spent grain would
not be considered FW providing it was used for this purpose.

Other uses for spent grain, apart from food uses and for animal feeding, include pet food,
use in construction bricks, removal of pollutants in wastewater, production of paper, growing
medium for mushrooms or microorganisms, extraction and synthesis of compounds (e.qg.
bioethanol, lactic acid, polymers and resins, hydroxycinnamic acids, arabinooligoxylosides,
xylitol, pullulan), anaerobic digestion, composting, thermal treatment with energy recovery
and landspreading (Mussatto et al. 2006, Environmental Protection Agency 2008, Aliyu &
Bala 2013).

10.2.1.2 Waste beer

Waste beer is the final product but which is not ultimately consumed. There are three

reasons as to why this FW is generated:

1. Beer left in casks brought back from the food service sector. This represents most
of the FW in this category. It causes an economic loss to the food service sector,
not to the brewing company. Therefore, it has not been given a significant
importance by the brewery.

2. Beer rejected because of mislabelling.

3. Spilled beer in the filling process. This accounts for a negligible amount.

According to the point in the production line where this FW is generated (Section 7.3), waste

beer can be considered the final food product (beer left in casks and mislabelled beer) or
processed food (spilled beer).

Table 10-2 classifies waste beer according to the nine-stage categorisation presented in
Section 7.4. Unsurprisingly, the most sustainable FWMS is identified using the FWMDT

(Section 7.5): redistribution for human consumption.
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Table 10-2. Categorisation of waste beer and identification of its most sustainable FWMS

Final food product or processed food

Edibility
State
Origin
Complexity
Animal-product presence
Treatment
Packaging
Packaging biodegradability
Stage of the supply chain
Current treatment
Proposed FWMS
Other possibilities

Quantity

Edible
Eatable
Plant based
Single product
N/A
Processed
Separable from packaging
N/N
Non-catering waste
95% animal feeding + 5% sewage
Redistribution for human consumption
N/N
14,000 t/year

Currently, 95% of the waste beer is sent to farms and mixed with other waste to feed pigs.
The remaining 5% is sent to sewage.

Ideally, and according to the FWMDT (Figure 7-8), beer left in casks could be reused for
human consumption; nevertheless, since this FW comes from outside of the factory, it is
difficult to prove that it has not been altered and is still safe for human consumption, i.e. that
it is still ‘eatable’. Should waste beer be considered safe for consumption but of low quality,
ethical issues may also arise regarding the benefits of using it for human consumption. If the
option of redistribution for human consumption is discarded, the next recommended

alternative is animal feeding, which is the current final use.

Beer rejected because of mislabelling is perfectly potable, so it is potentially reusable.
Nevertheless, extracting the product from its packaging (i.e. emptying bottles and dispensing
the product into new bottles) or amending the packaging is difficult and resource consuming,
since this would require significant employee time or new technologies for process
automation. Otherwise, mislabelled beer can be sold in England to a redistributor of surplus
products such as the Company Shop at a lower price, where the label is corrected to meet
Food Information Regulations 2014 (Statutory Instruments 2014). Providing the beer is
compliant with food safety legislation, it can be sold at a lower price to the final consumer as
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well, and therefore, this material would not be considered FW any longer. European
legislation that regulates the food information that must be provided to consumers in product
labelling is the Regulation (EU) No 1169/2011 (The European Parliament and the Council of
the European Union 2011). Food banks generally do not serve beer and therefore it may not
be possible to redistribute this product to charities for human consumption. Nevertheless, it
can still be possible to use this beer in some charitable activities, such as fundraising or

raising-awareness events, considering management of liability.

Alternatively, distillation to extract alcohol can be carried out in all types of waste beer,
providing an economic income. A distiller’s licence, approval for the plant and process and to
account for and pay Spirits Duty to HM Revenue and Customs is required to distil alcoholic
liquids in the UK (Gov.uk 2016).

10.2.1.3 Conditioning bottom

Conditioning bottom is an unavoidable by-product which sediments to the bottom of the
conditioner tanks during the maturation process and is removed after the process is finished.
It is composed principally of yeast, which is an edible material. However, it is not suitable for

redistribution for human consumption, because conditioning bottom is unprocessed.

According to the point in the production line where this FW is generated (Section 7.3),
conditioning bottom can be considered an unavoidable by-product from an unprocessed
food (the conditioned beer). Conditioned beer is considered unprocessed because it still has

to undergo the pasteurisation process.

Table 10-3 classifies conditioning bottom according to the nine-stage categorisation

presented in Section 7.4.

The most sustainable FWMS identified using the FWMDT (Section 7.5) is animal feeding. It
must be noted that the ‘microorganisms’ attribute, from ‘origin’, was considered as plant
based, since it is not under animal by-product regulations. Currently, conditioning bottom is

used to feed pigs, which is the optimal alternative according to the FWMDT (Figure 7-8).

Alternatively, some substances from the conditioning bottom can be used to produce new
food products. Yeast can be separated and used to produce food for human consumption. In
this case, the sediment should be filtered and compressed, giving the opportunity to recover
cloudy-type beer. As well as with spent grain, production of new food products was not
selected by using the FWMDT because conditioning bottom is unprocessed, since there is
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Table 10-3. Categorisation of conditioning bottom and identification of its most sustainable FWMS

Unavoidable by-product from unprocessed food

Edibility
State
Origin
Complexity
Animal-product presence
Treatment
Packaging
Packaging biodegradability
Stage of the supply chain

Edible
Eatable
Principally microorganisms
Single product
N/A
Unprocessed
Unpackaged
N/A

Non-catering waste

Current treatment Animal feeding
Proposed FWMS Animal feeding
Other possibilities Production of foodstuff
Quantity 7000 t/year

no current consumer demand for it or no technology available to undertake the processes

required.

10.2.1.4 Filter waste

Filter waste is composed of diatomaceous earth, yeast and proteins. Yeast and proteins are
edible materials. Diatomaceous earths are fossilized remains of diatoms, and although they
are typically considered inedible, there are two types of this material: food grade
diatomaceous earth and inedible diatomaceous earth. In order to choose the best FWMS the
type of diatomaceous earth must first be identified. Since the current use for beer production

is as a filter medium, it has been assumed that the diatomaceous earth was inedible.

According to the point in the production line where this FW is generated (Section 7.3), filter
waste can be considered an unavoidable by-product from an unprocessed food (the
conditioned beer).

Table 10-4 classifies filter waste according to the nine-stage categorisation presented in

Section 7.4. Consequently, the most sustainable FWMS is identified using the FWMDT
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(Section 7.5): anaerobic digestion. It must be noted that the ‘microorganisms’ attribute, from

‘origin’, was considered as plant based, since it is not under animal by-product regulations.

Following the FWMDT (Figure 7-10), this FW should be used for animal feeding. However,
the type of diatomaceous earth used has been assumed to be not suitable for animal feeding
and therefore the next alternative from the FWH has been suggested: anaerobic digestion.
Currently, there are two types of filter waste: dry waste, which is sent to composting, and wet
waste, which is sent to sewage. Both solutions are less sustainable than the proposed
FWMS.

Potential additional uses of diatomaceous earth include industrial applications, such as filter
medium, stabiliser of nitroglycerin, abrasive in metal polishes and toothpaste, thermal
insulator, reinforcing filler in plastics and rubber, anti-block in plastic films, support for
catalysts, activation in blood coagulating studies and cat litter. Other uses include additive in
ceramic mass for the production of red bricks, insecticide and anticaking agent for grain
storage (when it is food grade), growing medium in hydroponic gardens and plotted plants
and landspreading (Ferraz et al. 2011, Anon n.d.).

Table 10-4. Categorisation of filter waste and identification of its most sustainable FWMS

Unavoidable by-product from unprocessed food

Edibility Inedible
State N/A
Origin Microorganisms

Complexity Mixed product

. Not in contact with or containing animal-based
Animal-product presence

products
Treatment N/N
Packaging N/N
Packaging biodegradability N/N
Stage of the supply chain Non-catering waste
Current treatment 50 % compost + 50 % sewage
Proposed FWMS Anaerobic digestion
Other possibilities Industrial uses
Quantity 1200 t/year
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10.2.1.5 Trub

Trub is an unavoidable by-product obtained in the separator after the brewing process. It is
composed of hops, inactive yeast, heavy fats and proteins.

According to the point in the production line where this FW is generated (Section 7.3), trub

can be considered a by-product from an incomplete food (the post-brewing wort).

Table 10-5 classifies trub waste according to the nine-stage categorisation presented in
Section 7.4. Additionally, the most sustainable FWMS is identified using the FWMDT

(Section 7.5): animal feeding.

Currently, trub is mixed with spent grain and sent to animal feeding, which is the best FWMS

according to the FWMDT (Figure 7-10).

On the other hand, whilst hops are typically considered inedible, some parts are actually
edible. For example, hop shoots can be consumed by humans (The Guardian 2015). Edible
parts of the hops can be separated and used in new food products, with the remaining hops

Table 10-5. Categorisation of trub waste and identification of its most sustainable FWMS

Unavoidable by-product from incomplete food

Edibility Inedible
State N/A
Origin Plant based

Complexity Mixed product

. Not in contact with or containing animal-based
Animal-product presence

products

Treatment N/N

Packaging N/N

Packaging biodegradability N/N

Stage of the supply chain Non-catering waste
Current treatment Animal feeding
Proposed FWMS Animal feeding
Other possibilities Production of foodstuff
Quantity = 700 t/year
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being sent to animal feeding. Yeast, fats and proteins can also be potentially used in new
food products. As well as with spent grain, production of new food products was not selected
by using the FWMDT because trub was considered inedible, as there is no current consumer
demand for the aforementioned products or no technology available to undertake the
processes required. In case that technology existed to produce new food products from trub,
such as those described above, and these food products could be sold because there was a
consumer demand for it, trub would not be considered FW providing it was used for this

purpose.

10.2.2 Analysis of information flows

This section applies the research ideas presented in Sections 9.3 and 9.4 to the two types of
upgradeable Molson Coors’ FW identified in Section 10.2.1: waste beer and filter waste, for
which redistribution for human consumption and anaerobic digestion are the FWMSs
proposed respectively. As a result, Tables of Assessment have been completed for each FW
and Results Tables have been generated. Finally, the Results Tables have been used to
depict optimal information flows which can be seen in information flow diagrams. This allows
an easier estimation of outputs and implications generated from the FWMSs proposed
based on available information.

10.2.2.1 Waste beer

The attributes needed to model redistribution for human consumption, according to
Chapter 8, are listed in the Table of Assessment (Table 10-6). The classification of attributes
as known/unknown and required/non-required has been decided based on conversations
with staff from Molson Coors and reasonable assumptions if any information was not

available. Consequently, the following attributes have been classified as unknown:

- ‘State’, ‘biological hazard’ and ‘hazardous materials’, because these parameters
are unknown for beer left in casks brought back from the food service sector,
since beer could have been altered.

- Al performance factors and sustainability indicators, because redistribution for
human consumption has not yet been used for waste beer and therefore the

results generated from this FWMS are still unknown.

Page 171 of 235

CHAPTER 10 Case studies



Development of a framework for sustainable management of industrial food waste

Guillermo Garcia-Garcia

Table 10-6. Table of Assessment for waste beer

Is the value of the |Mark the attributes§
Category of attribute to assess Attribute to assess attribute known? required
Edibility 34
Qualitative food-waste parameters State N
Treatment ¥
Production or flow rate N R
. e Biological hazard N
Primary quantitative food-waste par Ol eaiinic compadinds %
Inorganic content and composition Y
e Hazardous materials N
Secondary quantitative food-waste par Derity ¥
Process and company variables Distance to transport food waste Y
Performance factors Quantity of food redistributed N R
Total emissions to air N R
z S . , CO;z, CHy, NMVOC, PM<10 N R
Environmental indicators: impacts to air
NzO, NOx N R
Total organic carbon (TOC), dust, PM<2 5 N R
Environmental indicators: impacts to water
Environmental indicators: impacts to soil
Economic indicators Management cost N R
Support of local economies N
Job creation N
Social indicators Noise N
Feeding people N R
Traffic N <

List of attributes needed

Edibility

State

State

Other organic compounds

Inorganic content and composition

Biological hazard

Production or flow rate

Edibility

Treatment

Distance to transport food waste

State

Production or flow rate

Distance to transport food waste

Distance to transport food waste

Distance to transport food waste

Distance to transport food waste

Production or flow rate

Distance to transport food waste

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Distance to transport food waste

Production or flow rate

Quantity of food redistributed

/1] ANAAANAAANAAAAAN

%
%
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Production or flow rate Quantity of food redistributed Density Distance to transport food waste
§ Known Unknown
§ 1
§ 1
2 2
i
Hazardous materials :Production or flow rate :Biological hazard :Inorganic content and composition :Other organic compounds 6 3
2
]
1
1
2 1
1 1
1 1
2 1
1 1
> 3 1
25 12
Total
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Known attributes are those referring to general characteristics of beer and its manufacturing
(e.g. ‘edibility’, ‘density’ and ‘treatment’), quantity of waste beer generated (14,000 t/year)
and distance to transport it. Required attributes are related to the quantity of waste beer
available to redistribute, environmental impacts to air, ‘management cost’ as economic
indicator and ‘feeding people’ as social indicator. The Table of Assessment shows which
attributes are needed to assess each attribute (i.e. ‘List of attributes needed’) and the

number of known and unknown attributes for each attribute to assess.

Once the Table of Assessment has been completed, a Results Table can be prepared by
using the methodology explained in Section 9.4. The Results Table for waste beer
(Table 10-7) shows the order (n) in which each attribute must be assessed, and the

attributes needed for that assessment (‘origin attribute’).

Finally, the Results Table has been used to draw an information flow diagram (Figure 10-1)
that represents the order of assessment for each attribute and the attributes needed for each
assessment. The arrows must be read from top to bottom, and considering all existing
intersections. It can be seen that for redistribution for human consumption of waste beer, five
calculation steps are needed in order to estimate all required attributes. ‘Edibility’,
‘production or flow rate’, ‘distance to transport food waste’, ‘other organic compounds’,
‘inorganic content’ and ‘composition and treatment’ should be used to assess the required
attributes: ‘total emissions to air’, ‘CO,, CH,, NMVOC, PM<10’, ‘N,O, NOx’, ‘TOC, dust,

PM<2.5’, ‘quantity of food redistributed’, ‘management cost’ and ‘feeding people’. ‘State’,

Table 10-7. Results Table for waste beer

s
n_:Destiny attribute >
4 Quantity of food redistributed |Edibility Treatment Distance to transport food waste
1 :State Edibility %
3 :Hazardous materials State Other organic compounds Inorganic content and composition
2 :Biological hazard State
1 iTotal emissions to air Distance to transport food waste :Production or flow rate
1 iCOz CHs, NMVOC, PM<10 |[Distance to transport food waste
1 N0, NOx Distance to transport food waste
1 _{TOC, dust, PM<2 5 Distance to transport food waste
5 iManagement cost Production or flow rate Distance to transport food waste :Quantity of food redistributed
5 iFeeding people Production or flow rate Quantity of food redistributed é

§ Results Table
Origin attribute
State Hazardous materials :Production or flow rate :Biological hazard :Inorganic content and composition :Other organic compounds

Biological hazard
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Figure 10-1. Information flow diagram for waste beer

‘biological hazard’ and ‘hazardous materials’ are unknown attributes which must also be
evaluated to be able to assess the required attributes.

10.2.2.2 Filter waste

The attributes needed to model anaerobic digestion, according to Chapter 8, are listed in the
Table of Assessment (Table 10-8). The classification of attributes as known/unknown and
required/non-required has been decided based on conversations with staff from Molson
Coors and reasonable assumptions if any information was not available. Consequently, the
attributes classified as unknown are secondary quantitative FW parameters (‘volatile solids’,
‘total solids’ and ‘C:H:O:N:P:S ratio’), ‘organic loading rate’, and all performance factors and
sustainability indicators, because anaerobic digestion has not been used yet to treat filter
waste and therefore the results generated from this FWMS are still unknown. Known

attributes are those referring to general characteristics of the filter waste and its
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Table 10-8. Section of Table of Assessment for filter waste showing categories of attributes, attributes
to asses, known/unknown attributes, and required attributes

Is the value of the | Mark the attributes

Category of attribute to assess Attribute to assess attribute known? required
Origin
Complexity
Qualitative food-waste parameters Animal-material presence
Packaging

Packaging biodegradability
Production or flow rate
Carbohydrate content and composition
Fat content and composition
Protein content and composition
Vitamin content and composition
Primary quantitative food-waste parameters Other organic compounds
Inorganic content and composition
Moisture content
Biological hazard
pH (FW parameter)
Particle size
Density
Hazardous materials
Secondary quantitative food-waste parameters Volatile solids (VS)
Total solids (TS)
C:H:O:N:P:S ratio
Distance to transport food waste
Volume of equipment available
Temperature
Process time
pH (process variable)
Organic loading rate (OLR)
Biogas production rate
[CH4] in biogas
Digestate flow rate
Digestate composition
Total emissions to air
CO;, CHy4
Wastewater flow
COD, TSS
Solid residue flow rate
Nutrient content: N
Nutrient content: P
Nutrient content: K
Management cost
Economic value of solid material
Economic indicators Heat recovered / Output power
Biogas rate
[CH4] in biogas
Support of local economies
Job creation
Social indicators Noise
NIMBY syndrome
Traffic

Process and company variables

Performance factors

Environmental indicators: impacts to air

Environmental indicators: impacts to water

Environmental indicators: impacts to soil
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manufacturing (the remaining FW parameters and process and company variables).
Required attributes in order to decide on whether to use anaerobic digestion are related to
the economic performance of the FWMS: ‘management cost’, ‘economic value of solid
material’ (i.e. digestate) and ‘heat recovered / output power’. The Table of Assessment
informs of which attributes are needed to assess each attribute (i.e. ‘List of attributes
needed’) and the number of known and unknown attributes for each attribute to assess,

nevertheless in Table 10-8 this specific information has been excluded due to size limitations.
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Once the Table of Assessment has been completed, a Results Table can be prepared by

using the methodology explained in Section 9.4. The Results Table for filter waste (

Table 10-9) shows the order (n) in which each attribute must be assessed, and the attributes

needed for that assessment (‘origin attribute’).

Finally, the Results Table has been used to draw an information flow diagram (Figure 10-2)
that represents the order of assessment for each attribute and the attributes needed for each
assessment. It can be seen that for anaerobic digestion of filter waste, four calculation steps

are needed in order to estimate all required attributes.

10.2.3 Discussion and conclusions of the research applied to Molson Coors

The nine-stage categorisation and FWMDT (Chapter 7) have been proved to be useful to

analyse Molson Coors’ FW, since two types of FW (waste beer and filter waste) have been
identified to be suitable to be managed in a more sustainable way.

The assessment of some categories was complex for some FWs, e.g. ‘edibility’ for spent
grain and ‘state’ for waste beer. Spent grain was demonstrated to be an edible material,
although there is no market for it for human consumption, and thus spent grain waste was
consequently classified as inedible. Research and investment to produce new food products
from spent grain is encouraged, and when that is achieved the categorisation of spent grain
would need amendment. Waste beer was classified as eatable, however safety concerns
regarding beer left in casks brought back from the food service sector must be overcome
before the beer is reused.

The feasibility of sending FW to animal feeding was also difficult to determine. It was found
that when considering animal feeding for inedible, plant-based, single or mixed product not
in contact with or containing animal-based products, non-catering FW (Figure 7-10) each
type of FW should be assessed independently. For instance, whilst trub can be sent for
animal feeding, filter waste cannot be used for that purpose since it contains diatomaceous

earth which was assumed to be indigestible by animals.

FW principally composed of yeast cannot be strictly classified as plant-based or animal-
based. The ‘microorganisms’ parameter was introduced for this reason, but in practice this

material was considered as plant-based, since it is not under animal by-product regulations.
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Table 10-9. Results Table for filter waste

Results Table

:Destiny attribute

Origin attribute

Management cost

Production or flow rate

Biological hazard

Organic loading rate (OLR)

Production or flow rate

Carbohydrate content and composition

Volatile solids (VS)

Carbohydrate content and composition

Fat content and composition

Total solids (TS)

Carbohydrate content and composition

Fat content and composition

C:H:O:N:P:S ratio

Carbohydrate content and composition

Fat content and composition

Biogas production rate

Packaging biodegradability

Production or flow rate

Digestate flow rate

Packaging biodegradability

Production or flow rate

Economic value of solid material

Biological hazard

Hazardous materials

Digestate composition

Packaging biodegradability

Carbohydrate content and composition

Heat recovered / Output power

Biogas production rate

[CH4] in biogas

WikiWisiWi W=l aiNi&aD

[CH4] in biogas

Packaging biodegradability

Carbohydrate content and composition

§
§
§

Hazardous materials

Distance to transport food waste

Volume of equipment available

Temperature

Fat content and composition

Protein content and composition

Vitamin content and composition

Other organic compounds

Protein content and composition

Vitamin content and composition

Other organic compounds

Inorganic content and composition

Protein content and composition

Vitamin content and composition

Other organic compounds

Inorganic content and composition

Protein content and composition

Vitamin content and composition

Other organic compounds

Inorganic content and composition

Carbohydrate content and composition

Fat content and composition

Protein content and composition

Vitamin content and composition

Carbohydrate content and composition

Fat content and composition

Protein content and composition

Vitamin content and composition

Digestate composition

Fat content and composition

Protein content and composition

Vitamin content and composition

Other organic compounds

Fat content and composition

Protein content and composition

Vitamin content and composition

QOther organic compounds

Process time

pH (process variable)

Organic loading rate (OLR)

Biogas production rate

Digestate flow rate

Inorganic content and composition

Moisture content

Biological hazard

Particle

size Density

Moisture content

Moisture content

Biological hazard

Hazardous materials

Other organic compounds

Inorganic content and composition

Moisture content

Biological hazard

NNV AN AAANAANANANAANANNN

pH (FW parameter

Other organic compounds

Inorganic content and composition

Moisture content

Biological hazard

pH (FW parameter’

Inorganic content and composition

Moisture content

Biological hazard

pH (FW

parameter) Particle size

|
|
|
%

Inorganic content and composition

Moisture content

Biological hazard

pH (FW

parameter) Particle size

MAANNAN

:

Volatile solids (VS)

Total solids (TS)

C:H:O:N:P:S ratio

Volume of equipment available

Temperature

AN

Particle size Density Hazardous materials :Volatile solids (VS) C:H:O:N:P:S ratio
Particle size Density Hazardous materials :Total solids (TS) C:H:O:N:P:S ratio
Density Hazardous materials :Total solids (TS) C:H:O:N:P:S ratio Temperature
Density Hazardous materials {Volatile solids (VS) :C:H.O:N:P:S ratio Temperature

%
§
%

Process time

pH (process variable)

Volume of equipment available

Temperature

Process time

pH (process variable)

Organic loading rate (OLR)

Volume of equipment available

Temperature

Process time

pH (process variable)

Organic loading rate (OLR)

Process time

pH (process variable)

Organic loading rate (OLR)

Process time

NNV

pH (process variable)

Organic loading rate (OLR)
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Figure 10-2. Information flow diagram for filter waste

In addition to the FWMSs from the FWMDT, industrial uses and extraction of compounds of

interest were considered as alternative FWMSs for spent grain and filter waste, as

suggested in Section 7.5.1.6.

The systematic analysis carried out with Molson Coors’ FW is also useful to identify the most

beneficial strategy for the company in order to improve their FWM. The most significant FW

is the spent grain removed after the mashing process, which accounts for about 85% of the

total FW generated at the plant. Although theoretically it is already managed in the most

sustainable way, a long-term plan to produce new food products from spent grain could give

an economic income significantly higher than that currently obtained selling it for animal
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feeding, converting a currently inedible FW in an edible FW. With regard to the two FWs
identified as upgradeable (i.e. waste beer and filter waste), it can be concluded that
improvements in waste beer management must be prioritised in the short term because of
the following reasons:

1. Current waste beer management entails a higher economic cost than filter waste
management.
Waste beer is generated in higher quantities than filter waste.
Since waste beer has completed all the manufacturing processes, from a life-
cycle approach waste beer has associated a higher use of resources compared
to filter waste, which means a higher environmental impact and loss of economic

resources.

From the three types of waste beer generated, the easiest to improve its management is
beer rejected because of mislabelling. Preferably, improvements in technology and
management practices should be used to reduce this FW, secondly an investment in
machinery and/or workforce would allow for a reuse of the beer in new bottles or the
amendment of bottles labels, thirdly mislabelled beer should be sold to a redistributor of
surplus products at a lower price, and last it should be sent to charities for philanthropic
purposes. From these four options, the former two are considered prevention of FW, thus
they were not considered in the analysis with the FWMDT.

The two FWs identified as upgradeable (i.e. waste beer and filter waste) have been further
analysed in order to support an estimation of the outputs and implications of the proposed
FWMSs. A combination of known/unknown and required/non-required attributes has been
used to generate information flow diagrams for both FW types. Consequently, all calculation
steps necessary to estimate results generated from the proposed FWMSs have been
identified.

For redistributed waste beer, six known attributes were shown to be needed to assess seven
required attributes, although three additional unknown attributes were also needed to be
assessed to complete the assessment process. Similarly, for filter waste sent for anaerobic
digestion, nineteen known attributes were shown to be needed to assess eight unknown
attributes, and these twenty-seven attributes were proposed to assess the three required
attributes. Nevertheless, some extra information not included in the FWMMP might be
needed to complete the assessment process in some circumstances. This is a limitation of
the FWM framework, and consequently the identification of additional attributes for the

FWMMP is proposed as further work and discussed in more detail in Section 12.3. For
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instance, only ‘production or flow rate’ and ‘distance to transport FW’ from the FWMMP were
identified as required to calculate the ‘total emissions to air’ of redistributed waste beer. It
has been surmised that the truck emissions per mile are known, but this might not be the
case in some circumstances, in which truck emissions per mile would have to be assessed
(and could be considered a new unknown attribute). In summary, the information flow
diagram informs of the most efficient way to calculate unknown attributes from the known
attributes within the FWMMP. It should be noted that if the known/unknown and
required/non-required attributes change, the methodology to assess information flows must
be applied again.

