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Abstract

International bansnosingleuse petrochemical plastic products are accelerating the uptake of
bioplastis to fill the gap in the market. Previous life cycle assessment (LCA) research exploring the
environmental impacts from various bioplastic products has often been imgéedira to incomplete,
biased, or misleadiognclusions on theenvironmentadustainabilityl hus, the primary aim of this thesis
was to advance the understanding of the comparative environmental performance of bioplastic production,
use, and dispdsagainst conventionpktrochemicaplastic production, use, and disposal. This was
achieved within this thesis via an extensive critical review of the published IGeegitee 4, new
analysis of plastic recyclihgics (Chapter 3, and innovativeonsequentialCA of bioplastic value chains
(Chapters 4and5). The research demonstratediised for application of consequential k&€ facilitate
a better understanding of the wider consequences of displacing petrochemical plastic with bioplastic. These
LCAs further evaluated how possible environmental hotspots for bioplastic predutiisereduced
Characterisation of petrocheahiplastic recycling value chains was improved to enable more accurate
benchmarking of bioplastieghere it was shown that a significant percentage of plastic from European
recycling value chains is likely to end up as debasOverall, the thesisund that bioplastics catay
arole ireducing globgreenhouse gamissions. However, simple substitution of petrochemical plastics
with bioplastics will not drive environmental savings unless consumer behaviour and wider value chain
logistics also eimge. Nevertheless, the uptake of bioplastics represemtsmaniopportunity to design
production pathway®mpatible withhetzerogreenhouse gamissions, and waste elimoren line with

a fully circular bioeconomy.

From this thesis, five mafocal pointsare identifiedto drive environmentally sustainable
bioplastiexpansioni) acquisition of environmentally sound bioplastic feedstocks, considering the wider
(potentially indirect) impacBioplastics derived from lignocellulosic biomagagte were shown to have
greatpotential for environmental sustainability, avoiding the (potentially considerable) indirset land
change burderiisom purpose grown crop§. Development of circular and optimised value chains for the
subsequent bioplastproduction for examplejntroducing decentralisation of productiontilising
productionresidies and ensuring thabioplastis can be treatedia anaerobic digestiar directed to
insect feed atis endof-life. iii) Development oftrategies to generate consumer behaviour change around
bioplasticsespecially for consumers to identify compostable bioplastics, and theiaegthin a
dedicated food wastmllection bin if appropriatefter useiv) Investment and implementation of
regulations and incentives to aid the sustainable transition to bioplastics, based on the latest research,
ensuring that the proceeding bioplastics dondt |
Such policies should support thefgared wastenanagemeritierarchy of compostable bioplastics, and

safeguard against environmentally poor bioplastic feedstock acqyisitimeased research into the



potential environmental impacts of bioplastic production, use, and disposal, ngprisidieer

consequential and dynamic LCAs and full life cycle sustainability assessments.

Overall, the guidance and understanding developed in this thesis will be a mapureaEsatdp
industry, consumer, and policy stakeholders alifelingrthe tigorous assessment and design of
environmentally sustainabieplastic value chajuidingstakeholders to bioplastics which camde
environmentally efficient than ithgetrochemical alternatives.
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Nomenclature

AD: anaerobic digestion

BAU: businesssusual

BECCS bioenergy with carbon capture and
storage

Bio-PA: biopolyamide

Bio-PE: biopolyethylene

Bio-PET: biopolyethylerterephthalate
Bio-PP: biopolypropylene

C: carbon

CF: carbon fraction

CH4 methane

CHP: combined heat and power
COqz: carbon dioxide

COs eq.: carbon dioxide equivalent
DOM : deacdbrganic matter

dLUC: direct landise change

DM dry matter

EF: emission factor

EoL : endof-life

EPD: Environmental Product Declaration
EU: European Union

GHG: greenhouse gas

GNI: gross national income

GWP: global warming potential
HDPE : highdensity polyéylene

HI : high income

iLUC: indirect landise change

IPCC: Intergovernmental Panel on Climate
Change

ISO: International Standards Organisation
K2O: potassium oxide

LCA: life cycle assessment

LCI: life cycle inventory

LCIA: life cycle impaetssessment
LDPE: lowdensity polyethylene

LHV : lower heating value

LI: low income

LMI : lowmiddle income

LUC: landuse change

MRF: materials recovery facility
MSW: municipal solid waste

N nitrogen

N0: dinitrogen monoxide

N2O-N: dinitrogermonoxide nitrogen
NH 3 ammonia

NH s-N: ammonia nitrogen

NH 4*-N: ammonium nitrogen

NO 4 -N: nitrate nitrogen

P: phosphorus

P.Os: phosphorus pentoxide

PBAT: polybutylene adipate terephthalate
PBS polybutylene succinate

PE: polyethylene

PEF: ProducEnvironmental Footprint
PEFCRs Product Environmental Footprint
Category Rules

PET: polyethylene terephthalate
PHA: polyhydroxyalkanoates

PHB: polyhydroxybutyrate

PLA: polylactic acid

POPs persistent organic pollutants
PP: polypropylene

PS polystyrene

PVC: polyvinyl chloride

SOC soil organic carbon

tkm: tonne kilometre

TPS: thermoplastic starch

TS: total solids

UK: United Kingdom

UMI : uppermiddle income

USD: United States dollar
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1.Introduction

1.1 .Plastics in the circulareconomy

1.1.1Plastics

Plastics are long chain polymer organic compounds, and can include other elements such as
oxygen, nitrogen, sulphur, chlorine, fluorine, phosphorous, and (kikkstaom et al., 196Ihe raw
materials fothese traditionglastics are typically derived from-remewable fossgsources such as oil
and natural gdRenet al., 2009Plastics are an important and ubiquitous material in the global economy
and everyday | ife. The term oplasticd is derived
moul ded i nt o (SHah &thle20@Bhetmowddabdity gblasiics, as well as tight, durable,
and cheaproperties of the materials, enable sumport manfunctional uses, contributing positively to
global challenges includimgproving food security by improving the longevity of {@&atlow and
Morgan, 2013)here are many different types of plastics, typically characterised into seven categories.
These categories are defingthiir resin identification code, whierefers tgolyethylene terephthalate
(PET), 2 means higlensity polyethylene (HDPE), 3 means polyvinyl chloride (PVC), 4 mabarslow
polyethylene (LDPE), 5 means polypropylene (PP), and 6 means polfaB)r€éhe classification
number 7refers to the packaging that is made from a type of plastic other than the previous six, or is a
mixture of plastics. Theskagtics enhance almost every aspect of human life, including transportation,
conservation, padjiag,construction, medicineuman safetygnd entertainment. In Europe, over 1.56
million people are directly employed by the plastic industry, and in 2019, the European plastic industry had
a turnover omore tharB50 billion eurofPlasticsEurop&020)

Plastic is often reported as a more environmentally efficient material when compared to alternative
materialssuch as glass and pafeeg.,Accorsi et al., 2015; Muthu et al., 2089gport by Franklin
Associate$2018)compaed the environmental impacts of plastic packaging to steel, aluminium, glass,
paper, textiles, wood, cpakd rubbepackagingubstitutesTheyfound significantly higher impafds
total energy demand, water consumption, solid wasieration global warming, acidification,
eutrophication, smog formation, and ozone depletion for the substitutes $heliedvironmental
efficiency of plastiis largely due tibs low density and strengthhich typicallyequired less mass t
perform equivalent funotis over the substitutes. Although impacts per kg of plastic packagimg
some casebe hgher than impacts per kg of substitute packaging, significantly more kg of substitute
packagings required to perform the same func{iBranklin Associates, 2018)



1.1.2. Linear versuscircular economy

The properties of plastic that make it so widely used also make its disposal chii&éetwing.
cost of plastics mean that they are often discarded siftgiaise, especiafigyr packaging and sheeting
(Hopewell et al., 200¥However, due to the durability of the matetistardeglastics can persist in the
environment for a very long tiifféompson et al., 2004yhen mass production of plastic products began
in the twentieth century, waste was not taken into account when designing Phhedsydtem was based
on a linear model of takeakedispos€Bocken et al., 201 This model still dominates today, which incurs
large quantities of wasAdter a short firstise cycle, 95% of plastic packaging material value, or&JSD 80
120 billion annually, is losttkee economyEllen MacArthur Foundation, 201feaning that only 5% of
material value is retained for subsequent use via recycling. Even thesticththpt do get recycled are
mostly recycled into lowealue applications that are abte to beecycbd after us€Ellen MacArthur
Foundation, 2017)he production of plastics is vast. Geyer €@l7)estmated that a cumulative total
of 8300 million metric tonnes of virgin plastics had been produced byil0heéarly half othis
produced within thpreviousl3 years. This large increase in plastic production correlates to increases in
human populatiosizeand affluence, whichyebeenincreasing exponentially throughout the last century
(Myers and Kent, 2003; Ogunola et al., 20iff) increasegopulation growth and affluence has come
increased demand for resou&en MacArthur Foundation, 2013)

Owing to the negative environmental 1| mpacts ¢
economyd concept was developed. The circular ec¢
within ecological limits by reducing the need for resodraetin and abandoning the concept of waste
(Geissdoerfer et al., 201TMe crado-c r adl e concept aims to cdoose mat
cradled6 approach, where the circular economy <col
nutrients(McDonough et al., 2003; McDonough and Braungart, Bafl@yical nutrients are ntwxic
organic materials that at the end of their life can be safelgd@tuthe biosphefEorhonen et al., 2018)
whereas technical nutrients are produced from inorganic or synthetic materials which can be cycled through
the production system indefinitely, pdgsibgraded but without being transferred into \istte and
Cooper, 2017Yhe circular economy concept involves productdesigned for durability, disassembly,
retrieval of technical nutriepdsid refurbishmer{Bocken et al., 2018)s well as the vast environmental
benefitghat could be achieved by closing loops in the circular ec@eisgdoerfer et al., 20I7has
been estimatdtiat waste prevention, edesign, reusand similar measures could bring net savings of
600 billion euros, or 8% of annual turnofarpusinesses in the EU, whilst atsstucing total annual
greenhouse gas emissions &p@2(EuropeanCommission, 2014Multiple European directives and
strategies that affect plastic waste have been imple(habted 1), which all either directly or indirectly

stimulate a transition towards a more circular economy



Table 1.1 6 Overviewof the main European Unigmolicyinvolvingplastics

Title of policy Description relating to plastics

A The directive |l ays out the EUS
waste

A The directive requir e sepmenmtdnereus
recovery, and recycling of packaging waste

Packaging and packaging was'
directive, Directive 94/62/EC
(European Commission, 1994)

Landfill directive, Directive A Regul ates waste management of
99/31/EC (European the banning of certain waste types
Commission, 1999) A Reduction targets for biodegr a

A The directive r equ iwastsiankbemente r

Waste framework directive, hierarchy for waste management decisions
Directive 08/98/EC(European A Furt her recycling and recovery
Commission, 2008) A The directive requires Member

waste prevention programmes

A The directive requires Member
Plastic bags directive, Directive unsustainable consumption and use of lightweight plastic carrier bags, ¢
2015/720(European Parliment national reduction targets and/or economic instruments (e.g., fees, taxe
and the Counci2015) marketing restriions (bans), provided that the latter are proportionate an
nontdiscriminatory

A The strategy presents key @lastcn
A European strategy for plastic economy within the EU, and a call for action from European Parliament
in a circular econonfguropean A Part of the EU's circular econ
Commission, 2018a) ABy 2030all plastics packaging placed on the EU market will either reus
can be recycled in a ceffective manner

Directive on singlese plastics, A T heetivedritraduces a mix of measures tailored to commorusiagle
Directive 2019/904European  products covered by the directive, including awigd ban on singlese
Parliment and the Council, 201 plastic products whenever alternatives are available

ABy 2030 the EU should reduce by 50% plésticat sea and by 30%6cro-
plastics released into the environment

A By ir2waterpandasoil pollution to be reduced to levels no longer
considered harmful to health and natural ecosystems, that respect the
boundaries with which our planet can ctigreby creating a tofiee
environment

Pathway to a healthy planet for
all EU action plan: 'Towards ze
pollution for air, water and soil"
COM/2021/400 final.

(European Commission, 2021)

Mission Starfish 2030: Restore A’ The mi ssion is to enable the r
our ocean and watdEuropean of ambitious, concrete, and measurable targets.
Commission, 2020) A By 2 0 3uWe phastits stwuldrbg haened worldwide

1.1.3Bjoplastics

Alternatives to conventional fodmked plastics exist in the form of-lised plastics

(bioplastics), i.e., plastics that are produced from renewable biomass sources. Bioplastics can retain the



beneficial material characteristics of comraitpetrochemical plastics whilst allowing for a transition
towards a circular economy. Through a potential d¢tmgedystem, the biogenic carbon taken up by the
bio-based plastic feedstock can get released back into the atmosphere after used(peefezabtal use

cycles), e.g., by biodegradation or incineration, and can then once again be taken up by biomass sources
(Spierling et al., 2018b)

Bioplastics are not a new family of plastics. In fact, one of the very first types of plastics created
was a bioplastic called o0parkesined, which was
and was derived from a cellulose feed¢Rarkes, 1865Bioplastics can be split into two categories, so
call ed ndodboppl ast i cs,(Sperind etaln 20¥8Bybpéin bioplastipsimayshei ¢ s
produced from different raw materialg have tle same chemical structure and properties as an existing
fossitbaseglastioon the markegnd therefore can be managed in conventional recycling streams without
adaptatior{Spierling etla 2018a)An example of a drép bioplastic is bi#®E (bicbased polyethylene).

On the other hand, a novel bioplastic imglieew chemical structure and specific material properties
(Spierling et al., 20184&)r example polylactic acid (BLA compostable bioplastic that is fully
biodegradable in suitable environments. Bioplastics have been derived from many different feedstocks,
including but ndimited to: grag®atterson et al., 202dhopgJimeneRosado et al., 2016jganic waste

(Tsang et al., 2019nd algagPrieto et al., 2017)

Although bioplastics can support ttemsition to a more circular economy by helping to reduce
the environmental burdens of fossil resource extraction and potentially reduce the waste going to disposal,
not all bioplastics are biodegradable, such agdrimplastics, so some may still hlbgesame issues and
obstacles of plastic persistence as conventional petrochemical plastics if they are released into the
environment.

1.2.Life cycle assessment

1.2.1Life cycle assessment methodology

Life cycle assessment (LCA) is a method of quantifyingittomerental impacts arising over the
entire value chain of <#0gp @ecahiod thaoall thesenviranmental, frec
aspects and impacts of product systems, from raw material acquisition to final disposal, are systematically
assesse(frigure 11), usingguidelines set by the International Standards Organisation (ISO) within the
documents 1ISO 14040 and ISO 1408®@, 2006a, 2006b)



System environment System boundary

-
Raw material
Other acquisition
systems A
| Transport |—» -
Product _ 1 |, Elementary
flow flows
Production
- |
Elementary nergy
flows supply Use
Product Other
Recycling/ || >
1
Reuce flow systems
Waste |
treatment

Figure 1.18 Example of a product system for life cycle assesd8@nP006a)

There are four main phases pertaining toeytife assessmehigure 12) (ISO, 2006a, 2006b)
The stagess described by ISO (2006a, 20aébh),

1. Defining the goal and scopeThe goal of the LCA covers the intended application and the
motives for carrying out the study. The scope includes multiplettabtodefinedsuch aghe product
system to be studietthe functions of the productssgm and functional unit, refereffigsv, system
boundary, impact categorisslected allocation proceduresgiata requirements, assumptioasd

limitations

2. Developing the life cycle inventoryLCl) , where all significant inputs and outputs related t
all relevant processes within the defined system boundaries are intlualedn#terial and energy
requirements; emissions to the atmosphere, land, and water; resource use; and other releases over the life cycle

of a product or process apeantified

3. Life cycle impact assessmenfLCIA) . The environmental impacts based on the life cycle
inventory data are quantified linking to specific impact categara®g of environmental concein
The LCIA includes i) selection of impact categ, category indicators, and characterisation models; ii)
assignment of LCI results to the chosen impact categories (classification); and iii) calculation of category
indicator results, where LCI results within each impact category are quantaasieignéd using

characterisation factors (characterisation).



4. Interpreting results The LCA results are identified, checked, evglaattgresented

Aﬂ: cycle assessments (LCA) structuh Applications

(i) Product
Goal anfj -scope s analyses and
definition — improvement
- — (ii) Strategic
-I.|fe cycle —| Interpretation || €<— planning
inventory — (iif) Formulation
of public
Lifz;iiﬁliﬁﬂad 2 . policie§
s (iv) Marketing
/ \  (v) Others /

Figure 1.20 Life cycle assessment ph#&s, 2006a)

1.2.2.Use of LCA to assesenvironmental performance

LCA calculates the wider environmental impacts relating to many different impact ,categories
includingclimate change, eutrophication, acidification, ozone depletion, rdepletien ecotoxicity,
human toxicity, ionising ratilen, and photochemical ozone formatignoropean Commission, 2018b)
which provides a holistic picture of the environmental efficiency of a pRrehitzer et al., 2004) key
part of the LCA methodology involves transparency relating to methodological choices and data sources
(ISO, 2006b)This allows an LCA to be used in an unbiased way as a quantitative evidence base to inform
policy decisions, or for marketing of products by businesses. Product spstésnsbeaanalysed for
environmental hotspots (environmental inefficiencies) along the value chains, thus increasing the
environmental and economic benefits of the product.

A consequential LCA isgstem modelling approachvhich activities are inclada the product
system to the extent that they are expecteainges a consequence of a change in deimatite
functional unifUNEP, 2011)The purpose of a consequential LCA degrribe how environmentally
relevant flows will change in response to possible defamveden et al., 200pjovidingan estimate
of how the productigruse and disposalf the study object affedhe global environmental burdens
(Ekvall, 2019) his implies that in such a system, the consequences are traced forward in time, which means
that it is elevant to use data on marginal suppliers and substitution of displaced(@cinaggsential
LCA, 2021)



1.3.Scope of thisPhD thesis

1.3.1Research motivation

Comprehensive and appropriately designed LCA shueileperative to provide cleavidence
on the comparative sustainability of bioplastmsever, it has been noted that previous LCA studies of
bioplastics are often inadequéatettle et al., 2013; Pawelzik et al., 2013; Spierlin@@18a)eading to
incomplete, biased, or misleading environmental footprints. The aspects of (bio)plastic LCAs which have
previously been neglected, and thus the specific gaps that need filling, include i) the need for better
understanding of thetential for closed petrochemical plastic recycling loops in a circular economy, ii) the
need to consider the interaction between bioplastaf-&fedtreatment options and consumer behaviour
concerning waste separation, and iii) the need to critigiatlye the potential of different bioplastic
feedstockgsonsideringhe competing demands for land and potential impacts on biogenic carbon cycling
directly and via indirect lande change. It is important thaimprehensive LCA evaluatof bioplastic
sustainabilitpre undertaketo ensure that genuine environmental savings are achieved, and that one set
of major environmental impacts are not simply swapped with another set of impacts as we transition away
from petrochemical towards #iased plastics

1.3.2Research aims and objectives

The overarchin@im of this doctoralthesis is to facilitate a greater understandirtheof
comparative environmental performance of bioplastic production, use, and disposal against conventional
petrochemicabasedlastic production, use, and disposal via cutting edge life cycle thinking and value chain
analysis. This work will facilitate a better understanding of the consequences of displacing petrochemical
plastic with bioplastic, as well as evaluating rssibfgenvironmental hotspots for bioplastic production
can be mitigated. The specific objectives of this research are as follows:

1. To review the statef-the-art regarding how previous bioplastic LCA studies have been modelled,
identifying key gaps in dies, and therefore potential weaknesses in LCA results. Potential
solutions to overcome key methodological gaps and to support more rigorous environmental

assessments will be sugges§ikdyter 3.

2. Tocharacterise and quantify pathways of plasticrelasise into the oceans according to specific
plastic fractions from European recycling value chains, in order to better understand the efficiency
and net environmental effects of plastic recy&lmgl potential as a circular economy solution.



Mass flowsf this plastic leakage into the environment will be quantified for the fir€hapte(
3).

3. To investigate thenvironmental consequences of replgoétgpchemicdbasedplastic food
packaging wittompostable bioplastiwjthin futureorientated cenariosAn advanced LCA
model will be developed to holistically estimate the consequences from thiofutingrstudy
(Chapter 4.

4. To quantify the environmental envelopes of bioplastic production from multiple feedstocks in
relation to nezero GHGtargets, usingconsequential LCA approd€hapter 5.

1.4.Structure and layout

This thesis is composed of six chapters. Following this introductory chapter, the remainder of the thesis
is structured into five additional chapters that are outlined Bejare (1.3:

Chapter 2(Bishop et al., 2021eplors the growing collective of Lditeraturethat compargthe
environmental footprints of specific bioplastics against those of petrochemical plastics. Good practice
examplegacilitateidentification of common gaps and weaknesses in LCA studies afiechioark

bioplastics against petrochemical plastics.

Chapter 3(Bishop et al., 202@)odels and quantifies teadof-life fates of polyethylene (PE)
exported for recycling from Europe (8, Norway and Switzerlan@he endof-life fates of the PE

includerecycled resingndfiled PE incinerated PEandocean debris.

Chapter 4 (Bishop et al., 2021l)gorously assesses the environmental impact of displacing
petrachemical plastic packaging of fresh fruit and vegetables with PLA, using advanced consequential LCA.
Multiple future orientated scenarios are explored based on consumer behaviour decisions. LCA boundaries
are expanded to include the-eftife impacts ofruit and vegetable food waste within a UK context.

Chapter 5(Bishop et alin review performs LCA to broadly screen potential compostable bioplastic
feedstocks for greenhouse gas hotspots and compatibilitthevidbjective ofclimate newalty,
considering both direct and potential indirect eftdctiseir use for bioplastic production. The study
calculates the greenhouse gas emissions balance of indicative valudéathvd@esigiocks from different

origin: maizdignocellulosibiomass from forestry, food waste digestatkfood waste



Chapter 6 presents a summary and the conclusions of this PhD thesis. The recommendations and
future perspectives on benchmarking the environmental impacts of bioplastic are discussed, based on the
findings from the previous chapters.
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2. Environmental performance comparison of bioplastics and
petrochemical plastics: a review of life cycle assessment (LCA)

methodological decisions

Abstract

There is currently a shiitom petrochemical to bisased plastics (bioplastiCEhe application of
comprehensive and appropriately designed LCA studies are imperative to provide clear evidence on the
comparativeustainability of bioplastics. This review explores the growing collective of LCA studies that
compare the environmental fints of specific bioplastics against those of petrochemical pldstics. 4
relevant studigsublished between 2011 and 2020 vesiewed to explore important methodological
choices regarding impact category selection, inventory complegnesisigon of alditives), boundary
definition €.g.jnclusion of landise change impacts), representation of biogenic carbon, chudesf-of e

life scenarios, type of LCA, and the applicationadrtainty analysis. Good practice examples facilitated
identificaibn of commorgaps and weaknesses in LCA studies applied to benchmark bioplastics against
petrochemical plastiddany studies did not provide a holistic picture of the environmental impacts of
bioplastic products, thereby potentsligportingmisleadingonclusiong-or comprehensive evaluation

of bioplastic sustainabilitye recommend that LCA practitionersbrace more detailed and transparent
reporting of LCI data within plastic LCA studidept a comprehensive impact assessment methodology
pertaning to alpriority environmental challeng@sorporate multiple plastic use cycles within functional

unit definition and system boundaries where plastics can be reuiciéel; additives life cycle
inventoriesinless there is clear evidence tiegt tontribute <1% to all impact categpepply biogenic

carbon storage credits onhldongtermcarbon sinks; account for (indireafjdusechange arising from
feedstock cultivation; prospectively consider realistic scenarios of deploymenofdiid, gordferably

within a consequential LCA framework.
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2.1.Introduction

The environmental damage arising from the persistenced#gradable plastic wasygijcally
produced by petrochemistimas created an increasingly negative shift in publiciperaipetrochemical
plastic§Rochman et al., 2018p deal with the changing desires and concerns of thegnbtiz reduce
environmental problemBuropean policy agto reduce the quantities of singde petrochemical plastic
being usedand producedEuropean Commission, 2018a, 2018b, 2008,. Bi6dased polymers
(bioplastics) are beimtpvelopedas a replacement material and a potential solution by retaining the
beneficial material characteristiggetrfochemicadlastics whilst allowing for a transition towards a circular
economy reducingossil resource extractiand potentially reducimgvironmental burdens arising at
endof-ife. The definition of Obioplasticd is generic,
encompasses plastics whiddurable and nedegradable (neat or partial blends) made from a biological
sourceor plastics that atsodegradablgSoroudi and Jakubowicz, 2013)0 Bir ade@ bl e bi opl as-:
include biologicdlased biodegradable plastics, but also ilGadigradableetrochemical plastics, such
as polybutylene adipate terephthalate (PBAPoéyimlitylene succinate (PBR)ierling et al., 2018a)

As most biebased plastics are created as a potential replacement for petrochemicahplastics,
accurate comparison thie ewvironmental efficiency of & different plastiaga life cycle assessment
(LCA) is crucialTo be able to benchmark Hiased plastics against petrochemical plastioillbkfe
cycle of the different plastics should be represented, aahidiecomplexowing to potentially long
productionusereuse/recycling value chaifiypical system boundaries for plastic value chains are
represented irigure 2.1 Failureo represent the complete systiermugh boundary truncation or process
simplifcation canesult in studies misrepresenting tthe comparativenvironmental efficiency of
systems and producthe European Strategy for Plastics in a Circular Ecaugggsts that innovative
materials and alternative feedstocks for plastic pradsictiald be developed and used where evidence
clearly shows that they are more sustainable comppetathemical plastiEuropean Commission,
2018a)Therefore, comprehensive and appropriately designed LCA studies are imperativeclearovide
evidence on the sustainability of bioplastics, and how they benchmark against conventional plastics.
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Figure 2.1 8 A simplified schematic of a plastic value chain represented.imfheCain processes, inputs, and

outputs are displayed. Dashed lines represent flows specific to biodegradable plastics. The diagram also gives an
indication of carbon flows throughobietsystem, with S representing carbon storage, and R representing the release

of the carbon

Previous LCA reviews have studied the environmental performance of diffedHtfeend

options br bioplasticgSpierling et aR018b) critical aspects of LCA methodology fortizsieed materials

(Pawelzik et al., 20123nd aspects of comparatere/ironmentakfficiency betweehioplasticsand
petrochemical pliss (Hottle et al., 2013; Spierlingak, 2018a; Yates and Barlow, 20t#se studies
have identified some methodological inconsistaamiesgstudies, includindgimited (or even biased)

selection ofmpact categorigesulting inncomplete footprist differences in goal and scdgénitions

(including variations choice offunctional unit, system boundaries and allocation metbel@s}jve

evaluation opossible endf-life options;and selective representation of indiuotuse changand

acounting of biogenic carbomhis study expasdipon previous reviews by exploring the growing

collective of LCA studies ttetplicitly benchmark tie@vironmental impacts of specific bioplaatemst

petrochemical plastics. This review criticallysstile methodological choiceshofv petrochemical and

bio-based plastics are represented and environmentally benchmarked withirhstadiesf this study

was to review a large segment of the literatwlarify the state of knowledge, identif{ieg gaps in

studies anthereforepotential weaknesses in L&Aults hithertoPotential solutions to overcome key

methodological gaps and support more rigorous environmental assessments are suggested.
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2.2.Material and methods

Life cycle assessment (L&g method of quantifying the environmental impacts arising over the
entire value chain of a product or ser{lis®, 2006a, 20064 ompared with more prevalent carbon
footprinting, a full LCA calculates the wider environmental impactelaton to multiple impact
categorieprovidnga holistic picture of the environmental efficiency of a pr({iRlebitzer et al., 2004)

A criticalaspect of LCAstudies igransparencgn methodological choices and data souhzgscan
strongly influence resuli@ansparent, nelniased.CA results provide a rigorogsgantitativesssessment

of the environmentaéfficiencyof products or systemand constitute strorgyidence to inform policy
decisionqISO, 2006b)Product systems can be analysed for improvements relating to environmental
hotspots [foints of comparatively high environmental impglong value chains, allowing industry to
recogree environmental and economic weaknesses within the product life cycle, ts agskssthe

impacts ofargeted mitigation strategies.

In this review, e focus was on studies which benchmarked, through LCA, the environmental
efficiency of bioplastic against conventional gietroicaplastic. Web of Science and Scopus were used
to searchhe literatureensurindproadcoverage of pertinent studies. Tdareh included variations of the
following keywordslife cycle assesdifeerycle analy<ts\ or footprinin connection with various
combinations and variations of terms for bioplastics inclb@ptastibieplastjdbiobased plabtabask
plastibiopolymbiepolymdriobased polylnarased polymerewable plagien plasicstainable plastic
biodegradable plaktcsearch also included various combinations of common bioplastic names and their
associated acronymghermoplastic stgiidPg, polylactic acfBLA), polyhydroxyalkanoéeesA),
polyhydroxybuty(RittB), biopolyethylgmePE), biopolypropyleia P, biopolyami@@PA), biopolyethylene
terephataldibdoPET), starch blenqmblybutylene adipate terefRBA@tepolybutylene sucdiridde The
literature search included studies which were publishekhfroar2011until November 2020 he time
related screening criterion was selected to reflect thef-stateegarihg LCA methodology, which is
everchanging over tim@nly peer reviewed journal articles were considered within this review. From our
search terms]l atudies which actively performed LCA on at least one bioplastic were recorded. Further
review of theseecorded studies was completed to identify the papers which undertook an LCA of at least
one bioplastic and at least one petrochemical plastic. From our appid@8ipapers were found to be
suitable and have been reviewed by this gtedgt(ofreviewed studies can be fouméppendix Table
A2.)).
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2.3.Results and discussion

2.3.1./mpact categories

2.3.1.1lmpact categooesred

The average number of midpoint impact categories covered by the reviewed studies was eight
(Figure 2.2), with a range between 1 andTh@ reviewed studies cover a wide range of impact categories.
In total, 42 different midpoint impact categories were considered, with a total of 342 impact categories
included over the 44 studiekalfle A2.2). Many of thedifferent impact categories cover similar
environmental aspects but with different names and different methods, which makes it difficult to compare
the results between studies. However, all 44 studies included (some variation of) global warming potential
(GWP) within their impact categories, with five studies only evaluating this impact category. Apart from
GWP, the most prevalent impact categories within the reviewed papers included (at least one variation of):
acidification potential (29 studies); euimgtion potential (28 studies); resource depletion (26 studies);
photochemical oxidant formation (23 studies); ozone depletion (20 studies); ecotoxicity (19 studies); human
toxicity (17 studies); particulate matter formation (17 studies); energy ¢l.8atedse (14 studies); and
water consumption (15 studies). The full bdeak of midpoint impact categories evaluated by each study
can be found ifable A2.2.
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Figure 2.2 6 The number of impact categories covered by each of the 44 stugiesi®elow the graph is a box
plot displaying the distribution of the number of impact categories in terms of the minimum, first quartile, median,
third quartile, and maximum of the data
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The number of impact categories each study uskibédyrelatel to the impact assessment
method employed. THeur studies that observed thighest number afpact categoriadilised he
ReCiPe Midpoint impact assessmethalology(Changwichan et al., 2018; Deng et al., 2013; Rodriguez
et al., 2020; Vigil et al., 20BMwever, otheimpactassessmentised in the studigscluded CML 2001,
Cumulative energdemand, Ecoindicator 99, ILCIMPACT 2002+, International EPD System, IPCC,
and TRACI.Previous works have compared the technical differences, benefits, and limitations of the
different impact methods.g.Bueno et al., 2016; Owsianiak et al4; ZRdnou et al., 200Bowever, 11
studies were unclear or didndt include a standar
typically reflects the inclusion of a limited suite of impact catggbtiesreviewed papers, nine studies
also included endpoint impaeategoriefAlvarenga et al., 2013; Changwichan et al., 2018; Durkin et al.,
2019; Gironi and Piemonte, 2011; Lorite et al., 2017; Piemonte iR0attoBg et al., 2017; Tsiropoulos
etal., 2015; Vigiletal.,20Z0hes e categories included O0resources
and o0climate changeb6.

2.3.1.2Pertinence of impact category selection to global environmental challenges

The plaetary boundaries concept, developed by Rock&@d8)and Steffen et al2015)
includes nine biogeophysical boundaries which de
to the Earth System. These boundaries have quantitative thresholds or limitsnstperssiorisks
altering the planet's stable Holodéwesstate the only state known capable, with certainty, of supporting
modern societ{Steffen et al., 2019}he planetary boundaries represent thresholds of climate change,
change in biosphere integ(itg. biodiversity loss and species extinction), stratospheric ozone depletion,
ocean acidification, biogeochemical flows;dgsttm change, freshwater use, atmospheric aerosol loading,
and the introduction of novel entit{esg.such as radioactive materials, heavy metals and microplastics).
The development by Steffen e(2015)suggested a twevel hierarchy of boundaries, in which climate
change and biosphere integshpuld be recopd as o0cored planetary bou
of undament al i mpor t Staffereedal. (2@l5) identified thatdourtofithe Boyrsldriesm .
have exceeded their propb#ieresholds: climate change, biosphere integrggobleemical flows, and
landsystem change, representing the main processes which need action to return to the safe operating

space.

To map across the relevance of impact categories analysed by the reviewed studies to Earth System
environmental prioritietis study paired each impact category to one planetary boundary with which it
links most prominentlyrigure 2.3). It was found that many studies only pertained to a single planetary
boundary Kigure 2.38). However, excluding those studies, the spre#loe afiumber of planetary

boundaries covered per study had a relatively normal distribution, with aipedérataripoundaries
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being representeBligure 2.3a). The two studies which were found to cover all nine planetary boundaries
(Fieschi and Pretato, 2018; Maga et al., @@l®e a more holistic comparison on the environmental
efficiency of bioplasticand petrochemical plastics across primary biogeophysical (environmental)
challenges. Both studies followed Bmeduct Environmental Footprint (PEF) recommendations
(described ikhapter 23.2) for impact categorie&.count of thenumber of studies whidbserved each

planetary boundafgund that every study investigated the planetary boundary of climate-aiparege (

2.3b). Although the other planetary boundaries were not so well covered, the exceeded planetary boundaries
were typically explored except {aygtem change, which was only represented in approximately one

guarter of the studies.
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These results are only indicative as impact categories have links to multiple planetary boundaries.
For example, langse impact categories were paired with theyatein change planetary boundary, but
are highly relevant to the biosphere integrity laoyfithreiva et 312007; Sala et al., 200@vertheless,
the relationships presented highlight the relevance of impact categories used to evaluate bioplastics to
critical environmental challenges. These reveal patchy coverage of the criticdd qlacketaeg which
should be integral to environmental assessmemise Studiesould focusmore on environmental
prioritiesby mapping impact category selection against global environmental priorities, such as those
summarised in the planetary boundadesept. The PEF impact assessment suite represents all planetary
boundaries, and attempts to harmonise LCA application across Europe andFginibadly al., 2018)
Therefore, its use is strongly recommended when evaluating plastics. Other studies have attempted to
bridge the gap between LCAlgianetary boundariésg. Ryberg et al., 2018, 2016; Sala et al., 2020;
Sandin et al., 2015; Vanham et al., 2019)

2.3.1.3Plastic pollution in LCA

The effects of plastic debris pollutiagttefiing into theenvironmenarenot included withirany
current LCAmpact categoffsonnemann and Valdivia, 20PTstic pollution has witenging and large
potential impacts on ecosystem quality, human health, and climate dmamgelasiics, such as
polyethylene terephthalagelystyrene, and polgyichloride have greater densities than seawater and thus
sink more readily to the seallddegerbaeumer et al., 20IBgse plastics can cause smothering and/or
mechanical damaigebenthic organisms and vulnerable ecosystems such as c(raagefbacumer et
al., 2019; Pawar et al., 20RB)stic polymeiaretypically persistent and can surfavéundreds of years
beforebeing degradd@hompson et al., 200%/hilstthe plasticemainsn the environment, animals can
become entangled withitastic fragmenté-ranceTrecu et al., 2017; Gregory, 2009; Rodriguez et al.,
2013)or ingestAndrade et al., 2019; Clukey et al., 2017; Li et al., 2016; Poon etthen20digh can
lead tosuffocation, starvation, and deé@regory, 2009; Koelmans et al., 2017; Wilcox et al., 2018)
Entanglement and/or ingestion have been documented for at least 557 masii#peeieal., 2015)

Even when plastic fragments havgraged, microplastics can still cause damage to larger
organisms though potenti@bmagnificationn trophic interactionéSaley et al., 2019Jthaigh more
research on this topic is requifiealw and Thompson, 201K)icroplastics have been found to affedt
ecosystems, negatively influencing factors such as germination success, shoot length, earthworm weight,
soil structure, and ptBoots et al., 2019dditiveswithin gastics have the potential to leach into the
surrounding environment, resulting in toxicity to organisms, inchatigtial carcinogenesis and
endocrine disruption lumangCole et al., 2011; Talsness et al.,. 20@Ohydrophobic nature and large

surface aret@-volume ratio of microplastite&ve also been found toncentrate persistent organic

22



pollutants (POPs) from the surrounding environnagain potentially introducing toxins into the food
chain(Li et al., 2016Primary producers have been found to adsorb nangpldsttb can hinder
photosynthesi®hattacharya et al., 20R0)eduction in the photosynthesitecanhave additional effects

of decreasing CQptakeencouraging climate change

These plastic littering impacts are not only relevant for petrochemical plastics, but also occur with
non-biodegradable bioplasticsgd aven potentially with plastics which are marketed as biodegradable
bioplastic{Emadian et al., 2017; Parker, 2019; Straub et al., 208y ch ef fect s f i t w
e nt i tegayoithe planetary boundary conféiarubiaGomez et al., 2018)

SomeLCA studies have started to consider littering within impact catégjueasikUslu et al.
(2019devel oped and included the impact category: 0
environmentdé in their study. This i mpact categ
parameters: he quantity of bags required for the same imdiased on number of bags used and the
surface area; 2) the probability of the bammreleased to the environment, based on the price of the
bags; 3) the dispersion of the baijsin the environment, based on the weight of thedrmay}) the
environmental persistence of the bag's material, based on biodegradability. The probability of the bags
becoming litter is assumed to be directly proportional to the number of bags required, while it is indirectly
proportional to the priceyeightand biodegradabiliglthough an interesting impact category to include,
it has so far only been calculated as a comparative littering risk, and a lot more development is required to
translate such a proxy into a4padnt impact category for LCA. Consanfly, developing new impact
assessment methods, or adapting existing ones, to rgyes#ia environmental damage arising from
plastic pollutioishould be a priority. Such developmeulddmave a large influenceaanclusionsirawn
from LCA studieandis likely to have a significant bearing on the environmental sustainability credentials

of biodegradable bioplastics used to substitute petrochemical plastics.