The information flow diagrams show the relationships between known attributes, and
between unknown and known attributes, in all calculation steps. However, it does not inform
of the specific mathematical relationships between attributes, which are also needed to
complete the assessment process. This is proposed as a further extension of this research
in Section 12.3.

10.3 Manufacturer of meat alternatives: Quorn Foods

Quorn Foods is a food company that produces meat-alternative products based on a
mycoprotein, achieving a taste, appearance and texture similar to that of meat. Quorn Foods
has three manufacturing sites in the UK: Stokesley, Billingham and Methwold. The
manufacturing plant visited during this research was the one based at Stokesley, which is
also the company headquarters and where mycoprotein is used to manufacture the final
product. Quorn Foods products are manufactured through a process that includes
fermentation to obtain mycoprotein, mix with other ingredients, steaming, chilling, freezing
and packing. The fermentation process is not carried out in Stokesley, thus this production

step has not been assessed.

The quantity of total FW generated in Quorn Foods is directly linked to the level of
production: in months when production is higher, more FW is generated following the same
overall proportion. There are other types of waste not related to food (16% of the total waste),
such as cardboard and plastic, which have not been assessed in this research.

10.3.1 Identification and categorisation of FWs, and selection of a FWMS

This section identifies and categorises the different types of FW generated at Quorn Foods’

manufacturing plant located in Stokesley, according to the definition of FW provided in
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Section 7.2.1 and the boundaries delimited in Section 7.2.2. The different types of FW found

are a food solid/slurry mix and food product returns, which account for 63% and 21% of the
total waste in the factory respectively.

The FW identified is assessed in the following sub-sections. Possible alternative options
from the FWH are suggested as further possibilities when their sustainability performance
has been estimated to be higher than that of the suggested alternative. For instance, the
suggested FWMS for the food solid/slurry mix cannot be redistribution for human
consumption because the FW is unprocessed; nevertheless the potential to use this food
material to produce new food products has been assessed. Similarly, some industrial uses

are out of the scope of the FWMDT, but they have been assessed independently.

10.3.1.1 Food solid/slurry mix

The food solid/slurry mix is any food material which becomes FW across the production line,
e.g. product falling from conveyor belts, trimmings or product stuck onto inner walls of the
industrial equipment. Its composition is the same than that of the final product: fungus
(mycoprotein), plant-based material, and animal-based products (egg albumen) in low
proportions (2-3% by mass of the final product). It is an avoidable waste which could be

reduced or eliminated with more appropriate industrial equipment or manufacturing practices.

According to the point in the production line where this FW is generated (Section 7.3), the
food solid/slurry mix can be considered a damaged food during preparation generated from
unprepared ingredient, prepared ingredient, incomplete food, unprocessed food or
processed food, depending on the point in the production line where this FW was generated.
It must be pointed out that “damaged food during preparation” refers to the impossibility of
reusing the food material to produce more final product following current management

practices.

Table 10-10 classifies the food solid/slurry mix according to the nine-stage categorisation
presented in Section 7.4. Additionally, the most sustainable FWMS is identified using the
FWMDT (Section 7.5): animal feeding. It must be noted that the ‘fungus’ attribute, from

‘origin’, was considered as plant based, since it is not under animal by-product regulations.

Currently, the food solid/slurry mix is sent for animal feeding, which is the most sustainable
FWMS according to the FWMDT (Figure 7-8). Unfortunately, this FWMS does not provide

any economic income at present.
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Table 10-10. Categorisation of the food solid/slurry mix and identification of its most sustainable

Damaged food during preparation generated from unprepared ingredient, prepared ingredient,
incomplete food, unprocessed food or processed food

Edibility
State
Origin
Complexity
Animal-product presence

Treatment
Packaging
Packaging biodegradability
Stage of the supply chain
Current treatment
Proposed FWMS
Other possibilities

Quantity

Edible
Eatable
Fungus

Mixed product

Not in contact with or containing meat, animal

by-products or raw eggs

Unprocessed
Unpackaged
N/A
Non-catering waste
Animal feeding
Animal feeding
Production of foodstuff

1000 t/year

The food solid/slurry mix has been considered eatable, as it is generated only because of
the inefficiency of the systems rather than to due to problems with the food material.
Nevertheless, a more detailed analysis should be carried out to identify all different cases
where this FW is generated and assess their state. In case uneatable FW is found (e.g.
spilled food onto the floor), this should be classified as a different category of FW (European
Commission 2006b), although in this particular case the new FWMS for this FW according to
the FWMDT would remain unchanged: animal feeding.

In order to reduce the quantity of FW generated in this category, an investment in
improvements in the industrial equipment or manufacturing practices is needed. Alternatively,
the FW generated could be recovered and used to produce more final product providing it is
still suitable for human consumption and it meets the quality standards required.

10.3.1.2 Food product returns

Food product returns is the final product which cannot be sold to the final consumer because
different reasons, including overproduction, incorrect formulation, no traceability and
packaging errors. It has the same composition as the final product: fungus (mycoprotein),
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plant-based material, and animal-based products (egg aloumen) in low proportions: 2-3% by
mass of the final product. It is an avoidable waste which could be reduced or eliminated with
more appropriate manufacturing practices.

According to the point in the production line where this FW is generated (Section 7.3), food

product returns can be considered the final food product, which is ultimately wasted.

Table 10-11 classifies food product returns according to the nine-stage categorisation
presented in Section 7.4. Additionally, the most sustainable FWMS is identified using the
FWMDT (Section 7.5): redistribution for human consumption. It must be noted that the

‘fungus’ attribute, from ‘origin’, was considered as plant based, since it is not under animal
by-product regulations.

Currently, food product returns is separated from its packaging and sent for anaerobic
digestion. The remaining packaging is used to produce refuse-derived fuel. This solution is
less sustainable than redistribution for human consumption, which has been identified by

using the FWMDT (Figure 7-8).

Table 10-11. Categorisation of food product returns and identification of its most sustainable FWMS

Final food product

Edibility Edible
State Eatable
Origin Fungus

Complexity Mixed product

Not in contact with or containing meat, animal

Animal-product presence by-products or raw eggs

Treatment Processed
Packaging Separable from packaging
Packaging biodegradability N/N
Stage of the supply chain Non-catering waste
Current treatment Anaerobic digestion
Proposed FWMS Redistribution for human consumption
Other possibilities N/N
Quantity = 360 t/year
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Food product returns has been considered eatable, as it corresponds to the final product.
However, a more detailed analysis must be carried out before redistributing it for human
consumption to identify all cases in which this FW is generated and assess their state. If
uneatable FW is found (e.g. its use-by date has passed), it must be classified as a different
category of FW, allowing a tailored solution for this type of FW to be applied. In this case,
since the product is packaged, there is no risk of uneatable FW contaminating eatable FW.

10.3.2 Analysis of information flows

This section applies the research ideas presented in Sections 9.3 and 9.4 to the
upgradeable Quorn Foods’ FW identified in Section 10.3.1: food product returns, for which
redistribution for human consumption is the FWMS proposed. As a result, a Table of
Assessment has been filled and a Results Table has been generated. Finally, the Results
Tables have been used to depict optimal information flows which can be seen in information
flow diagrams. This allows an easier estimation of results generated from the FWMS

proposed based on available information.

10.3.2.1 Food product returns

The attributes needed to model redistribution for human consumption, according to
Chapter 8, are listed in the Table of Assessment (Table 10-12). The classification of
attributes as known/unknown and required/non-required has been decided based on
conversations with staff from Quorn Foods and reasonable assumptions if any information
was not available. Consequently, all performance factors and sustainability indicators have
been classified as unknown attributes, because redistribution for human consumption has
not yet been used for food product returns and therefore the results generated from this
FWMS are still unknown. Known attributes are those referring to general characteristics of
the product and its manufacturing (e.g. ‘edibility’, ‘density’ and ‘treatment’), quantity of waste
beer generated (360 t/year) and distance to transport it. Required attributes are related to
the quantity of product available to redistribute, environmental impacts to air, ‘management
cost’ as economic indicator and ‘feeding people’ as social indicator. The Table of
Assessment shows which attributes are needed to assess each attribute (i.e. ‘List of
attributes needed’) and the number of known and unknown attributes for each attribute to

asSess.
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Table 10-12. Table of Assessment for food product returns

Category of attribute to assess

Attribute to assess

Is the value of the
attribute known?

Mark the attributes
required

Qualitative food-waste parameters

Edibility

State

Treatment

Production or flow rate

Biological hazard

Primary quantitative food-waste par

Qther organic compounds

Inorganic content and composition

Hazardous materials

Secondary quantitative food-waste par

Process and company variables
Performance factors

Environmental indicators: impacts to air

Environmental indicators: impacts to water
Environmental indicators: impacts to soil
Economic indicators

Social indicators

Density

Distance to transport food waste

Quantity of food redistributed

Total emissions to air

CO;, CHy, NMVOC, PM<10

N2O, NOx

Total organic carbon (TOC), dust, PM<2.5

Zzizizizici<i<igiciigigigiz

A0 0000

Management cost

Support of local economies

Job creation

MNoise

Feeding people

Traffic

ZiIZiIZIZiIZiZ

List of attributes needed

A

Edibility

State

State

Other organic compounds

Inorganic content and composition

Biological hazard

Production or flow rate

Treatment

Distance to transport food waste

State

Production or flow rate

Distance to transport food waste

Distance to transport food waste

Edibility
Distance to transport food waste
Distance to transport food waste

Production or flow rate

Distance to transport food waste

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Distance to transport food waste

Production or flow rate

Quantity of food redistributed

Production or flow rate

Quantity of food redistributed

Density

Distance to transport food waste

%

Known
S

4.

A

Unknown

P

p

NN

Hazardous materials :Production or flow rate

Biological hazard

Inorganic content and composition

Other organic compounds

il ainioia

ainiaiaing

w
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Once the Table of Assessment has been completed, a Results Table can be prepared by
using the methodology explained in Section 9.4. Table 10-13 shows the Results Table for
food product returns, in which the order (n) in which each attribute must be assessed and

the attributes needed for that assessment (‘origin attribute’) are shown.

Finally, the Results Table has been used to draw an information flow diagram (Figure 10-3)

that represents the order of assessment for each attribute and the attributes needed for each
assessment. It can be seen that for redistribution for human consumption of food product
returns, two calculation steps are needed in order to estimate all required attributes.

Table 10-13. Results Table for food product returns

N
n_:Destiny attribute —
1 Quantity of food redistributed |Edibility State
1 iTotal emissions to air Distance to transport food waste :Production or flow rate
1 iCO; CHs, NMVOC, PM<10 |Distance to transport food waste
1 iN2O, NOx Distance to transport food waste
1 iTOC, dust, PM<2 5 Distance to transport food waste
2 :Management cost Production or flow rate Distance to transport food waste
2 :Feeding people Production or flow rate Quantity of food redistributed

Results Table
Origin attribute
Treatment Production or flow rate :Biological hazard :Inorganic content and composition

Quantity of food redistributed

MNMANNNANANANN

0 T T e 0 e e

% Other organic compounds :Hazardous materials :Distance to transport food waste
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Figure 10-3. Information flow diagram for food product returns
10.3.3 Discussion and conclusions of the research applied to Quorn Foods

The nine-stage categorisation and FWMDT (Chapter 7) have been proved to be useful to

analyse Quorn Foods’ FW, since one type of FW has been identified to be apt to be
managed in a more sustainable way: food product returns.

A more detailed analysis would be beneficial in order to identify sub-types of FW. Afterwards,
the assessment should be completed for all new FWs found. This would provide a tailored
FWMS for each type of FW. For instance, if a final product for which the use-by date has
passed is identified, this FW could be named ‘expired food product returns’ and its most
appropriate FWMS would be anaerobic digestion, unlike the remaining food product returns’
which could be redistributed.

Additionally, FW principally composed of fungus cannot be strictly classified as plant-based
or animal-based material. Consequently, the ‘fungus’ parameter was introduced, although in
practice fungus was considered as plant-based material, since it is not covered by animal

by-product regulations.

The systematic analysis carried out with Quorn Foods’ FW is also useful to identify the most
beneficial strategy for the company in order to improve their FWM. Although food product
returns accounts for only 25% of the total food waste, improvements in its management must
be prioritised against the food solid/slurry mix because of the following three reasons:
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1. Current food product returns management entails an economic cost, whereas the
food solid/slurry mix brings neither cost nor benefit.

2. Since food product returns have completed all the manufacturing processes, it
has associated a higher use of resources compared to the food solid/slurry mix,
which means a higher environmental impact and loss of economic resources.

3. According to the categorisation used to study the different FW streams, the
FWMS to manage the food solid/slurry mix is already optimal (animal feeding),
but management of food product returns can be still improved as discussed

below.

More precise forecasts of the demand of the product would be useful to reduce food product
returns which are not sold due to a lack of customer outlet. It is important to notice that the
demand of this product varies during the year, with a higher consumer demand in January
and February. Alternatively, food product returns should be sold in alternative food markets,

or redistributed to people in need or charities, instead of being sent to anaerobic digestion.

Additionally, it would be beneficial to break down the different FW types into more detailed
categories, so more FWMSs can be used and adapted to each FW found. Particularly, if
eatable food solid/slurry mix is identified, it could be redirected to the production line to
manufacture more food product. This should be relatively easy for product that falls from the
conveyor belts and trimmings. If a spoilt product is found, a study of the storing conditions
must be carried out. Finally, all FW types can also be reduced with more advanced

manufacturing systems, which presumably would require large economic investment.

The FWs identified as upgradeable (i.e. food product returns) have been further analysed in
order to support an estimation of the results of the proposed FWMSs. A combination of
known/unknown and required/non-required attributes has been used to generate information
flow diagrams for this FW. Consequently, all calculation steps necessary to estimate results
generated from the proposed FWMS have been identified.

Nine known attributes were shown to be needed to assess seven unknown required
attributes. As discussed in Section 10.2.3, additional attributes might be needed to complete
the assessment process, and mathematical relationships between attributes must be defined.
This is proposed as a further extension of this research in Section 12.3. If the
known/unknown and required/non-required attributes change, the methodology to assess

information flows must be applied again.
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10.4 Chapter summary

The case studies presented in this chapter have proven the applicability and usefulness of
the research described in this thesis by applying the FWM framework presented in
Chapters 7-9 in two real case studies with Molson Coors and Quorn Foods. All FWs
generated in both manufacturing plants have been identified according to the definition of
FW provided in Section 7.2.1 and the boundaries delimited in Section 7.2.2, and categorised
following the nine-stage categorisation presented in Section 7.4. The FWMDT, described in
Section 7.5, has been used to identify the most sustainable FWMS for each FW. When an
alternative, more sustainable FWMS was found, the FWMMP presented in Chapter 8 has
been used to assess it. Finally, information flow diagrams have been created to support the
estimation of outputs and implications generated from the proposed FWMS, applying the

researchideas presented in Sections 9.3 and 9.4.

It has been demonstrated that the FWM framework can be used to identify alternative, more
sustainable FWMSs and aid in the implementation of those alternatives by providing a
systematic methodology to estimate implications from FWM.
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CHAPTER 11 CONCLUDING DISCUSSIONS

11.1 Introduction

The first section of this chapter discusses the major contributions to research of this thesis.
The second part of the chapter analyses the research achievements in the context of the

research objectives and scope defined in Chapter 2.

11.2 Research contributions

The research presented in this thesis has investigated solutions to improve sustainability of
FWM practices. The most pertinent achievements and contributions to knowledge can be
found below:

1. Analysis of FW types and quantities generated in global, European and UK FSCs,
along with a determination of the most used solutions to manage FW and their
advantages and drawbacks, which have been used to identify common issues in
FSCs and weaknesses of existing approaches. As a result, a holistic and
comprehensive approach has been used to identify possible improvements and
design a novel framework for FAVM. A new definition of FW has been provided
together with a terminology that has been used throughout this thesis and can also
be used by any company or organisation to analyse types of FW generated.

2. ldentification of qualitative parameters to describe FW types through a novel nine-
stage categorisation process and design of a FWMDT to help determining the most
sustainable FWMS for each FW analysed.

3. Design of a procedure to support decision making for FWM that includes the
definition of qualitative and quantitative FW parameters, process and company
variables, performance factors and sustainability indicators, with the aim of
supporting the analysis of FWMSs and predicting the quantitative benefits and
disadvantages obtained in each scenario.

4. Evaluation of relationships between all attributes needed to model FW types and
FWM processes, which have been used to define a methodology to determine the
attributes needed to assess unknown attributes and the order of the assessment. As

a result, implications of FWM can be more easily evaluated.
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5. Use of the framework to analyse FWM of industrial food manufacturers via two case
studies, proving the applicability and usefulness of the research through the
identification of more sustainable alternatives for FWM, analysis of the information
needed to model their FWM and evaluation of the potential benefits and

disadvantages obtained as results.

11.3 Concluding discussion

This section discusses the research results analysing the achievements against the research

objectives and scope defined in Chapter 2.

1. Review relevant literature in order to understand how much food is wasted in an
industrial context; and identify the types of food being wasted, how they can be
managed and what impacts are associated with them.

A comprehensive review of the literature has been completed to better understand the
magnitude of the FW issue and existing solutions to deal with this problem. In total, 888
sources have been reviewed, which includes journal articles, conference proceedings, books,

legislation, reports and websites. 441 sources have been referenced in this thesis.

The first aspect to consider when assessing solutions for FWM is to determine how much
FW is generated, and thus, how much FW needs to be managed. Food is wasted in every
region of the world, either developed or developing. Globally, around one-third of the edible
parts of food are wasted, which accounts for 1.3 billion tonnes every year. In the UK,
approximately 10 Mt of FW are generated every year in the post-farm gate part of the FSC.
According to the latest data reported, food manufacturers generate 1.7 Mt of this FW.
Nevertheless, they also generate a generally overlooked 2.8 Mt of food by-products and 0.7
Mt of food surplus. This massive quantity of industrial FW, along with the fact that 70% is

unavoidable, leads to the need to use reactive approaches to find optimal solutions for FWM.

Nevertheless, a large number of initiatives that address the FW problem propose a proactive
approach: reduction of current FW levels across the FSC. This, according to the FWH, is the
optimal solution for every agent of the FSC, including food manufacturers. Yet, food
companies will always generate some FW due to a number of reasons, including
overproduction, damages of the food during manufacturing and human errors, and also
because most raw materials in the food sector have inedible materials associated, namely

food by-products or unavoidable FW.
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The ramifications of FWM have been assessed in global, European and UK FSCs based on
the most up-to-date and reliable data available. Taking into account the impacts that FW
generate not only in the environment, but also in the economy and the society, there is a
need to prioritise sustainable alternatives to manage FW that maximises benefits and

minimises impacts.

Lastly, common options to manage FW have been described and discussed in the context of
the FWH, and their benefits and drawbacks have been identified. The use of each FWMS in
each stage of the FSC has been evaluated, concluding that a range of options are currently
used, which have very different sustainability performance. In the case of the manufacturing
stage, generally FW is homogeneous and its characteristics are known, which facilitates the
identification and implementation of more sustainable solutions for FWM. Additionally, food
manufacturers have the capability to segregate their FW into different categories and to alter
their manufacturing practices, thus they are presumably receptive to implement changes in

their FWM that improves their economic performance.

In the UK, most of the data reported on FW types and quantities, and commonly used
solutions to manage it, have been published by WRAP. The author believes that
standardised methods to measure FW levels and to manage FW are needed to increase
sustainability of food systems. Initiatives to reduce FW generation by increasing food
manufacturing efficiencies are also necessitated. Lastly, bespoke alternatives to recover

value from FW streams sustainably should be developed in the different food sectors.

2. Provide a systematic categorisation of all types of FW.

In order to identify the most appropriate solution for a particular FWM scenario, a sound
understanding of the characteristics and properties of each FW to be managed is needed.
Existing classifications of FW have been reviewed and their applicability have been
discussed. It was found that each FW study tends to use its own FW categorisation which
causes a lack of comparability amongst different studies. Furthermore, the FW
categorisations reviewed are not comprehensive, exhaustive or determinative enough to
support the identification of sustainable FWMSs for all types of FW.

As a result, a novel nine-stage FW categorisation has been developed to describe FW types.
In each stage of the categorisation, one parameter must be selected according to the
characteristic that better describes the FW. The characteristics included in the categorisation
have been selected based on a set of criteria: they must be qualitative, simple, specific,
determinative and universally applicable. A significant limitation of the nine-stage FW
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categorisation is that it only considers qualitative characteristics of FW. This has been
addressed in the rest of the framework, particularly in the design of the FWMMP, which
includes quantitative attributes.

To design an unambiguous and clear categorisation, a terminology has also been defined,
which includes not only the definition of the characteristics for each stage of the FW
categorisation, but also the definition of the FW concept, boundaries of food systems and
types of FW depending on their location in the manufacturing chain. This terminology is
applicable to all types of FW falling in the definition of “any food material (including its
inedible parts) originally intended to be used to feed humans and not ultimately sold as
planned for human consumption by the food business under consideration”. Materials such
as packaging waste, substances consumed but not ingested (e.g. chewing gum, tobacco)
and recreational drugs are out of the scope of this research.

The nine-stage FW categorisation has been used along with a new version of the FWH to
identify FWMSs and link them to each FW type. As a result, the FWMDT was developed,
which recommends a set of feasible FWMSs ordered by their sustainability performance.
The FW categorisation and FWMDT were presented and described in the International
Journal of Food Engineering (Appendix 2) and the journal of Waste and Biomass
Valorization (Appendix 6).

Nevertheless, evaluating the relative merits of FWMSs is a complex task. The factors
determining which solution is more convenient are difficult to assess and sometimes even
difficult to identify, including yields of the processes, proximity of waste management
facilities, tax regulations and demand for by-products, amongst many others. It was
concluded that a precise breakdown and segregation of FW types provides the best results
for FWM, since bespoke solutions can be used for different FWs.

Both the FW categorisation and FWMDT were originally intended to be used by food
companies, particularly food manufacturers. This is because both tools are more useful in
the early stages of the FSC (i.e. agricultural and manufacturing), where separate collection is
generally carried out more effectively, than in the retailing and consumer stages, where FW
is often a heterogeneous material that is mixed with MSW. However, although it may provide
smaller benefits, the FW categorisation and FWMDT can also be applied to every type of
FW from every stage of the FSC. This is why, when designing the stages of the FW
categorisation, the stage of the FSC (catering/non-catering FW) was included as a key
parameter. In fact, a simplified version of the FW categorisation has been used to analyse

consumer FW in two different contexts: student halls in a large university campus and the
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household level. The results and conclusions of the study for the student halls were
published in Advances in Manufacturing Technology XXX (Appendix 3) and for the
household level in Procedia CIRP (Appendix 4), proving the applicability of the FW
categorisation in different environments.

The FW categorisation can also be used for monitoring purposes. It provides an easy way to
classify FW in a business or a region to assess progress in FW generation and management.
Following the systematic approach and terminology described in Chapter 7, comparisons

between different companies or geographic areas are also possible.

3. Develop a framework that can be used by food manufacturers to harmonise different
approaches to FWM in order to support the identification of the most sustainable
solution to manage each type of FW.

A thorough analysis of methodologies to support waste management has been carried out to
define the state of the art in current approaches. Three main methodologies were identified
as the most relevant and widely used: LCA, CBA and MCDM. Although most existing
methods focus on one area of sustainability only (i.e. environmental, economic or social
implications), recent research is directed towards an integration of methods to consider a
wider range of sustainability implications. This is expected to provide more precise and
comprehensive waste management models. However, this would also demand a larger

guantity of information to model each waste management scenario.

Most research concerning sustainable waste management focuses on MSW, with few
studies analysing sustainability implications of FWM. It was identified the need to harmonise
different approaches, and preferably to propose a bespoke methodology for FWM that
considers the specific needs of food companies. Consequently, a systematic framework for
FWM has been designed. This framework was conceived as a supporting methodology that
can be used by food manufacturers to assess sustainability implications of FWM. Once the
data has been collected through the use of the framework, it can be used to quantitatively
evaluate different FWM scenarios and identify stakeholders’ preferences with LCA, CBA,
MCDM or similar methodologies. Therefore, the framework explained in this thesis provides
a holistic, systematic approach to FWM, which can be complemented by other
methodologies without overlapping.

The definition of a FW terminology, FW categorisation and the FWMDT were introduced into
the framework as the first steps in the assessment process. Once all FWs in a food company

were identified, categorised, and a recommendation for their management was given by
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using the FWMDT, a quantitative analysis was proposed to precisely estimate quantitative
outputs of FWM under the FWMS selected. This quantitative analysis was standardised in a
stepwise FWMMP. The FWMMP includes several stages to analyse FW parameters,
management and company variables, FWM performance factors and sustainability indicators.
Each step of the process has been defined and its applicability to assess all information
needed to model FWM has been discussed. The stages of the FWMMP were outlined in
Procedia Manufacturing (Appendix 7).

The FWMMP not only presents a great level of detail, but also is flexible as the user can add
or remove information categories to adapt it to their specific needs. On the other hand, the
main obstacle of using the FWMMP is the difficulty to collect all data needed and model all
possible FWMSs. Consequently, the implementation of the FWMMP in a software tool to
automatize and accelerate the assessment process was proposed. The development of
such software tool, and the extent to which this is feasible, is discussed as further work in
Section 12.3.

4. Analyse the type and range of information needed to model FWM in order to be able
to guantitatively estimate the outcomes generated from management of FW so more

informed decisions can be made.

The FWMMP has been used to classify data needed to model FWM into different categories:
information concerning FWs, FWMSs, food companies, performance of FWM processes and
sustainability implications of FWM. An extensive analysis of the aforementioned categories
was used to identify and classify attributes needed to model FWM scenarios. Both qualitative
and quantitative attributes were considered, but priority was given to quantitative attributes.
Each attribute identified was independently assessed and its inclusion into the FWMMP was
decided upon its relevance to model FWM systems and their previous use in published
research or legislation, which confirmed the need to consider the attribute identified.
Furthermore, each attribute was linked to each FWMS for which the attribute needed to be
defined. One example of a publication was provided for each identified link between an
attribute and a FWMS. However, if an attribute was found only in a small number of
publications and was considered not relevant by the author, it was not included in the
FWMMP. Therefore, attributes collection was undertaken with the aim of providing a
determinative and practical FWMMP.