2.3.2. Additives

Of the 4 reviewed papers, oslgverexplicitly incldedadditives within thie cycle inventories
of plastics. Additives are chemical compounds added to plastic padlyimgrihe production phase
enhance and determitie performance, functionality, appearancérandeing properties of tfieal
product (Hahladakis et al., 2018yhe most commonly usetypes of additivesin plastics
are plasticsers,flame retardants, antioxidants, acid scaveriggtsand heat stalsérs lubricants,
pigmentscolorants, antistatic agents, afjentsfillers, and reinforcemenidahladakis et al., 2018)
Despite the considerable weight that additives can contribute t¢eptpstiene plasticisers can account
for up to 70% of the mass (%w/w) of the plastic matgtailadakis et al., 2018; Hermabessiere et al.,
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2017), and the relatively high impacts that additives can have on the overall environme(Babamgract

et al., 2017}t is likely that additives are often not included within studiestdeigt@antities and specific
substances used as additives being commeemailyve and widely neglected information. This
represents an important gap that is typically ignored in LCA studies for final products that could lead to
uncertain and misleadirggultyBroeren et al., 2016)

Where additives account for a small weight of the plastics, they may be consciously excluded
(Hahladakis et al., 2018)%sed on materiality thresholdaffitcriteria, which 1SO standards allow based
on either mass, eggr orenvironmental significan€kSO, 206b) For examplePAS 2050 allows
exclusions on the basis of materidlitye.,if an item contributes1% of the anticipated total GHG
emissions associated with the product being asg@S$e@011)However, Gallagher et §&2015)
discovered that adopting the suggestethd®riality threshold led to a cumulative omission of between
2.6 and 7.5 % of the GWP burden for a rigmdropower system, indicating failure to meet the threshold
of accounting for at least 95% of the total system in{B&its2011)Similar results were found for the
impact categories abiotic reseurdepletion, acidification potential, and fossil resource depletion.
Therefore, future bioplastic LCA studies should explicitly include additives within the LCI unless there is
clear evidence that they contribute less than 1% tenegypr environmatal burdens. Where multiple
additives are used, it may be necessary to further reduce this materiality threshold to avoid neglecting
cumulatively significant environmental burdens.

To reduce the methodological variability among LCA stindieshiie been recenattempts to
focus interpretation of the generic LCA framework provided in ISO 1400X series standards. The European
PEF initiativgFazio et al., 2018)ms to harmose life cyclesystem boundary definitions, representation
of common processes, and impact assessment categories, to support development of coherent
environmental footprint databases that eneddlable benchmarikg and communicetn of the
environmental sustainabildy producs (Manfredi et al., 2012Jhe current PEF guidelines contain
recommended impact catggmodelsFazio et al., 201&)f the 4} studiespnly one study followetthe
PEF guideline@-ieschi ath Pretato, 2018)lo cutoff is allowed in the PEF methodolgilanfredi et al.,
2012) However, the guestion has been raisdwwfthis methodological requirement of PEF could
practically be followedas itis theoretically impossible to achiékakbeiner, 2014aProduct
EnvironmentaFootprint CategoryRules (PEFCRd)ave beedeveloped to improvedhreproducibility
of specifiproduct LCA studies inlegion to critical parametéEuropean Commission, 201&&wever,
no PEFCR hayet been developed for bioplastiowill be crucial that additives are included in any future
PEFCRs. Another established system which develops PCRs is the Environmecité@diadations
(EPDs), which are also lack rules for biopldSgesrling et al., 2018a)
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When included, typically only the impacts from the production of additives are modelled within
the LCA studies, and the impacts related to thefdifiel are not. Apreviously mentioneajditiveshave
the potential to leach into the surrounding environ(agntvater, and soil) at the @fdife, resulting in
potentiatoxicity to organismand ecosysterGole et al., 2011; Hermabessiere et al., 2B&Exclusion
of endof-life impacts of additives is an important area of research which needs future investigation to
better understand the full potential life cycle impacts of additives, and at what concentration within plastics
they are likely to exceed the 1% contribution thicedr specific impact categories.

2.3.3.Life cycle inventories

Inventory data sources for the studies were a mixture of primary data, literature, and LCI databases.
For the petrochemical plastics, most of the produdtitawas extracted from databases (ddiest),
supplemented with literature (21 studies). Nine studies included some primary data, collated mostly via
collaborations with companies, or measured primary data for specific novel products being compared. For
the bioplastic production inventorieamary data was more prevalent, used in 20 studies, mostly collected
from actors within bioplastic supply chains. However, data was still heavily augmented with extraction from
LCI databases (36 studies) and fratiterature (32 studies). One stwdgunclear on where its data was
sourced from

Further investigation of the data used by the studies is constrained owing to the generic nature and
lack of detailed description of many data sources. To indicate data clarity and reproducibility, a subjective
rating was applied to every reviewed paper based on data availability and data description within the studies.
The analysis showed that 25% of the studies were
studies were oOclremducanrd emode2rO0a4 edfy trheep st udi es
reproduci bl ed, and 30% of the studies were found
some data may not be made fully available due to its confidential nature with respaatusirth
providing the datddowever, if LCA studies lack transparency and cannot be replicated, their validity is
thrown into question. In line with general good practice for LCA studies, it is imperative that the LCls for
plastic LCA studies are: 13igaunderstandable; 2) transparent; 3) complete; 4) clear; 5) reproducible.

2.3.4.Land-useand land-use change

2.3.4.1Landuse change concepts

Landuse and landse change amaportantaspects of the environmental impacts arising from
bioplastics produced from crop feedstocks. Accounting feusarchange emissions can drastically alter
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the conclusions of LCA studies on the environmental impact of bioplastics, changing the rankings of
bioplastics and conventional petrochemical pléRigraonte and Gironi, 201Despite bioplastic crop
feedstocks being renewable production sources, they require land that could otherwise serve another
function, such as provision of natural taaébior food production. Searchin¢@®08)introduced the
concept ot o6ocahkomccosnting for the carbon stor.
land from existing uses. In LCA, emissions from two types afsarghange may be captured in the
inventories for bidased products: direct lamsk change (dLUC), andirect laneluse change (iLUC).

dLUC refers to a recent change in the use of land on which feedstocks for biobased products are produced,
thus displacing prior lanude e.g.the conversion of rainforests to sugarcane plantations. iLUC refers to

the proces where the production of biobased feedstocks displaces prior production, without incurring a
direct change in land ygeg.land remains cropland), but the displaced production cauaeselahdnge
elsewhere, potentially via a cascade effect.fidamand for the displaced production remains, then that
displaced production will cause subsequentisandhange in other locations around the \{@chimidt

et al., 2015)

Landuse change can have considerable effects on the global carboausjmie significant
greenhouse gas emissiviasdisturbance afarbon stocks in soil and vegetafechulp et al., 2008)
Different landuses suppodifferent stocks of carbon in soils and vegetatimhdiffeentpotential rate
of carbon stock chan@@chulp et al., 2008)pil organic carbon (SOC) stocks under cropland are typically
lower than SOC stocks under pasture or foRestplau and Don, 2018onsequently, conversion to
cropland likely decreases SOC stocks. Similarly, forests accumulate large quantities of carbon in their
biomass, so conversion to croplédgrasslandyill result in the loss of biomass carltather impacts
from landuse change can result from increased fertiliser use through intensification, thus increasing the
release of nitrous oxidex(), ammonia (NkJ, and nitrogen anghosphoruseachates, as well as fertiliser
manufacturing burdens. It should be noted that, however, any displaced fertiliser use may also be

represented by direct fertiliser use within life cycle inventories.

Despite potentially large impaatssounting for iLU@ not mandatory in any LCA international
standardFinkbeiner, 2014bJhis is @rtly because of the difficulty in establishing iLUC effects, as they
are, as the name infers, indirect, and may ultimately arise at thelend ochscade of consequences
(Lambin and Meyfroidt, 2018lIso, iLUC is considered to be outside the direct scope of study when
applying an #tbutional LCA approach. The inclusion of iLUC fits more with the consequential LCA
framework ad_UC is usually a mark@tduced effect (s€ghapter 3.8). Several studies have proposed
how LCA studies can include iLW@Q). Schmidt et a(2015)and Searchinger et(@2018)
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2.3.4.2Landuse change covered by reviewed studies

Of the reviewed studidg, included some form of lande impact category. The impact categories
covered -weeé; whaolH was me aBelboom dnd Bésnart, 12G16; Eieschibb o n
and Pretato, 2018; Giovenzana et al., 20Xl a relative contributimiaga etlag 2019)or wasricluded
inthemacr&c at egor y 0 Ec @sopiand BiemorPa)201da b ¢ 6 o ¢ c(Charmgwichann 6

etal., 2018; Horowitz et al., 2018; Lorite et al., 2017; Tsiropoulos et;al., 2085y r i cul t uér al | an
(Deng et al., 2013; Rodriguez et al., 2020; Vigil et al., 2020; Zhang et@ly 20083 n | and occu
(Deng et al 2013; Rodriguez et al., 2020; Vigil et al., 2020)Nat ur al | a(Dehgetalansf or

2013; Rodriguez et al., 2020; Vigiletal.,20800 i odi ver s i tuys @barengaetial,2013)o | an

Eight studies included emissions from dLUC within their methodélegyenga et al., 2013;
Hansen et al., 2015; Kikuchi et al., 2013; Leejarkpai et al., 2016; Liptow and Tillman, 2012; Razza et al.,
2015; Suwanmanee et al., 2013bppmeilos et al., 2019)lany of the studiesiénsen et al., 2015;
Leejarkpai et al., 2016; Suwanmanee et ab) db&atly modelled their dLUC emissions from IPCC
equation$lPCC, 2006)_eejarkpai et §2016)alculated dLUC using primary data, wheraiwadhange
emissions were calculated from a combination ohémge in soil carbotine change of carb stock in
biomass, theon-CO, emissions from burnimgquired focrop changeand theemissions from managed
soils(i.e. fertiliser emissions), all measurdd) iGQ eq per hectardn a similar method, an adapted IPCC
Tier 1 approach was implemented by Hansen @04ab)to estimate theelease of C from land
transformation calculatedthe carbondifference before dnaftercultivationof the (sugarcaherop.
Other studies utilised emission factors for specificit@siRazza et al., 2015; Tsiropoulos et al., 8015)
previously calculated res(iitiuchi et al., 2013; Liptow and Tillman, 200t%) type and method of land
transformation varies per studly.the year of establishmeriteejarkpai et a(2016)modelled that
abandoned land was changed to cropland.(€unghi et al(2013kstimated thahduse transformation
from Cerrado wooded areas to sugarcane lapasy and Tillma(2012and Alvarenga et €2013both
modelledexpansion of sugarcane plantationspatiureareasLiptow and Tillmar{(2012)determined
that, under the aforementioned situatjiahUC may have led tsubsequengoil carboraccumulation
following initial soitarbonreleaseThereforetheyassumed thatet emissionsipondLUC were zero.
However their studyalso contained a secoapproachwhereinthe dLUC was modelled from a 5%
sugarcanexpansiomirectly transformed frowirgin areas of BraZ{Cerradao regianyhich resulted in
a substantiakleasef GHG emissiongdLUC is associated with high emissions uncertRiuya et al.,
2015) however, the likely boundmde evaluated with sensitivity analysis. Razz@@t s stimated
dLUCemissiongvithin sensitivity analysidie r e 0 h g ott alypespmdeeed in Thailarah land
previously occupied yassland (besase) or rainforests (wecsise).
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Only four studies included iLUC emissions within their methoddlAbjiasenga et al., 2013;
Eerhart et al., 2012; Liptow and Tillman, 2012; Tsiropoulos et al.T2bappulos et af2015useda
range okemission factors taken frdhe literature utilising 3 46 g CQ eq./Maanoto produce 0.16 to
2.38 kg C@eq./kgoHore. Eerhart et al2012)ncluded four scenarios of iLUC, which resulted in values
of 0, 7, 14 and 30@0, eq/MJeanat Liptow and Tillma(R012presergdtwo possible extremesibUC
emissin factors taken from the literature, usingorstcaseof 46 g CQeq/MJenanciand a bestase
scenariamf 0 g CO, ed/MJenanat Alvarenga et gR013)considered that the pasture lands displaced by
sugarcan@LUC)wouldbe divertednto areas with natural vegetatiorictvin this study was assumed to
be the Amazon ForeshuscausingLUC. The study contained three scenarios based arethef iLUC
attributable tesugarcane cultivatiowhich was developed from the early models that used a 1:1 ratio
(Searchinger et al., 2008)e study uses the iLUC ratios of 1:1, 0.13:1, and 0:1, where a 1:1 ratio means
that for every hectare of nevop cultivation, one hectare iéw landvould be indirectly clearethe
requiredL.88m2 year! of land occupation for 1 kg of bioethahated PVC resin (the functional unit) was
divided over 20 yeaisUC was subsequently calculateddes. 84 kg C@eq. per kg PVC resin.

2.3.5.Biogenic carbonaccounting

2.3.5.1Biogenic carbon accounting concepts

Bioplasticsare typically produced, completely or partially, from a feedstock which has converted
atmospheri€O,into carbon compounds via photosynthesis, termed as biogenic carbon in LCA studies.
Representation of the climate forcing effect of temposddting this biogenic carbon out of the
atmosphere has the potential to considerably alter the environmental rankings of bioplastics compared to
petrochemical plastics. There are two main approaches in how biogenic carbon is modelled within LCA
studiesi) temporary carbon storage and 2) carbon neffPalitglzik et al., 2018arbon is sequestered
by the feedstock, thus storing the carbon within the bioplastic for a (potentiallyabdelsidagth of
time. It is argued that carbon storage should be modelled because it delays radiative forcing, and thus
decreases cumulative impflatvasseur et al., 2QX2arbon storage can also offset current anthropogenic
carbon emissior(Pawelzik et al2013) Exclusion of carbon storage effects causes inaccuracies in LCA
modelling of waste management because it omits potentigrorgarbon sequestration (eagthin
landfills or composimended soils) that would decrease the impact on glohiag{@hristensen et al.,

2009)

Climate neutrality is often assumed, where the carbon that is sequestered by the feedstock is

released back into the environment in a closed loop with no net climate forcing effect. Some argue that

biogenic carbon storage should be excluded from LCAe bofinoduct (almost always) releases the
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stored carbon emissions in the fu{@@welzik et al., 201B)has also been suggested that by temporarily
reducing atmospheric @€bncentrationdemporary carbon storage can lower ther@@oval rates of

other sinks, eventually leading to higher atmospheric concentrations and temperatures when the carbon is
later releasddBrandéao et al., 201Eurther,hed c ar b o n d dHRargidne et al.n20@B)hith is
prevalent in bioengy and landise change modelling, is also relevant to thef&felfor bioplastic
systems that originate from forestry feedsti¢ks.initial emission of biogenic carbon from the bioplastic
(e.g.,during incineration) excedtie emissions frora reference fossil systdmhich the bioproducts
replace)it creates a carbon delite debt is paidack aghebiomass rgrows and sequesters carbon from
the atmospher®Vith the continuous substitution of fossil fuels, bioplastics witiroeeepay thcarbon
debt.Nevertheless,idgenic CQspends time in the atmosphere before being captured by biemass re
growth, which can possibly lead to climate change related impacts. This issue petdmrestgravith

long growth cycles (>40 years) rathan annual crop feedstocks where @iake is within one growth
season, and will become more important if lignocellulosic baariged bioplastics gain tractjiBnodin

et al., 2017)

The calculated benefits from modelling biogenic carbon storage are especially sensitive to the time
horizon over which the GWP is considereédl(svasseur et al., 201Rgeent groups and studies have
developed different methodological decisions in dealing with such carbon emissions, often focusing on
issues surround the time horizon. These have been covered concisely and andydnddy ey al.

(2019) Some of the developed methodologies diffeeinttaracterisation of climate change impacts of a
given quantity of emissions. For example, G{({&O, 2018yvhich almost all LCA studies follow, is the

time integrated radiative forcing due to an emission, relative to the emission of an equal mass of CO
Global Terperature change Potential (GT8hine et al., 20083timateshe effect ofgreenhousgas
emissions on theveragglobal temperature at a specified future tetaive to the temperature rise which

the same mass of ¢@ould causeand GWR,, (Cherubini et al., 201dijlisescharacterisation factors
specific for C@emissions from biomassith the time profile of regrowth takiemo accountOther
methods relate to how to calculate the net balance of eanigsions through tim8everal differing
methods combineumulative radiative forcing afe benefits ofemporary carbon storageg. the
MouraCosta method@Moura Costa and Wilson, 20@0¢ Lashof metho(Fearnside et al., 200D

Muller Wenk and Bandio methodMullerWenk and Brandéo, 201@ndthe Clift and Branddo method

(Clift and Brandao, 2008)me averaged carbon stocks as a method for carbon accbastaigo been
introduced(Kirschbaum et al., 200The Climate Tipping Potential (CTR)enton et al., 2008 a
planetary boundary style approach based on the notion of thresholds in the global climdteesystem
climate change threshold is quantified as a maximum temperatureexypressed as a corresponding
atmospheric C&roncettration. The method then calculates the capacity of the atmosphere to absorb

GHG emissions without exceeding the tipping point, and any emission is assessed against that remaining
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capacitfBrandao et al., 201Pawelzik et af2013)eviewed how different LCA guidelines recommend

the accounting of biobased carbon stofageE ME & s me t h o-lbhsed majeyiaBISp2009)b i o

the European Commi ss i ¢Euardpgan Carenisionyl 200®HGt Protogoli t i at i
Initiative (GHGP, 2011)PAS 205(BSI, 2011)and the process/material carbon footpfiNearayan,

2011)

2.3.5.2Biogenic carbon emissions coveeddshydiesiew

Below, itis discussed how the different studies covered by this review have treated biogenic carbon
cycling within bioplastic life cycles. Thirty of the reviewed studies explicitly referred to biogenic carbon
modelling. As previously mentionedny of these studies just treated the biogenic carbon as having a
neutral GWP effedi i.e.,assumed that very short term biogenic carbon storage in products and product
endof-life did not influence net climate forc{®gng et al., 2013; Eerhart et al., 2012; Forte et al., 2016;

Hottle et al., 2017; Kikuchi et al., 2013; Leejarkpai et al., 2016; Maga et al., 2019; Papong et al., 2014; Semb:
et al., 2018; Suwanmanee et al., 2013b; van der Harst et al., 2014alzh20igett is likely that the

studies that did not explicitly discuss biogenic carbon simply assumed no GWP effect from changes to
biogenic carbon cycling within bioplastic value chains.