The lists of attributes obtained as a result were intended to be of enough detail to model

FWM scenarios precisely. Following the aforementioned procedure, 175 attributes were
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identified as relevant for FWM, and they were subsequently categorised as explained above.
Nevertheless, it is acknowledged that additional attributes may be needed in some
circumstances. Consideration of additional attributes is proposed as further work and
discussed in Section 12.3. Because of this reason, the lists of attributes are flexible and the

FWMMP user can add and remove attributes to adapt them to their specific needs.

Once all FWM attributes were identified, an analysis of them was undertaken to determine
relationships between them on a pairwise basis. This was used to identify dependencies
between attributes, which is needed to model FWM scenarios. Due to the high number of
attributes considered, the different FWMSs analysed and the various types of relationships,
defining all possible dependencies is largely complex. To simplify the results, a combination
of attributes and a streamlined version of the list of relationships were used to assess
anaerobic digestion, composting and thermal treatments with energy recovery. The final
results were presented as matrices linking attributes in columns and rows. When all
relationships were found, lists of dependencies were developed to determine which attribute
from the pair depend on the other attribute. The lists of dependencies were used to draw
information flowcharts, which enabled dependencies between all attributes relevant to each
FWMS considered to be shown.

Due to the complexity of the information flowcharts, a methodology was developed to assist
their use. The methodology allows identifying which attributes are needed to assess the
value of an unknown attribute, and if this unknown attribute depends on other unknown
attributes, which is the sequence of attributes needed until the list of attributes needed is
fully known. It gives as a result a succession of calculation steps needed to assess the
unknown attribute, according to the shortest path possible. Nevertheless, the methodology
does not inform of the specific mathematical relationships between attributes, which should
be defined to complete the analysis of FWM scenarios. This is proposed as further work and

discussed in Section 12.3.

5. Apply the ideas generated in the aforementioned objectives to industrial case studies

and thus validate them.

Two case studies have been used to test the applicability and usefulness of the research
reported in this thesis. The case studies have been undertaken with two leading UK food
manufacturers: Molson Coors, a brewing company; and Quorn Foods, a manufacturer of
meat alternatives. They are both large companies and produce a very different final food

product: alcoholic beverages and a solid food. A visit to their manufacturing plants took place
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during which questionnaires were completed with the assistance of relevant company
employees. Once the data was collected, the FWM framework was used to identify
alternative options to increase sustainability of their current FWM.

Five different types of FW were identified in Molson Coors. Following the nine-stage
categorisation and the FWMDT, two FWMSs were identified as improvable: a more
sustainable FWMS was available for waste beer and for filter waste. For both FW types, an
analysis of information flows was undertaken to identify optimal information flows that
facilitated the estimation of outputs generated from the proposed FWMS. A beneficial
strategy for improving FW M was also proposed, in which waste beer was identified as a key
FW that could be managed more sustainably. Specifically, a plan was outlined to improve
the management of mislabelled beer and reduce its waste generation rate. This plan also
explored additional possibilities to those proposed by the use of the FWMDT, as discussed
in Section 7.5.1.6, such as options to prevent FW, industrial applications of FW and

possibilities to obtain valuable compounds from FW.

Similarly, the FWM framework was used to identify FW types and management opportunities
in Quorn Foods. Two types of FW were identified, of which the FWMS for one was
improvable, namely food product returns. For this FW, an identification of optimal information
flows was undertaken. It was suggested that a more detailed analysis of FW with more sub-
categories would provide additional benefits, since the FWM framework can provide specific,
distinct results for each FW type. Furthermore, a beneficial strategy for improving FWM was
also proposed, in which a more precise forecast of the final product demand was identified

as a key practice to reduce the quantity of food product returns.

The case studies were also used to refine the FWM framework. For instance, the
assessment of some stages of the FW categorisation was found to be complex, such as
‘edibility’ for spent grain and ‘state’ for waste beer. The specific case of using inedible, plant-
based, single or mixed product not in contact with or containing animal-based products, non-
catering FW for animal feeding was discussed, concluding that an analysis of each individual
case is necessary to complement the use of the FWMDT. Additionally, new parameters such
as ‘microorganisms’ and ‘fungus’ were necessary as opposed to plant-based or animal-
based material, although they both were considered as plant-based material since they are
not affected by animal product legislation. The need of additional attributes and modelling
relationships between attributes were identified as the most significant limitations of the
FWM framework. Consequently, these aspects have been proposed as further work and

discussed in Section 12.3.
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While undertaking the research reported in this thesis, there were several opportunities to
assess different issues related to FWM. For instance, the use of materials prepared from FW
as emulsifiers was investigated, and results were published in the journal of Materials
(Appendix 5). Also, the valorisation of FW was explored along with other key research
challenges facing modern food manufacturers in the context of sustainability; the result of
this has been accepted for publication in the book Smart Innovation, Systems and
Technologies (Appendix 8).
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CHAPTER 12 CONCLUSIONS AND FURTHER WORK

12.1 Introduction

This chapter summarises the major conclusions from this research, and suggests several
areas where further work could be undertaken to progress the accuracy and industrial
readiness of this work.

12.2 Research conclusions

The conclusions drawn from this research are as follows:

1. This research has highlighted the important role that FWM currently plays in
achieving more sustainable food systems. Although a large portion of the
previous research on sustainable waste management has investigated MSW
management, sustainable FWM is a research area that is growing rapidly over
recent years. Additionally, recent research trends consider two or even three
pillars of sustainability: environmental, economic and social implications of waste
management, as opposed to only one type of implication as it was typically
considered in more historic research.

2. Currently, food systems are extremely inefficient. Large amounts of FW are
generated across FSCs of both developed and developing areas of the world. In
the UK, food manufacturers generate a significant amount of FW, which is largely
unavoidable and must be managed. There are a number of FWMSs currently
used to manage in the food industry, often causing negative sustainability
ramifications.

3. There is a growing public and scientific interest in the issue of FW. A range of
solutions to tackle the levels of FW produced have been proposed. A number of
these solutions follow proactive approaches to reduce FW. However, the
importance of not only reducing, but also managing more sustainably the FW that
cannot be reduced (i.e. inedible FW), has been highlighted in this research.

4. From the reactive solutions to improve FWM, different methodologies and tools

have been reviewed. The most relevant methods include life-cycle assessment
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(LCA), cost-benefit analysis (CBA) and multi-criteria decision-making (MCDM).
Their applicability and scope have been analysed, and their shortcomings
identified. It has been demonstrated that, to successfully integrate the
assessment of the different sustainability implications of FWM, a combination of
methodologies is beneficial. This brings the challenge of collecting and managing
large amounts of data, for which a systematic methodology that supports this
data collection and management would be advantageous.

5. Anovel framework for FWM has been designed, which includes definitions of FW
and food systems; identification of FW types; a qualitative nine-stage FW
categorisation; selection of sustainable solutions by using the FWMDT,;
identification of quantitative attributes for FW, FWM processes, food companies
and sustainability implications of FWM; analysis of relationships between
attributes; and assessment of information flows. This framework was designed
after following a holistic approach to define concepts and methodologies for
which there is not yet a global consensus. As a result, this research presents a
standardised methodology to identify and assess sustainable solutions for FWM.

6. The FWM framework supports the analysis of different FWM scenarios. It aids in
identifying what type and range of information is needed to model FWM systems,
allowing the user to follow a systematic methodology to make more informed
decisions. The FWM framework was not designed to compete with existing waste
management methodologies, such as LCA, CBA and MCDM, but rather to
complement their use. Therefore, the output generated from the use of the FWM
framework can be used to support the application of any of the aforementioned
methodologies.

7. Case studies with two large UK food manufacturers have been used to
demonstrate the applicability and usefulness of this research. While conducting
the case studies, it was clear that data availability is a serious issue that may
affect food companies, complicating estimations of outputs and implications from
FWM. Furthermore, in some cases data existed, but was not precise and/or
categorised to a sufficient level of detail. This proves the need of a FWM
framework to support the identification of data needed for FWM, its collection and
use to model FWM systems.

8. The fundamental conclusion drawn from this research is that there is an
opportunity to improve value recovery from manufacturing FW streams through a
systematic analysis that maximises benefits from FWM whilst reducing

environmental, economic and social ramifications.
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12.3 Further work

The author suggests the following areas of work where the scope of the research presented

in this thesis could be extended.

1. Identification of additional attributes for FWM

An in-depth analysis of FW types and FWM processes was undertaken to identify the most
relevant 175 attributes to model FWMSs. Although this set of attributes are determinative
and provides a great level of detail to the FWMMP, inclusion of additional attributes into the
model could deliver more precise results in certain circumstances. For instance, the list of
performance factors was reduced to include only the most relevant attributes. This list could
be easily extended to include additional attributes, for instance the concentration of CO, in
biogas for anaerobic digestion. Similarly, the lowest pH value and highest temperature
achieved during the composting process could be relevant process variables to consider,

and staff availability could be considered a company variable.

Furthermore, it is recommended that some attributes are itemised in more detailed sub-
categories, especially when tailoring the FWMMP to specific food companies. This would be
particularly useful for performance factors; for instance, using the specific concentration of
nitrogen, phosphorus and potassium instead of ‘compost composition’. This was not done
because it was intended to keep the FWMMP general with regard to some attributes, so it is
applicable in all food sectors. When adapting the FWMMP to specific food companies, it
could also be useful to remove some unneeded attributes to compensate the addition of new

attributes, so the use of the FWMMP remains manageable.

2. Incorporation of additional FWMSs in the FWMDT and FWMMP

Similarly to the consideration of additional attributes for FWM, further FWMSs could also be
added to the FWMDT and FWMMP. This includes FWMSs from the FWH which were not
considered in this research because their poor sustainability performance or because they
were out of the research scope, such as landspreading, thermal treatment without energy

recovery and landfilling, as explained in Section 7.5.1.6.

Of particular interest would be the consideration of industrial uses and extraction of
compounds of interest from FW. These options were not included in the FWMDT and
FWMMP because they are very specific to the FW type and FWM process, so their

consideration would not be possible while the FWM framework is general and applicable to
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all food sectors. However, the consideration of industrial uses and extraction of compounds
of interest would be highly beneficial when tailoring the FWM framework to a specific food
company, since these alternatives could provide a large economic benefit to the food
industry whilst reducing environmental and social ramifications. Indeed, these options are
considered as the most sustainable of the recycling/recovery section of the FWH. When
including them in the FWMDT and FWMMP, a number of new attributes specific to the
industrial process considered would have to be added in the FWMMP.

3. Consideration of proactive solutions to reduce FW in the FWM framework

In addition to the reactive solutions from the FWH, proactive approaches could also be
considered to reduce FW. This was considered outside of the research scope since this
research sought to find sustainable solutions to manage FW, not to reduce it. Nevertheless,
it is well known that preventing FW from arising is the most sustainable strategy to deal with
FW. As an extension of the research scope, common solutions to reduce FW could be
explored and arranged according to their sustainability performance, e.g. alternatives that
require less energy and water use could be prioritised. Next, they could be added to the
FWMDT, linking FW types with common solutions to reduce FW. Additionally, the FWMMP
could be extended to include attributes needed to model FW reduction schemes, facilitating
the implementation of actions to reduce FW in food companies. When FW reduction is

infeasible, the current FW M framework could be used.

4. Mathematical modelling of relationships between attributes

Having identified all relationships and dependencies between attributes, mathematical
modelling between attributes would be useful to simulate FWM systems. The outcome of this
would be the generation of a set of mathematical equations that allows a quantitative
estimation of the value of unknown attributes from the value of known attributes. These
mathematical models could be prepared from a review of state-of-art literature in the relevant
technologies (i.e. FWMSs) considered. Consequently, the value of performance factors
could be calculated from FW parameters and process and company variables, and similarly,

sustainability indicators could be evaluated from the performance factors assessed.

Mathematical modelling was considered outside of the scope of this research because of the
complexity of modelling all relationships between attributes. 30,450 relationships between
attributes were identified, as explained in Section 9.2. Although one mathematical equation

could link a number of attributes, it is expected that a large number of mathematical formulae
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would be needed to link all attributes. Some of the mathematical relationships between
attributes are already known, but a number of them would have to be defined by using
chemical analyses. Furthermore, mathematical relationships may change as technology
develops, for instance a novel anaerobic digestion system could provide higher methane

content in the biogas without changing the initial FW.

5. Development of a software-based tool to automatize the assessment process

The FWM framework could be implemented in a software tool to facilitate and accelerate the
assessment process. The software tool must model FWMSs, incorporating the mathematical
models described above, and deliver as a result an estimate of the sustainability
performance of the FWMSs considered.

The software should let the user introduce large amounts of data, use previously introduced
data (which could be stored in databases) and simulate industrial processes. Based on
these criteria, the software could be developed in Microsoft Excel spreadsheets and
MATLAB. It is envisaged that, once the software tool is started, the user would see windows
where the data needs to be introduced. This could be done selecting an attribute from a list
of options in a dropdown menu, e.g. ‘plant based’ as a qualitative FW parameter, or typing a
numerical value in a box, e.g. 7’ for pH as a quantitative primary FW parameter. The user
would have to add all relevant data for qualitative and quantitative FW parameters, and
process and company variables. Once the information has been collected and added into
the system, the data for each FWMS is processed and the values for each FWM
performance factors could be calculated by the software by using mathematical models.
These mathematical models should be amendable by the user, since different performances

could be obtained from the same FWs as technology progresses.

The software tool is envisaged to be used principally by waste managers in the food industry
or members of staff with similar roles and duties in the food sector. Due to different
backgrounds and significant dissimilarities amongst food manufacturers, the software
interface should be simple and user friendly.

A further addition to the software would be the inclusion of a decision-support tool system
that, according to the sustainability performances obtained and a pre-established criterion,
would recommend the most sustainable FWMS available, maximising positive outcomes and
minimising ramifications. The decision-support tool could be designed in a way that the
sustainability indicators are weighed according to their relevance in FWM decisions. For
instance, GHG emissions could be given a higher priority over acidification to assess
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environmental performance, or economic implications of FWM could be prioritised over
environmental impacts. This prioritisation criterion is subjective and may change over time
periods. Consequently, the weighing of indicators should be open to be amended by the
user according to their needs and judgement.

6. Creation of a database that could be incorporated into the software-based tool

As a future development of the aforementioned software tool, a database with the value of
the most relevant FW parameters could be incorporated in the software. Therefore the user
would just have to select the FW to manage from a dropdown menu and its associated FW
parameters would be added automatically to the system. For instance, instead of adding the
guantitative FW parameters for spent grain, such as carbohydrate content and composition,
the user could select ‘spent grain’ from a menu of FWs, and the software would use values
of FW parameters previously introduced in the tool. Consequently, the values of FW
parameters must be added by the software developer. These values could be determined

using chemical analyses, existing databases or undertaking a review of published literature.

Incorporating databases in the software requires the assumption that FW parameters remain
constant for the same FW types in different conditions, e.g. the carbohydrate content and
composition of spent grain is unchanged between different batches. This is a safe
hypothesis if very precise results are not required, since only small variations in
compositions of a FW type in different batches is expected. If significant changes in the
value of FW parameters occur, or more precise results are required, the software must let

the user to amend values of parameters stored in the database.

7. Testing the applicability of the FWM framework in other food companies and
stages of the FSC

Case studies with two large UK food manufacturers have been used to demonstrate the
applicability and usefulness of the FWM framework. Although the results obtained were
positive, there is a need to further test the FWM framework with a wider range of food
industries. It would be particularly interesting to use the FWM framework with small food
manufacturers, as opposed to the large companies already assessed, since they may lack in
capabilities to identify alternative, more sustainable FWMSs and rely on outdated routines.

Additionally, the FWM framework should be tested in diverse food sectors with different FW

types.
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Although the FWM framework was originally intended to be used principally by food
manufacturers, it is potentially usable by any company or person who manages FW. To
prove this, the FWM framework must be tested in different stages of the FSC, for instance in
farming, wholesaling and retailing environments.
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APPENDICES

Appendix 1 presents an example of a FW gquestionnaire used to identify and categorise FW

streams in the food companies participating in the case studies (Chapter 10).

Appendices 2-8 present the articles published during the development of the research

reported in this thesis:
Appendix 2 Journal paper

A Framework for a More Efficient Approach to Food Waste Management

Appendix 3  Conference paper

A Manufacturing Approach to Reducing Consumer Food Waste

Appendix 4  Conference paper

Manufacturing Resilience via Inventory Management for Domestic Food Waste

Appendix 5  Journal paper

Pickering Particles Prepared from Food Waste

Appendix 6  Journal paper

A Methodology for Sustainable Management of Food Waste

Appendix 7 Journal paper

Optimising Industrial Food Waste Management

Appendix 8  Book chapter

Forging New Frontiers in Sustainable Food Manufacturing
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Appendix 1: Food waste questionnaire

Company information
Name
Activity
Location
Waste number __
Example of answers
Type of waste Urange skin, meal bones, sandwich in its package. ..
Edibility | Edible / Inedible
Eatable / Uneatable / Uneatable for humans, eatable for
State animals
Origin | Amimal based/ Flant based
Complexity | Single product / Mixed product
Meat / Amimal product / Animal by-product (categores 1-3)
Animal-product presence In confact with animal matenals / Not in contact with animal
maternals
Stage of the supply chain | Catenng waste / Non-catering waste
Treatment | Frocessed / Unprocessed
Packaging | Packaged/ Unpackaged or separable from packaging
Packaging biodegradability | Biodegradable packaging / Non-biodegradable packaging
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Amount of this type of
waste

kg/day, ton/year, l/hour. ..

Does this amount of waste
change during the year?
When and why?

Yes /No. When yes: food spoils faster during summer,
difficulty fo forecast demand during holidays causes
overproduction and waste, cerfain foods are only harvested
specific times of the year. ..

Why is this waste

Owverproduction, inadequate stonng practices, wrong
processing, unavoidable waste, spilled food, left too long and

from other wastes?

generated? spoiled, poor communication between depariments or other
stages of the supply chain. ..
Is this waste segregated Yes / No

Current waste management
practice

Landfilling, incineration, landspreading, composting, anaerobic
digestion, other industnal uses, animal feed, redistribution. .

Would any investment be
required in order to use a

ingredient cost?

f
better waste management Yes /No
alternative?

How much did this g

What is the economic cost
or benefit obtained from the
current waste management
option?

Cost / Benefit: £kg

How many products does
the company produce?

Number

In how many products is
this ingredient used?

Number
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Appendix 2: Journal paper

A Framework for a More Efficient Approach to Food Waste
Management

This paper has been published in the International Journal of Food Engineering and
presented by Guillermo Garcia-Garcia at the 1% International Conference on Food and

Environmental Sciences on 8-9" February 2015 in Yangon, Myanmar.

This paper cannot be included in this appendix due to copyright reasons. The full text can be
found at this link:
http://www.ijfe.org/index.php?m=content&c=index&a=show&catid=114&id=477.

The details of the publication are:

Garcia-Garcia, G., Woolley, E. & Rahimifard, S., 2015. A Framework for a More Efficient
Approach to Food Waste Management. International Journal of Food Engineering, 1(1),
pp.65-72. doi: 10.18178/ijfe.1.1.65-72.
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Appendix 3: Conference paper

A Manufacturing Approach to Reducing Consumer Food Waste

This paper has been published in Advances in Manufacturing Technology XXX and
presented by Miss Aicha Jellil at the 14™ International Conference on Manufacturing
Research on 6-8" September 2016 in Loughborough, UK.
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A Manufacturing Approach to Reducing
Consumer Food Waste

Aicha JELLIL®, Elliot WOOLLEY™', Guillermo GARCIA-GARCIA® and Shahin
RAHIMIFARD"

*Wolfson School of Mechanical, Electrical and Manufaciuring Engineering,
Loughborough University, Loughborough LET] 3TU, UK.

Abstract. Globally, one third of food produced 15 wasted. In the UK, 47% of the
food waste is post-consumer revealing a need to encourage more efficient
consumption. This rescarch asserts that manufacturers and retailers can play a
crucial role i mummising consumer food waste (CFW) through consumer
engagement and provision of smart solutions that ensure more efficient use of food
products.  Supporting manufacturers and retmlers o mimimise CFW can be
achieved via two stages: a) understanding and evaluating CFW, and b) identifying
improvements to manufactuning and retail actvities that would reduce CFW. On-
site waste audits have identified that the percentage of edible CFW from domestic
environments (77%) 15 greater than that disposed of in public areas [14%)
supporting the hypothesis that improving the full food provisioning process (e.g.
packaging, storage, gmdance) would be bencficial. This paper proposes a number
of mechanisms to support manufacturing and retail in reducing CFW.

Keywords. Consumer food waste, food manufacturers, retailers.

1. Introduction

It 15 estimated that in developing countries about 40% of food waste 15 generated at
post-harvest and processing stages, whereas 40% of food waste in the developed
countries 15 created at the retail and consumer stages [1]. This research focuses on
consumer food waste (CFW) generated in the UK, as a representative of developed
countries, which 15 estimated to amount to 7 MT p.a. out of a total of 15 MT pa. of
tood wasted in the UK [2]. This makes UK consumers the largest single contributor
towards food waste (Figure 1). Moreover, 60% of CFW in the UK 1s estimated to be
avoldable [3]. CFW has the highest level of environmental and economic impacts
compared to waste generated at other stages of the supply chain and this 15 due to the
significant amount of resources (water, labour, ete.) used to produce the final products.
Several factors contribute to CFW generation including consumer behaviour, retail
environment (e.g promotions, packaging) and other external factors (e.g. economic,
governmental ) [2]. These three mamn factors highly influence how consumers purchase,
store, prepare and consume food which in turn influence consumer generation of waste.
Therefore, CFW 1s not just an 1ssue of individual behaviours [4] and manufacturing and
retall have the power to influence the consumer choices and improve their business
activities in order to reduce domestic food waste. This paper presents an overview of

! Corresponding Author. E.B.Woolley@lboro.sc uk
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the approaches suggested for businesses to mimmise CFW, proposes a new approach
for manutfacturers and retailers to support efficient consumption and discusses findings
from on-site food waste audits conducted at domestic properties as well as public areas.

[ .Hnsphglr_r & i
Food Serviee

|

Houschobd

L}

Figure 1. Food waste in the UK by stage (in malhon tonnes). Data from [5].

‘Pﬁ Farm Gate | | Maoufacturing | | Wholesale ‘ Reilail

2. Consumer Food Waste Reduction

A review of the literature has identified several proposed (or implemented) solutions
for manufacturers and retailers to support the reduction of CFW. These solutions can
be categorised into strategic or funchional. It was observed that only a minonty of these
solutions focuses on reducing CFW n terms of environmental impact. This deserves
more attention as reducing the waste of a certain food product by a small quantity (e.g.
beef) can have better environmental benefits than reducing a greater amount of waste
generated from another product (e.g. potato).

For the solutions that can be implemented at a strategic level, several frameworks
have been identified; some of these are detailed in Table 1. All of these frameworks
stress the importance of deploying communication, technology and policy making in
supporting consumers to minimise their food waste.

At a more functional level, some actions were taken to reduce CFW by extending
food shelf=htfe, offering more variety for food portion size, providing storage guidance
and clarifying food date labels. These actions are important since 80% of avoidable
CFW 15 due to factors such as: “Cooked, prepared or served too much” (48%) and
“Not used in time” (31%) [3]. Most of the offered solutions rely on improving food
packaging as it constitutes a medium to communicate with consumers.

Resealable packaging and packaging that reduces cross-contamination (e.g. pre-cut
packaged ingredients) are examples of solutions that extend food shelf life at home and
provide more flexibility for portioming [6] To keep food fresh for longer and to utilise it
efficiently, packaging has been used to provide clear gumdance on how to store food [2]
and phone apps have been proposed to help consumers manage their food inventory [7].
Regarding date labelling, some actors called for the “abolishment of best-before labels
for long=lasting products™ [8] since some consumers use “this label as a ‘use by’ date,
rather than a quality guideline™ [9]. To overcome the confusion over food date labels,
temperature sensitive colour changing smart labels, made of gold nanorods, have been
suggested to enable a more precise indication of whether the food 15 spoilt or not [10].

The proposed solutions are effective ways for manufacturers and retailers to help
solve issues stated as direct causes for food waste (e.g. products perishability ); however,
the majority of these approaches focus on short-term interactions with consumers. They
regard provision of food as simple transactions instead of a medium to bwild stronger
relationships between businesses and consumers. For instance, provision of gmdance
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on how to use a product does not take into consideration the environment in which that
product will be prepared and used as well as its interaction with other food products.

Tahle 1. Frameworks for reducing consumer food waste.

Innovate, Influence Edit

4 E's Framework [12]

UNEP Guidance

Working on Waste

Framework [11] J13] Framework [14]
Innovate: mntegrate Exemplify: lead by Flan: Use technology: o
sustainability into product  example; achieve a strategy o engage facilitate reduction of
design innovation consistency in policies CONSUMETS food waste

Influence: use
commumication to cnable
consumers o choose
products more sustainably

Edit: remove

Enable: remove barriers;
provide facilities,
alternatives; tram;
cducate

Encourage: tax system;

Set targets: establish a
baseline

Develop: evidence-
based gudance

Tailor messages: to
the occasion, keep it
simple in store

Create valoe: by
being specific with

unsustamable products, reward schemes; Act: to prevent fod technical solutions
product components and penalties waste and communication
services from marketplace

Engage: Evaluate: measure,

communication; media monitor and report

campaigns progress

3. A Manufacturing Approach for Addressing Consumer Food Waste

As discussed in the previous section, the majority of the solutions proposed to
minimise CFW regard manufacturers/retailers—consumers relationship as transactional.
Transactional exchanges (Figure 2) refer to those “anonymous transactions™ where both
the buyer and supplier seek to “win at the other’s expense™ [15]. The dea 15 for
manufacturers and retalers to move towards the rnight of the relabionship spectrum
iFigure 2) by adopting value-added exchanges where they should improve their
understanding of consumer behaviour (needs, attitudes, habits, ete.) leading to the
generation of food waste and then formulate adequate and targeted solutions that would
remove the barriers to a more environmentally sustainable consumption.

Transactional Value-adding Collaborative
Exchanges Exchanges Exchanges
Distant refationships Closer relafionships
Competifive Joint goal

Figure 2. Buyer seller relationship spectrum. Adapted from [15].

In order for manufacturers and retallers to buwld strong relationships with their
customers, they need to acquire three main capabilities:  a) the mind-set of the
orgamsation should be relationship-oriented so that its culture 15 focused on interacting
with consumers before, during and after purchase; b) the orgamisation needs to
continually deepen its knowledge of its customers; ¢) and the orgamisation process
needs to be integrated and aligned with the customer’s process [15].

A possible approach to integrate manufacturers and consumers processes would be
the servitization of food manufacturing. Servitization 1s “[when] the manufacturer [act]
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as a service provider that sets out to improve the process of their customers through a
business model rather than product-based innovation™ [16]. It leads to the offering of a
combination of goods and services, support, knowledge and/for self-service [17]. This
concept has been mainly applied to products that do not cease to exist once they are
used (e.z. washing machines); however, it can also be applied to consumable products
[18] and therefore to the food sector. Thus, food manufacturing servitization would
enable manufacturers and retailers to support consumers during the whole food
provisioning process and in managing their domestic food related operations efficiently.

This research asserts that for manufacturers and retailers to support consumers in
mimmising CFW, they should first acquire a strong understanding of their customers
and then change their internal activities to align them with the consumption process
(demonstrated in Figure 3). This should enable the manufacturers and retailers to
supply the right offering to the right consumer, resulting in a reduction of CFW.

I Biiild Stremg Relaticaships With Consimen: From Transactional Exchanges to Valug-added Exchamget I
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Figure 3. Proposed approach to mmumise CFW in this work.

Servitization 15 advantageous to manufacturers as it enables them to gain a
competitive edge by “locking in” customers, setting up bammers to competitors and
differentiating the market offer [17]; however, there exists some nsk associated with
implementing it. First, the early transition to servibization could be challenging
depending on the market offering: manufacturers need to ensure that they have the
capability to sell therr product-service offenng. The second risk concerns in the
mmvestment cost needed to make this strategic transition which includes: the imitial
capital needed to change the technical and orgamsational structure, and the additional
transitional cost arising from producing the new offering such as costs of building new
customer relationships [19]. The third risk is associated with the cost of production [19]
as the manufacturing operations would be affected by the interaction with customers
which would create uncertainties and increased vanations,

A9

Appendices



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

4. Case Study

In order to better understand CFW and support the assertion that manufacturers and
retallers play a crucial role in minimising CFW by collaborating with consumers,
several food waste audits were conducted in public areas as well as domestic halls at
Loughborough Umversity. The umiversity was chosen as it constitutes a good
representation of an urban area. The investigations took place in three different living
halls, the library and one of the umversity’s major schools. A total of 74.35 kg of
general waste was audited where six general waste bags were collected from each
facility and food waste was categonsed into edible/inedible, ammal/plant based and
packagedfunpackaged. These three food waste categones were selected from a nine-
stage classification proposed by Garcia ef all [20]; the remaiming six categories in the
atorementioned classification were not considered relevant in this investigation.

The analysis of the data obtained from the audits revealed that the proportion of
edible food waste 15 significantly greater in the living halls compared to the public
areas as shown in Figure 4. This observed difference can be explained by suggesting
that consumers generate more edible food waste in domestic environments (kitchens)
where food preparation, food inventory management as well as food consumption
cceurs, conversely, i public areas, it 15 expected that edible food waste 15 mainly a
result of consumption in the absence of preparation or stock management.

84% = Inedible
wEdible
16%

Hall 1 Hall 2 Hall 3 Schunl Library

Figure 4. Food waste audits results for the ediblefinedible category.

The investigation’s result justifies the need for manufacturers and retailers to
support consumers through their full food provisioning process in order to minimise
CFW and this by adopting the aforementioned proposed approach (Figure 3) to: create
mnovative business oftering which uses the product as a plattorm to provide services,
knowledge and support that would enable consumers to be efficient in managing their
food related operations; tatlor their solutions so that products be customised depending
on consumers’ needs; and engage the consumers through continuous commumication
supported by effective information systems.

5. Concluding Discussion

This work has highlighted the importance of manufacturers and retailers to foster more
efficient and responsible food consumption and presented an overview of the efforts
that have been made to support businesses in reducing CFW. The review has identified
that the majonty of the existing solutons regard manufacturersiretallers—consumers
relationships as transactional and thus fail to consider the highly complex domestic
environment where food related operations take place.
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A proposed solution to solve this complex 1ssue 15 to strengthen manufacturing and
consumption relationship and this by: a) acquirning a deep knowledge of consumers, b)
changing business offering through the servitization of food manufacturing and o)
effectively communicating with consumers to adapt to therr needs by using strong
information systems and technologies.

This approach 1s a result of preliminary findings from an ongoing research project
and does not cover elements necessary to change the mind-set of the organisation from
offering products to offering products and services. Changing the orgamsation mind-set
15 regarded to be an mportant component to create more collaborative
manufacturers/retailers-customers relationships.
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Appendix 4: Conference paper

Manufacturing Resilience via Inventory Management for

Domestic Food Waste

This paper has been published in Procedia CIRP and presented by Dr Elliot Woolley at the
13" Global Conference on Sustainable Manufacturing on 16-18" September 2015 in Ho Chi
Minh City / Binh Duong, Vietnam.
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Abstrsct

The abilsty 1o feed 9 billion people by 2050 wall rely on processed foods being delivered throwgh complex and dispersed international supphy
chains. Currently as much as a therd of all food grown is lost as wasie ai vanous points along existing supply chains, with roughly half of food
wasie m the developed world oocurming after purchase by the end consumer. Far the longsterm: resilience of the food indusiny, and = holders of
critical informatson, manufacturers need so play a part in reducing this waste. Using a novel method of food waste categorizasan, this research
describes how the preveniion of food waste fior certam categories can be facilimied using a Smart Phone App that enables indusinal mvemory
management for the domestic environment, providing the oconsumer with supporting information abowt fond conditson and approqriate
preparation processes. Data availability issoes and the benefits in terms of resource e fficiency and consumer loyalty are dscussed.
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L. Introduction

It has been estimsted that as moch as 50% of all food that 1
produced pever actually enbers a human mouth [1]. This
amounts o a potential two billon wnnes of food waste per
vear, nevealing a significant waste of farmland, time, energy,
waler and money. AS the global population moves loward 9
bllion people by 2050 the pressure on agrcoliere and the
manufsciunng indudry o provide sufficient food for the
global population will contimue W0 merease [2], Ome way of
reducing this predsure & o improve the efliciency of the entire
food supply chain w reduce mefficiences in terms of food
wasli.

Clearly depending upon the region of the world, feod wasie
oecwrs for a wide range of reasons, The [MechE categornzed
diffierent ressons on thewr 2003 report [1] which defined three
distinet types of country: Fully developed, lste-stage and
mewly developing countries. The focus of this research 15 on
the wasle gemeraied m the UE (a3 an example of a fully
developed country) which has been shown io be splin across
the supply chan (see fgure 1) with 3 millon woones from

farms, 3.9 millon wommes from manufacionng and almost hall
of all food waste (T mullon tonnes) occurrng afler food
products have been purchased by the congumer [3 - 7).

The need for the reduction of food waste throughom the
manufaciuring supply cham 15 mow well recognized [B] but
there has been linde incentive 1o reduce the waste generated by
corsumers. lndustry and retailers are nol meenlivized as the
purchase of more products equates to larger profis. Howewver
thas busmess arangement {overproduce, purchase and discard)
nol only carmes sigrificant environmerlal impact, bul also
reduces the ability of established supply chaing 10 meel the
growmng global demand for food [9). Therefore a focus on
reducing consumer food waste 15 required in order o reduce
thas envirommental impact and  meresme the long lerm
resilenee of existing supply chains.

22128271 & 2016 The Authors. Published by Elsevier B.Y. This is an open access artscle under the CC BY=NC<ND license

{ hitp:#creatrvecommens. crgdlicensesy=nc-nd 407},

Peersreview under bality of the Intemational Scientific Committer of the 1 3th Global Conference on Sustairable Manufacthuring
doi: 10, 1 016 prociz. 20016.00.070
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Fig. 1. The breakdown of UK food waste. Data from [3 -
71
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Manufactures have a range of tools and techniques to help
reduce the production of waste and these can be replicated
across different industries. Unfortunately consumers do not act
as organizations and both crowd and individual behavior
patterns are difficult to predict [10]. As an additional
complication, food manufacturing has many differences to
other sectors including short product shelf lives and perceived
low value. A key challenge therefore is to enable consumers to
have similar waste prevention and management techniques to
industry, thus facilitating a reduction in food waste generation,
To put this into perspective, it is possible, in simple terms, to
envisage a consumer as a micro manufacturer (figure 2): they
buy raw materials (ingredients), which they store (in
cupboards, refrigerators, freezers) and then use a wide range
of range of processes (such as mixing, cooking) to produce a
final product (meals) to meet a demand (themselves, family,
etc.). However, they do not have access to the powerful tools
that industry has such as inventory management or materials
requirement planning (amongst many others).

In this research it i1s proposed that access to inventory
planning type tools would improve the ability of the consumer
to better manage their ingredients and stock and therefore
reduce overall food wastage. On the assumption that all food
prevented from waste is not additional consumption, this
result would alleviate strain on, and therefore increase
resilience of, the food manufacturing industry.

In this context, this paper reviews existing domestic food
waste and seeks to understand which food types are most
problematic, presents a novel food waste categorization
process, and describes the development of] and roles of supply
chain partners in supporting, a mobile application (App) that
facilitates consumer inventory management. This solution is
evaluated and a continuation of the work s discussed with
respect 1o implementation.

Product

Inventory

|
;
; Food

product

Raw
ingredionts

L Ingredients

Fig. 2. Consumers as micro manufacturers

Waste

Cooking
preparation

2. Current activities for food waste minimization

There are a number of ways to quantify food waste (e.g. by
weight, cost, calorie content, environmental impact) but the
majority of published literature refers to weight. This might be
misleading because some food types are comprised largely of
water and have little environmental impact (such as home-
grown apples) or are expensive but have low calorie content
(e.g. saffron). In this respect it is important to select
appropriate metrics for evaluation to avoid unintended
outcomes.

Ideally the current research would cover all developed
countries but reliable data on domestic food waste could not
be obtained. The focus therefore remains on the UK issue, for
which a number of reports exist, but which is deemed to be
largely representative of other fully-developed countries.

The UK generates about 15 million tonnes of food waste
per vear [4] with almost half of this attributable to the
consumption stage of its life cycle. From UK households, the
amount of food waste has decreased from 8.3 to 7.0 million
tonnes between 2007 and 2012 [3, 7]. It is important however
to understand that not all food waste is avoidable since various
components are not edible (e.g. egg shells, meat bones).
Various definitions of food waste exist and have been
discussed [11] but for domestic waste in this research it is
possible to have two main categories, unavoidable and
avoidable (this latter category includes food waste which some
people eat but others do not such a bread crusts and potato
skins). It is estimated that 4.2 million tonnes UK domestic
food waste is avoidable [12] with the cost of avoidable food
waste for a family of four estimated at £720 (USS1,100) per
year,

Food waste can be further divided into types of food such
as fresh fruit, ready meals and meat products (see figure 3).
The aforementioned difference between weight and cost of
food waste is evident, but of interest in this research is the
environmental impact. Animal products typically have higher
environmental footprints due to the resources required to grow
their food, land and water requirements, and greenhouse gas
emissions associated with livestock. Similarly, highly

processed foods may require a large number of processes,
have long supply chains and may have travelled thousands of
miles.

Weight

Fig. 3. Comparing UK domestic food waste in terms of cost
and weight. Adapted from [13].
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Key o providing a solution i3 1o understand why various
types of food waste are generated by consumers. Little work
appears to have been published on this topic but it has been
reporied that there is some confusion by consumers over “Use
By™ and “Best Before” dates provided on products [14]. Some
analysis has been provided Boyer [15] as o the recommended
length of days that fruit and vegetables remain edible, but this
clearly also depends on the period of uime before purchase,
their storage conditions and initial ripeness,

In order to influence the design ol a solution for better food
waste management, it is therefore necessary 1o betier
understand why certain food types (high weight, cost,
environmental impact) are wasted by consumers. The
remaining sections of this paper are concemed with this
ohjective.

3. Research methodology

It 15 understood thal consumers are ‘responsible” for a
considerable amount of food waste and therefore the supply
chain would be happy to aftribute the environmental impact of
this waste o consumers rather than shoulder the impact
themselves. However, it is nol clear from the literature
reviewed precisely why food waste is created by the
consumer. [n order to better understand this, a micro-survey
was undertaken to establish the amount of waste discarded and
the reasons for this.

Ower the period of seven days, ten volunteers recorded a
description of the food waste, its weight and the reason for
discarding within their homes (figure 4). The volunteers were
from a range of ages, pender, occupations and inhabited
different tvpes of residential housing. In an ideal situation, the
subjects would not know that they were being studied as this
might lead to an adaptation of behavior and lead to antificially
enhanced levels of food waste prevention. Such a study would
also contravene research ethics and so in this work, volunteers
were informed of the intention of the study.

2500 -

llill i
# .{tﬁs' @\\\* #g' f
A

Fig. 4. The most commonly reported food wastes and
reasons for their disposal.

W Food
scrapsfleftovers

B Uised for
preparation

W Lost its quality

M Gane past
expiry date

Weight (grams)
- 88 88

\\b
gt

From the survey conducted, 0% of food waste was
generated due 1o ilems having gone past theirr expiry date,
indicating that the management of food mventory is difficult
in domestic environments, From figure 3 it 15 possible to
identify that for their weight, the cost of meat and fish i
relatively high, as is the environmental impact of these types

Guillermo Garcia-Garcia
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of food [16]. In addition, such food types are known Lo canry
higher risk of food poisomng and so are unlikely 1o be
consumed afier the Use By Date, unlike other food tvpes (eg.
fresh produce, bakery items) which are more likely 1o be
consumed after the Use By Date,

In this respect, the case for inventory management of food
products within a domestic environment 15 made, with an
emphasis on the provision of the “Use By Date” for quickly
perishable foods.  Other methods of reducing food waste
might include extension of shell life through improved
processing, betier packaging solutions or faster supply chains,
however these improvemenis are outside of the scope of the
current wirk, In order to harness the power of invenlory
management within the domestic environment, there needs 1o
be a transfer of data regarding items purchased and associated
Use By Dates. Such dates are available to the manufacturer
(they define and print them) and are used by the retailer (e.g.
for stock rotation). The consumer does not take ownership of
the data regarding their purchases except on their ull receipt,
or increasingly, electronically  from  on-line  shopping.
However the list of ilems purchased does not contain
information pertaining to Use By Date of products, and this is
critical for the management of mventory,

In addition to the Now of information, there is a need for an
inventory management ool that can be used by the consumer
to audit, review and plan the use of food products, similar to
the way that Enterprise Resource Planning (ERP) sysiems
support businesses. In order for prioritization of consumption
of foods (which may be approaching their Use By Date) there
is a need to analyze the type of food in question. Without
holding or calculating data for every food type, a more simple
way of analyzing the cost, environmental impact, etc., of food
is by categorization. A ning stage classification process has
been developed for industrial waste management [11] of
which four stages are applicable here enabling an indication of
the above criteria pertaining (o a potential waste. The abridged
categorization  process addresses  four  criteria;  origin,

complexity, animal product presence and treatment as
described below,

I. Origin:  Amimal  based or plant  based -

implications  of  environmental  impact  and

ramifications for waste handling

2. Complexity: Single or mixed ingredient —

3. Amimal product presence: Animal product, by
product from animal bodies, contact with animal-
based products

4. Treatment: processed or  unprocessed -
implications  of  environmental  impact  and
ramifications for waste handling

Such categorization is useful for limiting the overall
environmental impact from waste which 15 Cinevitably”
generated and also has the potential 1o assist consumers with
improvement of waste handling.
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4. Inventory management for domestic consumers

The intention of this work is o provide a food inventory
management  system  for the domestic wser, The data
requirement is for the user to have clear visibility of the use-
by dates for kev food products and thus be able 1o minimize
wastage of these product categories. Information therefore
needs o be passed from the food manufacturer, through the
retailer and 1o the customer in a form that 15 easily accessible.
For the purpose of this problem, any logistics activities play a
passive role, since they are nol concerned with individual
products but only batches of product, which have different
information requirements.

In this respect, there are three main actors, defining three
stages, that are of concern in any solution that could provide
the required inventory management: stage |2 the manufacturer,
stage 2: the retailer and stage 3: the consumer,

Stage 1: The Manufacturer. The primary information
requirement i the Use By Date which needs to pass from the
manufacturer 1o the product o the consumer. This is currently
achieved by a lawfully printed date on each product. However
the format and location { front, top, botiom, side of product) of
this printed date varies hugely and so it is unlikely that an
image caplure svstem would be successiul in reading this date
and the point of sale (POS). Therefore a number of different
options were considered as tabulated below.

Tahle 1. Options explored for recording Use By Date an POS.

Imformalion sysiem Reguired reader

Standardization of expary date stamp  Optical character recognition

(e next 1o barcode ) adjacent 1o barcode reader
Magnetic ink Magnetic mk character recognition

adjacent 1o barcode scanmer

Radiofrequency identification RFID reader at POS

embedded ino packaging

Blulti-field barcode (e.g. G551
DataBary

Standard barcode reader

OF the above solutions, the multi-Geld barcode offers the
easiest solution since no additional hardware is required at
POS and only minor modifications would need to be made 1o
the product packaging. The major change would be that the
barcode for the product could only be printed during the final
stages of manufacture or after the product has been packaged
as this barcode would contain the Use By Date data of the
product {which changes daily).

Stage 2: The Retailer. The data that is ulimately required
by the consumer is the ilem name, expiry date, date of
purchase, origin, complexity, ammal product presences and
treatment. Apart from expiry date and date of purchase, all
fields will remain unchanged and can therefore be referenced
from a database. Al the POS, it is therefore only the expiry
date, date of purchase that need to be generated, which are
possible following the recommendations in Stage 1.

These fields of information need to be made available o
the consumer inventory management ool for which there are
two options: Mear field communication (NFC) onto a smarn
phone, or storage on a “loyalty card” system and accessible via

the internet. NFC wses radio communication {1356 MHz) by

proximity {~100mm) to transfer data to a compatible device at

bawd rates of 100°s kbitfs. Although a suitable solution, such a

technology would need to be installed at every POS, would

only be suitable for consumers with particular tvpes of sman
phones and requires an additional procedure at checkout,

In contrast, a loyalty card svstem approach would utilize
existing data infrastructure within retalers 1o record the
purchases made by a consumer with the associated fields
including expiry date. This register of information could then
me made available to the consumer via secure internet link,
providing the opportunity for the consumer [0 manage
inventory via mobile or static internet device.

Stage 3: Consumer. Once the consumer has access 1o the
required fields, there is a need for an inventory management
programme and interface. In this work an app has been
developed for use on a smart phone, but the programme is
equally applicable for use on tablets or PCs Three main
functions were considered and developed:

+ Stock List - allows users 1o keep inventory of their food
itemns already purchased, including expiry dates.

Muodifiable to remove items already consumed, partly

consumed or disposed of.

* Expiry Tracker - notifies the user when items are about to
exceed Use By Date. Dependent on settings, alarm
activates n days before expiry date. Once alarm triggers,
four options are provided consumed, partly consumed, not
consumed, wasted, Alarm can be ‘snoozed’ for m hours
before reminder sent.

¢ Recipe Recommendation - depending upon the items
highlighted by the Expiry Tracker function, a number of’
recipes using these ingredients and others within the Stock
List can be wentified via the internet and suggested 1o the
LESET.

The pathway for the introduction of an inventory
management tool for consumers therefore comprises of the
three solutions as shown in figure 5, The development of the
App 15 Turther described in section 5.

o
Stage 1 Stage 3
Stage 1 s -
Akt s [/ wanueradby usaaf (7 by une of mabie
J loyalty card sysinm applicaton

Fig. 5. Three stages of information flow for domestic
inventory management of food.

5. App Development

A mobile application, entitled Pamtry, was programmed
using graphical interfaced, cloud-based, MIT App Inventor 2.
This programme was used o create the front-end application
described in this section, but also required the use of a
Backend as a Service (Baa8), in this case Parse. BaaS is a
model for providing mobile apps with a way to link to
backend cloud storage, which for this application would be
the information recorded by the rewmiler regarding a
customer’s purchases. An application programming interface
(APT) between the front end and backend service allows the
provision of features such as uwser management, push
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notifications, and integration with social networking thus
opening up opporiunities for retailer marketing and reward
schemes.

In order to receive data regarding items which need to be
kept in Pantry’s inventory, the requests are required to be in
JavaSeript Object Notation (JSON). Table I describes the
fields required by Pantry in order to populate the Stock List
Request for updates can be done manually by the user, or
automatically at user defined intervals or from preset triggers
(e.z. push request from store). Since not all food items may be
bought from a store with a loyalty card system that can be
accessed by an App, it 5 also possible manually input
products into the Stock List of Paniry.

Table 2. Fields requared by Pantry for Stock List.

Mme Tvpe Drescriplion

userbd String userld 15 a grng unigue o the class User that
adentifies this obgect.

producild Strng An identification o the product which can be
used 1o access addinonal data from the web.

productSiates  Integer 0 fior imsctive entries, 1 for sctive entnes

productPrice Decimal The product price, without currency sigm, o
thousand separators.

productMame  String Produet name

expiryDate Strng! Expiry date UTC timestamps stared in 150

ke B601 format,
Sering A string contaming the image source.

Strng A string that sdentifies the product unal, which
must exisl &8 an object in class i,

imzine
productlnit

The Stock List 15 then kept locally on the device with a
graphical user interface that is infuitive for consumers (figure
6). At the top-level, the data shown from the database,
provides an ilem description, calegorization as defined in
section 4, days lefi (before expiry) and a Boolean indicator for
eaten'nol eaten.

Manual nput
mode.

“Tick" represents eaten
or wasted ibem, Entry
rernoved 1o “History®
part of the database.

History of ibems
previously in
Stk List.

Fig. 6. Graphical user interface of Expiry Tracker.

The Expiry Tracker operates in parallel with the stock list
and refers to user defined preferences o trigger alarm
notifications. The user has the option of selecting eaten, parily
eaten, nol eaten and wasted for nems reported by the Expiry
Tracker as well is inputting new expiry dates (e.g. for opened
or cooked meat). Once an item has been eaten or has expired,
it is moved into the recent history part of the database, where
it is stored and displaved for a user defined period of time.
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In the current study, the Recipes Recommendation function
was nodl incorporated into the app as no existing suilable
recipe database could be found. The query information
requires access to the iems remaining in the Stock List, with
preference given to the items with the shortest remaining life
and of key categorizations (e.g. high environmental impact).
Other items that exist in the stock list are used o identify a
number of suitable recipes for the user. Advanced versions of
the Recipe Recommendation function could link to retailer
internet shopping sites for easy purchase of additional items
and even be linked to a meal planner,

6. System testing

A number of bariers relating to data availability and
limitations of the programming software wsed prevented
extensive lesting of Pantry., However, dry-process testing was
carried out on a small scale o demonstrate the functionality of
Pantry. This section describes the limitations and testing of
the developed inventory management ool

In terms of the Stock List, currently there is no commercial
gysiem in place that enables customer of food retailers w have
access W Use By or Best Before Dates of foods purchased. In
addition to this, large UK supersiore websites will not
currently accepl requests via java script and any information
held about products purchased (e.g. via on-line shopping)
cannot be obtained by the current version of the app. These
limitations mean that product information and expiry dates
must be entered manually into Pantry for system testing.

From the perspective of the Expiry Tracker, apps created
using MIT App Inventor 2 cannot run in the background as
services, and this imposed a crnitical limit to the functionality
of the current version of the app. A warning that food 15 about
to expire could only be triggered if the user actually has the
application open, which is not convenient for the majority of
users. In response, bespoke alarms were set for individual
food ftems which sounded three days before the expiry date,
and repeated every 24 hours.

Swvslem testing was carried out by a small number of
consumers over a week-long period, and was concerned with
five types of food: meat, fruits, vegetables, milk and bakery
items, [tems bought and expiry dates were manually recorded
and alarms set for three days prior to the expiry date. Although
suggestive of reductions in food waste, results were not
conclusive and would need 1o incorporate a comparison with a
control group of consumers or significantly larger sample of
participants, Despite this, for the five tvpes of food studied
over the testing period, a reduction of 34% of food discarded
was recorded. Scaled-up for all food types in the UK, this
would equate o savings of circa L5 million tonnes of food
wasle per annum. AS stated, it is nol possible o determine
how much of this reduction was due 1o the wse of the Pantry
system for domestic inventory planning, and how much could
be attributed to the heightened awareness of expiry dates from
dedication to using the system. Perhaps it does not matter
since the end result is beneficial, but the real benefit would be
in sustained reductions in food waste, and for this it is
suggested that an easy-to-use inventory management syslem
(such as the Pantry app) would be better able to deliver this,
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7. Conclusions

From the literature reviewed in the early sections of this
paper it is clear that a large percentage of food wasie in the
developed world is penerated afier final purchase by the
consumer. It seems misdirected therefore, that the majority of
effonts 1o reduce food waste by industry focus on reducing
internal waste production and not along the remainder of the
supply chain. In this respect, this work has highlighted the
opportunity for the manufacturing indusiry (o assist consumers
in reducing the amount of food they waste by developing tools
prevalent in industry for the domestic environment. In this
context this work has demonstrated the importance of short
shelf life food tvpes such as meat and dairy which carry larger
economic value and environmental impacts.