Some studies modelled biogenic carbon uptake but didtdocandof-life managemenitd.,
cradleto-gate) or were not clear in how biogenic carbon was treated atthifenbtentially generating
misleading conclusions on GWP savings from bioplastic production. Changwicizdi@&nabdelled
CO. fixation via photosynthesis of 1834, 2196, 2446 kg per kg resin for PLA, PHA, and PBS,
respectiveljHowever, this studyid not fully explaihow thesevery highvalues werderivednor how
these biogenic emissions were treated at thaf-bfed It is possiblethat the resin represented a small
percentage of the plant biomass, and that the study related back to total biereagaeStation.
However, as an annual crop feedstock veals alsnost all that carbon is likely to be released lihek to
atmospherwithin a short time spde.g.yvia animal feed or decompositi@ijnilarly, Unger et §2017)
calculated thisiogenic CQuptake from corn feedstock but did not provide a clear description of how the
biogenic carbon was treated at theaddifie. Nikolic et al(2015)lso atttiuted credits to atmospheric
carbon fixed by plants in the process of photosynthesis. breb&®bed by corn grain through the

1Hottle et al(2017)mostly modelled carbon neutralitgwever, under some conditions biopolymers did noddegra
and the carbon was considered sequestered, while icoattidgonsbiopolymers released methaséch resulted
in net positivé&sHG emissiongrom biogenic sources

30



photosynthesis process (1.34 kg K& corn) was subtracted from the gross life cycle GHG emissions
captured in this cradie-gate study. This method treats any difference between initial biogenic CO
fixation in plants and release of biogenigdL@ng the time horizon of the study as carbon storage, and
was applied in otheradleto-gate studiagviewed herg.g.Mahalle et al., 20JahdTsiropoulos et al.,
2015) However, the time horizon over which storage is accounted for may deviate frotyetretib®®
horizon pertinent to the GWdgmetric that is usuallp@ied(IPCC, 2014)n the study byiptow and
Tillman(2012) neitherbiogenic CQuptake during cultivation nor release during the bioplastic life cycle
wereexplicitlyaccounted for. However, in some sensitivity asalyaste treatment was changed from
incineration to landfiland carbosequesation was considered in the latteefsgure 2.1). Chen et al.
(2016)applied carbon storage credits to bioplastic bottles on the basis that the carbon-REfhe bio
bottles is potentially sequestkirom the atmosphere letegm in a recyclable plastic product. Therefore,
although the endf-life stage was not included in the scope of the analysis, the authors found it reasonable
to include sequestered biogenic carbon as a crediPeblwottles The credits ranged from 0#B.29

kg CQ eq.perkg bottle, depending on the scenafibese carbon sequestration credits were critical to

the better environmental outcome for bioplastics compared with conventional plastics in that study.

Other studis implemented various approaches to represent biogenic carbon with varying levels of
detail. Nguyen et §2020)ncludel GHG credits for the biogenic carbstorage, k&n as an average from
previous studieRatel et a(2018assumed 99% release of stored carbon for incineration and 95% release
of stored carbon for biodegradation of films and industrial composting of trays. When presdtging r
for the production of the studied bioplastic, they considered both temporary storage of atoaobkpheric
and longterm carbon storage in the compost (both treated as negative enSadinagiong et $2017)
modelledphotosynthic uptake ofCO; per kg ofcassava and sugarcah@4x 10 2and 8.5 10 1 kg
CO; per kgfresh matterrespectively). Enof-life sequestratiofrom the compost provided @O,
emission offset &.33x 10 3 kg per kg feedstockn the study by Belboom and Léon@&@16) only the
CO, converted ird starch or sucrose was modelled. It was assumed that the remaining carbon compounds
(e.g.proteins, cellulose, and lipids) would be degraded and emitted@th€@tmosphere within one
year and were therefore treated as GWP neutral. The amountaptd@d during growth was calculated
using a sucrose content of 17% for sugar beet and a starch content of 62.5% for wheat. Values of captured
CO, were based on stoichiometric equations of photosynthesis and were modelled ds fi8.8idgdra
beet ad 7.9 t hét for wheat. All emissions of €@uring the life cycle of the biobased polymer were
considered, including fermentation and theoétift. In a sensitivity analysis, Hansen gR@l5)
developed material balances to consiti¢the possible forms of carbon uptake and emission over the
bioplastic life cycle. Razza g@l15modelled calculated biogenic carbon sequestration credits for landfill
and composting disposiglading to GWP credits. Suwanmaneeg(20@®a)modelled the amount of GO
absorbed per kilogram cassava and kilogramacatthe @rbon sequestered by compbDsirkin et al.
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(2019)applied a stoichiometriccarboro unt i ng approach to otracko the
life cycleGuo and Murphy2012)and Benades et a(2020utilised a caion counting approach to track

carbon flows during the life cycle of the bioplastic products, including sequestration into the product and
any downstream release of this carbon during the subsequent processing, product use and final disposal
stages of thife cycleThese carbon counting approaches allow for high levels of clarity and detail.

Analysis ofhe reviewed studiehowsthatbiogeniacarbon storage can hawa@dest influence
on the net GWP burden of bioplastics when accounted for rigortudigs $hat claim a large effect
appear to have applied incomplete accounting to the biogenic carbon cycle. Best practise is to explicitly
modelbiogeniccarbonuptake storage and releaseer the extended bioplastic &ifele(e.g. Benavides
et al., 2020; Durkin et al., 2019; Guo and Murphy,28d8)indeed to account for fossil carbon over an
extended life cycle for petrochemical plastics. Such accountingcoamplesx and requiresreful
representation of biological processes. If this is beyond the scope of an LCA stiggatesiio exclude
explicit biogenic carbon cycling effects such as-tengesequestration, and instead biegjenic carbon
fluxesasGWP neutral overall (a conservative approHoh)east accurate appro@sto attribute alarge
(implying permanent) GBequestratiopotentialto bioplastics based on initi@rbonuptake inthe
feedstoclcrops without considering the enftllife fate of that carbon. Thétiould be avoiddaecause
most ofthis carboris likely tobe rereleased into the atmosphere withialative} short timeframé
certainly within the 16@ear time horizon implicit in the GWd™etric

2.3.6.End-of-life

Thewaste management treatments examined for ptastitlife and methodological decisions
surrounding the modelling of treatment processeswaing atudies. Variations include different methods
of approaching potential -pooducts generated at the -@fidife (e.g.,electricity generated from
incineration), through allocationcofproducts derived from wastegich is known to have large effect
on the environmentddurdens allocated to mairoducts(Durkin et al., 2019; Yates and Barlow, 2013)
Simplification in how the eud-life processes are represented in LCA can lead to flawed results due to the
system not being fully represented, as well as treating the different wasteemiojpiipns as perfectly
closed systems,g.,100% of waste sent for recycling with no further waste diversion. This is rarely the
case, as recycling is seldom cllwsgal(i.e.,mechanical recycling transforms products back into their
original producsysterjy and a significant amount of material is rejected, where it is redirected to other
waste management typdes percentage of which may even end up as ocear(Bighop et al., 2020)
The waste management options of bioplastics often differ from petrochemical plastics. Whilst some
bioplastics can enter the same waste streams as conventiona.gldstésET) , many candt b

alongside petrochemical plastics (within the current infrastructure) due to fundamental differences in their
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composition. However, bioplasticeafhave the options of composting or anaerobic digestion which is
unavailable for typical petrochemical plastics. In order to ensure a good comparison betweén the end
life of bioplastics and petrochemical plastics, modelling requires the develomaespasént, and
preferably differentiated, realistic scendBie®wit is explorechow the five main ernof-life waste
treatment optionef landfill, incineration, recycling, anaerdigiestionand compostinfFigure 2.1) are
modelled within the 34viewed LCA studies which evaluated the life cycle of the plastics froto-cradle
grave.

2.3.6.1Endoflife senariosvered by reviewed studies

27 of the reviewed studies modelled incineration, 22 included landfill, 18 included composting, 13
studies exploreceeycling, and 5 modelled anaerobic digeStairie(2.1). One study also included
littering, as discussedGhapter 2.3.13 (CivancikUslu et al., 201,9and onencluded degradation on
agricultural land as an esfdife option(Patel et al., 2018)

The destinations of the enfilife fates are modelled differently in almoseaikwedstudies,
making it difficult to compare between studies. Some ofCtheexplorel scenarios of 100% waste
directed to individual waste management optibhsher st udi es model |l ed Ohyb
treatment to better reflect the diverse flovpdastic wastdased either aurrent practisas future end
of-life fates Several studies also included a mix of approaches, or modelled varying percentages of waste
management contribution across multiple scentnogull breakdown of the ewdtlife fate scenarios
evaluated in the reviewed literatare be found iAppendix 3.3(Chapter 26.3). Assuming 100% single
fate provides an indicative technical potential for comparison across waste management options, but does
not give realistic resultd/hen the LCA objectives are to benchmark the environmental impacts of
bioplastic against petrochemical plastic impacts, it is important that appropriate and realistic options are

modelled, and that sensitivity of results to these choices is undertaken.
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Table 2.18 Waste management systems considered in the pertinent reviewed studies which -aiJifeadasid
management. S€able A2.1for thefull list of studies

Anaerobic 1

Study Digestion Composting! | Incineration | Landfill Recycling
1 Benavides et al 2020 Y Y

2 Vigil et al. 2020 Y Y Y Y
3 Rodriguez et al. 2020 Y

4 Nguyen et al. 2020 Y Y Y
5 Blanc et al. 2019 Y Y

6 CivancikUslu et al. 2019 Y Y Y2
7 Durkin et al. 2019 |Y

9 Giovenzana et al. 2019 Y

10 | Maga et al. 2019 Y Y Y
11 | Changwichanetal. | 2018 Y Y Y Y
12 | Choi et al. 2018 Y Y Y2
13 | DilkesHoffmanetal. | 2018 | Y Y Y

14 | Fieschi and Pretato | 2018 Y Y2 Y 2

15 | Gabriel et al. 2018 Y

16 | Horowitz et al. 2018 Y

17 | Patel etal. 2018 Y Y

18 | Semba et al. 2018 Y

20 | Hottle et al. 2017 Y Y Y Y2
21 | Lorite et al. 2017 Y Y Y

22 | Saibuatrong et al. 2017 Y Y Y

24 | Belboom and Leonar( 2016 Y

27 | Leejarkpai et al. 2016 Y Y

30 | Razzaetal. 2015 Y Y Y Y2
33 | Papong et al. 2014 Y Y Y Y3
34 | Vander Harstetal. | 2014 | Y Y Y Y
36 | Deng et al. 2013 Y Y

37 | Kikuchi et al. 2013 Y

38 | Suwanmanee etal. | 2013a Y Y2 Y1

40 | Eerhart et al. 2012 Y

41 | Guo and Murphy 2012 | Y Y 4 Y 2 Y Y2
42 | Liptow and Tillman | 2012 Y Y

43 | Gironi and Piemonte | 2011 Y Y Y Y
44 | Piemonte 2011 | Y Y Y Y
235 | Unger et al. 2017

1. Only included in bioplastic waste management. 2. Only included in petrochemical plastic waste n
3. Chemical recycling for the bioplastielofne composting and two industrial composting systebhsclBar in
what wastenanagement type was covered.

2.3.6.2Endoflife allocations
Value chains for products are often long and contain stages with multiple output processes.

Al | ocat i on pastitionilgehe ipput@roetpitflows 6f a grocespooduct system between
the product system under study and one or more other product &ytm<2006b)So, when a
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multifunctional process is linked with a process that only provides one functional reference flow, an
allocation procedure must be applied in order to partition environmesh¢alsbamong the qooducts
(materials and energy flows) ensuing from the multifunctional pAdloesdion is one of the main
methodological choices that can potentially cause large variation and disparities in (Dérkeselts

al., 2019; Yates and Barlow, 2013)

ISO guidelinegISO, 2006bjecommend the following hierardby decisions on allocation: 1)
avoiding allocatioby disentangling the unit process thatbkean recorded as a nillictional unit
process andeparating outito two or more mondunctional unit suprocesses, or through system
expansiorfi.e.,exmnding the product system to include additional functions related taptbdums);
2) partitioning the inputs and outputs of the system between its different products or functions in a way
that reflects the underlying physical relationships betweefthhireflecs howthe inputs and outputs
are changed by quantitative changes in the products or functions delivered by)il®) tystaputare
allocated between the products and functions inthatagflects other relationships between tham,
economic value, mass, volume, or energy. These guidelines can be interpreted to support various
approaches to represent the multifunctionalitn@gbglife in waste management, which can include:
second life from recycling materiedsnpost from compostingipgas, electricity, heat, aigkdtate from
anaerobic digestion; biochar, electraniy heat from incineratiamdenergy from landfijas

A system expansion approfmhrecovery from wastaanagement systems is most common in
the reviewed studiesheresystem credits are calculated to represent displaced matpgddstricity
heat or fertiliser(Belboom and Léonard, 2016; Civabski et al., 2019; Deng et al., 2013; Dilkes
Hoffman et al., 2018; Durkin et al., 2019; GirothiFaemonte, 2011; Guo et al., 2013; Horowitz et al.,
2018; Leejarkpai et al., 2016; Liptow and Tillmanm, 2012; Lorite et al., 2017; Maga et al., 2019; Nguyen et
al., 2020; Papong et al., 2014; Patel et al., 2018; Piemonte, 2011; Razza et al.,r20f%tZahipRaAL 7;
Suwanmanee et al.,, 2013a; van der Harst et al.,L#fid4) and Tillman(2012)treated the energy
recovered slightly differently in their attributional approaelidogating between both the disposal of
LDPE and generatiaof electricity functions, using the prices as partitioning bases.

When recycling was not represented by expanding the boungaoisi¢oredis for displacing
virgin materials, which is often used in clzsmgalrecyclinge.g.Maga et al., 2019; Nguyen et al., 2020)
the cutoff approach was sometimes ug&dancikUslu et al., 2019; Maga et al., 20@8izhassigns the
recycling process to the next product dylditle et al(2017)ncluded a range of approaches to recycling
int heir study, w h i ewvhh-equalgaulad dosteforBodes(disblaceément wft virginn
material s vi a rndhealtecnbtivanat) e r i-®ETudind et aifseti theein fossil
based counterparts du-iwithrtcarectioaf caycctd oeprége)d 30%matedial 6 s u b s t
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loss during endf-life processingVan der Harst et §2014)applied credits for the recycled plastic, based
on avoided production of virgin material, but corrected according to economic values of éoyitieohd r
materials as to include the loss of quéliyopenloop recycling modelling, Piemo(2611)allocated

50% ofthe benefits and burdens deriving from the recycling process between the two proditets (first

and secontife).

In several studies, it was undheav allocation had occurr@dg.Blanc et al., 2018hangwichan
et al., 2018; Choi et al., 2018; Fieschi and Pretato, 2018; Gabriel et al., 2018; Giovenzana et al., 2019; Semb
et al., 2018; Vigil et al., 202@hilst allocation of eraf-life coproducts may indeed have been used in
these studies, a AGhould clearly state all fundamental methodological decisions, so as to allow clarity in
resultgISO, 2006aAllocation from upstream processes can also affect the results, especially of bioplastics,
and is further discusseddhapter2.3.8. It is clear that 100% recycling to the same qualityial (100%
closed loop) is impossible, either for bioplastics or petrochemical plastédif&Etrdatments should be
realistic in their assumption to avoid biasing results. Where bioplastics and petrochemical plastics being
compared undergo difemt endof-life treatments, especially where recycling into new plastic products
vary, the number of recycling loops considered within the system boundaries could have a profound effect
on resultgvan der Harst et al., 2018gny studies lack rigour and transparency in this regard.

2.3.7.Uncertainty Analysis

The wide range of activity data, system boundaries, modeltiag €lgpallocation method) and
endof-life scenarios required for modelling the whole life cycle of plastics can result in large uncertainties.
Uncertainty analysis is often performed to determine how uncertainties in data and assumptions progress
in the calculations and how they affect the reliability of the results of the life cycle inventofys@nalysis
2006hb) ISO guidelines state thdttetresults of uncertainty analysis and data quality analysis should
supplement cheskvithin the evaluation phase of the interpretation stage. Howewgtthe 44 reviewed
studies, although many studies included some form of sensitivity analysis, only seven included an
uncertainty analygilvarenga et al., 2013; Deng et al., 2013; Forte et al., 2016; Ngugea®&tRézza
et al., 2015; Rodriguez et al., 2020; Vigil et al., 2020)

All theseseverstudies performed Monte Carlo analgsgdpagate error ranges through model
parameters. Nguyen et(@020)combined Monte Carlo analysis with-parametric bootstrapping
mitigate error in the financial and environmental outc@imiesextra analysis was performed because it
did not require any assumption in da&tibution, or normality, and could also be used when a parametric
formula for uncertainty was inapplicaBiiten theuncertaintyof the parameters was estimaut a
pedigree matrito generate standard deviations on the inputs and outputs whhimieacocess of the
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study before the Monte Carlo analysis waéAtuarenga et al.023; Rodriguez et al., 2020; Vigil et al.,
2020)

An overview of best practices of treating uncertainties in LCA can be found in 1¢231€X) al.
ISO standarddSO, 2006bjtate thatmanalysis of results for uncertainty shall be conductéddiess
intended to be used in comparative assertions disclosed to théApublitggh degree of uncertainty
surrounds emerging technologies pertaining to bioplastic production, use;cdsife encicertainty
analysis should be included in LCA studiegenerate robust comparisons and conclusions on the
environmental sustainability of bioplastics and petrochemical plastics.

2.3.8.Attributional and consequential LCA modelling choices

There are two main modelliagproachegor life cycle inventory analysagtributional and
consequentidlCA modellingWithin a attributional LCAtheinputs and outputs are retrospectively
attributed to the functional unit of a product system by linking and/or partitioning the unit processes of
the system based on a normatipproaciiSonnemann and Vigd2)11) In attributional modelling, all
relevant materiahd energynputs are based on average supply data to quantify the environmental impacts
of a specific systefikvall et al., 20163 ttributional modelling is the most common approach used in
product system l&and t he cal cul ati on .dhe allecatiori of epnoducsn t a | 0
from endof-life wastewasdiscussed i@hapter2.3.6.2, however, further allocation can occur during the
production phaseawhich is especially relevant for crop feedstaltivation.Allocation ofproduction
phaseco-products s partitioned through system expandieq., Nguyen et al., 2020conomic
allocation(e.g. Belboom and Leonard, 2016; Changwichan et al., 2018; Dier20&BaDurkin et al.,

2019; Eerhart et al., 2012; Forte et al., 2016; Guo and Murphy, 2012; Hansen et al., 2015; Mahalle et al.,
2014; Patel et al., 2018; Razza et al., 2015; Rodriguez et al., 2020; Tsiropoulos et al., 2015; van der Harst €
al., 2014)mass allocatiqe.g.Belboom and Leonard, 2016; Chen et al., 2016; Deng et al., 2013; Durkin

et al., 2019; Beart et al., 2012; Gironi and Piemonte, 2011; Hottle et al., 2017; Liptow and Tillman, 2012;
Papong et al., 2014; Piemonte, 2011; Razza et al., 2015; Semba et al., 2018; Tsiropoulpara al., 2015)
energy allocatiofe.g.Belboom and.eonard, 2016; Durkin et al., 2019; Giovenzana et al., 2019; Hansen

et al., 2015)

On the other hand, consequential LCA models are prospective as they aim to model the
consequences of future decisidnsonsequential LCi& a system modelling approiacivhich activities
are included in the product syq®ineing evaluated ority the extent that they are expectecheinges
a consequence of a change in demand for the function@Qm&2.0, 2015; Sonnemann and Vigon,
2011) Consequential modelling subsequently uses unoeds(ai marginal) suppliers in the product
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systems that can increésedecreasgyroduction if there is an incredee decreasé) demand for a

product or process, as well as for the products and processes which will be substituted in other systems
(ie., system expansion) due to additional production -pfoctucts(Ekvall et a).2016; Ekvall and

Weidema, 2004urther Weidema et §R018emphasised thielationship of consequential thinking with
responsibilityThey stated thahe diteral meaning of respsibility implies a focus on consequences that

can be meaningfully acted upon and changed They we nt obatooroinctl airdte
responsible decisionakemusalways take responsibility for the activities in the consequential product

lif e c Vherefare) consequential LEArguably thpertinent methodological approach to askess

decisions of replacing petrochemical plastic with bioplastic m&eritas. consequential studies of
bioplastics are not common. Within our reviditerdture pnly two studies includetlearconsequential

modelling within the life cycle inventory andlibiarenga et al., 2013; Liptow and Tillmanm, ZlHi&ye

studies included iLUC (as aésed inChapter 2.34), avoided allocation through boundary expansion,
considered the marginal suppliers to produce the feedstocks, and marginal technologies were modelled for
processes such as electricity production. As the development and deployment of bioplastiss accelerate
there is a need for consequential LCA studies that evaluate wider environmental outcomes linked to realistic
deployment scenarios, representiepalia plausible endf-life management linked with infrastructure

and consumer behaviour. Challenges €onsequential modelling may revolve around the difficulties of
dissemination of the consequential LCA results to the public and policy makers, as models are often
considerably more complex and uncertain than attributional LCA studies.