A proposed solution i an inventory management tool
suitable for consumers, o manage ingredients bought from
retailers. Such a tool, which has roots in material requirements
planning, can be supported by recording and transferring data
regarding product Use By Dates o consumers, for which a
number of mechanisms are discussed. A mobile application-
based approach is described mvolving the key capabilities of
Stock List and Expiry Tracker to enable consumers to better
monitor the food items they have within their domestic
environment and to consume these before the expiry date is
mel.

The app, which was developed in MIT App Inventor 2, is
described in detaill and preliminary  system  lesting  is
undertaken. The implementation and benefis of the app are
discussed with early results showing a reduction of 34% food
waste across key food types. However collaboration with a
large grocery retailer, incorporating advances in expiry date
communication and testing over long periods with a greater
number of participants is required for conclusive results o be
drawn.

The solution of domestic inventory management proposed
in this work i5 just one of many potential methods that the
manufacturing indusiry can assist domestic consumers in
reducing food waste.
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Appendix 5: Journal paper

Pickering Particles Prepared from Food Waste

This paper has been published in the special issue Pickering Emulsion and Derived

Materials in the journal Materials.
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Abstract: [n this paper, we demonstrate the functionality and functionalisation of waste particles
as an emulsifier for oil-in-water {o/w) and water-in-oil (w /o) emulsions. Ground coffee waste
was chosen as a candidate waste material due to its naturally high content of lignin, a chemical
component imparting emulsifying ability. The waste coffee particles readily stabilised o/w emulsions
and following hydrothermal treatment adapted from the bicenergy field they also stabilised w /o
emulsions. The hydrothermal treatment relocated the lignin component of the cell walls within
the coffee particles onto the particle surface thereby increasing the surface hydrophobicity of the
particles as demonstrated by an emulsion assay. Emulsion droplet sizes were comparable to those
found in processed foods in the case of hydrophilic waste coffee particles stabilizing o/w emulsions.
These emulsions were stable against coalescence for at least 12 weeks, flocculated but stable against
coalescence in shear and stable to pasteurisation conditions (10 min at 80 °C). Emulsion droplet size
was also insensitive to pH of the aqueous phase during preparation (pH 3—pH 9). Stable against
coalescence, the water droplets in w /o emulsions prepared with hydrothermally treated waste
coffee particles were considerably larger and microscopic examination showed evidence of arrested
coalescence indicative of particle jamming at the surface of the emulsion droplets. Refinement of
the hydrothermal treatment and broadening out to other lignin-rich plant or plant based food waste
material are promising routes to bring closer the development of commercially relevant lignin based
food Pickering particles applicable to emulsion based processed foods ranging from fat continuous
spreads and fillings to salad dressings.

Keywords: pickering emulsions; particles; lignin; food emulsions

1. Introduction

Pickering particles are solid particles capable of stabilising an emulsion by the adsorption of solid
particles to the oil fwater interface. The application of Pickering particles has attracted significant
research interest in recent years as unlike molecular emulsifiers, which constantly adsorb and desorb
from the interface promoting emulsion droplet coalescence, Pickering particles are considered to be
irmeversibly adsorbed. This is because the free energy needed for spontanecus desorption of particles
from the interface is extremely large compared to that of thermal energy. For example, for desorption of
a particle of radius 10 nm adsorbed at a toluene-water interface with a contact angle of 907 the energy
required is 2750 KT [1]. The particle is therefore considered to be permanently adsorbed as the high
desorption energy means a high energy input is needed to disrupt the particle layers to allow droplet
coalescence to occur. This holds true for all particle stabilised emulsions even for small nanoparticles
(r == 5-10nm) as long as the contact angle of the particle is not too close to 0°F or 1807 [Z].

The properties of particle stabilised emulsions (droplet size, flocculation, viscosity) are majorly
influenced by the properties of the particles and emulsion phases controlling the arrangement of the

Maferinls 2016, 9, 791; doi:10 333, mat0ra179] www.mdpi.com fjoumal fmaterials
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particles at the interface. Particle wettability is a key determinant of whether an oil-in-water {o/w)
or a water-in-oil (w /o) emulsion is obtained, commonly characterised by the contact angle at the
interface measured through the water phase. Particles classed as hydrophilic adopt a contact angle of
less than %" at a planar air/water or oil/water interface, i.e., these are preferentially wetted by water.
Conversely, particles forming contact angles of greater than %1% are hydrophobic and are wetted by
the oil phase to a greater extent [34]. During emulsion formation, the interface of a droplet will curve
to ensure the larger area of the particle surface remains on the external side, such that hydrophilic
particles will give rise to o/w emulsions and hydrophobic particles to w /o emulsions [3,4].

Utilisation of Pickering particles in emulsion based foods and other consumer good products,
e.g., creams and lotions, offers several advantages such as replacement of artificial surfactants,
prolonged shelf life, and stabilisation of complex structures such as multiple emulsions. However,
the inclusion of these particles in food products is hampered through the lack of interfacially active
food particles. Hydrophobic OSA modified starches [5], flavonoids [6], chitin nanocrystals extracted
from crab shells [7], fat particles such as hardened rapeseed oil particles [8], protein based particles [9],
protein microgels [10], egg yolk granules [11], and colloidal cellulose based fibers [12] have all been
shown to have interfacial functionality although most often chemical modification is required before
use. We have, on the other hand, recently demonstrated that particles from the shell and nib of
the Theobroma Cacac pod act as Pickering particles. O/W emulsions readily formed during high
shear mixing processes showed no evidence of a change in emulsion droplet size over 100 days of
storage or the presence of an oil layer after storage for two years, indicating the formation of a highly
stable microstructure [13,14]. These particles are not only food grade but also natural as there is no
requirement for chemical modification. Further investigations of these natural Pickering particles
indicated that the emulsifying ability of the particles was enhanced by the presence of lignin.

Lignin is the second most abundant natural polymer after cellulose, characterised by its highly
branched heterogeneous structure built from aromatic residues. [t is widely considered to be
a hydrophobic molecule, however it has also been shown to have hydrophilic, hydrophobic, and
amphiphilic character depending on botanical origin and extraction methods [15,16]. Kraft lignins [17,18],
lignosulfonates [18], lignin obtained from enzymatic hydrolysis [1%] and lignin microparticles [20,21]
have been shown to stabilise o/w emulsions. Several methods have been used to create lignin
microparticles; one such method uses aqueous ethanol to extract lignin from shrub willow and an
anti-solvent precipitation protocol to prepare the microparticles. The emulsifying ability of the lignin
microparticles was then assessed in a soybean oil-in-water system with the result being the formation of
stable o/w emulsions with no significant change in droplet size over a storage perind of five months [20].

To the best of our knowledge there have yet to be published reports on the preparation of lignin
based Pickering particles for the application in w /o emulsions warranting microstructure stability.
We hypothesise that a lignin rich particulate material can be suitably processed to show functionality
in this system, a functionality that we were not able to impart to cocoa particles. Their lignin content of
between 4% and %% (wt/wt) [22] is either too low or the modification methods explored in this research
are not suitable. Here we selected ground coffee waste with a reported lignin content of between 20%
and Z7% (wtwt) [23]. It is in plentiful supply with UK coffee shops and households producing more
than 500,000 tonnes [24] and 60,379 tonnes [25] of this type of waste per year respectively. However, we
foresee the waste produced during the manufacture of instant coffee, termed spent cotfee grounds, also
to be a suitable waste stream. Application of this technology to spent coffee grounds provides an even
larger commercial potential as from the 2.5 million tonnes of coffee products manufactured in Europe
in 2013, 326,320 tonnes correspond to instant coffee, with a monetary value close to €3 billion [26].
This large scale production generates owver 300,000 tonnes of dry spent coffee grounds every year [27].

In order to prepare these Pickering particles we have utilised a hydrothermal treatment common
to the binenergy industry with the aim of relocating the lignin to the surface of the waste coffee particles.
In doing s0, we expect to increase the hydrophobicity of the particle allowing stabilisation of w /o
emulsion in addition to the untreated particles stabilizing o,/w emulsions. The hydrothermal treatment
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is carried out in water at high temperatures and pressures which causes the cell wall to be disrupted
and the formation of spherical droplets on the surface of the material which are understood to be
largely composed of lignin [28]. Although, lignin is notoriously complex to characterize [29] multiple
techniques such as FT-IR, NMR, antibody labelling, TEM, and cvtochemical staining have been used
to investigate the composition of the droplets, all of which determined the droplets to be composed
of lignin [30,31]. The formation of droplets occurs because, at temperatures above the melting point
of lignin, typically between 100 *C and 170 *C [32], lignin fluidizes, coalesces, and has the ability
to move through the cell wall matrix. Once at the surface of the sample material, the hydrophobic
lignin minimizes contact with the hydrophilic solvent by forming droplets which solidify once the
temperature has been brought down sufficiently [32,33]. However, some authors do conclude that,
during steam explosion and dilute acid treatments. Hemicellulose and lignin degradation products
combine to form lignin like droplets termed pseudo-lignin [34]. Pseudo-lignin is also considered to be
hydrophobic like lignin [31,35].

In this paper, we demonstrate that particles prepared from ground coffee waste show promise to
be successfully applied as a versatile Pickering emulsifier through hydrothermal processing. To the
best of our knowledge, this is the first report of a natural non-fat based Pickering particle suitable for
application as an emulsifier of w /o food emulsions. Data presented include size, hydrophobicity, and
emulsifying ability for untreated and treated ground waste coffee particles. For the sake of brevity,
ground coffee waste particles are in the following referred to as coffee particles or simply particles.

2. Results and Discussion
2.1. Properties of Prepared Coffee Pickering Particles
2.1.1. Surface Morphology

The surface morphology of a coffee particle following drving after collection (Figure 1A), that
was then milled (B) and additionally submitted to hydrothermal treatment at various temperatures
(Figure 1C-F) as assessed using SEM is depicted in Figure 1. The untreated coffee particle shown in
Figure 1A is characterised by an irregular surface with folded rounded features. Ball milling of these
particles had little effect on the surface morphology of the particles except a slight smoothing of the
surface as shown in Figure 1B.

Figure 1. SEM images of (A) dried coffee particle; (B) dried and ball milled coffee particle and
(C—F) following hydrothermal treatment at (C) 150 *C; (D) 2000 *C; (E) 250 *C; and (F) 275 °C for 1 h.
Scale bar represents 10 um.
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Treating the coffee particles hydrothermally at temperatures between 150 °C and 275 *C for
1 h caused the formation of droplets on the particles’ surface, which was a result of the melting
and relocation of the lignin component, as discussed in the introduction. By relocating the lignin
in this manner, we predict the surface hydrophobicity of the coffee particles will increase enabling
the stabilisation of w /o emulsions. The effect of temperature was therefore investigated to optimize
the formation of these droplets on the surface, as it has previously been reported that the density of
coalesced lignin located on the cell structure of hydrothermally treated sugarcane bagasge increased
with temperature [36].

Figure 10=F demonstrate that the droplets on the surface of the coffee particles appear in clusters.
Clustering around and within specific structural features such as pits, cell corners, and delamination
layers has previously been reported after hydrothermal treatment of corn stem rind and explained
by the porosity of these areas [30]. The pores act as extrusion channels for the melted lignin. If lignin
droplets were to be found more evenly distributed across the particle surface, as has been reported for
hydrothermally treated sugarcane bagasse, this would be the sign of a porous ultrastructure which
may be generated in situ during hydrothermal processing due to the removal and hydralysis of lignin
and hemicellulose, respectively [36].

The amount of droplets formed on the particle surface as judged by the SEM images depended on
the temperature of the hvdrothermal treatment (Figure 1C=F). While the SEM image 1(C) acquired after
treatment at 150 °C featured no droplets, Figure 1D indicates that hydrothermal treatment at 200 *C
led to the formation of a small number of small droplets with diameters of around 1 um. Evidenced in
Figure 1E, more droplets and varying in size between 2.5 um and 5 um formed following treatment at
250 *C. Some droplets appear to have fused together. Also recognisable are flattened edges where a
droplet may have been in close contact with another droplet that was subsequently pulled off during
preparation of the sample for imaging. Similar droplet features were found on the surface of corn stover
rind following hydrothermal and acid treatment [30]. Figure 1F then demonstrates that further increase
in temperature is detrimental to the occurrence of surface adsorbed lignin droplets. This observation
suggests that there is an optimal processing temperature to impart surface hydrophobicity to coffee
particles should this indeed be the functionality of what is assumed to be mostly redistributed lignin.
Therefore, the sample treated at 250 #C for 1 h was selected for further investigations.

21.2. Lignin Content

The concentration of lignin in the particles prepared from ground coffee waste was quantified
spectrophotometrically following acetyl bromide and dioxane extraction. Lignin content was
17.9% =+ 1.2% in milled particles and 29.9% + 1.2% in hydrothermally treated milled particles (250 *C
for 1 h). Lignin was not created nor lost during the hydrothermal process, instead the increase in
lignin content is an effect of sample mass loss due to the hydrolysis of the indigenous polysaccharides
xylan and hemicellulose during hydrothermal treatment [37,38]. Such an increase has previously been
reported for wheat straw following steam explosion treatment [39].

2.1.3. Particle Size

The particle size of the coffee Pickering particles is shown in Table 1 as the volume weighted mean
diameter, dy 3, and as a measure of the fine fraction the diameter below which 10% of the particles
are found, dyp 3. Ball milling decreased the values of both characteristic diameters. The hydrothermal
treatment appeared to slightly increase in the mean diameter which would be the result of particle
aggregation during the processing. Hydrothermal treatment did not affect the size of the fine fraction
which is worth noting since our previous research on the emulsifying ability of cocoa particles has
shown that the size of the fine fraction dictated the diameter of the o/w emulsions processed with these
particles [13]. For a new Pickering particle system as under investigation here one would base any
expectation on emulsion droplet size on the mean particle diameter. The linear relationship between
emulsion droplet diameter and particle diameter stabilising the interface [40] suggests that the milled
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and hydrothermally treated particles would stabilise smaller emulsion droplets than the unmilled
coffee particles.

Table 1. Volume-weighted characteristic particle sizes of coffee particles examined for Fickering properties.
All particles were dried prior to particle size analysis.

Sample iy 3 (um) dyp3 (pm)
Unmuilled 341.11 4+ 21.67 3591 £ 5.65
Milled 117.12 £ 1615 21904+ 255

Milled and Hydrothermally Treated 14425 £ 614 19.24 + 020

2.14. Particle Hydrophobicity

The hydrophobicity of the Pickering particles was evaluated using an emulsion assay,
as measuring the contact angle, the materal property commonly chosen to characterise the
hydrophobicity of Pickering particles—of particles with irregular shapes—can introduce significant
errors, depending on the method of assessment. Instead, the emulsion composition and processing
protocol described in 3.3 was designed to give an insight into the hydrophobicity of the particles, based
on the type of emulsion formed.

Unmilled and milled coffee particles stabilised o/w emulsions regardless of the oil phase
composition (polarity) which was confirmed with the drop test where all emulsions dispersed in
water rather than in a sample of the oil phase of the emulsion. The stabilisation of o/w emulsions
by these Pickering particles indicates their hydrophilic nature, as even with the most polar oil phase
(100% IPM) o/ w emulsions were formed.

Figure 2 shows the microstructures of a selection of the o/w emulsions stabilised by unmilled
(Figure 2A=C) and milled coffee particles (Figure 2D=F). The micrographs show that the Pickering
emulsions have a flocculated microstructure and the milling of the particles enabled the stabilisation
of smaller droplets, in accordance with the smaller particle size of the milled sample reported in
Table 1. Oil droplets stabilised by unmilled coffee particles showed a broad size distribution which
makes differentiating the effect of oil polarity on emulsification efficacy difficult. In contrast, the size of
emulsion droplets stabilised by milled coffee particles was affected by the oil phase polarity, with larger
droplets stabilised when the oil phase consisted of equal quantities of [PM and dodecane as evident in
Figure ZE. In absence of experimental evidence, we suggest that the altered interfacial properties or
viscosity properties of the oil phase may be the reason for the formation of the larger droplets.

In contrast, emulsions processed in the presence of hydrothermally treated coffee particles formed
w0 emulsions regardless of the polarity of the oil phase, again confirmed by the result of the drop
test where all emulsions dispersed in the oil phase. This result demonstrates that hydrothermal
treatment increased the hydrophobicity of the particles most likely due to the relocation of lignin to
the particle surface.

Figure 3 shows the microstructures of the different w /o emulsions (varying oil phase polarity)
stabilised by milled and hydrothermally treated coffee particles. Comparison of Figure 3 to Figure 2
reveals obvious microstructure differences. The droplet size in the w /o emulsions was considerably
larger than the droplet size in the o/w emulsions featuring droplets with diameter of between 100 pm
and 300 um. Another difference is the occurrence of irregular shaped water droplets, pointed out by
the arrows in Figure 3B=E, as an intermediate stage of coalescence—termed arrested coalescence—in
which droplets retain the shape of the original droplets to some extent. Complete coalescence is
halted when the interface is jammed with particles preventing further reduction in interfacial area
to a spherical droplet. This phenomenon is therefore strongly dependent on the level of droplet
surface coverage with particles [41]. A high degree of droplet surface coverage with particles (3 = 0.9)
creates a closely packed jammed interfacial layer preventing total coalescence. In the emulsions
shown in Figure 3, the droplets are described as in state of arrested coalescence. At lower surface
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coverage and if the combined particle covered surface area of two droplets exceeds the interfacial
area that would form by complete coalescence arrested coalescence will occur. Based on experimental
data, it was deducted that a combined intermediate particle surface coverage of the two droplets of
1.43 < @ + @7 < 1.81 is required to prevent total coalescence, leaving droplets in an arrested state of
coalescence [41]. The presence of irregular shaped water droplets in the case of hydrothermally treated
coffee Pickering particles therefore indicates an intermediate level of water droplet surface coverage
with these coffee particles.

Figure 2. Light micrographs of o/w emulsions with 46% oil and stabilised with 8% unmilled or milled
coffee particles with different oil phase polarity acquired after one day of storage at 25 °C. Images
are as follows; unmilled coffee particle with an oil phase of (A) 100% dodecane (least polar); (B) 50%
dodecane and 50% IPM (intermediate polarity) and (C) 100% IPM (most polar) and milled coffee
particles (D) 100% dodecane; (E) 50% dodecane and 50% IPM and (F) 100% IPM. Scale bar represents
1000 pm.

Figure 3. Light micrographs of w/o emulsions with 46% water and stabilised with 8% hydrothermally
treated coffee particles with differing oil phase composition acquired after one day of storage at 25 °C.
Images are of w/o emulsions with oil phases of (A) 100% dodecane; (B) 75% dodecane; (C) 50%
dodecane; (D) 25% dodecane; and (E) 100% IPM. Scale bar represents 1000 um. The arrows indicate the
presence of arrested coalescence.

This intermediate surface coverage may be the result of the heterogeneous distribution of lignin
droplets on the particle surface evidenced in Figure 1. These overall hydrophobic Pickering particles
are characterised by inhomogeneous surface chemistry, and adsorption onto the water droplet surface
appears to be possible only for the more hydrophilic or lignin-poor surface domains. Particle adsorption
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therefore maybe characterised by large parts of the particles residing in the water phase resulting
in a lower surface coverage and causing the larger size of the stabilised droplets compared to the
o/w emulsions with untreated particles of a most likely relatively homogenous surface chemistry.
Optimisation of the hydrothermal treatment may allow a more homogenous or control over surface
chemistry/hvdrophobicity allowing an increase in particle adsorption to the interface and therefore an
increased surface coverage by particles, preventing arrested coalescence of emulsion droplets.

2.2, Application of Coffee Pickering Particles in Food Emulsions

The processability of o/w emulsions stabilised with milled waste coffee Pickering particles was
evaluated to see whether coffee Pickering particles could be successfully incorporated into manufactured
food products. The processability and storage stability of these Pickering emulsions was evaluated in a
food emulsion formulation consisting of 46% sunflower oil and by subjecting the emulsions to shearing
and heating as well as acidic and alkaline conditions. W /O emulsions were not characterised in terms of
processability as the large size of the water droplets stabilised by hydrothermally treated waste coffee
particles are not currently desirable in food products due to their predictable instability towards shear
and mixing processes as well as potentially imparting a rough mouthfeel as the water droplets may be
sensed as large solid particles due to the arrested nature of the interface.

2.2.1. Microstructure Stability

Figure 4 shows the size distribution of 0/w emulsions stabilised by milled waste coffee particles
measured after 1 day, 6 weeks, and 12 weeks of storage at 25 °C, alongside the size distribution of
an aqueous dispersion of the milled waste coffee particles. The emulsion had a bimodal distribution
with sharp peaks at 100 pm and 500 um. It is also evident that there was a significant overlap between
the size distribution of the emulsion droplets and the particles that stabilise the emulsion droplets.
Based on the microscopy evidence shown in Figure 54 the peak at 100 um can be assigned to the
emulsion droplets. Due to conclusions from previous literature [2], we expect the particles that stabilise
the emulsion droplets to be in the order of one magnitude smaller in diameter which would correspond
to the distribution of particles below 10 um. Particle sizes around 500 um identify particle aggregates
that can be noted in Figure 5A or individual very large particles having a large impact on particle
size distribution due to weighting by volume. It is also worth noting that the difference between
the emulsion and dispersion distributions between 10 pm and 30 um is indicative of the presence of
unadsorbed suspended particles in the emulsion.
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Figure 4. Emulsion droplet diameter volume size distribution of o/w emulsions stabilised with &%
milled waste coffee Pickering particles and sunflower oil as the oil phase (46%) acquired after 1 day (),
6weeks ([O), and 12 weeks (M) of storage at 25 °C, is presented alongside the size distribution of the
particles (@) Data presented is the mean distribution of three independent emulsion samples.
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As shown in Figure 4, the peak at 100 um remained constant over the studied storage period of
12 weeks and there was no significant change in the mean diameter over storage as can be seen in
Figure 7. There were minor changes in the volume fraction of the larger particles (peak around 500 um)
which we expect to be due to sampling of the large particle aggregates or individual large particles.

2.2.2. Temperature Stability

To ensure products are safe for consumption high temperature processing steps such as
pasteurisation, sterilisation, and cooking are often used in food manufacturing. It was therefore
important to investigate the influence of heating and holding the emulsion at 80 °C for 10 min on the
emulsion microstructure. Figure 5A,B presents the microstructure before and after heating, respectively.
There is little difference in the degree of flocenlation and draplet size evident, which was reflected in
the results of the particle size analysis on these two samples (data not presented). The heat stability
of the coffee particle Pickering system indicates that these emulsions could be utilised in thermally
processed foods.

Figure 5. Light micrographs of o/w emulsions stabilised with 8% milled waste coffee Pickering
particles and sunflower oil as the oil phase (46%) before heating (A); and after heating (B) the emulsion
to 80 °C. Scale bar represents 1000 pm.

2.2.3. Shear Stability

In addition to storage and temperature stability, the microstructure of the coffee particle stabilised
emulsions showed good shear stability as shown in Figure 6. The viscosity data were acquired by
increasing and then decreasing the shear rate which was repeated three times in total. The emulsion
is clearly shear thinning and the slight shoulder between 1 s~ and 10 s~ indicates that some slip
occurred. Nevertheless, following the first attainment of the highest shear rate, the viscosity data
overlapped at each shear rate and the viscosity recorded at the highest shear rate was constant
independent of the step in the measurement sequence. This behaviour is highly indicative of the
equilibration of the emulsion’s superstructure during the first shear rate increase in response to the
shear rate applied, thus viscosity subsequently probed at a shear rate lower or equal to this maximum
shear rate remained unchanged. There was no evidence of droplet break up caused by the shearing
protocol as the mean size, characterised by the d, 5, of the emulsion droplets was not significantly
(p < 0.05) different in emulsions before and after shearing (data not shown). Typically, it is flocculation
of emulsion droplets and in this case potentially also of aggregates of non-adsorbed coffee particles that
are broken up during the first shear rate increase in such up and down shear rate protocols. Indeed,
the emulsion as shown in Figure 5A appears slightly flocculated.
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Figure 6. Shear stability was evaluated by applying a shear rate increase to 1000 s~ ! and decrease to
05!, the protocol was repeated a total of three times. Black symbols indicate shear increase steps
(1s5t®, Znd#, and 3rdM) and straight lines represent shear decrease steps (15t 2nd= = =, and
3] e .

224 pH Stability of Milled Waste Coffee Pickering Emulsions

Application in manufactured foods will expose the emulsions to a range of ingredients including
acids and alkalis. In order to assess whether these changes could cause emulsion destabilisation,
aqueous phases were adjusted to pH 3, 6, and 9 prior to homogenisation and the stability of the
emulsions formed were assessed. Figure 7 shows the volume mean emulsion droplet diameters of
the pH adjusted emulsions after one day and four weeks of storage alongside data acquired on an
emulsion formed with pure water as the aqueous phase. Altering the pH of the aqueous phase between
3 and 9 did not have a significant effect on the mean emulsion droplet size over the storage period.
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Figure 7. Volume mean emulsion droplet diameter acquired one day (W) and four weeks (M) after
emulsification. The emulsions were formed with aqueous phases adjusted to pH 3, &, 9. The droplet
size of emulsions formed with pure water (pH ) as the aqueous phase was included this data was
acquired after one day (W) and six weeks (l). Emulsion formulation contained 8% milled waste coffes
Pickering particles and 46% sunflower oil. The presence of different letters (a,b,c) represent a significant
difference between samples (p < 0.05).
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3. Materials and Methods

3.1. Materials

Cronned coffee waste produced from a variety of gronnd coffee praducts was collected froem
a local coffee outlet. Sodium azide (Sigma-Aldrich, Dorset, UK) was added as antimicrobial agent to
all aqueous emulsion phases to give a final concentration of 0.02% w/w. Double distilled water was
used for all samples. The oil phase of the emulsions varied in composition of isopropyl myristate (IPM)
and dodecane (Sigma-Aldrich, Dorset, UK) and commercially available sunflower oil (purchased at a
local supermarket). Acetyl bromide (Sigma-Aldrich, Dorset, UK), glacial acetic acid (Fisher Scientific,
Loughborough, UK), and low sulfonate kraft lignin (Sigma=-Aldrich, Dorset, UK) were used to quantify
the lignin content of the milled ground coffee waste particles and hydrothermally treated ground
coffee waste particles. Hydrochloric acid (SG 1.16, 32%) (HCI) (Fisher Scientific, Loughborough, UK)
and sodium hydroxide pellets (NaOH) (Fisher Scientific, Loughborough, UK) were used to adjust the
pH of the aqueous phase to pH 3, 6, and 9. All of these materials were used as received.

3.2, Prepartation of Ground Coffee Waste Particle Preparation

Pickering particles were prepared from this material after drying in a convection oven at 40 *C
for 48 h to a moisture content of 7.3% = 0.2% and milling by dry grinding in a planetary ball
mill (PULVERISETTE 5 classic line, Fritsch GmbH, Oberstein, Germany) for particle size reduction.
The milling conditions were 10 zirconium oxide (Zr(:) balls 15 mm in diameter and 70 g of ground
coffee waste particles in a 500 mL Zr(); grinding bowl at a main disc speed setting of 200 rpm for
12 h. The milling programme consisted of 5 min intervals of milling and no milling to minimize
heat production. Hydrothermally treated milled ground coffee waste particles were prepared by
hydrothermally treating the milled waste coffee particles using a protocol adapted from literature [24].
4 g of sample was mixed with 40 ml of water and sealed into stainless steel tubular reactors (17 cm long
and 3 cm inner diameter). Loaded reactors were held at selected temperatures between 150 °C and
275 °C for 1 h. At the conclusion of the treatment, the tubes were cooled by submerging in cold water
for 5 min. Solids were retained by filtration (Whatman Grade 1, Kent, UK) and dried in a convection
oven at 40 *C for 48 h to a final moisture content of 5.5% £+ 0.1%.

3.3. Emulsion Processing

All emulsions regardless of the components were prepared as follows. Emulsions were produced
on a 50 g scale, containing 46% oil, 46% double distilled water, and 8% particles, based on preliminary
experiments (data not presented) where it was found that emulsions containing less than 8% particles
were unstable to coalescence. Particles were added as a powder on top of the water phase (the densest
liquid phase) followed by the oil phase, in accordance with the powdered particle method [42] as this
removes any effect of the initial location of the particles on their wettability which could influence
the type of emulsion formed (o/w or w/0). The mixture was emulsified using a high shear overhead
mixer (L5M Series fitted with emulsor screen, Silverson, Chesham, UK) operating at 9000 rpm for 2 min.
The emulsion type was confirmed by observing whether a drop of the emulsion dispersed in pure oil or
in pure water, with a w /o emulsion dispersing in oil and an o/w emulsion dispersing in water [42].

3.4 Characterisation of Ground Coffee Waste Pickering Particles and Pickering Enulsions

3.4.1. Lignin Quantification

The milled ground coffee waste and hydrothermally treated (250 °C, 1 h) coffee waste particles’
lignin content was quantified by initially extracting the lignin using acetyl bromide followed by
measurement of absorbance (UV-Vis Spectrophotometer, Varian Cary 50, Agilent Technologies,
Santa Clara, CA, USA) at 280 nm [24]. Briefly, 100 mg of sample material was dissolved in 4 mL of solvent
(25% acetyl bromide, 75% glacial acetic acid) followed by incubation at 50 °C for 2 h. Quantification was
performed by calibration using the low sulphonate kraft lignin as a reference material.
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3.4.2. Microstructure Imaging

The surface structure of the untreated, milled and hydrothermally treated ground coffee waste
particles was investigated using SEM (JSM 6060LV, JEOL, Tokyo, Japan). The particles were placed on
SEM stubs with carbotape followed by drying under vacuum before being coated in gold using gold
splutter (Leica SCD 0005, Leica Microsystems, Milton Keynes, UK). The samples were then transferred
to the SEM stage for imaging.

The microstructure of emulsions was visualised utilizing bright field microscopy (EVOS f1, AMG,
Washington, DC, USA) with the aim to support particle sizing data for water continuous emulsions.
In the case of oil-continuous emulsions, bright field microscopy was the only method applied to get an
insight into droplet size.

3.4.3. Particle Sizing

Size distributions for the aqueous suspensions of waste coffee particles and oil-in-water emulsions
were acquired with a low angle laser diffraction particle size analyser (LS 13 320, Beckman Coulter,
High Wycombe, UK) fitted with a dispersion cell filled with water (Universal liquid module,
L5153 320, Beckman Coulter, High Wycombe, UK). Three independent replicates of each sample
were taken. Data was analysed using the Fraunhofer diffraction model using the instrument’s software.
Oil-continuous emulsions were not analysed in this equipment due to the reported shear sensitivity of
these emulsions and potential droplet size reduction due to the mixing and pumping processes in the
dispersion cell.

3.4.4. Particle Hydrophobicity

Particle hydrophobicity was evaluated through an emulsion assay where the lipophilic emulsion
phase is varied in polarity and water is the hydrophilic emulsion phase. Following the emulsion
preparation method described in 3.3 removing volume fraction of either emulsion phase and initial
location of particle addition as impacting factors, the type of emulsion formed provides an indication
of particle hydrophobicity as the particles will transfer into the continuous emulsion phase during
emulsification, with hydrophilic particles stabilising an o/w emulsion and hydrophobic particles
stabilising a w /o emulsion. The polarity of the oil phase was altered to contain varying quantitics
(0%, 25%, 50%, 75%, and 100%) of IPM, a polar oil, and dodecane, a non-polar oil, as it has been
shown in emulsions stabilised with silica particles of intermediate hydrophobicity the nature of the
oil can affect the final type of the emulsion formed. Binks et al. [43] found that a polar oil e.g., IPM,
interacts more strongly with water; the strength of the interaction can be quantified in terms of the
work of adhesion and is caleulated from the interfacial tension of the system. As the adhesion between
the phases increases, due to an increase in polarity, the water fraction at which phase inversion also
increases, therefore for the most polar pils the work of adhesion is too high so no phase inversion
occurs allowing only w/o emulsions to be formed whereas non-polar oils preferentially form o/w
emulsions. However, as we will show, the hydrophobicity of the Pickering particles can overrule
thiz affect.

3.4.5. Process Stability of o /w Emulsions

To evaluate whether o /w emulsions stabilised by milled ground coffee waste Pickering particles
could be successfully incorporated into manufactured food products, sunflower pil-in-water emulsions
stabilised with milled ground coffee waste particles were subjected to shear and heat as well as acidic
and alkaline conditions as relevant to process steps such as mixing, pumping, pasteurisation, and pH
adjustment to achieve desired product textures or to contribute to microbial stability of the product.

The shear stability of the emulsions was evaluated at 20 °C using a rotational rheometer (MCR301,
Anton Paar, Graz, Austria) fitted with a concentric cylinder geometry (bob diameter: 27 mm, bob length:
40 mm, cup diameter: 29 mm) applying the following shear ramp protocol. The shear rate was
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increased from 0.1 to 1000 s™" in 5 min followed by a shear rate decrease from 1000 to 0.1 ™" in 5 min.
The shear ramp was repeated three times with the viscosity recorded and plotted against shear rate for
all shear ramps.

The influence of temperature on emulsion stability was examined by placing the emulsions in
individual glass vials followed by incubation in a water bath at 80 *C for 10 min. The pH of the
aqueous phases of the emulsions were adjusted to pH 3, 6, and 9 by adding either HCl or NaOH
prior to emulsification. The stability of emulsions subjected to high temperature or different pH
environments was evaluated by assessing changes to droplet size and microstructure of the emulsions.
Due to the presence of particle aggregates and potentially individual large particles, the particle size
data were manipulated to remove any data at sizes greater than 400 um, therefore only changes to the
emulsion droplet size could be assessed.

3.5. Statistical Analysis

Mean size and standard deviation are reported based on three independent samples. The particle
size data was signiﬁmnﬂ}r anaj}rscd using an ARNOVA and Tukn:}r"s statistical test with the level of
significance set at p = 0,05 for both statistical tests.

4. Conclusions

Waste coffee particles (unmilled and milled) and hydrothermally treated waste coffee particles
can act as Pickering particles for both of/w and w/o emulsions. The Pickering stabilisation is
a result of the presence and, for w /o application the relocation of the known emulsifying agent,
lignin. Pickering particle hydrophobicity assessment confirmed that the relocation of the lignin to
the particle surface had increased the hydrophobicity of the particles compared to the hydrophilic
untreated particles. However, emulsions stabilised with the hydrothermally treated waste coffee
Pickering particles had large droplets which would not be suitable for incorporation into food products,
necessitating further research into process optimisation for this application.

Om the other hand, the use of milled waste coffee Pickering particles to stabilise o/w emulsions of
typical food formulation produced emulsion droplets of desirable size with no change in microstructure
seen over a period of 12 weeks of storage. Investigations also showed that the o/ w emulsions to be
stable to shearing up to 1000 s~! and heating to 80 *C, conditions typical of food product manufacture.
Finally, altering the pH of the aqueous phase to between pH 3 and pH 9 was not found not to affect
the stability of the emulsions with no change in droplet size seen for a period of four weeks.

Orwverall, this study has demonstrated that lignin rich food waste can be functionalised as a food
ingredient with emulsifying property for both oil and water based foods. While application in water
based foods, ie., for o/w emulsions, appears to be more readily possible and is thus potentially
closer to application, further research is required to develop commercially relevant particles for the
application in lipid continuous foods or for the stabilisation of the encapsulated water phase in duplex
(w/o/w) food emulsions. In addition, the natural abundance of lignin in plant based materials and
plant based food waste begs to extend this application to materials other than coffee. Due to the
complex and variable structure of lignin, the use of different sources could enable the creation of
particles with a range of functionalities and applications.
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Appendix 6: Journal paper

A Methodology for Sustainable Management of Food Waste

This paper has been published in the journal Waste and Biomass Valorization.
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more efficient waste management. In this context, this
paper takes a holistic approach with the aim of achieving a
better understanding of the different tvpes of food waste,
and using this knowledge to support informed decisions for
more sustainable management of food waste. With this
aim, existing food waste categorizations are reviewed and
their usefulness are analysed. A svstematic methodology to
identify types of food waste through a nine-stage catego-
rization is used in conjunction with a version of the waste
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hiegrarchy applied to food products. For each type of food
waste characterized. a set of waste management alterna-
tives are suggested in order to minimize environmental
impacts and maxinize social and economic benefits. This
decision-support process is demonstrated for two case
studies from the UK food manofacturing sector. As a
result, types of food waste which could be managed in a
more sustainable manner are identified and recommenda-
tions are given. The applicability of the categorisation
process for industrial food waste management is discussed.

Keywords Food waste - Waste categorization - Waste
management « Food sustainability - Brewery waste «
Myeoprotein waste

Introduction

Food waste 1s one of the most challenging issues human-
kind is currently facing worldwide. Currently, food systems
are extremely inefficient: it is estimated that between one-
third and one half of the food produced is lost before
reaching a human mouth [1, 2]. The Sustainable Devel-
opment Goal 12 “Ensure sustainable consumption and
production patterns” established by the United Nations in
2015 includes a specific target for food waste reduction:
halve per capita global food waste at retail and consumer
levels by 2030. Additionally, it also includes a more pen-
eral goal to reduce food losses along food supply chains
[3]. Therefore, it is expected that there will be an
increasing number of initiatives, campaigns and legislative
developments in order @ reach the aforementioned
objectives.

Mevertheless, reduction of the current levels of food
waste must be accompanied by better management of the
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waste: inevitably there will always be some food waste.
Furthermore, some parts of the food products are inedible
and will unavoidably become a waste stream. There are
countless alternatives to manage food waste, however the
most common selution worldwide is stll landfilling [4].
which is highly damaging to the environment and poses a
risk o human health, whereas it does not provide any
benefit. In spite of the progress achieved in recent vears (o
find alternative solutions, particularly in developed nations,
better management of food waste in supply chains is still
required.

Sustainable management of food waste is a momentous
research area that has rapidly grown over recenl years.
Meritorious examples of research aiming to find sustainable
solutions for food waste management are numerous, but
they have been generally inclined to look into only one area
of sustainability: environmental, economic or social rami-
fications [3. 6]. Recent research aims to expand the scope
and consider two or even all three pillars of sustainability
implications mentioned above. Remarkable examples are
work by Milnster et al. [7], Ahamed et al. [8] and Martinez-
Sanchez et al. [9], who consider economic and environ-
mental ramifications of food waste management.

Mevertheless, as the scope of this research area expands,
systematic analyses are needed to obtain comparable
results. Examples of frameworks with this aim have been
developed for solid waste management (e.g. [10, 11]), but
are less common for food waste management A recent
example of this is the framework recently developed by
Manfredi et al. [12], which provides a useful six-step
methodology o evaluate environmental and economic
sustainability of different altemnatives to manage food
waste, with the aim of also incorporating social
considerations.

The waste hierarchy applied to food products is a useful
tool to rank waste management alternatives by sustain-
ability performance. The waste hierarchy concept was
introduced for the first time into European waste policy in
1975 [13], and has been continuwously used until today in
European Directives which have been implemented since
then. It is also wsed in the UK by the Government and
institutions such as Defra [14] and WRAP [15], and has
been implemented in UK law [16]. There is a considerable
number of research papers published in prestigious scien-
fific journals discussing the waste hierarchy, plenty of them
focussed on food waste, eg [17. 18], More detailed
information on the technologies described in the food
waste hierarchy and their associated emissions can be
found in the Best Available Technigues for the Waste
Treatments Industries [19].

This paper describes a novel, systematic methodology to
support sustainable decisions regarding management of
o] waste. With this objective, a nine-stage categorization
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and a version of the food waste hierarchy are used as a
basis of a methodical procedure to identify types of food
waste and alternafive activities to manage them. As a
result, a novel Food Waste Management Decision Tree is
developed and discussed, and its applicability is tested
using two case studies from the UK food manofacturing
SECtor.

Methodology
Research Aim and Structure

The decision as to which is the most beneficial waste
management altzrnative to utilise (o manage food waste is
usually made considering fundamentally only economic
reasons and availability of waste management facilities.
Furthermore, legislation delimits the range of scolutions
applicable to manage different types of food waste and
therefore the decision is often made considering only a few
alternatives. This paper seeks to add environmental and
social considerations to the decision-making process so
that more sustainable solutions can be achieved from the
range of feasible waste management options. With this
aim, the structure of the research presented in this paper is
as follows: firstly, the definition of food waste uwsed
throughout this paper is provided: secondly, previous cat-
egorizations of food waste are discussed; thirdly, a cate-
gonzation process is described based on the most pertinent
indicators to classify food wastes; fourthly, the different
types of food waste identified are linked o their most
appropriate waste management alternatives, building a
Food Waste Management Decision Tree; and finally, the
categorization process is illustrated with two case studies
from the UK food industry. A visual model of the research
approach used can be seen in Fig. 1.

Definition of Food Waste

The first aspect to look upon in order to improve food
waste management is to define unambiguously the exact
meaning of ‘food waste”. Unfortunately an agreement has
not been reached vet and rather there are a range of
definitions used. For consistency in this paper, food wasie
will be defined as food materials (including drinks) orig-
inally intended to be wsed o feed humans and not wlt-
mately sold for human consumption by the food business
under study, and inedible parts of food. Consequently,
food sent to charities by companies is considered food
waste in this paper, as it implies an economic loss to the
food business, although from a biological and legal aspect
this product remains being food and could be classified as
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Environmental analysis

Sustainable management of food waste

Fig. 1 Structure of the research presented in this paper

surplus food. Inedible parts of food are also included in
the definition because waste is often composed of both
edible and inedible parts difficult to separate, and food
businesses must manage this waste. Inedible food waste is
thus considered unavoidable waste. Any food used in
other way than for human consumption is also considered
food waste (e.g. animal feeding, industrial uses). On the
other hand, food wasted by consumers and managed at
home (e.g. home composting) falls out of the scope of this
paper. Clearly, the inclusion of these factors in the defi-
nition is debatable: this paper studies the management of
these materials and therefore they have been included in
the term ‘food waste’.

Review on Methods to Classify Food Waste

Categorization is a key step in order to identify the most
appropriate waste management alternative for different
types of food waste. Such categorization should consider
all the divisions necessary to link different types of food
waste with treatment methodologies in a way that their
economic and social benefit are maximised and their
environmental impact is minimized. Usually different
studies use their own categorizations [20]. This section
describes different attempts to classify food waste. These
classifications are assessed and their usefulness to select
optimal food waste management alternatives is discussed.

The most obvious categorization divides different types
of food waste according to the type of food: cereals, fruits,
meat, fish, drinks, etc. This categorization is useful to
quantify the amount of food wasted based on mass (more
commonly). energy content, economic cost, etc. There
exist plenty of examples to classify food waste according to
its food sector, e.g. [21. 22]. This type of classification is
typically based on codes, e.g. the recently published Food
Loss and Waste Accounting and Reporting Standard rec-
ommends the use of the Codex Alimentarius General
Standard for Food Additives (GSFA) system or the United
Nations’ Central Product Classification (CPC) system as
main codes, and when more precise classifications are
needed, the Global Product Category (GPC) code or the
United Nations Standard Products and Services Code
(UNSPSC) as additional codes [23]. Additionally, food
waste can be categorized with regard to its nutrient com-
position (e.g. carbohydrate and fat content [24]), chemical
composition (e.g. C. H, N, O, S and CI content [25]) or
storage temperature (e.g. ambient, chilled or frozen [26]).
Nonetheless. the information provided with these examples
is not enough to prioritise some waste management alter-
natives against others.

In the UK. WRAP also identified the stages of the
supply chain where food waste was generated (e.g. man-
ufacturer. retailer) and assess the edibility of the waste. In
this way, food waste can be avoidable (parts of the food
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that were actually edible). wnavoidable {inedible parts of
the food, such as bones, fruit skin, etc) and possibly
avoidable (food that some people would have eaten and
others do not, such as bread crusts and potato skins) [27].
Different authors have further classified food waste at the
household  level as  cookedfuncooked, as  unpack-
aged/packaged food waste {when waste is packaged, it is
additionally sorted as openedfunopened packaging) and
according to their reason to disposal [28-30]. Other
researchers also identified the leftovers and untouched food
which goes to waste (e.g. [31]). Considering these options
will be useful for a more comprehensive categorization, but
there is still a lack of sections that further classify the wasie
in a way that a selection of the most appropriate waste
management practice is facilitated. Furthermore, some of
these classifications have been applied only to household
food waste: a comprehensive categorization must include
all stages of the food supply chain.

A more detailed attempt to classify food wasie was
carried out by Lin et al. [32], where food waste falls into
the following categories: organic crop residue (including
fruits and vegetables), catering waste, animal by-products,
packaging, mixed food waste and domestic waste. In this
study the potential for valorisation and some of the most
appropriate options to manage the waste were assessed for
each type of waste. However, the edibility of the waste and
whether the food was fully processed during manufacturing
were not considered.

Edjabou et al. [33] included two new factors: vegetablef
amimal-derived food waste and avoidable-processed/
avoidable-unprocessed food waste. A more explicit clas-
sification with sub-categories was also suggested by
Lebersorger and Schneider [20]. However the new sub-
categories introduced, namely life cycle stage and pack-
aging, are applicable only at the retail and household
levels. They are irrelevant to improve the management of
waste at other stages of the supply chain. On the other
hand, Chabada et al. [34] used the *seven wastes” approach
from lean theory (namely fransport, inventory, motion,
waiting, overprodiuction, over-processing and defects) to
classify categories of waste in fresh foods and dentify the
causes of waste generation, but not solutions for wasie
management. Garcia-Garcia et al. [35] suggested a number
of indicators to classify food waste that provides useful
information (o delimit the range of wasie management
solutions applicable, nevertheless these indicators have not
been used yet to identify the different types of food waste
and propose the most appropriate waste management
alternatives to manage them.

Therefore, a comprehensive and exhavstive analysis of
all types of food waste has vet to be published. A holistic
approach, where all relevant sub-categories of food wasies
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are identified and assessed, is necessary o suppont effective
waste management. A solution to fill this knowledge gap is
described in the following sections of this paper.

Indicators to Classify Food Waste

The previous section of the paper highlights the lack of a
standardised and holistic approach to food waste manage-
ment and the need for a classification process applicable to
all types of food wastes as defined previously. The final
aim of such a classification is to provide support for a better
selection of alternatives to manage food waste. Any
scheme should allow prioritisation of sustainability deci-
sions in terms of the three pillars of sustainability:

(a)  Economic ramifications, which can be either positive
(economic benefit obtained from management of the
wasie) or negative (economic cost to dispose of the
waste).

(b)  Environmental impacts, which are wsually negative
(e.z. greenhouse gas emissions), but can also be
positive (e.g. use of waste for the removal of
pollutants in wastewater).

(c)  Social considerations, which can be either positive
(e.g. food redistributed to people in need) or negative
(e.g. increased taxes).

The categorization proposed in this paper is based on
nine indicators as explained by Garcia-Garcia et al. [35]
and shown in Fig. 2. The assessment of these characteris-
tics provides a systematic classification of the different
types of food waste that enables a more appropriate
selection amongst the available waste management alter-
natives. In each stage of the categorization process, one
characteristic out of two or three options must be selected.
Clarification of the different indicators can be found below:

. Edibifiry: the product is edible if it is or has been
expected to be consumed by humans at any point
during its life cycle, otherwise the product is inedible.
Inedible products include frnit skins, meat bones, some
vegetable stalks, etc. When the product is edible from a
biological point of view, but there is no demand for it
(e.g. some tvpes of offal, spent grain from breweries) it
is considered inedible in this scheme, as it is not
possible to reallocate it for human consumption.
Therefore, the edibility of some food wastes can vary
over time and geographical area considered. Various
foods contain inedible parts when they are sold (eg.
banana and its skin): these food products are consid-
ered edible.

2. State: this characteristic must be assessed only for

edible products. The produoct is eatable if it has not lost
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Edibility
- Edible - Inedible
State

2 Eatable Uneatable
- Uneatable for humans, eatable for animals

- Animal based - Plant based

Complexity
- Mixed product

- Single product

- Meat - Animal product
5 - Animal by-product [categories 1-3)

- In contact with animal products
- Mot in contact with animal products

Treatment
- Processed - Unprocessed

Packaging

7 Packaged
- Unpackaged [ separable from packaging

- Biodegradable packaging

- Non-biodegradable packaging

- Catering waste - Mon-catering waste

Fig. I Indicators to categorize food waste. Adapted from Garcia-
Garcia et al. [35]

the required properties to be sold and fit for human
consumption at the moment of ils management as
waste, otherwise the product is uneatable. If the food
had not lost those properties. but requires further
processing in the factory before being sold or con-
sumed, it is classified as eatable and unprocessed (see
indicator 6). A food product can become uneatable by
being damaged at different points of the supply chain
(e.g. overcooked during its manufacture, spilled during
its distribution). being spodiled (e.g. leaving the cold
chain), passing its uwse-by date. etc. If a produoct
contains both uneatable and eatable parts and it is
going (o be managed as a whole, it must be considered
uneatable. When the produoct is eatable from a
biological point of view, there may still be ethical
issues that can lead to classify it as uneatable to restrict
its usage for human consumption, for instance to
prevent using surplus alcoholic drinks for redistribu-
tion to charities, or products of lower guality o an
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acceplable established level. A third category includes
products uneatable for humans because of safety
concerns, but still fit for animal feeding (e.g. fallen
from convevor belts during manufacturing).

Chrigin: the prodoct is animal based if it was produced
by an animal (e.g. dairy products, eggs, honey) or
using parts of animals (meat, including fish), otherwise
the product is plant based. When the product contains
both plant and animal-based materials (e.g. ready
meals), it must be classified according to its predom-
inant ingredient. If this is a plant ingredient the product
will be also classified as a mived product (see next
calegorization stage).

Complexity: this characteristic is only required for
plant-based products. The product is single if it is
formed of only one type of ingredient and it has not
been in contact with other food material, otherwise the
product is mixed.

Animal product presence: when the product is animal
based. it miust be categorized as meat (including fish),
animal produoct (a product produced by animals) or by-
product from animal bodies not intended for human
consumption (e.g. by-products from slaughterhouses).
In the last case, the waste should be further classified
according to European regulations into Category 1, 2
or 3 [36]. When the product is plant based and mixed,
it must be assessed as to whether the product contains
any animal-based material or has been in contact with
animal-based material.

Treatment: a food is considered processed when it has
the same properties as the final product to be sold to
the consumer (L.e. it has completed the manufacturing
process, e.g. a ready meal; or the food does not need
any processing before being distributed, eg. fresh
fruits and vegetables). If the food stll needed any
treatment at the moment of its management as waste it
is unprocessed. Conseguently, only edible and eat-
able waste should be assessed in this stage.
Packaging: a product is uwnpackaged if it is not
contained in any packaging material. If the product is
packaged but there is an available technology for
unpacking and separating the food waste from ifs
packaging, the product can be considered unpackaged:
otherwise the product is packaged.

FPackaging biodegradabifiry: this characteristic must be
assessed for packaged foods. Commonly, biodegrad-
ability of a material means that it can be digested by
microorganisms, although the process may last for
several months or years. Therefore, in this paper
biodegradable packaging refers to that made of mate-
rials which have been tested and received a certificate
of being “suitable for anaerobic digestion™ or “com-
postable™ in a technical composting plant (e.g. “DIN

€) Springer



Development of a framework for sustainable management of industrial food waste

Guillermo Garcia-Garcia

‘Waste Biomass Valor

CERTCO logo and the ‘0K compost” logo).
Biodegradable packaging is generally composed of
paper, bioplastics, wood or any plant-based product.
Typically non-biodegradable packaging is made of
plastic, glass or metal.

9. Stage of the supply chain: catering waste inclodes
domestic waste and waste from food services (e.g.
restaurants, schools, hospitals, etc.); non-catering wasie
is generated in earlier stages of the supply chain (e
during farming. manufaciuning, distribution or retailing).

The assessment of these nine stages, and the consequent
determination of nine characteristics, is the starting point to
select the most convenienl waste management alternative.
The hypothesis of this work is that each combination of
nmine indicators has associated with it one most favourable
solution. The nine-stage categorization scheme is intended
to be easy to apply and determinative for selection of the
optimal  waste management alternatives, taking into
account regulations and economic, environmental and
social ramifications. The next chapter proposes a set of
waste management alternatives for the different food waste
types identified following the categorization based on the
fine indicators explained in this section.