2.4.Key recommendatios

The following criteria are recommended for comprehensive LCA evaluation of bioplastic sustainability,
to ensuré¢hat genuine environmental savinga@rievednd thabne set of major environmental impacts
are not simply swapped with anotetrof mpactsas we transition away from petrocheridtiowards
bio-based plastics

1 Adopt a comprehensive impact assessment methodology such aaPE&staelect impact
categories that captymgority environmental challengeg(those identified in the Planetary
Boundaries concept) in ordeattequately reggent environmental sustainability

1 There is a need to identify how plastic littering effects can be integrated into existing impact
categories or represented in a new impateigory. Whilst there are many projects and
researchers looking at the integration of plastic litter into(&gAMarILCA, 202Q)full
representatioaf allenvironmental impacastributable to lastic debrigvithin life cycle impact
assessment indicators remains some wajusffsome of theanyfactors that need to be
considered when developing a model for the environmental impacts (as discussed in FSLCI
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2020 include: the polymer type and therefore the persistence of the plastic; the size and shape
of the plastic; the degradability of the plastieddtathe environment the plastic resides in;

the magnitude and type of chemical release into the environment, sarbeleenbxic

effect; the risk of ingestion or entanglement; the redistribution between environmental
compartments; awddefate uncertainty.llof which will requirenodelling ofegionalised fate

and transport modelling, and better understanding of ecological interactiomsnterim,

simple reporting on quantities of plastic likely to accumulate in the open environment (based on
littering rates and biodegradability) could be included alongside impact category results in LCA
studiege.g.CivancikUslu et al., 2019)

There should be more detailed and transparent reporting of LCI data within plastic LCA studies,
and improved effort should be made in presenting the data of the LCA studies so takthe mo

are 1) easily understandablaré&)sparent; 3) complete; 4) clear; 5) reproducible

Additivesshould be included in LCls for plastic LCA studtisss there is clear evidence that

they contribute <1% tallimpact categorie&.need for more studies specifically evaluating the
environnental impacts of these additives identifiedespecially surrounding efdife fate

and impacts

Land usés a critical aspect of bioplastic life cycles. Significant direct and indirect land use change
impacts lsould be accounted for

If accounting fotemporary biogenic carbon storage, studies should do so carefully with explicit
endof-life accounting of carbon release. Otherwise, it is better to just eiioymlifeed

approach in which biogem@rboncycling is treated as GWP neutral

End-of-life management of all plastid®sld be based on plausjbikepresentativeptions
appropriate to the plastic type (and infrastructure availathleensitivity analygestitioning

plastic differently across relevaits

Uncertainty and sensitivity lysas should reflect major assumptions related to the above critical
issuesUncertainty analysis is especially critical when creating scenarios due to the potential
magnitude of uncertainty the occurs when dealing with the emerging technologiesics bioplas
There is a need for application of consequential LCA to represent the environmental outcomes
of widespread substitution of petrochemical plastics with biop&isifiisg to more forward

looking consequential LCAs will be critical to more accuwajfglye the likely effects of
displacing petrochemical plastics with bioplastics via specific scenarios of deployment. Due to
the uncertainty of future context and decisions, establishing a suit of consequen({déhntpdels

and Heijungs, 2018)ay represent the most fellae way t o approxi mate a
process of developing consequential LCAs elucidates linkages that may otherwise be missed, and
thus important for informing decision making around bioplastic deployment
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2.6.Appendices for Chapter 2

2.6.1Appendix 2.19 The 44 reviewed studies

Table A2.10 The 44 LCA studies explored in the review, vexiplicitly benchmark the environmental impactpadfific bioplastics against petrochemical plastics

Study Author(s) Title Year Studied bioplastic Studied petrochemical plastic
1 | Benavides, P.T., Lee, U., Ziliéhrjerdi, Life cycle greenhouse gas emissions and energy use of polyl:i 2020 Bio-PE HDPE, LDPE
O. acid,bio-derived polyethylene, and fedsilived polyethylene
2 | Vigil, M.,Pedroshaza, M.,Cabal, Sustainability Analysis of Active Packaging for the Fresh Cut 2020 PLA with reinforced PP, PP reinforced with ZnO
J.,Ortegdrernandez, F. Vegetable Industry by Mean®dfibutional & Consequential Life ZnO nanoparticles nanoparticles
Cycle Assessment
3 | Rodriguez, L., Fabbri, S.,Orrego, C., Comparative life cycle assessment of coffee jar lids made fror 2020 Composite of banana Composite of banana fibres an
Owsianiak, M. biocomposites containing poly(lactic acid) and banana fiber fibres and PLA HDPE
4 | Nguyen, L K., Na, S., Hsuan, Y G., Uncertanty in the life cycle greenhouse gas emissions and cos 2020 Bio-HDPE Pristine HDPE, HDPE/PCR,
Spatari, S HDPE pipe alternatives HDPE/PCR/nanoclay
5 | Blanc, S., Massaglia, S., Brun, F., Pear Use of BieBased Plastics in tReuit Supply Chain: An Integratec 2019 Materbi (mulch)/PLA  PE (mulch)/PET (packaging)
Mosso, A., Giuggioli, N.R. Approach to Assess Environmental, Economic, and Social (packaging)
Sustainability
6 | CivancikUslu, D., Puig, R., Hauschild, M Life cycleassessment of carrier bags and development of a litt 2019 MaterBi bag HDPE, LDPE, PP, (paper) bag
Fullanai-Palmer, P. indicator
7 | Durkin, A., Taptygin, I., Kong, Q.Y., Scaleup andSustainability Evaluation of Biopolymer Productior 2019 PLC PS
Resul, M., Rehman, A., Fernandez, A.N from Citrus Waste Offering Carbon Capture and Utilisation
Haryey, A.P., Shah, N., Guo, M. Pathway
8 | FernandeBrana, A., FeijeBosta, G., Looking beyond the banning of lightweight bags: analysing tht 2019  TPS biebag HDPE, recycled HDPE bag
DiasFerreira, C. of plastic (and fuel) impacts in waste collection at a Portugues
9 | Giovenzana, V., Casson, A., Beghi, R., Environmental benefits: Traditional vs innovative packaging fc 2019 Trad packaging (PE/  Bio Packaging (PLA/ Bio
Tugnolo, A., Grassi, S., Alamprese, C., olive oil Al/ PU/ PET) PE/AI)
Casiraghi, E., Farris, S., Fiorindo, I.,
Guidetti, R.
10 | Maga, D., Hiebel, M., Aryan, V. A Comparative Life Cycle Assessment of Meat Trays Made ol 2019 PLA XPS CC, XPS OC, XHS/OH,
VariousPackaging Materials PSEVOH, rPET, rPEFPE,
APET, PP
11 | Changwichan, K., Silalertruksa, T., Eco-Efficiency Assessment of Bioplastics Production Systems 2018 PLA, PHA, PBS PP
Gheewala, S.H. End-of-Life Options
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2.6.2.Appendix 3.20 Impact categories covered by reviewed studies

Table A2.2 8 Impact categories covered by the reviewed studies, grouped by similar LCA impact categories
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2.6.3.Appendix 3.30 End-of-life scenarios covered by reviewed studies

The most common method of modelling-eftife processes is to model different scenarios of
100% waste directed to individual waste management options in order to then compare across products
and systems, or across individual management detipB&Iboom and Léonard, 20B&navides et al.,
2020;Choi et al., 2018; Deng et al., 2013; Difikébnan et al., 2018; Durkin et al., 2019; Eerhart et al.,
2012; Gabriel @., 2018; Giovenzana et al., 2019; Guo et al., 2013; Horowitz et al., 2018; Kikuchi et al.,
2013; Liptow and Tillman, 2012; Nguyen et al., 2020; Patel et al., 2018; Piem&tudrig0éi;et al.,
2020;Semba et al., 2018; Suwanmanee et al., 201Ra; Marst et al., 2014)

Many other studies modell ed Oohybriddéd scenari
flows of plastic waste. Some studies attempted to model current practises within Boeazsogle,
Blanc et al2019)modelled that 20% afl plasticsvereincinerated and the remaining 80% were disposed
of in landfills. Civancildslu et al. modelled current exfdife scenarios depending on the current Spanish
waste management for each plastic polymer type. Raz20gbphodelled current waste management
scenarios of 41.3% composting + 21.3 incineration + 37.4% landfill for bioplastic, and 0.5% recycling +
47.4% incineration + 52.1% landfill for petrochemical plastic, follgvaeahditivity analysis of higher
recycling rates both for petrochemical plastic (30% and 50%) and bioplastic (50% composting).

The approach of modelling waste management to include the typical practices and then compare
with future scenarios (includin@%®directed waste) was common in the consulted studies. In the study
by Maga et a12019) two scenarios of emud-life waste treatment were explored. Scenario 1 investigated
the current endf-life management situation in Europe, based on the polymertypeas a second suite
of scenariowvasbased on the European strategy for plastics in a circular economy in 2030. Changwichan
et al.(2018)modelled five different erad-life scenarios: 75% landfill + 25% recycling, 70% landfilling +
30% composting, 100% composting, 100% recycling, and 100%ationin€ieschi and Pretd018)
modelled 55% landfill + 45% incineration (which was considered the European average) and 100%
composting for the bioplastic. lterét al(2017created two scenarios for the-eftife phase. The first
modelled the current plastic packages treatment scenario in Europe (PET: 60% incinerated + 40%
landfilled, PLA: 20% composted + 40% incinerated + 40% landfilled), and the second modelled the desir
scenario for the future (PET: 100% incinerated, PLA: 100% compdggdit al.(2020)modelled
current MSW of PP as a reference system, but up to 100% composting for-BiéAAw@nario, and
50% incineaation and 50% landfill for the ZAP scenario.

Several studies also compared varying percentages of waste management contribution, without
including the current waste management practices. Hott[@@t Bpresented their waste management
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results as a continuous range of twead#ife scenarios for each polymer: from 100%ilked to 100%

recycled, or from 100% landfilled to 100% composted. Saibuatrai2§ &7 gikplored 6 scenarios: 100%
scenarios of landfill (with and without energy recovery), incinerati@oyrgrasting, as well as 50%
landfill + 50% composting, and 50% incineration + 50% composting. Gironi and Pi@@bhje
modelled 100% of waste diverted to incineration, recycling, anihgfalfiloth PLA and PET bottles,

with 100% composting also considered for the PLA. Further, the following hybrid scenarios for the end
of-life of the product were considered: PET: 70% recycling + 30% landfilling, 70% recycling + 30%
incineration, 50% reding + 30% incineration + 20% landfilling, and PLA: 50% recycling + 50% landfill,
50% recycling + 50% composting, and 40% recycling + 30% composting + 15% landfilling + 15%
incineration. Leejarkpai et @016)include all three sta&rios mentioned, where they explored: 100%
landfill, 96% landfill + 4% composting (based on current recycling scenarios in Thailand), 50% landfill +
50% composting, and 100% composting. Papong(20Bd)covered the scenarios of PLA as 100%
composting, incineration landfill (with and without energy recovery), and chemical recycling, but also 80%
composting: 20% landfill, and 80% compostih@0% incineration.
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3. Recycling of Europeanplastic is a pathway for plastic debris in

the ocean

Abstract

Polyethylene (PE) is one of the most common types of plastic. Whilst an increasimpstaraaimer

plastic waste from Eurojsecollected for recyclimg% ofseparated PE wasteexprtedoutside of the

source countnjir(cluding intréEU trade). The fate of this exported European plastic is not well known.

This study integrated data on PE waste flows in 2017 from UN Comtiagen agpository providing

detailed international tradatgl with best available information on waste management in destination
countries, to model the fate of PE exported for recycling from Eurog#8(Ebrway,and Switzerland)

into: recycled higliensity PE (HDPE) and lewve nsi ty PE ( L D®iBgneratienand n s , ol
ocean debris. Data uncertainty was reflected in three scenarios represeiotingmigiiverage recovery
efficiency factors in material recovery facilities and reprocessing facilities, and different ocean debris fate
factors. Thedtes of exported PE were then linked back to the individual European countries of export.
Our study estimated th@8,187 Mg (tonnes) (range: 32,11%5Mg@ 0, 558 Mg) , off 3% (
exportecEuropean PE in 2017 ended up in the ocean, indicatmgatantand hitherto undocumented

pathway of plastic debris entering the oceans. The countries with the greatest percentage of exported PE
ending up as recycled HDPE or LDPE were Luxembourg and SwitAf8tanecycled for all scenarios),

whilst the countryith the lowest share of exported PE being recycled was the United Kingdém (59%
80%, average 69% recykldthe results showestiong,significantpositiverelationship betweerthe

percentage of PE exported out of Eurapdthe percentage of exportsigh potentially end up as ocean

debris. Export countries may not be the ultimate countries of origin owing to comgiex frade in

PE waste. Although somewhat uncertain, these mass flows provide pertinent new evidence on the efficacy
and risks of cuent plastic waste management practices pertinent to emerging regulations around trade in
plastic waste, and to the development of a more circular economy.
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3.1.Introduction

Plastics are a versatile and ubiquitous material in the global economy. Plastic popularity can be
attributed to the polymers being light, durable, mouldabiegtiitnydrophobicand inexpensive to
produce. Plastic products and packaging have thus contsignditantlyto global economic
developmenand environmental efficieneyg. reducing food waste bycreasing the longevity of food
(Barlow and Morgan, 2018Bhe global production of plastics is (@styer et al., 201 Polyethylene (PE)
is one of the most common types of plastic. European plastic demand by polymer tygensftyow
polyethylene (LDPE) and high density polyethylene (HDPE) was 17.5% ande$pe3%tvelyof all
plasticproducedn 2016PlasticsEurope, 2018)

The hugescale of plastiproductionhas led to large quantities of ptagtasteposing an
environmentathallengdnevitably,drge quantities of plastiasteend upn the oceanAuta et al., 2017)
a phenomenon emerging as a major ttireaean ecosystems and fologingWilcox et al., 201B)lastic
pollution is widespread, being found in even the most remote marine envir@hileatet al., 2018;
Jiang, 2018l is estimated thaherearecurrently over Ibmillion tonnes of plastic waste in the ocean
(Ellen MacArthur Foundation, 20JRiasticpolymersan survive for hundredsesrerthousands of years
depending on thtype of plastic and the environment that the plasiaerd(Thomson et al., 2004;
Verma et al., 2016; Xanthos and Walker, .284iMals can become entanghéthin or ingestarger
plasticfragmentswhich can lead to suffocation or starvatiknee et al., 2014; Lusher et al., 2015)
However, plastic pollutiggoes beyond maeptastic litter. Microplastics can contain additives, which have
the potential to leach into the surrounding environment, resulting in toxmiganismsincluding
carcinogenesis and endocrine disrugtiohumans(Cole et al., 2011; Talsness et al., .2006)
hydrophobic nater and large surface areaolume ratio of microplastican concentratpersistent
organic pollutants (POPEPm the surrounding environmefftong et al., 2017; Li et al., 2028
microplastics are similar in $@zthe small food sources of many primary consumersathbe digested
by a wide range of organisgright et al., 2013jhus, POPs carceumulate in different organisms,
potentially undergoing biomagnification along the food (tlaaimrand Thompson, 2014)

Due to the large burdens placed on the envirorineemtwasteand the scarcity of some finite
resources disposed of inwatste, 8 raca |l ar e c dasemeywddcDanougheandtBragart,
2002) Inspired by the workings méditural ecosystamhe model is a regenerative system which performs
within ecological limits by reducing the need for resource extraction and abandoning theteeasiépt of
(Geissdoerfer et al., 20IIMe main idea of the circular economy is the principle oftoradielle, which
aims to clos both biological and technical material IgbfzPonough et al., 2003; McDonough and

Braungart, 2002Multiple European directives and strateggetining toplastic waste have been
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implementedacilitating théransition towards a more circular econ(®uyopean Commission, 2018a,
2018b, 2008, 199®)astic recycling is integrathte EU policy on the circular econoffyazarevic et al.,
2010)The challenge of managingreasing quantities of plastic waisterted for recycling in Europe has

been partially met through exportlafstics destined for recycling to-mgt countries outside of Europe,

until recentlyspearheaded by China. Collectively, China and Hong Kong have imported 72.4% of all
exported plastic wasgéobally(Brooks et al., 2018)6% of postonsumer plastic waste from Europe,
collected for recycling, is expor{gdichincludes exportation within Eurgp@Vilson et al., 2015)
Increasing attention @mvironmentathallenges in some destination coungrigsanginghe market for

plastic wasteln 2017 China implemented new polibanning plastic waste importatioom 2018
onwardgMinistry of Ecology and Environment, 20TH)s is likely to have major consequences for the
fate of European astic waste, but so far, no complete official trade data have been published to explore

the implications.

Plastics are usually distributed between three fractions: plastics in-asesypust managed
plastic waste and mismanaged plastic {vabteton and Andrady, 201anaged plastic waste is usually
disposed of byecyclingincineration or landfill, whereas mismanaged waste is waste that is either discarded
into the environment or is inadequately disposed (which includes disposal in dumps or open, uncontrolled
landfills)andmay end up in the ocea@ambeclet al, 2015) Mismanaged waste has a stionerse
correlation with GDP per capitebreton and Andrady, 2019his suggests that if wasteexported
from a high GDP country to be recycled in a lower income cotimrg is significamotentialfor
0| e ak a g esdvironnmehtbhe rejeéceed material from recycling could be a paforay into the
environment if the waste is inadequately disposed of in the exporting countries which predominantly use
open and uncontrolled landfill® the best of our knowledge, this potential pathway of plastic ocean debris
has not been previousjyantifiedWhilststudies have incorporated or evaluated the exportation of waste
into masdlow or endof-life studies of plastic recyclik@wecki et al., 2018; Mutha et al., 2006; Sevigné
Itoiz et al., 2015; Van Eygen et al., 20ténrdebris hasot beenconsidered as an eafilife fatefor
the plastic was In part, this gap reflects a sparsityathdn waste management aadycling ystems
(Christensen et al., Z000ften, recycling rates amalculatedbased on quantitieent for recycling,
irrespective of the final fate of that separated Wastarevic et al., 2010; Velis, 2044hore accurate
undertanding on the fate of plastic waste is imperative to inform better management practice and policy
making around the circular economy. For example, comparing the environmental sustainability of
petrochemical plastic recycling in a circular economy agsiiifsttowards biodegradable (bio)plastics
requires accurate information on flows and fates of all plastic.
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The goal of this study was to generate quantitative mass flows of PE waste exported for recycling from

Europe to stimatehe endof-life fate of this plasticncluding ending up as ocean deRaslistic recycling

flows were created from thmost recenavailable data to act as a benchmark for future scenarios.

3.2.Materials and Methods

3.2.1.0verview of Recycling Flow

The typical European PE yeting chainRigure 3.1) is modelled in this study.

Rejected
Material
4
2
theee R I Exported
PE for
High-Density \ recycling
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o)

Reprocessing

Matanial Hecoveny 1 Facility (Domestic

5
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Incineration

Recycled HDPE

System Boundary

Figure 3.1 8 The typical flow of polyethylene collected for recycling in Eukbpabersi-5 relate to the
chronological sequence of analytical stages in the study, separated into subchapters in the Methodology description.
Rejected material from European MR#snot included in the final fate of the PE within this stady.andf i | | 6
includes camolled landfillsqumpsand open, uncontrolled landfillerrestrial debris was not considered within this

study, sois embedded t h ilandiltoh & ad egotreged MRaetjer i al

recycled. Red lines représthe highdensity polyethylene (HDPE) path. Blue lines represent tiaerieity

refl ects

cont ami

polyethylene (LDPE) path. The dashed line to inadequately managed waste represents a pilepditiordbf 6

which rejected material is inadequately dispobagtér3.2.7)

66



Before describing each stage of analysis (represented by a rkigurer3ii) in more detail in
subsequent sections, we provide a brief elaboration of the recycling chélre heitéal step in the
recycling chain involves the disposed wasig taiected and sent to a materials recovery facility (MRF)
(Stage 2Figure 3.1), where materials are separatediedoed plast&treamstypically by a single plastic
type The sorted waste is then baled and transported to a repréaetisprapmestically or abrq&tage
1, Figure 3.1). In these reprocessing facilities, the plastic is recycled into resins whéseiessdling
(the recycled material substituting virgin material to create an identical product typepprrepgeiing
(the recycled material mostly substituting other materials) Bogamsontet al, 2009)Stage 3Figure
3.1). The export of PE from the MRF to the reprocessing facilitiedirstipeint of primary interest for
this studywhich focusses on quantificatiotheftrue fate gbostconsumePE exportedsia commodity
to be recycled.

3.2.2.Scenarios

There ara lack of official data from industry or government regarding the true fate of plastics
exported outside of Europe for recycling. This study integrated best available evidence published across
multiple source30 prevent any potential forced assumptarstio deal with the range of values obtained
from theliteraturethreescenarios wedesignedo cover theange of/alues possible for key parameters
at critical control points in the recycling value chigjaré 3.1, Table 3.1).

Table 3.10 The thee scenarios used within this study, covering the three key parameters of control points based on
the efficiency of recovery for the polyethylene recydirig efficiency refers to the percentage ofdhegisity and
low-density polyethylene (HDPE and LDR#ich is sorted into single plastic stre@magter3.2.4). Reprocessor
efficiency refers to the levels of polyethylene which are recycled at the reprocessinGHapii@i€s2(5. The
reprocessing efficiencies are separated by economic classificatioidstidonwcome (LMI), uppeniddle income

(UMI), and high income (HI). Ocean debris refers to the percentageerfuately managed waste entering the
oceangChapter3.2.7)

Scenarios MRF efficiency % Reprocessor efficiency % Ocean debris %
HDPE LDPE LMI UMmlI HI

High recovery efficiency (HIGH) 98 95 70 80 90 15

Average recovery efficiency (AVG, 77.5 74.5 50 70 90 25

Low recovery efficiency (LOW) 57 54 30 60 90 40

The scenarios included with the stuidable 3.1) include: a high recovery efficiency scenario
(HIGH), applying the higheMRF Chapter 3.2.4) andreprocessingChapter 3.2.5 efficienciesand
lowestrate ofocean debrisansfer(Chapter 3.2.7); alow recovery efficiency scenario (LO&gplying
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the lowest MREndreprocessingfficiencieandthe highesbcean debrigansfer factqgrand the average
recovery efficiency scenario (AV&)plyingaverage efficienciaad ocean debris transfer facidre
AVG MREF efficiencyvastaken as an averagdlefLOW and HIGH scenarivaluesThe values of the
three key parametef@ble 3.1) are discussed in detail later.

3.2.3.Exported European PE trade flows

Stage XFigure 3.]) involved identifying the quantitéesl destinations of the separated PE flows
from the European MRFs to the reprocessing facilities, including @uessmknonEuropen
reprocessors. UN Comtradenited Nations, 2019adn open repository providing detailed annual
international trade data for imports and exports of many commaodities, was utilisednagtidata
sourcdort hi s study. UN Comtrade data for OEthyl ene p
for each country in E&28, Norway and Switzerland to map the flows of PE waste being exported from
and within EuropéseeChapter3.2.9. There were missing data in the 2018 dataset, so 2017 UN Comtrade
data were used as thest recentomplete data sesieco model the flows of PEdble S1 Appendix
3.7. We discuss caveats around this dataShsajster 3.2.9 Within the mass flow (a closed mass balance
that expresses the movement of material between stages), it was assumed that 63% of waste sent to Hong
Kong was sent straight to mainland China, based on recently publiBrdaletat al., 2018)

Each individual export flow from each European country which exported greater than 0.010% of
the total mass exported fromr&pe was recorded and used to quantify the flows. Toi aatounted
for 9843% of the total waste flows. The individual flows of PE plastic smeaiiethan 0.010% of the
total mass exportgahd the flows which did not report a specific locatibinwine UN Comtrade datet,
were compiled as a cat etingtoly55%0htedothl trad® expogtedfrom oc at i
the 30 European countriekhus resultsaccount for 100% of theeportedtraded waste. The full UN
Comtrade daset underpinning this studyan be found in the supplementary materblé S1
Appendix 3.1.

3.2.4.Breakdown of collected PE waste into ratios of exported HDPE and LDPE

The initial step in the recycling chain involves the collected waste being sent eolyiEtF.
recycling rates are affected by ease of separation, quality of recycled material and ma&igigteatand
al., 2017; Strangl et al., 20HDPE is widely accepted for recycling in Europe, but not all recycling
schemes accept LDPHowever, lhe UN Comtrade data for the exporP&do not differentiate HDPE
and LDPE, so assumptions had to be made to estimate the ratio of HDPE and LDPE being exported from

MRFs (Stage 2 Figure 3.1). There is little information regarding the breakdowratsrials or polymer
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types sent to MRFs for sortiREPAK, 2018)However, recent MRF studi€ampan et al., 2015; Pressley
et al., 2015ylentified that MRF inpsibf PE waste comprised approximately 34% LDPE and 66% HDPE
(if assumed that film plastics are LDPE). Due to the differences between LDPE ansep@gton
efficiencyat the MRF stage, we sepa®E outinto representative floved LDPE and HDPE into the
MRFs based on the aforementioned input split, and out of the MRFs based oM§ieodftovery
efficiencies for LDPE and HDP{lescribed below]his allowd us tcconvert theJN Comtrade data

for PEflowsinto LDPE and HDPE flows out of Europdifferentiated byscenario.

MRFs across Europe employ a range of technologies and are automated to differefitelegrees
guantities of rejected material im BRFsorting stage can vary greatly, reflecting contamination with food
waste or nomecyclable items and the heterogeneity of plastic prfciittisn et a).2010; Lazarevic et
al., 2010)Whilst plastic contamination could be removed within MRFs, it is usually more economically
feasible for the waste to be diverted to another waste @rranos et al., 201Published benchmarks
and data on process efficiency for MRFs ardMasellone et al., 201The efficiency of the MRFs
depend especially on the technologies that the facilities have installed pthstioonand the level of
contamination of the incoming waste. The scenarios utilised a conservative range of values found in the
literaturgEriksen et al., 2018; Pressley et al., @0dmsyompass a range of potential outcomes. The study
by Pressley et #2015)uses data from Seatfl$SA), butdue to the limitation of data available, it was
assumed that the high efficiency of the MRF would be similar wigeHayiming MRFs in Europe.
Assuming from these studies that film plastics represented LDPE, for the HIGH scenamsbiritahets
that 95% LDPE sent to the MRF was recovered, and that 98% of the HDPE was retabker8d)(

(Eriksen et al., 2018; Pressley et al.,. 20160 OW scenario employd&RF recovergfficientesof 54%

for LDPE and 57%or HDPE (Table 3.1) (Eriksen et al., 2018he AVG scenario MRF efficiency was
taken as an average of the HIGH and LOW MRF efficiencies, resultiagoveayefficiency of 74.5%
and 77.5% for LDPE andDBPE, respectivelf&ble 3.1).

3.2.5.PE reprocessing efficiency

Following sorting at a MRF, plastic is baled ansptreted to a reprocessor located in the same
country or abroad. The fate of recycled plastic material in importing countries is not dodumented.
significant fraction of imported plastic destined for "recycling" ends up in(Meliill2014however
data on exact figurase lackingAt the reprocessing facility, the waste undergoes further processing before
the plastic waste can be recy(®edlow and Morgan, 2013he levels of rejected waste at reprocessing
facilities can vary, depending on the technology of the reprocessor, products that are to be made and the
guality of material that the reprocessor rec&texge(3Figure 3.1). There is little information regarding

the efficiency of individual recycling reprocessudsyarious studies and media reports have referred or
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alluded tdarge reject rates in nBnropean reprocessing facili(gsard, 2019; Retamal et al., 2019; Velis,
2014) Among the little hard data availabl)% material loss of pladtiom reprocessing féiteswas
reported by Merrild et §2012)Barlow and Morgan (20%8%0 noted that when theaterial is shredded,

cleaned and extruded, a loss (reject rate) of 10% is typical, botiaohigh(HI) countries (below).

It has been noted that there is a strong correlation between waste management efficiency and
economic classification of countii€aza eal., 2018; Lebreton and Andrady, 20hShis study, the
efficiency of the reprocessing facilities, and thus the levels of PE rejects, was determined for each country
importing PE waste by economic classification according to their gross national income (GNI) per capita,
based on the WorldaBk Atlas methoflhe World Bank, 2019owincome (LI) economies are defined
as those with a GNI per capita of $1,025 or less; lower-mwtitee (LMI) economies are those ith
GNI per capita between $1,026 and $3,995; upper-miitiee (UMI) economies are those with a GNI
per capita between $3,996 and $12,375; and HI economies are those with a GNI per capita of $12,376 or
more (Table SZThe World Bank, 2019)

Due to large uncertainty, théle range afeprocessing facility efficiendresn LOW to HIGH
scenariosT@ble 3.1) provides aensitivity analysis covering the likely bounds of effjciemese the
lowerbound is likely to be the lowest prevailing efficiency that will be found in these countries, and the
upperbound is likely to be the highest prevailing efficiency. The efficiency of the reprocessing facilities for
the HIGH scenario wassumed to be 90% for the HI countries, 80% for UMI countries and 70% for
LMI countries. The efficiency of the reprocessing facilities for the LOW scenario was assumed to be 90%
for the HI countries, 60% for UMI countries and 30% for LMI countries. Tt¢ierad§i of the reprocessing
facilities for the AVG scenario was assumed to be 90% for the HI countries, 70% for UMI countries and
50% for LMI countriesT@ble 3.1) (Barlow and Morgan, 2013; Beard, 2019; Merrild et al., 2012; Retamal
et al., 2019; Velis, 201%he studgpans broad range woverthe higher uncertainty and greater range
of performane in LMI countries compared with the less range defined in HI countries as the HI countries

are more tightly regulated.

3.2.6.Fate of refected material

Rejected plastic waste is typically disposed of by incineration or lgitfiisntan et al., 2017)
The proportions of rejected PE (combined HDPE ar
the reproessing facilities were calculaBtdge 4 Figure 3.1). The specific fates of plastic reject waste
from the repossessing facilities were estimated using country specific municipal solid waste (MSW)
management practices taken from a 2018 report by tlhieB&ok{Kaza et al., 2018)/ithin the report,
waste treatment of MSW by country was calculated and reported from a range of sources. The fates of th
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entire MSW category included landfill, recycling, composting, anaerobic digestion, incineration and
ounaccounted foro6 waste. As many countries did
controlleduncontrolledpo r open, the study treats all ol andf il
is broad and in fact includes other fates, including debris loss to theGhagars32.7) and terrestrial
debris. Initially, theré naaslt equvaenrtel td censs eorfv aotui nvae
weight across all of the reported waste management types for thafliCapatey al., 2018h rdation

specifically to PE waste flows, composting and anaerobic digestion waste management types applied to
aggregate MSW were then wei gncinemattbhayd recyelipg, tbeghoeet i on e
managed waste treatments for whichiplasste is treated. From these waste management types, the
recycling fate was then weightedly reproporti one
rejected PE from each countryds reprd@ceaseggry a

calculated in a similar way

3.2.7.0cean Debris

The percentage ofandfillea PE rejects which eadup in the ocean was next calculsbéabe
5, Figure 3.1). Jambeck et af2015)estimated the percentage of plastic waste which is inadequately
disposed of at countkyvel(which includes disposal in dumps or open, uncontrolled landfills), a fraction
of which enters the oceans. Jambeck é2@l5)used a range fiked conversion rates of mismanaged
plastic waste to mae debris, to estimate the mass of plastic that entered the oceans (ocean debris
percentageproposing a bestase percentage of inadequately managed waste entering the oceans of 15%,
an average of 25%, and a woase of 40%. These ocean debris pegeseere calculated through the
study of thepercentage afiastecollected by infrastructure in the San Francisco Bay watershids and
the residual uncollected percentage that is available to enter the ocean as méfiamlistkist al.,
2015)We assumeithat the fate of the rejected material within the receiving countries was similar to the
fate of the total plastic waste which Jambeck20 Bbyeported.

Within this study, the percentage of inadequately managedJambieck et al., 2018as
multiplied by the ocean delriefficieni(Table 3.1) to calculate thinal percentage of PE entering the
oceanas debrigor eachdestinatiorcountry,and ultimately via flows to those countries, each export
countryfor each scenario. As it was assumed that the inadequately managed waste was imtheded with
ol andf i | | SlaggbFigupe 8.1), thé aaloulateguantitie®f PE debris enterinthe oceanseve
subtracted from thelandfilb quantities(from Chapter 3.2.6) to produce an updatetandfilb fate
percentage T Hamdilb, in@neration and ocean dehsntities in each recipient couptjye to the
guantityof PE rejectérom reprocessing facilities The f ates f or the countries
individually calculated in a similar way, to get the three fates for each country for the three scenarios. A
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weighted average for the fat@lahdfilb, i ncinerati on andt hoecreda nc adteebgroirsy
undertaken for each scenario, to combine the countries into one result for each scenario. Full fates of
rejected material for each receiving country scenario can be fitabld B2 Appendix 3.1

3.2.8.Statistical Analysis

Two sets of PE maglows were calculated: i) one for Europear2@NorwayandSwitzerland)
aggregate export flows; ii) another for Eurepeantryspecific export flows. For &ggregate quantities
of exported European PE were calculated into recycled HDPE and LddRlemndfill, incineration,
or ocean debrig-igure 3.2; Table 3.2). For ii) over2200flows were constructed to follow the fate of
every single flow reported by UN Comtrade, to relate the fate of the exported PE to each individual
European countryF{gure 3.3; Table S3 Appendix 3.). The two sets of mass flows were created for
each scenario using Microsoft Ex2@19) and conerted into figures-(gures 3.2, A3.1, andA3.2) using
open online software SankeyMATEbgart, 20190cean debris per headswealculated using 2017
population datéEurostat, 209)

Simple linear regression was performed to identify the relationship between the percentage of PE
that was exported out of Europe and the percentage of PE exports resulting in oce@hajsbris (
3.3.2. The data was run usiMjnitat® StatisticaSoftware Data vere found to satisfyjprerequisite
assumptions for the simple linear regression model (Independence, Linearity, Normality and Equal
Spreads). The study provides the fitted regression line, estimated standard deviation about the true
regresen line (S) and the-&yuared value for all the scenakagife 3.4). The regression equation is
provided for the AVG scenario.

3.2.9.The UN Comtrade data

The UN Comtrade database, maintained by the United $\&tiidistics Division, is the official
globaldatabasé¢o which over 170 reporter countries provide their annual international trade, statistics
detailed by commogliforservicgcategories and partner countiiée data are therefore thest reliable
repository of officidhternational trade statistibbonetheless, there appear to be some discrepancies and
gaps in the data, the quality of which ultimately depends on the completeness and accuracy of national
reporting. We undertook data quality screening to ensure thd&then y | ene pol ymer s; wa
s ¢ r teagedata used for the analyses were as consistent and accurate as possible. Firstly, to be sure that
the 2017 data used for trade flows were not widely divergent from previous years, we compared 2017 export
flows of PE from European countries with previous reported flows for the last 10 years. This identified

potential anomalidsr Slovenia in 2017 compared with earlier years, and missing data for Malta, so 2016
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data were conservatively used in these caseso 8 d | vy , we compared Oexport
countries of origin with o0import fromd6é fl ows rep
that oi mport fromd6 f | ovEsropear gevetopirg dourttrigs wera sonall o f  t F
missing consistent with other evidence that lower income countries do not adequately manage (and
therefore do not report on) much of their w#dtenbeck et al., 2015; Kaza et al., 2018; Lebreton and
Andrady, 2019Forthisrason, we rely upon oOexport todé data r
as a basis for our trade flows. A more complete data quality assessment was then performed matching
oexport tood6 with oimport fromé fotalomass expatédfrann | u me s
Europe) for the pertinent countries assumed to implement more complete repoEI8, Norway

and Switzerlan@able S5 Appendix 3.). The results of this analysis show that there were some
significant discrepancies farticular countries, but that in aggregate reported exports were within 2.1%

of reported importsT@able S5 Appendix 3.). This provides some confidence that the aggregate PE
export flows from Europe underpinning core conclusions of this paper are. ridiagierms of
discrepancies in specific coutdrg ount ry f | latevad fradesasyenmetééste ia well
acknowledged phenomenon that arise for the following rédsdadNations, 2019b)) the application

of different criteria of partner attribution in import and export statitibe; use of CIFype valuésn

import statistics and FG#gpe values in export statistigspountries having different trade eyss;iv)

time lag between exports and impejtgods passing through third count@syr goods being classified

differently Reason v) is likely to account for much of-Btir@pean countrgpecific bilateral trade
asymmetries ihable S5(Appendix 3.}, owing to extensive and complex trade and transit of PE within

the European Economic Area. Whilst this is much less dikedyan issue for (lomtistance) reported

export flows outside of Europe, it does invoke some caution around the attribution of PE flows to specific
countries of origin withindiscussed i@hapter3.4.2.