Development and Partial Results

Having identified and classified the different food wastes
following the guidelines presented in the previous section,
the next step is to identify and analyse the food waste
management alternatives. In order to do so, the waste
hierarchy applied to food products is an appropriate tool to
classify the different options to manage food waste, based
on the sustainability of its results. The particular order of
the different options in the hierarchy (i.e. the preference of
some alternatives against others) is debatable (e.g. anaer-
obic digestion is considered better than composting), but
the final aim is to prioftize options with better environ-
mental, economic and social outcomes. Hence, there are
several slightly different adaptations of the food wasie
hierarchy, however the most recenl versions are usually
based on the Waste Framework Directive 2008/98/EC [37].
An example of a food waste hierarchy which aims to pri-
orilise sustainable management alternatives can be seen in
Fig. 3: it is based on previous versions, including those of
Defra et al. [14]. Adenso-Diaz and Mena [38], Papargy-
ropoulow et al. [17] and Eriksson et al. [18].

It s difficult o apply a waste hierarchy to food products
due to the heterogeneity of these materials and the numbers
of actors at different stages of the food supply chain that
waste food. Therefore, the waste hierarchy must be asses-
sed for each type of food waste, rather than for ‘food waste’
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as a whole. This case-specific application of the waste
hiegrarchy has been also recommended by Rossi et al. in
their analysis of the applicability of the waste hierarchy for
dry biodegradable packaging [39].

In this paper. environmental, economic and social
ramifications associated with food waste management are
considered, but impacts of the food during its life cycle are
not included as they do not affect food waste management
decisions (i.e. the impacts have already occurred before the
Tood was wasted). Consequently, a life-cycle approosch was
not necessary o assess different alternatives and only end-
of-life impacts were studied.

In order to link the categorization process and the waste
management alternatives from the food waste hierarchy,
the indicators described previously have been firstly used
to identify the different types of food waste. Each indicator
has been assessed and the superfluous categories for each
indicator have been eliminated to simplify the analysis (e.g.
state for inedible waste). The optimal waste management
alternatives have been identified for each type of food
waste in compliance with UK and European regulations
and based on the food waste hierarchy, therefore priori-
tising the most sustainable solutions (Fig. 3). The result of
this analysis has been represented in a diagram (namely
Food Waste Management Decision Tree, FWMDT) that
helps with analysing food waste using the indicabors
described. This FWMDT has been divided into four parts
for display purposes and can be seen in Fig. 4 (edible,
catable animal-based food waste), Fig. 5 (edible, eatable,
plant-based food waste), Fig. 6 (edible, uneatable food
waste) and Fig. 7 (inedible and uneatable for humans,
eatable for animals food waste).

The FWMDT functions as a flowchart. The user begins
at the highest level. and selects the indicator that best
describes the food waste (e.g. edible or inedible). The user
then moves through subsequent levels of the diagram.
following the arrows and making further indicator selec-
tions. At the bottom the user is presented with a set of
waste management alternatives that differ according to the
set of indicators for that food type.

The food waste must be broken down for analysis into
the same subgroups as for the treatments to be applied. e.g.
if a food business generates both plant-based waste and
animal-based waste which are collected and treated sepa-
rately, they must be also assessed independently. However,
if a producer of convenience foods produces undifferenti-
ated waste composed of both plant and animal products,
this must be studied as a whole. In the latter example. the
waste is classified as a mixed product. It is readily seen that
separate collection provides the benefit that more targeted
management practices can be carried owt on the different
food waste streams. When separate collection is not pos-
sible, a thorough waste sorting is still recommended,
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Fig. 3 Wasie hierarchy for surplus food and food waste. Adapeed from Garcia-Garcia et al. [15] and based on Defra et al. [14], Adenso-Diaz and

Mena [3£]. Papargyropouloa et al. [17] and Eriksson et al. [18]

although some of the alternatives will not be available then
(e.g. plant-based food waste that has been in contact with
meat cannot be nsed for animal feeding).

The development of a categorization that covers all
types of food waste 15 arduous due to the number of wasie
types and their dissimilarity. Similarly, there are numerous
alternatives for food waste management. In Fig. 3 some of
these numerous altermatives have been  grouped—for
instance, all processes for extracting substances from all
types of food waste are included in extraction of com-
pounds of interest. This is because there are dozens of
chemical and physical routes to obtain bio-compounds
from food products, and also numerous possibilities to use
different types of food waste for industrial applications
such as removal of pollutants from wastewater. It is
therefore unfeasible to consider all these options explicitly
for all the food waste categories. Consequently, in all cases
when there are management alternatives other than redis-
tribution and animal feeding suggested in the FWMDT, a
targeted study for each type of waste must be carried out in
order to find what opportunities there are (o extract com-
pounds of interest or for industrial use, before considering
options lower down in the food waste hierarchy.

Additionally, prevention of food waste generation is not
included in the FWMDT becanse is out of the scope of this
research, and also this option would be always prioritised,
as it is at the top of the food waste hierarchy and can
potentially be applied to all tvpes of edible food wastes.
The option of prevention also includes alternative uses of
products for human consumption (e.g. a misshapen veg-
etable that can be used in convenience foods). In these

cases the products must be reprocessed and they would not
be considered food waste according to the definition pro-
vided in the previous section, and therefore they are out of
the scope of this work. If instead they are directly con-
sumed without further processing the alternative to follow
will be redistribution, although this will normally give a
smaller economic benefit to the food company than selling
them at their normal price. In this paper it is assumed that
all prevention steps have been taken to minimize food
waste generation, but nevertheless food waste 15 created
and reguires wasie management oplimisation.

Landspreading can be used with the majority of food
waste types, but according to the food waste hierarchy
(Fig. 3) this alternative is less beneficial than composting.
As both alternatives can be used o treat the same types of
food wastes, landspreading has not been further considered
in this work and only composting has been examined.

Additionally, the last two waste management praclices,
namely landfilling and thermal treatment without energy
recovery, are not considered in the analysis. Landfilling has
a high environmental impact, and its economic and social
outcomes are also negative. Treatment without energy
recovery damages the environment likewise, but its eco-
nomic and social ramifications are generally less adverse.
In both cases there are always more sustainable manage-
ment practices that can be used to manage food waste, even
if these two alternatives could be potentially used with all
types of food waste, regardless of their nature.

The FWMDT was designed as far as possible (o embody
the categories and indicators described in the previous
section, but this was not always achievable. For instance,
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the category animal-product presence includes additional
indicators for inedible, animal-based products, as can be
seen in Fig. 7, o comply with Enropean regulations [36].
A description of each management alternative evaluated
and the associated tvpes of waste can be found below.

Redistribution for Human Consumption

Redistribution for human consumption is the optimal
alternative, as food is used o feed people. Agreements with
charities and food banks help to distribute surplus food o
those in need. Products must be edible, eatable and pro-
cessed. as defined in the previous section. It must be noted
that processed dees not necessarily mean that the final
product was fully processed as initially planned by the food
business, e.g. surplus potatoes for the preparation of chips
for ready meals can be redistributed if they are fit for
human consumption and distribution (for example. they

&) Springes

Fig. 4 Food Wasie Management Decision Tree (FWMDT). Edible, eatable, animal-based food wastes and their most convenient waste
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have not been peeled yet) and comply with regulations. In
this case the potatoes are defined as processed because they
are as sold to final consumers. The European legislation
redistribution for human consumption muost meet is the
General Food Law [40], the Food Hvgiene Package
[41—44], the Regulation (EU) No 11692011 [45]. and the
Tax legislation [46]. as explained by O Connor et al. [47].
An extensive study of the situation of food banks and food
donation in the UK was carried out by Downing et al. [48].

Animal Feeding

This is the best alternative for foods which are not fit for
human consumption but are suitable for animal feeding. In
this category only farmed animals are considered (eg.
cattle, swine, sheep, poultry and fish). Pets, non-ruminant
oo ammals, etc. are excluded. following guidelines
explained in [49]. In order o be used for animal feeding,
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Fig. 5 Food Waste Management Decision Tree (FWMDT). Edible, eatable, plant-based food wastes and their most convenient waste

management alternatives

products must either be eatable or uneatable for humans but
eatable for animals, unpackaged or separable from pack-
aging, and non-catering waste. Inedible. plant based. single
product, non-catering waste can be used for animal feeding
depending on the type of waste. This particular case must
be assessed for each type of waste independently. When the
product is mixed, it must be either not in contact with or
containing meat, by-products from animal bodies or raw
eggs if it is eatable, or not in contact with or containing
animal-based products if it is inedible or uneatable for

humans but eatable for animals. Mixed waste containing
animal products from manufacturers is suitable for animal
feeding when the animal product is not the main ingredient.
Meat (or plant-based products containing meat) cannot be
sent for animal feeding. Eggs and egg products (or plant-
based products containing them) must come from the
agricultural or manufacturing stage when used for animal
feeding and must follow specific treatments. Milk and dairy
products can be used for animal feeding if they are pro-
cessed (the processing needed is similar to that for human
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Fig. 6 Food Waste Management Decision Tree (FWMDT). Edible, uneatable food wastes and their most convenient waste management

alternatives

consumption), or unprocessed under UK rules if the farm is
a registered milk processing establishment. Inedible, ani-
mal based, category 3 waste can also be used for animal
feeding only under the conditions listed in the FWMDT
(Fig. 7). According to European regulations, all types of
category 3 animal by-products can be used in animal feed
except hides, skins, hooves, feathers, wool, horns, hair, fur,
adipose tissue and catering waste. Nevertheless the UK
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regulation is stricter than European regulations and this has
been incorporated into the FWMDT. It must be noted that
technically some category 3 animal by-products are edible,
but they are not intended for human consumption. In any
case, they must be not spoiled in order to be usable for
animal feeding, and in most cases they must be processed
following specific requirements before being used. If a
waste contains different categories of animal by-products,
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Fig. 7 Food Waste Management Decigion Tree {(FWMDT). Inedible and uneatable for humans, eatable for animals food wastes and their most
convenient waste management altematives. The list of materials classified as animal by-producis categories 1-3 can be found in [36]

it must be treated following the requirements of the
material with the highest risk (category 1: highest risk,
category 3: lowest risk). The following sources have been
used o develop the FWMDT and must be consulted when
using animal by-products in animal feeds: European reg-
uwlations [36, 50, 51] and UK legislation [52]. Useful
guidance information on this matter in the UK can be found
at [49, 33]. Further information on additional legislation
that applies to work with animal by-products can be found
at [34] and [55] for milk products. Eges must be treated in
a processing facility under national rules [56]. The fol-
lowing additional legislation for animal feeding has also
been consulted: European regulations [57-39] and regula-
tions in England [60]. General guidance on animal feeding
was collected by Food Standards Agency [61].

Anaerohic Digestion

Amnaerobic digestion can be used with all types of food
waste except animal by-products category | and packaged
waste (ie. non-separable from packaging) in a non-
biodegradable packaging. The animal by-products category
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3 must be pasteurised: the particle size of animal by-
products category 2 must be 50 mm or smaller, and its core
must have reached a temperature of 133 *C for at least
20 min without interruption at an absolute pressure of at
least 3 bar [36, 52, 62]. Anaerobic digestion plants in the
UK must comply with regulations with regard to environ-
mental protection, animal by-products, duty of care, health
and safety and waste handling (more information about the
different legal requirements can be found in [63]).

Composting

The types of material suitable for composting are the same
as for anaerobic digestion: all food waste except animal by-
products category 1 and packaged waste (Le. non-separable
from packaging) in non-biodegradable packaging. Animal
by-products category 2 can be composted if processed
according to regulations [36, 52]. Composting must be
carried out in closed vessels {in-vessel composting) if the
waste contains or has been in contact with any animal-
based material [15, 62]. as it can atteact vermin. Further
guidance for the composting of waste can be found in [64].
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Thermal Treatment with Energy Recovery

This alternative can be applied to every type of food waste:
nevertheless its use must be minimized as it provides small
benefit compared to the impacts generated. Additionally, a
great quantity of energy is needed o treat food waste due to
its mainly high water content, and therefore this alternative
may be useful and give an energy return on investment
when treating dry food wastes (e.g. bread and pastries) or
food waste mixed with other materials, such as in minic-
ipal solid waste. Thermal treatments with energy recovery,
which includes incineration, pyrolysis and gasification, is
the only aliernative available to treat packaged food (non-
separable from packaging) in non-biodegradable packag-
ing, except the cases when the product is also edible, eat-
able and processed, and therefore can be redistributed for
human consumption. As this type of waste is the final
packaged product it will usually be generated in the last
stages of the supply chain, particularly at retailing and
consumer level (municipal solid waste). Thermal treat-
ments with energy recovery are also the most appropriate
alternative to treat animal by-products category 1. and in
some cases, it is also necessary o process by pressure
sterilisation [36, 52]. Useful information on incineration of
minicipal solid waste can be found in [65] and on tech-
nologies and emissions from waste incineration in the Best
Available Technigues for Waste Incineration [66].

Final Results and Discussion: Case Studies

Introduction to Case Studies

The food waste categorization process presented in this
paper has been applied to two case studies to demonstrate
its applicability: a brewery (Molson Coors) and a manuo-
facturer of meat-alternative products (Quom Foods). These
food companies were selected becaunse previous contact
between the researchers and the indusiries existed. and also
due to their leading position in their prodisct market, large
size and therefore a predictable number of different tvpes
of food waste produced. A visit to their headquarters took
place in June 2015, in which interviews were held with
company employees. A guestionnaire was used to sys-
tematically identify food waste streams and collect relevant
data.

The categorization of these wastes according to the
categorization scheme and the most favourable waste
treatment  alternatives  identified uwsing the FPWMDT
(Figs. 4-7) are explained in the following sections. The
rest of the alternatives from the food waste hierarchy were
alzo assessed for each type of food waste.
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Brewery: Molson Coors

This section categorizes the different types of food waste
generated at one of Molson Coors” manufacturing sites, a
brewery situated in central England. The different types of
food waste generated, in order of decreasing quantity, are:
spent grain, waste beer, conditioning bottom, filier waste
and trub. The gquantity of waste generated during a vear is
only dependent on the level of production, since a rela-
tively constant percentage of waste is generated per amount
of final product manufaciured. The different types of food
waste identified are categorized in Table | and explained
below.

Spent Grain

Spent grain accounts for around 85 % of the total food
waste in the manufacturing plant. It is an unavoidable by-
product of the mashing process and is formed of barley and
small amounts of wheat.

According to the FWMDT (Fig. 7). the best option is to
send the waste for animal feeding. Currently spent grain is
mixed with trub {in an approximate proportion of 99 %
spent grain, 1 % trub) and used for animal feeding. How-
ever, the possibility of reprocessing the waste to adapt it for
human consumption was also assessed, as suggested in the
previous subsection. Spent grains contain high proportions
of dietary fibres and proteins which may provide a number
of health benefits [67]. Spent grain should not be mixed
with trub if it is intended o use it to produce food products.
Flour can be produced from spent grain following a process
that includes drying and grinding [67]. This can be mixed
afterwards with wheat flour and vsed in a wide range of
food products such as bread, moffing, biscoits, eic.,
increasing their health benefits [68]. It must be noted that
production of new food products was not selected by using
the FWMDT because spent grain was considered inedible,
as there is no current consumer demand for the prodocts
described above. If technology existed to produce new food
prodiscts from spent grain, such as those described above,
and these products could be sold because there was a
consumer demand for it, spent grain would not be con-
sidered food waste providing it was used for this purpose.

Other nses for spent grain, apart from food wses and for
animal fodder, include pet food, wse in construction bricks,
removal of pollutants in wastewater, production of paper,
growing medium  for mushrooms or microorganisms,
extraction and synthesis of compounds (e.g. bicethanol,
lactic acid, polymers and resins, hydroxycinnamic acids,
arabinooligoxylosides, xylitol. pullulan), anaerobic diges-
tion, composting, thermal treatment with energy recovery
and landspreading [6&—T0].
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Table 1 Types of food wasie in Molson Coors and their management alternatives

Spent grain Waste beer Conditioning Filter waste Trub
sotiom
Edibility Inedible Edible Edible Inedible Incdible
Seate NiA Eatable Eatahle MiA KiA
Origin Plant hased Plant hased Principally Microorganisms* Plant based
micreorzanisms®
Complexity Single product  Single product Single product Mixed product Mixed product
Animal-product MNiA MNiA NiA Mot in contact with animal- Not in contact with animal-
presence hased products hased products
Treatment NiA Processed Unprocessed NiA NiA
Packaging NiA Separable from Unpackaged NiA NiA
packaging
Packaging NiA NiA NiA MiA KiA
biodegradability
Stage of the Non-catering Non-catering wasic Non-catering MNon-catering wasie Mon-catering waste
supply chain wasie wasie
Cwrrent treatment  Animal 95 % animal Apimal feeding 50 % compost + 50 % Anirmnal feeding
feeding feeding + 5 % secwage sCWage
Suggested Amnimal Redistribution for Animal feeding Anserobic digestion Animal feeding
alternative feeding human consumption
Further Production of — NfA Production of Indusirial uses Production of foodstuff
possibilities foodstuff foodsmff
Quantity ] 14,000 tyear TOMD wyear 1200 wyear =T00 tyear
tiyear

The suggested aliernative is based on the FWMDT presented in the Figs. 4-7. Possible ahemative options from the food waste hierarchy are
suggested as further possibilities when they are better than the suggested altemative. The particular type of diatomaceous earth in filter wasie was
not identified and thus it was considered to be not suitable for animal feeding. NFA means “not applicable’ or that the information is nog
necessary. * The *microorganisms’ indicator, from the origin stage, was considered as plant based

Waste Beer

This waste corresponds o the final product which is not
ultimately consumed. There are three reasons as to why
this waste is generated:

(a)  Beer left in casks brought back from the food service
sector, which accounts for most of the waste in this
category. It means an economic loss to the food service
sector, not to the brewing company; therefore. it has not
been given a high importance by the beer producer.
Beer rejected because of mislabelling.

Spilled beer in the filling process, which accounts for
a negligible amount.

(h)
i)

Currently, 95 % of the waste is sent to farms and mixed
with other waste to feed animals (pigs). The remaining 5 %
15 sent [0 sewage.

Ideally. and according to the FWMDT (Fig. 5)., beer left
in casks could be reused for human consumption; however,
as this comes from outside of the factory, it is difficult to
prove that it has not been altered and is safe for
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consumpiion. If the option of redistribution for human
consumption is discarded. the next recommended alterna-
tive is animal feeding, which is the current final use.

Beer rejected because of mislabelling is perfectly pota-
ble. s0 it is potentially reusable; however, there 15 difficulty
of extracting the product from its packaging (i.e. emptying
bottles and dispensing the product into new bottles). This
would require significant emplovee time o new technolo-
gies for automation of the process, but would prevent beer
from being wasted. Alternatively, in England the misla-
belled beer can be sold at a lower price to a redistributor of
surplus products such as Company Shop, where the label is
corrected to meet Food Information Regulations 2014 [T1],
and providing the beer is compliant with food safety leg-
islation it can be sold at a lower price to the final consumer.
Similarly, European legislation that regulates the food
information that must be provided o consumers in product
labelling is the Regulation (ELT) No 116%/2011 [45]. Food
banks generally do not serve beer and therefore in these
cases it cannot be redistributed to charities for people in
need.
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Alternatively, extraction of alcohol from waste beer by
distillation could also give an economic benefit.

Conditioning Bottom

This waste is an unavoidable by-product which settles to
the bottom of the conditioner tanks during the maturation
process. It is composed principally of yeast, thus it is
edible. However, it is not suitable for redistribution for
human consumption, as the waste 15 not processed. Cur-
rently it is sent for animal feeding (pigs), which is the
optimal alternative according to the FWMDT (Fig. 5).
Alternatively, some substances from the conditioning
bottom can be wsed to produce new food products. Yeast
can be separated and wsed to produce foodstuff. In order to
recover yeast, the sediment should be filtered and squeezed,
and this gives the opportunity o recover cloudy-type beer.
As well as with spent grain, discussed previously, produc-
tion of new food products was not selected by using the
FWMDT because conditioning bottom is unprocessed. as
there is either no current consumer demand for it or no
technology available to undertake the processes required.

Filter Waste

Filter waste is formed of diatomaceous earth, veasts and
proteins. Yeast and proteins are edible: typically diatoma-
cepus earth (ie. fossilized remains of diatoms) is consid-
ered inedible: however there are two types: food grade
diatomaceous earth and inedible diatomaceous earth. In
order to choose the best waste management alternative the
type of diatomaceous earth must first be identified. As the
current use for beer production is as a filter medinm, it will
be assumed to be inedible diatomaceous earth.

Following the FWMDT (Fig. 7)., the waste should be
used in animal feeds. However, the tvpe of diatomaceouns
earth wsed is not suitable for animal feeding and therefore
the next alternative from the food waste hierarchy was
suggested: anaerobic digestion to obtain energy. Currently,
filier waste is senl to composting (when it is dry) and
sewage (when it is wet). As composting i5 an alternative
under anaerobic digestion in the waste hierarchy and
sewage 15 al the bottom of the hierarchy, there is an
important opportunity for improvement. Potential addi-
tional uses of diatomaceous earth include industrial (filter
medium, stabiliser of nitroglycerin, abrasive in metal pol-
ishes and toothpaste, thermal insulator, reinforcing filler in
plastics and rubber, anti-block in plastic films, support for
catalysts, activation in blood coagulating studies, cat litter,
etc.), additive in ceramic mass for the production of red
bricks, insecticide and anticaking agent for grain storage
(when it is food grade), growing medium in hydroponic
gardens and plotied plants and landspreading [72, 73].
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Trub

This is an unavoidable by-product obtained principally in
the separator affer the brewing process. It is formed of
hops, inactive yeast, heavy fats and proteins. Currently this
waste is mixed with spent grain and sent to animal feeding,
which is the best alternative according to the FWMDT
(Fig. 7).

On the other hand, while hops are typically considered
inedible, some parts are actually edible. For example, hop
shoots can be consumed by humans [74]. Ideally edible
parts of the hops would be separated and wsed in food
products and the remaining hops be sent to animal feeding.
Yeast, fats and proteins could potentially be used in food
products. As well as with spent grain, discussed previously,
production of new food products was not selected by using
the FWMDT because trub was considered inedible, as there
is either no current consumer demand for the products
described above or no technology available o undertake
the processes reguired.

Applicability of the Categorization Process
and the FWMDT

The FWMDT was proved to be useful to classify food
waste generated at Molson Coors, as two types of waste
were identified to be upgradeable: waste beer and filter
waste could be managed in an alternative way in which
more value would be obtained.

The assessment of some calegories was complex for
some food wastes, e.g. edibility for spent grain and waste
beer. Spent grain was demonsirated to be edible, but as
there is no market for this product for himan consumption
spent grain wasle was consequently further classified as
inedible. Research and investment to produce new food
products from spent grain is encouraged. and when that
takes place the categorization of spent grain will have to be
amended. Waste beer was classified as eatable, however
safety concerns regarding beer left in casks brought back
from the food service sector must be overcome before the
beer is reused. Should waste beer be considered safe for
consumption but of low quality, ethical issues may arise
regarding the benefits of using it for human consumption.
Following the FWMDT. redistributing safe food for human
consumption is always better from a sustainable point of
view than any other alternative from the food waste
hierarchy.

The feasibility to send food waste to animal feeding was
also difficult to assess. It was found that when considering
animal feeding for inedible, plant-based. single or mixed
product not in contact with or containing animal-based
products, non-catering waste (Fig. T) each type of food
waste should be analysed independently. For instance, trub
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can be sent for animal feeding but filter waste not because
it contains diatomaceous earth which cannot be digested by
animals.

Additionally, waste formed principally of yeast could
not be strictly classified as plant-based or animal-based.
The “microorganisms’ indicator was introduced for this
reason, but in practice this was considered as plant-based
material, since it s not under animal by-product
regulations.

Molson Coors also generates a by-product from the
mashing process, spent yeast, which is currently sold o a
food company nearby to prodice Marmite®, a food spread.
Since this by-product is sold as planned by Molson Coors
to produce a food product. it is not considered food wasie
according o the definition provided previously, and
therefore is out of the scope of this work. If spent yeast
were sent for any other use, it would be considered food
waste and would have to be analysed using the FWMDT.

Manufacturer of Meat Alternatives: Quorn Foods

This section categorizes the different types of food wasie
generated at Quorn Foods, a manufacturer of meat alter-
natives situated in Northern England. Two types of food
waste were identified: food solidfslurry mix and food
product returns, which account for 63 and 21 % of the total
waste in the factory respectively. The rest of the waste is
non-food materials such as cardboard, plastic, etc. The
quantity of waste penerated during a year is only condi-
tional on the level of production: a relatively constant
percentage of waste is generated per amount of final pro-
duct manufactured. The different food waste ypes are
listed and categorized in Table 2 and explained below.

Food Solid/Shurry Mix

This category of waste includes products being lost through
the production line: product falling from conveyor belts,
trimmings, product stuck onte inner walls of the industrial
equipment, etc. It has the same ingredients as the final
product: fungus (mycoprotein), plant-based material, and
ammal-based products (egg albumen) in low proportions:
2-3 % by mass of the final product. It is an avoidable waste
as it could be reduced or eliminated with more appropriate
industrial equipment.

This waste was considered eatable, as it is generated
only because of the inefficiency of the systems rather than
to due o problems with the product. However, a more
detailed analysis should be carried out to identify all dif-
ferent cases where this waste is generated and assess their
state. If uneatable waste (e_g. spilled food onto the floor) is
found, this should be classified as a different category of
waste [75]. although the new food waste management

alternative for this waste according to the FWMDT would
remain unchanged in this particular case: animal feeding.

Considering the previous comments, the most beneficial
alternative according to the FWMDT (Fig. 5) is animal
feeding, which is the option currently followed by the
company. Unfortunately, this does not provide any eco-
nomic income at present.

An  investment in improvements in the industrial
equipment would reduce the amount of food wasted in this
category. Alternatively, the waste generated could be
recovered and used to produce more final product.