2 Cost, Insurance, and Frei¢@tF) and-ree on Boar(FOB) are international shippiagreements used in the
transportation of goods. Gtifpe values include ttransactiowvalue of the goods, the value of services performed

to deliver goods to the border of the exporting coramgythe value of therwices performed to deliver the goods
from the border of the exporting country to the border of the importing cobBitype values include
thetransactiowvalue of the goodand the value of services performed to deliver goods to the border of the exporting
country(United Nations, 2010)
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3.3.Results

3.3.1 Aggregate fate of PE exported fronkurope

The analysis generated 345 PE export flows from 30 European countries to 50 major receiving
countries in 2017, represen®8x% of the totdl,487,351 Mg of PE exported out of the EU28, Norway
and Switzerlandrigure 3.2). From this total, Chin&aeived the largest share, at 31.0%, with the next
highest receiving country being the Netherlands, receiving 8.9% of the exportezl rR&ss flows
highlight a considerable trade of PE outside of European countries, with 54.2% of exported PE received
by countries not withiEU28, Norway or Switzerlafeigure 3.2; Table S2 Appendix 3.J.

The fate of total European PE exported for recycling varied with each s€ehbi®.2). The
average recycle rate of the exported PE waste was determined to &egeé6%00® 83%), with most
of the PE wast ed519Wmt( 5SMdBeimdd I cypr |l iemd o1 andfill 6.
exported for recycling estimated to enter the ocean was 83,187 Mg (range: $21BIBE55®) Mg),
accounting f orhe &portgd plastic] Thig répyesents an average of 1452488 of
rejected PE entering the ocean. Mass flows for the AVG scenario can be viskajined32. The
other scenarios are presented in the supplementary niéigeries A3.1andA3.2).

Table 3.2 8 Mass and percentage breakdowns of the total mass of polyethylene exported freifi, theribly,
and Switzerland for recycling in 2Gross fates, for the three scenarios.

Average recovery efficiency High recovery efficiency Low recovery efficiency

Fate scenario scenario scenario

Quantity (Mg) (F;/i)rcentage Quantity (Mg) Z/i)rcentage Quantity (Mg) (I?)/e(:))rcentage
Recycled HDPE resin 1,268,689 51.0 1,379,093 55.4 1,160,002 46.6
Recycled LDPE resin 628,268 25.3 688,694 27.7 566,126 22.8
oOLandfill 6 347,049 14.0 257,538 10.4 390,259 15.7
Incineration 160,158 6.4 129,911 5.2 190,405 7.7
Ocean Debris 83,187 3.3 32,115 1.3 180,558 7.3
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Czechia Recycling: 21,033,0

HDPE Recycled: 1,268,689,215.64
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Norway Recycling: 1,479,091
Figure 3.2 8 The average recovery efficiency scenario (AVG) for the mass flows (kg) of polyethylene waste exported
in 2017from EU-28,Norway,and Switzerland, to different fates via different recipient countries. The thickness of
the lines are relative to the nfsss.Sedrigures A3.1& A3.2, respectively, for the HIGH and LOW scenarios.

75



3.3.2.Fate of countryspecific PE exports

The countries with the greatest percentage of exported PE ending up as recycled HDPE or LDPE
were Luxembourg and Switzerland (90% recycleliSoenarios), whilst the country with the lowest share
of exported PE being recycled was the United Kingdomd(B80%, average 69% recycleijure 3.3).
Consequently, the United Kingdom had the greatest percentage of exported PE estimatpdiso end

ocean debris, at 5% (2% I 11%). However, the | ar
from Germany, at 26, 46 Figue®bs). GérmanBais@expdged the giebtes? 4 6 |
mass of PE that was recycled at 559,1770viy (56 16 Mg | 612, 738 Mg). The b

fates is visualized igure 3.3. The full results can be found in the supplementary matabia £3
Appendix 3.1.

The results demonstrate that the destination countries of the exported RBd\atdege effect
on the enebf-life fate of the material. When countries exported the BH@athe generally higguality
waste managemaeystems dEurope tanon-European countries with typically weaker waste management
chaing the inadequatelyamaged waste, and thus the PE potergiatilyingthe oceans, increasédr
example, Luxembourg and Switzerland only exported main flows (greater than 0.010% of total mass
exported) to other European countries, whereas 85% of the main PE export fitode fkénited
Kingdom were destined for n&uropean countrie§dbles SlandS2 Appendix 3.).

As previously mentioned, a large percentage of the exported PE waste is exported within Europe.
A linear regression, which satisfied all assumptions, steigmficant positive relationship between the
percentage of PE exported out of Europe and the percentage of expopetehtéilyenterthe ocean
(p<0.001) for each scenafiglre 3.4). The regression equation for the AVG scenario of the percentage
of exportedPE debrisin the ocean and the percentage of PE exported out of Eurogstimasedo be
the followingequationKigure 3.4):

Percentage of exported PE debris in ocean = 0.31906:053 * Percentage PE exported out of
Europe), R2=90.4%, S = 0.51%

Thus, there is an estimated intercept at 0.319 (estimated standard error 0.138) and an estimated slope of
0.053 (estimated standard error 0.003).
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Figure 3.3 6 Breakdown of endf-life fates for polyethylene waste exported from2&WMNMorway,and Switzerland
in 2017 for the average recovery efficiency scenario.(AVG)
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Figure 3.4 0 Relationship between percentage of polyethylene waste exported oyteofEH#28, Norwayand

Switzerland) to be recycled and the percentage of exported polyethylene debris ending up in the oceans for three
scenarios based on recovery efficidbagh point represents a European county. The figure giveSdoard

value R-Sq) and the standard error of the estimate (S) for each scenario
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3.3.3.Contribution to total ocean debris

As mentioned i€hapter 3.3.2 the largest absolute mass flow of PE to ocean debris originated
from Germany, which, from the AVG scenario, equated too828tal ocean debris. Other notable
countries included United Kingdom with 29% of total ocean debris and Belgium with 12% of total ocean
debris from the AVG scenarigidure 3.5). The full results of the contribution to total ocean debris from
the exportaon of PE can be found in the supplementary matBaiale(S4 Appendix 3.).

% Contribution to Ocean Debris

[Jo.0-01
[Jo1-1.0
[ 1.0-3.0
B 3.0-6.0
Il 6.0 -20.0
Il 20.0-32.0

Figure 35 & Contribution to total ocean debris originating from the exportation of polyethylene for recycling
originating from EU28, Norwagnd Switzerland for the average recovery efficiency scenario kAN @ple of
contributiongo total ocean debrign bdound inTable S4 Appendix 3.1
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3.3.4.Per capita PE exports

The results showed a large variation between countries inlelmgésper head, with Slovenia
having considerable ocetabrisper head at.5 kghead-yeatt (range: 0.6 3.2 kghead-yeatt) (Figure
36). Belgium also had large ocean debris per head reported at .he&d.apt
(0.30 2.0 kghead.year). Other notable large ocean debris per head countries include the United
Kingdom,Germanyand the Netherlands. Luxembourg and Switzerland had the lowest ocean debris per
head of 0.0 kigead-.yeattacross all the scenaritisis worth noting that these peapita values were
calculated based on quantities of PE exported from each country, which may differ from PE waste
generated in each country owing to thredcayte.
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Figure 3.6 8 Ocean debris per head of the population in 2017 for the polyethylene exported out of the original
country for recycling for the average recovery efficiency scenario (AVG).
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3.4.Discussion

3.4.1.0cean debris

The aggregation of best available data in this study showed that a large percentage of PE exported
for recycling (up to 31%) isndt actually recycl
the ocean. Jambeck ef(2015)calculated a range4Bd 12.7 million Mg of plastic waste entering the
ocean per year. Based on these estimates and the dstimatas study, ocean debris from rejected
European PE recycling accounts for®38% of the total debris entering the océ&ais hitherto
undocumented flow of 83,187 Mg (tonnes) of PE entering the oceans in 2017 is therefore an important
source of m@istic loss into the ocean. If PE (which accounts for just 30% of European plastic
(PlasticsEurope, 2018 representative of other types oftiglagaste sent for recycling, then the total
amount of plastic entering the oceans via exports for recycling will be considerably higher. This loss will
have significant implications for marine life and ecosy8&ehmeider et al., 2018; Xanthos and Walker,

2017) In addition to damaging global ocean ecosystems, the concentration of ocean debris around waste
importing countries such as Bangladesh, Pakistan and Viet Nanucayégative effects for fishing,

tourism and potentially human health in those couftadisand Thompson, 2015; Li et al., 2016; Pawar

et al., 2016)

The differences across scenarios for the quantities of ocearradiduat the efficiency of the
reprocessing facilities and the percentage of inadequately managed waste which is lost into the oceans. The
l evel of economic development of countries recei
factors Kaza et al., 2018; Lebreton and Andrady, 2@th€)thus plays a major role in determining the
amount of ocean debris arising from exported PE Wéaste management is expensive. kinoeme
countries, waste management can be the greatest singlernasy flucal governments, where it can
equate to 20% of municipal budgg@taza et al., 2018Fomparatively, in middlecome countries,
municipal sad waste management typically accounts for about 10% of municipal budgets, and for about
4% in highincome countriefKaza et al., 2018} is cleathat many of the lowémcome countries to
which European plastic waste is sent have smaller budgets and lack infrastructure to deal with waste streams
compared with the highrcome countries from which this waste originates. Essentially, expaitof plas
waste outside of Europe is a potentially major, unexplored pathway for ocean debris, as indicated by the
strong relationship between the percentage of PE each country exported out of Europe and the percentage
of waste estimated to be lost into the meeRealising a genuine circular economy in E{Eopsean
Commission, 2018a)i | | require ending such pathways of i nt
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3.4.2.Complex trade flows

The data highlight that there are long and complex flows of plastic waste trade within and outside
of Europe. Large export quantities per capita from coumteidikely to represent trade through those
countries owing to the presence of large portagargighbouring countries. For example, according to
UN Comtrade datélUnited Nations, 2019&loveniawhich haghe highest ocean littering per head
imports the majority of its PE waste from its four surrounding countries (ltaly, Austria,, ldadgary
Croatia), where the jodty is then exported outside of Europahble S1 Appendix 3.). The other
countries with high ocean debri s @Belgiung@epriatya cont
Netherlandsand the UKFigure 3.6). Per capita ocean delréduesn Figure 3.6 maythereforeepresent
transit ofexportflows originating from otheountriesincluding thoseith very low value$his makes
it difficult to relate the final fate of specific flows of plastic waste traded outside of Europe to specific
counries of originrather than countries of expasf)that wasté thus restricting conclusions on waste
management practices per se within the countries directly exporting PE outside ofGEeatgre
reporting at all stages of the recycling chitlibe needed if countries (and ultimately municipalities or
waste managementgaaniesof origin are to be held accountable for the final fate of plastic waste streams
in the future. Recent amendments to the Basel Convention, which will take 62&¢Cullihs, 2019)
have included plastic waste in a framework which will make the global trade of plastic waste more
transparent, necessitating new monitoring, with more restrictions and controls of where the waste can be
exported(United Nations, 2019cJo reduce the negative fates of exported plastic waste, European
countries of origin should take greater responsibility for whom they export waditgédoalrountries
should build upon the Basel Convention amendments, restricting the export of plastic waste from Europe
to countries which fail to meet high efficiency waste management practices for the recycled material or by
investing in theeceivingcountries which are importing the wastassist in the improvement of their
waste processirgfficiencies. From this study, the suggested areas which need greatest attention for
improved waste reporting are revealed as: pointserpag (transfer) ofvaste within Europe; the
breakdown of PE waste into constituent polymer types; and most importantly, the unknown efficiencies of
reprocessing facilities and fates of residual waste streams (rejected plastic waste) in developing countries
receiving the pdéic waste. Improved data at these points in the plastic waste chain would improve the
accuracy ofhe mass flow accounting required to underpin improved waste management practices and

policy.

343Environmental performance of plastic orecy

Life cycle aessment (LCA) has previously been used to assess the environmental impacts of
HDPE and LDPE value chaifBelboom and Léonard, 2016; Bertolini et al., 2016; Glnkaya and Banar,
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2016; Liptow and Tillman, 2012; Sangwan and BhakayraP@ild3 a tool to evata the environmental

efficiency of alternative enéHife options for plastid8jorklund and Finnveden, 2005; Hou et al., 2018;
Lazarevic et al., 2010; Perugini et al.,.Z0@&)xommon conclusion from these studies is that landfill is

the least environmentally efficieastination for plastic waste, with recycling being the preferred option
owing to lower environmental burdemslaeduced resource depletion. However, if a significant fraction

of material reported as recycled ultimately ends up as plastic debrigamth@oon land), as this study
suggest s, then the comparative environment al ef
orderedollowing updatetdCA resultsThe accuracy @liture LCA studiesomparing waste management

options could be gréatimproved byeflecing the true @veragefates of waste collected for recycling,

perhaps differentiated by recipient country typavi t hi n t h e.Fadr exansple,ahitiprocgs§eso pt i ¢
in LCA could be adapted not just for country specific dlgctiocirces as is currently the daseg.,
ecoinvent(Wernet et al., 2016put for countrspecific reprocessing rejection and subsequent fate
coefficientsHowever, the environmental effectsptastic debris loss into the environmamnot

represented withiruorent life cycle impact assessment method@agip et al., 2018)herefore, even

if ocean debris fates associated with-Enoopean recycling were reflected within cospeyific

recycling unit processes, it may not be possible to fully represent the emerging environmental impacts linked
with this loss pathwayithin stateof-the-art LCA studiegliang, 2018; Spierling et al., 20t&re is a

need for the integration of pliz debris impacts into existing or new life cycle impact assessment categories.

As true recycling rates may differ from reported recycling rates, this will have implications for
monitoring genuine progress towardsycling targets, with current régorrecycling rates likely
misleadingThere are also implicatidios strategies to achieve the circular economy which Europe is
striving towardéEuropean Commission, 2018 plastic recycling is supposed to be closing the technical
materiés loop, potential leakage from the system shifts recycling away from the fundamental principles of
the circular economy. A countetuitive implication of the findings from this study is that the efficiency
of the European waste collection and MRF depakfficiency may be positively related to the rate of
ocean debris arising from European plastic waste streams. Where European collection and separation
efficiency of plastic waste fractianshigh, greater quantities of plastic waste are likelgxpdnted out
of Europe, thus increasing the rate of ocean debris. Therefore, improving efficiency of plastic separation
domestically without paying greater attention to the final fate of exported plastic flows could-be counter
productivéfrom an environmdal perspective

As European municipalities adapt to Chinaos
are that large quantities of plastic waste are being diverted to Soutl{@astefaia 2019)hese lower
income coumtes are likely to have poorer waste management procedures and fewer resources to deal with

the plastic imports compared with China. Therefore, the potential for plastic exports from Europe to end
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up as ocean debris is likely to increase. To deal withdeitain future for waste trade, changes must
occur in European accountinguiitipalities and MRF operators that export to these countries should be
obliged to track the final fatetbé exportedvaste in order tensure that it is managed appropriately.

3.4.4.Study limitations

Due to the lack of data on plastic waste flows along the recycling value chain, especially in receiving
countries, numeroassumptions and proxies needed to be appiied #tudyWhilstUN Comtrade data
provide a backbone to this analysis, MRF efficiency, reprocessing effieH®PE and LDPE
composition of traded PE waste, and the fate of the rejected material, are critical aspects for which data
availability are patchy. In order tda@funcertainty around these aspects, we covered the bounded range
of plausible outcomes across three scenarios, conservatively choodingralitexlues found in the
literaturefor each critical step order to encompass the range of potential ouscdine real situation in
terms of the fate of exported PE waste should sit somewhere within theseTmunefise, we are
confident that we provide new insight into the magnitude of European PE waste entering oceans via export
for recycling, but more mige quantification of these flows requires further research to resolve some of
the uncertainties and caveats discussed hedbauld be noted that this study may repredsegtaase
scenario as the modelled assumption was that all exported PEdeagbtes reprocessing, and that ocean

debris originates only from the rejects from reprocessing.

Total plastic pollution entering the environment will be larger than just the ocean debris reported
in this study, and will inclugkastic debris on land, whihas so far been less studied than plastic debris
in oceans despite significant potential impRotds et al., 2019)errestrial debris (within rivers and on
l and) is included within the oOoLandfill é categol
terrestrial debris arising from plastic recycling exports, the methodologynanplsddy could be easily
adapted to generate such estimates once terrestrial debris factors have been developed, analogous to ocea
debris factors developed by Jambeck et al. (2015). Recent studies have highligbtecitbat major
pathway for fismanaged plastic waste into the offe@mmerik and Schwarz, 2020; Schwarz et al., 2019;
van Calcar and van Emmerik, 20&9)well as acting as large sinks of plastic po{fstiowarz etl.a
2019) These factors are affected by temporal changes, such as th¢L.sdmstms et al., 201 Hut also
spatial changes. Schmidt g28l17¥ound that the ocean debris flows via rivers aréimear, with large
and densely populated river catchments having considerably higher loss rates. Therefore, the generic rates
of conversion of mismanaged plastic waste to marine debris (Jambexki8) &. & limitation of this
study and could be refined in the future. However, such refinement would depend on the availability of
more geographically explicit data on where, within receiving countries, plastic waste is sent., Nonetheless
considering thevide range of ocean delm@version ratggroposed by Jambeck et al. (20%5)150
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40% of mismanaged waste, alloweith galculate plausible bounds of PE waste exported for recycling
that ends up in the ocean. The data are certainly suffidenmdostrate thatlastic waste export is an
important pathway of plastic debris loss into the oceans from Europe, and to provide insight into the

processes and control points that determine the rate of plastic leakage from exported recycling streams.

The N Comtrade database is the largest, most reliable repository of official international trade
statistics. However, there are some limitations with the data it covitagrte bilateral trade asymmetries
As previously mentioned, large iiitsopean tradef PE waste complicates the attribution of plastic
debris volumes to specific source countries. However, the obserniedraptean bilateral asymmetry
has little effect on final ocean debris volumes which depend on practices in final destinaden countri
outside of Europe. There is also large bilateral asymmetry between the exporting European countries and
the importing countries outside of Europe, where in many cases the reported imports are much lower than
reported exports to those countries. In dawythis is likely to be at last partly explained by-under
reporting in these destination countries, consistent with the higher proportions of inadequately managed
waste attributed to these count(d=snbeck et al., 201Bhus, we base our core results on export data
reported by European countries rather than import data reported bygeceintries, and conclude that
there is an urgent need to tighten up on verifiable reporting of trade in waste plastic globally. We suggest
that there is an onus on European countries leading the drive towards a circular economy to only allow
externalflws of materi als where the fate can be verif
may be driving significant environmental damage.