Foond Provduer Returns

Food product returns is the final product which cannot be
sold o the final consumer for a number of reasons,
including incorrect formulation, no traceability, packaging
errors, etc. It has the same ingredients as the final product:
fungus (mycoprotein), plant-based material, and animal-
based products {egz albumen) in low proportions: 2-3 %
by mass of the final prodoct. It is an avoidable waste as it
could be reduced or eliminated with more appropriate
manufacturing practices.

This waste was considered eatable, as it corresponds to
the final product. However, a more detailed analysis must
be carried out before redistributing the food for human
consumpiion in order to identify all different cases where
this waste is generated and assess their state. If uneat-
able waste is found (e.g. its use-by date has passed). it must
be classified as a different category of waste and this will
allow a bespoke solution for this tvpe of food waste. In this
case, since the product is packaged, there is no risk of
uneatable waste contaminating eatable waste.

Considering the previous comments, the most beneficial
alternative is redistribution  for human  consumption,
according to the FWMDT (Fig. 5). Currently the waste is
separated from its packaging and sent to anaerobic diges-
tion. The remaining packaging is used w produce refuse-
derived fuel.

Applicability of the Categorization Process
and the FWMDT

The FWMDT was proved to be useful to classify food
waste generated at Quorn Foods, as one type of waste was
identified to be upgradeable: food product returns could be
managed in an alternative way in which more value would
be obtained.

A more detailed analysis would be useful to identify
sub-types of food waste and consequently the categornza-
tion process should be completed for all new food wastes
found. This would provide a tailored waste management
alternative for each type of food waste. For instance, if a
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Table 2 Types of food waste in
Quorn Foods and their

Food solid/slurry mix

Food product returns

management albermatives

Edibility Edible Edible

State Eatable Eatable
Origin Fungus* Fungus*
Complexity Mixed product Mixed product

Animal-product presence

Mot in contact with
or conlaining meat,

Mot in contact with or containing
mieat, animal by-products or raw eggs

animal by-products or raw eggs

Treatment Unprocessed Processed
Packaging Unpackaged Separable from packaging
Packaging biodegradability N/A MIA

Stage of the supply chain

Non-calering waste

Non-catering waste

Current ireatment Animal feeding Anaerobic digestion

Suggested altemative Animal feeding Redistribution for human consumption
Further possibilities Production of foodstuff MNIA

Quantity 1000 v'year = 360 vyear

The suggested aliernative is based on the FWMDT presented in the Figs. 4-7. Possible alternative options
from the food waste hierarchy are suggested as further possibilities when they are better than the suggested
alternative. MN/A means “not applicable’ or that the information is not necessary. * The “fungus’ indicator,
from the origin stage, was considered as plant based

final product for which the use-by date has passed is found.
this could be named as “expired food product returns” and
its most appropriate waste management alternative would
be anaerobic digestion, unlike the current generic ‘food
product retums” which should be redistributed.
Additionally, waste formed principally of fungus could
not be strictly classified as plant-based or animal-based.
The “fungus’ indicator was introduced for this reason, but
in practice this was considered as plant-based material,
since it is not covered by animal by-product regulations.

Conclusions

The food waste categorization and management selection
flowchart (Le. the Food Waste Management Decision Tree)
discussed in this paper facilitates the selection of the most
sustainable food waste management alternative, with the
objective of minimizing environmental impacts and max-
imising economic and social benefits. The categorization is
intended to be easy to apply. facilitating identification of
the type of food waste generated, and its link with the most
appropriate food waste management alternative. This
methodology has been illustrated with case studies from
two large UK food and drink manufacturers. Their food
waste types have been identified and their existing waste
management practices compared to the proposed alterna-
tives. It was found that a detailed breakdown of the types of
food waste provides significantly better results than general
itemisation, since bespoke solutions can be used for each
food waste.
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The analysis described can be applied to every tvpe of
food waste from every stage of the food supply chain
However, this methodology is expected to be more useful
in the early stages (agricultural and manufacturing) of the
food supply chain, where separate collection is generally
carfied out more effectively, than in the retailing and
consumer stages where waste is often sent 0 municipal
solid waste. Additionally. it is recommended to adapt the
categorization to each food sector or business and include
more waste management alternatives in the analysis (e.g.
extraction of compounds of interest from food waste).

Unfortunately, the alternatives at the top of the food
waste hierarchy are applicable to fewer food waste types
than those at the bottom. Consequently, a range of solu-
tions is required for a tailored treatment of each food waste
tvpe. A clear example of this is the reduction in the pre-
viously widespread use of food waste for animal feeding.
This is due to stricter regulation that has resulted in fewer
types of food waste that can be used o feed animals [76].
Health and safety concerns influence legislation on food
waste management, but excessively zealous bans of food
wasle management options results in the unintended con-
sequence that less advantageous alternatives are more
commonly wsed. Regarding the animal feeding example,
there are initiatives to change legislation and allow more
types of food waste w be fed to animals [T7].

The food waste categorization scheme is also useful for
monitoring purposes. It provides an easy way to classify
food waste in a busingss or a region [0 assess progress in
management and sustainability and measure against other
companies or areas. In order to do that, firstly a clear
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definition of food waste must be agreed, the boundaries of
the system to analyse must be delimited, and afterwards the
food waste types can be identified and quantified.

Evaluating the relative merits of waste management
alternatives is a complex task. The factors determining
which solution is more convenient are difficult  assess
and sometimes even difficalt to identify, including yields of
the processes, proximity of wasie management facilities,
tax regulations, and demand for by-products, amongst
many others. As a consequence, the waste hierarchy should
be applied to every tvpe of food waste identified inde-
pendently, rather than to food waste as a whole, and
undertake an exhaustive analysis for each food waste. To
meet this challenge the authors are developing an analysis
method and associated figures of merit to allow guantita-
tive comparison of waste management aliernatives, with a
focus on environmental impacts, as an improvement over
the current, qualitative approach.
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Appendix 7: Conference paper

Optimising industrial food waste management

This paper has been published in Procedia Manufacturing and presented by Guillermo
Garcia-Garcia at the 14™ Global Conference on Sustainable Manufacturing on 3-5" October
2016 in Stellenbosch, South Africa.
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Optimising industrial food waste management

Guillermo Garcia-Garcia®, Elliot Woolley™*, Shahin Rahimifard®
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Abstract

Global levels of food waste are attracting growing concern and require immediate action to mitigate their negative ecological and
socio-cconomic ramifications. In the developed world, of the order of 20-40% of food waste 15 generated at the manufactuning
stage of supply chains and 15 often managed in non-optimised ways leading to additonal environmental impacts. This research
descnbes a novel decision-support tool to enable food manufacturers to evaluate a range of waste management options and
identify the most sustainable solution. A mine-stage gqualitative evaluation tool is used In comunction with a number of
quantitaive paremeters to assess industrial food waste, which 15 then used to generate performance factors that enable the
evaluation of economic, environmental and social implications of a range of food-waste menagement alternatives. The
apphicability of this process in & software-based decision-support tool is discussed in the context of two industrial case studies.

© 2017 The Authors. Published by Elsevier B.'V. This is an open access article under the CC BY-NC-ND license
(hitp-ficreativecommons.org/licenses/by-nc-nd/4.04).
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1. Introduction

Achieving global food security is a challenge that necessitates a set of actions to be established and accomplished
by numerous actors, including supranational organisations, govemments, non-governmental organisations, food
companies, retailers and consumers. One approach to increase food availability for societies with low economic
incomes is to reduce food-waste volumes and redirect surplus food to people in need. It is estimated that just 25% of
the global food waste would be enough to feed all the hungry people worldwide [1].
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In the UK, most food waste is generated at only two stages of the supply chain: during manufacture and at the
consumption stage. Currently, several initiatives seek into raise consumer awareness of the costs of food waste and
provide advice on how to prevent food from becoming waste (e.g. Love Food Hate Waste [2]). However, there are
fewer such joint attempts to reduce manufacturers’ food waste and therefore food companies usually must identify
and implement their own waste management and prevention solutions. Consequently, the food indusiry often
manages its food waste in non-optimised ways, basing decisions on a limited number of factors such as costs,
availability of waste management facilities and resource requirement to implement the solution. Additionally, large
proportions of industrial food waste are unavoidable [3], which are commonly known as food by-products, implying
food-waste management is necessary rather than preventive measures in some cases. Food-waste management
alternatives (FWMAS) in the UK food industry have been quantified [4,5], as can be seen in Fig. 1, concluding that
most of the industrial food waste in the UK cannot be reduced (i.e. it is unavoidable) and a range of different
FWMAs are required, covering all the levels of the food-waste management hierarchy. Currently, around half of the
food waste (including inedible materials) in the UK supply chain is produced at the manufacturing stage [4].

There is limited (and less reliable)| information available for food waste generated at the manufacturing sector in
the rest of European countries [6]. An approximate proportion of industrial food waste and by-products in supply
chains of some large developed areas of the world is estimated in Table 1. It can be concluded that, in spite of the
high wvariability, manufacturers contribute significantly to food waste quantities in the developed world. It must be
also noted that different definitions and methodologies to quantify food waste are used in different regions. A
harmonised methodology to quantify food waste in the supply chain, which should be followed to compare results of
different countries, has been recently published by FUSIONS [7]. The high variability on food-waste proportions in
the industrial stage of developed nations” supply chains can be explained by the size of the food-industry sector in
the region, type of food produced (e.g. perishable foods or preserved foods), different regulations and government
encouragement to reduce food waste, etc.

As a result, an increasing number of articles have been published to address this problem and propose software
solutions or decision-support tools. Chang et al. [8] published an extensive review of simulation and optimisation
models for solid waste management developed before 2010, highlighting the lack of a whole waste-management
cycle approach. Relevant decision-support tools focused on sustainability issues of waste management have been
proposed by various authors [9-11]. Karmperis ef al. discusses different decision-support models with a focus on the
applicability of game-theoretic approaches [12]. Soltani et al. also explores game-theoretic methods and introduces a
weighing system to assess impacts of waste-to-energy technologies [13]. Additional research in this area has been
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Fig. 1. Qmantification of food-waste management alternatives (FWMAs) in the UK food industry. Data from WEAP [4,5]
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carried out by Wang ef al. applying a fuzzy-stochastic programming approach [14] and Rojo ef al. [15] using a
dynamic waste management approach. On the other hand, Hannan et al. reviewed recent developments of existing
information and communication technologies (ICT) and their usage in solid waste management, which could
facilitate data collection necessary for the decision-making with regard to waste management [16]. The authors
believe this recently highly-populated area of research will benefit from a holistic approach that will serve to
identify the most relevant attributes and their interrelationships to model food-waste management systems.

Table 1. Proportion of industrial (edible and inedible) food waste in food supply chains of some large developed areas of the world. “The
European Commission does not include agricultural food waste into its calculations, *Includes industrial food by-products (i.e. unavoidable
waste) which WRAP does not consider as food waste. "Does not include animal feeding or materials sent for biochemicals processing.

Food waste in the Industrial food Percentage of total food waste generated at  References
supply chain, Mt waste, Mt the manufacturing stage
us 67 —134 20 15—30% [17,18]
Japan 18 i-4 17—-22% [19]
Germany* 12.3 1.85 15% [20]
France® £.59 0.63 k] [20]
Italy* 5.66 105 54% [20]
UK® 19.25 9.93 52% [4]
EU-27* 892 48 39% [20]
EU-28° 876 16.9 19% [21]

This paper outlines a novel decision-making procedure that can be used to address food-waste management
issues from a broader perspective, considering direct and indirect ramifications of different possible solutions. It can
be used as a framework with the following structure: a definition of parameters, data collection to value the
aforementioned parameters, processing of information using mathematical models and the generation of a
recommendation to increase sustainability of food-waste management. The procedure has been designed with the
aim to be universally applicable, for all types of food waste, and considering five different waste-management
alternatives. The links between different attributes are discussed and the practicality of this process in a software-
based decision-support tool is explained in this paper. Two industrial case studies are used as samples to test the
applicability of the proposed decision-making process.

2. Research methodology

In order to improve waste-management practices in the food industry a sound understanding of various elements
involved in the process is needed:

[

. Food waste: to comprehend characteristics of raw material to be managed (i.e. food waste).

2. Food-waste management alternatives (FWMAs): to be aware of the available waste management options and
understand their performance.

3. Sustainability ramifications: to recognise ecologic and socio-economic consequences of different waste

management practices.

This scheme, as described in Fig. 2, incorporates the determination of qualitative and quantitative parameters to
estimate characteristics of food wastes, variables to model waste management processes and company status, factors
to evaluate the performance of waste management practices, and key sustainability indicators to assess ramifications
of FWMASs. The assessment of these indicators will help to select a tailored waste management practice that
optimises the outputs generated.

A57

Appendices



Development of a framework for sustainable management of industrial food waste Guillermo Garcia-Garcia

Guillermo Garcia-Gareia et al. / Procedia Manufacturing 8 (2007) 432 - 439

" N [ Y[ Wastee ) [ ) )
Food-waste "~ Management "~ management - ey sustainability =
parameters varnables performance indicators 35

- O

\ J N J factors { > < E-g 3

F N

( V[ -variables for waste- | [ +Redistribution . K]
N management «Animal faeding *Envirenmental N
tluskintive processes +Anaerabic digestion : g3z
o +Composting *Economic E =
+Quantitative “\arlables for +Thermal treatment =
company status with energy recovery *Sochal 0

. A J J N J

Fig. 2. Decision-making process and atiributes to select sustainable solufions for food-waste management.

The first stage of the decision-making process is the selection of the relevant attributes to understand the
aforementioned elements, which needs adjustments for each particular case. For instance, in order to treat milk
waste the pH value is necessary, as opposed to meat waste, where the carbon-nitrogen relation (C:N) is more
relevant. Secondly, the attributes identified must be linked to each other in a way that interrelationships are built.
This necessitates a mathematical-modelling process that enables the estimation of an attribute’s value through
previously-obtained values of other attributes, e.g. the composition of toxic gases emitted to the atmosphere can be
estimated knowing the characteristics of both food waste and the incineration process utilised. Thirdly, for the
attributes that cannot be estimated through calculations from other attributes data must be collected, e.g. the
carbohydrate content of food waste cannot be calculated from other attributes and therefore must be obtained from
databases, previously published research or using analytical methods. Finally, the sustainability values generated for
each FWMA are compared using a pre-established criterion. Combining these indicators allows a solution for
sustainable food-waste management to be proposed. The key attributes identified to complete the first stage of this
process are classified and characterised in the following sections.

The attributes needed to model waste management performance are dependent on the different FWMAs. In this
work, the following FWMAs are considered: redistribution for human consumption, animal feeding, anaerobic
digestion, composting and thermal treatments with energy recovery. The following FWMAs fall out of the scope of
this paper: industrial uses, as its assessment will be needed for each individual food-waste type: and landspreading,
thermal treatments without energy recovery and landfilling, because other possibilities are always prioritised due to
their larger benefits.

3. Stages of the decision-making procedure

This section defines the data needed to characterise FWMAs. Each of the stages of the process is described, and
the most relevant parameter, variable, factor and indicator of each type is identified and classified in Table 2.

Table 2. Examples of parameters, variables, factors and indicators to model food-waste management alternatives. FWMA, food-waste
management alternative; R, redistribution for human consumption; AF, animal feeding; AD, anaerobic digestion; C, composting; and TT, thermal
treatment with energy recovery.

FWMA Example of parameter, variable, Example of value or unit References
factor or indicator
Qualitative parameters R Edibility Edible / Inadible [22]
Quantitative / Primary parameters R, AF, AD,C, TT  Flow rate (kg or m”)/day
Quantitative / Secondary parameters AD,C.TT Valatile solids (VS) % of total solids (TS) [23-25]
Process variables AD,C.TT Temperature C [23-25]
Company variables C Pile size available cm high, m wide [26]
Performance factors AD Methane yield Lig VS) [23]
Environmental indicators R, AF, AD,C, TT  Greenhouse gas emissions (kg CO, eqy'day [27]
Economic indicators R, AF, AD,C, TT Economic income £/month
Social indicators R Feasibility to redistribute Yes / MNo
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3.1. Parameiers fo estimate characteristics of food wasites

Food wastes are very diverse in their characteristics and composition. In this paper, all types of food waste that
generates an economic cost or smaller benefit than predicted to the food business are considered, for instance
unavoidable food waste and surplus food that could not be sold and so sent for redistribution to people in need or
animal feeding. Packaging waste is only considered when it contains a food product (i.e. packaged food), but not
separately.

Parameters to estimate characteristics of food wastes are classified into two categories (qualitative and
quantitative parameters) and two sub-categories (for quantitative parameters, primary and secondary parameters),
which are defined below and exemplified in Table 2.

Qualitative parameters have Boolean values and do not refer to a numerical value. A set of nine parameters,
from Garcia ef al. [23], are used in this research: edibility, state, origin, complexity, animal-product presence,
treatment, packaging, packaging biodegradability and stage of the supply chain. An assessment of these
characteristics provides initial guidance to select the most appropriate FWMA.

Quantitative parameters provide more specific and quantitative information about the characteristics of the
food waste and are further classified in primary and secondary parameters as explained below:

- Primary parameters cannot be determined by other parameters. In order to obtain the value for primary
parameters, experimental analysis, review of published literature or data collection from databases must be
carried out. The values of primary parameters are intrinsic to the type and quantity of food waste under
consideration, e.g. chemical composition.

- Secondary parameters can be calculated using values of primary parameters. In order to do so, mathematical
relations must be built between secondary and primary parameters. Additionally, secondary parameters can be
also obtained from experimental analysis, published literature or databases. Secondary parameters must be
defined when considering different FWMAs, e.p. volatile fatty acids (which depend on fat content and
composition) when assessing anaerobic digestion of food waste.

Some of the parameters described in this section are also relevant to evaluate the performance of the processes,
e.g. the final pH and the lowest pH gives information about the yield of the composting process [28]; additionally
the value of some parameters can be corrected during the treatment (e.g. addition of a buffer to control pH in the
anaercbic digester) and therefore can be also considered waste-management processes variables. These types of
parameters should be monitored during the process and evaluated at the end of the treatment as performance factors.

3.2, Variables to model waste management processes and company status

In addition to parameters based on food-waste characteristics, there are a number of variables which depends on
other factors (i.e. external variables). They can be classified in two large categories: waste-management processes
and company status variables. These categories are defined below and exemplified in the Table 2.

Waste-management processes variables need to be defined in order to evaluate the performance of the different
alternatives, e.g. the temperature in the bioreactor is a key variable in order to obtain the maximum amount of biogas
in an anaerobic digester. Clearly, the variables must be different for each FWMA considered. The values of these
variables must be determined for each batch and type of food waste treated, since optimum wvalues are unlike for
different feedstocks (e.g. solid and liquid food waste) and situations (e.g. different levels of ripeness for the same
type of food will cause variations in chemical compositions of the waste). As justified in Section 2, the following
FWMAs are studied in this research: redistribution for human consumption, animal feeding, anaerobic digestion,
composting and thermal treatments with energy recovery.

Some of the waste-management process variables are also relevant to evaluate the performance of the processes,
e.g. the concentration of oxygen in the composted material [26]. This type of parameters should be monitored during
the process and evaluated at the end of the treatment as performance factors.

Company status variables will not change from batch to batch as they are constant for a certain food company
(i.e. fixed variables). For instance, the type of equipment to treat food waste available in the factory, or the distance
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to waste processors that take charge of the waste will generally remain unchanged. Clearly, these variables may also
change over longer periods, e.g. new equipment can be purchased, but these variables will be considered fixed
variables as the time to implement the changes is longer than the time given to manage food waste. When the
variables {or their values) change, they will have to be amended in the model.

3.3. Factors to evaluate the performance of waste management practices

Once the aforementioned data has been collected and introduced in the tool, the performance of the different
FWMAs can be estimated through a bespoke modelling of the different processes. For this purpose, firstly a set of
factors to evaluate the performance of waste management practices must be defined for each FWMA considered.
For instance, for anaerobic digestion the amount of biogas and its methane content will be the most relevant factors
(as illustrated in Table 2). Secondly, these factors will have to be linked to the parameters and variables described in
Sections 3.1 and 3.2, in a way that mathematical connections are formulated. As a result, the value of these factors
can be calculated using previously assessed parameters and variables.

3.4 Key sustainability indicators to assess ramifications of FWMAs

In order to compare the results obtained from different FWMAs, their performance factors must be first
converted into comparable indicators. Since the aim of this research is to increase the sustainability of food-waste
management, the indicators chosen are associated to the three pillars of sustainability: environmental, economic and
social ramifications, as described below and exemplified in Table 2.

Environmental indicators evaluate the impact on the environment (e.g. air, water, soil) of the different
FWMAs. These impacts are generally negative (e.g. toxic gases emitted), but can also be positive in certain
occasions (e.g. use of waste for the removal of pollutants in wastewater).

Economic indicators are used to assess the economic result from food-waste management, which can be either
positive (economic benefit obtained from management of the waste) or negative (economic cost to dispose of the
waste). FWMAs with worse economic output than currently-followed alternatives can be discarded at this stage.

Social indicators incorporate social considerations not addressed with environmental and economic indicators.
They can also be either positive (e.g. decrease in food prices) or negative (e.g. increased taxes). Because of the
complexity and vast variety of potential social ramifications from food-waste management, the social analysis
undertaken in this research is focused only on feasibility to redistribute food fit for human consumption.

Again, mathematical models are needed to link the key sustainability indicators defined with the various factors
to evaluate the performance of waste management practices. It must be noted that the sustainability indicators refer
to the ramifications generated since the moment the food waste is produced until the management of the waste is
finished (including transportation). Impacts related to the production of the food, its harvesting, storage,
manufacturing, etc., have not been considered, as they will not influence the decision-making to manage food waste
because they have already happened before food waste was generated. Therefore, a life-cycle approach was not
appropriate for this paper.

4. Applicability of the model in a software-based decision-support tool and case studies

The parameters, variables, factors and indicators described in the previous sections can be used to model different
solutions for food-waste management. Incorporating these considerations into a software tool enables manufacturers
to gain information on different FWMA performances and their ramifications, and as a result a selection of the most
sustainable solution to manage each type of food waste can be made. This decision will be assisted by a decision-
support tool system which will be part of the software program. Consequently, the software tool is envisaged to be
used mainly by waste managers in food manufacturing companies or members of staff with similar roles and duties
in the food sector. Due to the different backgrounds and the huge dissimilarities amongst different food
manufacturers, the interface is intended to be simple and user-friendly.

The software will be based in Microsoft Excel spreadsheets and MATLAB. Once the computer program is
started, the user will see windows where the data needs to be introduced. This will be done selecting a parameter
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from a list of options in a dropdown menu (e g “edible” for qualitative parameters) or typing a numerical value in a
box (e.g. C:N ratio “25” for quantitative parameters). The user will have to add all relevant data for both qualitative
and quantitative food-waste parameters, and for both waste-management processes variables and company status
variables. In a future development of this research the software will incorporate a database with the most relevant
food-waste parameters, therefore the user will just have to select the food waste to manage from a dropdown menu
and its associated parameters will be added automatically to the system.

The software will work following the process shown in Fig. 2. Once the data is added to the program, the
software processes the information for each FWMA and calculates the wvalues for each waste-management
performance factors identified, using a set of mathematical models built in the system. These mathematical models
are collected from a review of state-of-art literature in the relevant technologies (i.e. FWMAs) considered. In the
same way, additional mathematical models incorporated in the software will convert waste-management
performance factors into sustainability indicators, thus the indicators used when assessing FWMAs will be alike and
therefore comparable (e.g. greenhouse gas emissions). As a result, the decision can be made to maximise positive
outcomes and minimise negative ramifications. The decision-support tool will be designed in a way that the
indicators will be weighed according to their relevance in food-waste management decisions, e.g. prioritising
particle emissions to odour, or prioritising economic ramifications to environmental impacts. This prioritisation
criterion is subjective and variable; therefore the weighing of indicators will be open to be amended by the user
according to their needs and judgement.

The approach and terminology explained in this work has been applied to study different types of food waste
generated at the industrial sites of two leading UK food manufacturers: Molson Coors, a brewing company; and
Quorn Foods, a manufacturer of meat alternatives. Several types of food waste were identified in both companies
and one for each business was selected to illustrate the applicability of this work (Fig. 3). In Molson Coors, the most
significant food waste is the spent grain removed after the mashing process, which accounts for about 85% of the
total food waste generated at the plant. In Quorn Foods, food-product refurns was selected due to its high use of
resources, as this is the final product that has undergone all the production process but cannot be sold due to a
number of reasons, such as packaging errors, incorrect formulation, etc. The most relevant parameters, variables,
factors and indicators were identified for each type of food waste. This approach is useful to compare the
performance of the alternatives followed to manage food waste and also to identify and analyse potential
improvements and alternative options to manage food waste.

5. Conclusions

This research presents a decision-making procedure to optimise industrial food-waste management. A
terminology and decision-making process has been defined, which includes the description and identification of the
most relevant parameters, variables, factors and indicators to model FWMAs. The applicability of the model
described in a software-based decision-support tool has been discussed, and the practicality of the approach has been
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Fig. 3. Most relevant parameters, vanables, factors and indicators to model food-waste management alternatives at Molson Coors and Quom
Foods manufacturing plants. The most relevant interrelationships between attributes are shown with arrows.
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tested through two industrial case studies. Further work includes the identification of additional attributes which can
be relevant to different FWMAs and the incorporation of their mathematical interrelationships into a software tool.
As a result, the software tool will assess the environmental, economic and social performance of different solutions
and inform the user of the best altemative to increase sustainability in food-waste management.
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Appendix 8: Book chapter

Forging New Frontiers in Sustainable Food Manufacturing

This article has been accepted for publication in the book Smart Innovation, Systems and
Technologies and presented as a keynote paper by Prof Shahin Rahimifard at the 4"
International Conference on Sustainable Design and Manufacturing on 26-28" April 2017 in

Bologna, Italy.

This paper cannot be included in this appendix due to copyright reasons. The publisher

website can be found at this link: http://www.springer.com/series/8767.
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