3.5.Conclusion

This study quantified the fate of exported European polyethylene waste destined for recycling,
combning reported trade data with estimations of reprocessing efficiencies and fates of residual waste
streams in destination countri#ée estimat83,187 Mg (32,115Md 8 0, 558 Mg), or 3% (
the exported European PE ended up in the ocean, sug¢festiexported recycling has the potential to
be animportantpathway of plastic debris into the ocean that has so far not been acco@itezhftirat
such a large share of waste destined for recycling is exported, with poor downstream tacsallijty, t
suggests that otrued r ecy ciatesregortedby munisipalities whetke v i at
the waste originateshe 2017 mass flows presented here provide a baseline against which to evaluate
changes in plastic waste managemergdicy, pertinent to the circular economy paradigm and emerging
regulations around trade in plastic waste. Data are limited regarding convoluted pathways of trade in plastic
wastepossible undeneporting of plastic waste flows amatertain fates inedtination countries. More
effort is required to document these aspects of plastic waste management that have important implications

for the circular economy. Life cycle assessment of plastic value chains, and associated management and
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policy decisions, shld be modified to represent differential rates of plastic recycling related to final
destinations of traded waste flows.
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3.7.Appendices for Chapter 3

3.7.1Appendix 3.10 Supplementary data file

Description: The attached excel file contains the key data utilised within the study, as referenced to within
theChapter 3

Supplementary Table 1(S) ocontains the UN Comtrade data (United Nations, 2019a) showing the export
destinations and quantities for EU28, Nopaway Switzerland for the waste, parings, and scraps of polymers of
ethylene (HS code 391510) from 2017. Cells highlighted in blue rdyéseéinidual flows which exported greater
than 0.010% of the total mass exported from Europe.

Supplementary Table ZS2 contains the compiled destination countries of the exported polyethylene from EU28,
Norway and Switzerland. The table includegubatity, percentage of exports which each destination country
receives, economic classification and the fate of the rejected material in each of these countries for each scenario.

Supplementary Table 3S3 contains the eraf-life fates from each individual European country, including the
exported PE by quantity, percent age, quantity per he.
incinerationand ocean debris) for each scenario.

Supplementary Table 4(S4 contains the contribution to total ocean debris originating from the exportation of
polyethylene for recycling originating from EU28, NoawmalySwitzerland.

Supplementary Table §S5 quantifies the European bilateral asymmeingratEuropean trade of PE waste, by
matching o0export tood6 with o0import fromé flows (of vol
Europe, as modelled) for the pertinent countries assumed to implement more complete reportirg, i.e., EU
Norway, and Switzerland.

Location: The data set has been uploaded to Zenodo data repository at Bishop (2021);
https://doi.org/10.5281/zen0d0.5798676

File name Chapter3 supplementary _material B
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3.7.2.Appendix 3.28 Mass flows HIGH scenario
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3.7.3.Appendix 3.38 Mass flows LOW scenario
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4. Environmental performance of bioplastic packaging on fresh

food produce: a consequential life cycle assessment

Abstract

Polylactic acid (PLA) is a compostablebbi&ed plastic thaan be used for food packaging, potentially
increasing separation of (packaged) food waste for targeted, more circular organic waste management via
anaerobic digestion, industrial composting, or (in the fingestprotein meal feed production.
Consegantial life cycle assessment (L@A9 undertaken to rigorously assess the environmental impact

of displacing petrochemical plastic packaging of fresh fruit and vegetables viighPleAdof-life

scenarios of bioplastic packaging were evaluated aghirshesasusual petrochemical packaging
scenario, expanding LCA boundaries to includefdifie impacts of fruit and vegetable food waste within

a UK context. PLA production has a higher impact compared with petrochemical plastic production across
many impact categories, but diversion of-pagkaged food waste to organic recycling can compensate

for this, improving the overall environmental performance of bioplastic packaging scenarios. Future
diversion of organic waste streams to insect feedaviifiglloegulatory change) would lead to the best
environmental outcomes, followed by anaerobic digdstipact categoriemmeliorated in bioplastic
scenarios include human health effects, climate change, freshwater eutrophicatioradiatiing
photochemical ozone formation, resource use energy carriers, and respiratory inorganics. On the other
hand, petrochemical plastic scenarios generate smaller burdens for acidification, marine and terrestrial
eutrophication, ozone depletion, anatew scarcity. Sensitivity analyses indiégite itnprovement
potentialfor bioplastic scenarios if the energy efficiency of PLA production can be increased, or if
globalised production shifts to industrialised countries with cleaner energy mixesef(ithatiroport

most of their plastics). Whilst evfdife management of the fruit and vegetable food waste has a
considerable influence on environmental outcomasicpackaging represexsurprisingly largehare

of thedry matter material flo@@bou 259 in fresh producevaste stream$herefore, it is imperative that

future LCA studies of food packaging account for both packaging and (diverted) food ‘wkkte end

flows
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4 .1.Introduction

Global food production must increase by 60% from 2007 IgveBG50 in order to meet the
demands of the growing world populagialexandratos and Bruinsma, 20Hwever, more than one
third ofthe food produced for human consumption is wasted,méttienated 1.3 billion tonnesdfble
foodwastalisposed oflobally each ye@AO, 2013, 2011yhis wasted food requires almost 1.4 billion
hectares of land to produce, which represents around 30 percemtofthe d 6 s agr i cul t ur al
further impacts from water depletion and biodiversityH8£3, 2013)Thus food wastehas substantial
environmental and socioeconomic impacts and is one of the major challenges oénlereh the
UK, about9.5million tonnes of foods wasted pogarmgateannually, of which 6r@illion tonneds
generated in the househ@MRAP, 2020apver two-thirds of this (4.5illion tonneyis food intended
to be eaten, with a value of almost £14 b(MdRAP, 2020aY he remainder (2aillion tonnekconsists
of inedible portion@VRAP, 2020alresh fruit and vegetables represent about 38% of all wasted food in
the UK (WRAP, 2018)The UK is actively working towards the UN Sustainable Development Goal 12.3
food waste prevention targatnd Courtauld 2025 targets

Plastics are the major packaging material used for fresh foods. The global life cycle greenhouse gas
(GHG) emissions of plastic use were estimated to be 1.% €&4.002015, projected to inae#o 6.%5t
CO: eq. by 205(heng and Suh, 2018)Joreover, persistent plastics are akweWn hazard to marine
and terrestri@nvironments, but also to the health of animals and h(Beatsset al., 2019; Kuhn et al.,
2015; Li et al., 2018he negative impacts of singde petrochemical plastics have resulted in moves to
phase them out throughout Eurdpeiropean Parliament, 2Q19)

A large sharef householdood wastds combinedvith the plastic packaging in which it is
purchased. This food waste is difficult and expensive to separategpsmihgled wasteften ends up
in less preferred waste treatment, such as landfill or incin®@etitstad et al., 2013hus, food waste
incurs burdens across food and plastic value ¢c¢h:
needs to be addressed in the shift towards a circulegrbmm economyBiodegradabl bo-based
polymers K{iodegradabléioplastics)are beingdevelopedas a more sustainableeplacementor
petrochemical plasti¢European Commission, 2018uch plastics can retdive beneficial material

3The term o0food wasted includes both wasted food and
4 Target 12.3 By 2030, halve per capita global food waste at the retail and consumer levels and reduce food losses
along production and supply chains, includinghaosest losses.

5 Courtauld 2025 targets aims to prevent food waste and its associated greenhousgpeagas$BHSper person

by 20% in the UK by 2025
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characteristi¢good preservation aligis)of petrochemicadlastics whilst allowing for a transition towards

a circular econontyy reducindossil resouke extraction and lowering eofdife burdens as a result of

their biodegradable nature. The current bioplastic market accounts lianl&8s of the entire plastic
packaging market, although bioplastic demand within the food packaging industry is rapi@&hgmowing

et al., 2020Polylactic acid (PLA) is a commercially successful biodegradable bioplastic created from mainly
starch feedstockisim et al.2008) PLA is a versatile material, beirtgr alisa thermoplastic, a gas barrier,

UV resistant, biocompatible, elastic, rigid, and hydrogliab&en et al., 2015; Karan et al., .2P1L8)

thus has the potential to replace many petrochemical plastpckaging materidiowever, befre

largescale system changes are adopted, full environmental evaluations should be considered.

Life cycle assessment (LCA) is a method of quantifying the environmental impacts arising over the
entire value chain of a product or sei®®, 2006a, 2006lonsequential LCA models are prospective
as they aim to model the consequences of future de€lsimseguential LCAs a system modelling
approachin which activities are included in the product s¢stieeing evaluated orily the extent that
they are expected ¢thangeas a consequence of a change in demand for the functio(laCA##tO,
2015; Sonnemann and Vigon, 20Cbhsequential modellitigerefoe uses unconstrained (or marginal)
suppliers in the product systems that can ind@asecreasg)roduction if there is an incredese
decreasdh demand for a product or process, as well as for the products and processes which will be
substituted imther system@.e. system expansion) due to additional productionproctuctg Ekvall et
al., 2016; Ekvall and Weidema, 2008 argued that consequential models are more appropriate than
attributional models when evaluating changes to product gygesdesna et al., 2018)

Recent reviews on LCA of bioplastics have found.@atmethodologies of bioplastic are often
inadequate, throudjmitedor even biased selectionmbact categoriemcomplete input data, inadequate
representation of indirdanduse changand carbon storage, and lack of consequential modatimap
et al., 2021; Pawelzik et al., 2013; Yates and Barlonp@618)the potential suitability of compostable
bioplastics for organic recycling via anaerobic digestion (AD) or industrial composting, the use of a
compostable bioplastic food packaging could make it easier to separate out organic waste in the household,
wherefore the bioplastic could be disposed of witiotidl waste for targeted collection, thereby increasing
collection and treatment efficiend3revious studies have explored the consequential life cycle
environmental impacts of food wg8ealemdeeb et al. 120 Styles et al., 2020; Tonini et al., 28i8)
few studies have applietiributional LCA to assess bioplastic packaging and food waste teggether,
homogeneous composting of bioplastic tableware and foodRiessibi and Pretato, 2Q18pwever, a
review by Kakadellis and Har@2€20)found a clear shortcoming of LCA studies of bioplastics that

typically do not include food wastanagement (changes) within their system boundaries. Addressing this

96



gap requires application of prospective LCA that considers the interaction between technology and
consumer behavio(Polizzi di Sorrentino et al., 2016)

The European Strategy for Plastics in a Circular Ecauguygsts that innovative materials and
alternative feedstocks for plastic production should be developed and used where evidence clearly shows
that theyare more sustainable comparquetoochemical plasti&uropean Commission, 20T8)ere is
thus an urgent need for more comprehensive and appropriately designed LCA studies to provide clear
evidence on the sustainability of bioplastics, and how they benchmark against conventional plastics. There
is a specific research gap in ford@okling, consequential LCA abplastidood packaging that accounts
for potential diversion dbod wastestreamsThe aim of this study to fill that gap bgomprehensively
assessing the environmental consequences of replacing petrochemical plastiadiugl of fresh fruit
and vegetables with PLA within futareentated scenarios representing graduated levels of enhanced
waste separation.

4.2.Methodology

4.2.1.Goal and scope

The goal of this consequential LCA was to rigorously evaluate the displacestrenhefrpcal
food packaging used for fresh fruit and vegetables with a biodegradable bioplastic (PLA), in response to a
future ban on singlése petrochemical plastics. In addition to PLA production, the possibility of greater
levels of organic waste safian within the household, facilitated by the PLA packaging, was explored.
Eight endof-life scenarios of bioplastic packaging were evaluated against a baselinasbsisatess
(BAU) petrochemical packaging scenaricC{sagter4.2.2).

The functionalinit for this study was definedfas management of 1 tonne dfeshfruit and
vegetable food waste generated from UK households and associated food packaging df2kdy.
Each tonne of fresh fruit and vegetable waste was comprised of 622.5 kg l&f wegetabnd 377.5 kg
fruit waste, calculated from a disaggregated breakdown of the fordm&8RAP(2018)described in
Chapter4.2.31). Themass of plastic packaging waste per tonne of fruit and vegetable food waste generated
was calculated based on the study by Lebersorger ance8@di)iThey estimated that food packaging
represented 7% and 2% of product mass for vegetables and fruit, ngspgpiegimating to 51.12 kg
per tonne of combined fruit and vegetable food waste in the UK.

Consequentiahodellingwas appliedvith the geographic scope of the stumbingthe UK.
Therefore, all thioreground inventory data forarginafood waste aopositionmarginatechnologies,
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and the legislative context were specific to UK condBilassic production has a global market, so was
not confined to the UKSupplementargformation is provided as an Excel workbook containing the input
data and &hmetic manipulations involved in the life cycle invetitdirgesults, and uncertainty analyses
The calculation of LCA results and the uncertainty simulations were performegenti@ég 1.10.2
softwargGreenDelta, 2021)

In the study there were a series of assumptions that werematad@yf@nd to aid the main goal
of the LCA:

1 Itwas assumed that the type of plasti@gagkdid not affect the quantities of household
food wastgenerated.

9 The process of product formation from plastic granulates was excluded from each
scenario due to uncertainty of breakdown of the prodacgranulates into products
such as films or trays. However, it was assumed that product formation burdens were the
same per kg plastic across scenarios and across plastic types.

1 Upstream food mduction burdens were excluded from the saglyot to distract from
the studied results from the chapttowever, it was assumed that emissions were the
same across scenarios and plastic tifoesthe food waste, just the earfdife
management wasrsidered.

T The dused phase of the household food and
(e.g.,no emissions were modelled for culinary activities, or storage of the fruit and
vegetablesilue to large variations in households that can occur.

1 Wasge collection bags were excluded from the,sigdin due to considerable uncertainty

The major processes accounted for in this study are sHeagured.l
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4.2.2 Scenarios

This study incorporated eight bioplastic and food waste scenarios, and aabusus@{8AU)
petrochemical plastic and food waste scenario. The scenarios evaluated in this study are described below
and relate tdrigure 4.1 Further details dhe scenarios can be foundOhapter 4.2.3 To facilitate
interpretation and benchmarking, in the first instance, scenario performance was calculated independently
within the consequential LCA framework. Subsequent analyses consider full cortsmugitotisdm
the (avoided) petrochemical plastic BAU to each specific bioplastic scenario.
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4.2.2.1Petrochemical buasusssl scenario (BAU)

Thisbaselinescenariof the LCA study evaluated continuing usual practise. Food waste may be
separated from thegstic packaging in households for weekly or biweekly targeted food waste collection,
depending on the local municipality. In 2015, the proportion of total household food waste that was
collected in targeted food waste collection schemes wag/WBAP, 2016)This valués increasing each
year as more local authorities are increasing the coverage of targeted food was(@\ERAEGIROLE)

This study therefore conservatively used a future BAU separation efficiency of 20% food waste collected
for recycling. The eraf-life treatmenof food wastevasmodelled as a mixture of home and industrial
composting and AD for separated food waste, and incineration-Bepaoated food wasilable 4.1).

The destination of the targeted food waste collection was assumed to be a 50% aplADein

industrial compostin@onini et al., 201.8pome food waste is home composted, which we assumed to be
15% of the generated householddfexaste, based on increasing levels of home comd¢RAdP,

2020b) Landfillingis being phased out under EU regulatiearopean Commission, 2014; European
Union, 1999)s0, although it represenfsto 48% of food wasteeatmentn partsof the UK (Salemdeeb

et al.,, 2017}t is unlikelyto represent a significant primarydomaste disposal option in the future.
Therefore, the remaining 65% of the fruit and vegetable food waste was incinerated following kerbside
collection, representing a conservative and-fotakimg approach to the assessment of PLA impacts. The
polypropylene (PP), higlensity polyethylene (HDPE), ldensity polyethylene (LDPE), and
polyethylene terephthalate (PET) plastic packaging wasteadelled to be treated=a846 recycledn

line with proposed EU targéEuropean Commission, 20I®)e lowdensity polyethylene (LDPE) plastic
packaging was assumed to have a lower recycling rate of just 10%, double the current Utateollection

of plastic flmgWRAP, 2019)The remaining plastic waste that is not recycled was incinerated.

Table 4.1 0 Future businesasusual scenario for the eofllife fateof the food waste following separation at the
household for targeted waste collectipren as percentages of total food waste generated in the UK

Total targeted

Scenario food waste Industrial Anaerobic Home Incineration
collected composting  digestion  composting
(% destinations of food waste generated in the household)
Businessas
usual (BAU) 20 10 10 15 65

4.2.2.2Bioplastic scenarios

The feedstock for the PLA in this study mageFor the maize production, regional production

processes were modelletgpter4.2.3.2.3. As PLA can be organically recycled alongside the food waste,
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scenarios were evaluated relating to the levelsachtimn of the food waste for targeted food waste
collectioni(e.,in a food waste bin), includinigplastic packagimmgllection alongside the food wassée, (

same organic recycling rate for PLA as for food waste). The scenarios included tardgbdatiaste

from the household to different eofilife treatments of incineration for re@parated organic waste, or

industrial composting, AD, or feeding to insects to produce anima&tiepte(4.2.3.9 for separated

organic waste. Home compogtivas assumed to occur for the food waste only, as PLA will not biodegrade
within a reasonable tiframe in home compoglu et al., 201For the fraction of food waste that was

diverted for home compost, the associated PLA packaging was assumed to be separated in the household
and placed in the targeted food waste collection bin.

The eneof-life fate proportions of waste were split aceight scenario$gble 4.2) based on
BAU, and then scenarios of increasing targeted waste collection from local authorities, culminating in total
diversion to specific biowaste management options for comparative purposes. Increased targeted waste
collecton was considered to be diverted to anaerobic digestion due to it lpeafgrteelvaste treatment
option for food waste in the UfStyles et al., 2020)

Table 4.2 & Bioplasticscenaris for endof-life fate ofcombinedfood waste an@ioplastic packaging following
separation at the hsehold for targeted waste colle¢tginen as percentages of total food and packaging waste

generated

. Total targeted Industrial ~ Anaerobic Home . . Insect

Scenario \évcilse;tgte d composting digestion  composting * Incineration feed
(% destinations of food waste generated in the household)

Scenario 1 (S1) 20 10 10 15 65 0
Scenario 2 (S2) 40 10 30 15 45 0
Scenario 3 (S3) 60 10 50 15 25 0
Scenario 4 (S4) 80 10 70 15 5 0
Scenario Anaerobic Digestion (SAD) 100 0 100 0 0 0
Scenario CompostingSComp) 100 100 0 0 0 0
Scenario Incineration (Sincin) 0 0 0 0 100 0
Scenario Insect Feed (SIF) 100 0 0 0 0 100

*Home composting assumed for food waste only asmMitLot biodegrade within a reasonable timeframe in home comp
The separated PLA from the home composted food waste is assumed to be placed in targeted waste collection biry ¢
between anaerobic digestion and industrial composting.

4.2.3.Inventory analysis

Within the life cycle inventqyCl), the environmental aspects that were analysed included energy
consumption, transportation, nutrient flows, water use, and chemical use. The full life cycle was modelled
for the system (as describe&igure 4.1), to include production, construction, operation, andfdifd

impacts. Within this section, the calculations for the foreground data are described. Background data were
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sourced from thecoinvent 3.consequentidiatabas@Vernet et al., 201®rocesses were chosen to refer

to the UK real. When unavailable, authors chose the closest available processes and changed the energy
matrix to the UK matrix. A full breakdown of the LCI can be found iBupplementary Material

Appendix 4.1

4.2.3.1Food waste composition

The composition of food wassgrongly influences downstream waste management processes.
Table 4.3 shows the quantities of different fruit and vegetable waste modelled within thishstudy.
disaggregated breakdown of UK household food waste was based on the latest avAlddhdPdata
2018) These values were used to extrapolate the estimated food wastdaommmoshiouseholds to
the year 2030, by keeping the composition of food waste constant and uniformly adjusting to the anticipated
total changes in food waste production identified from WEX b, 201&ndStyles et a[2020) Thus,
the total fresh fruit and vegetable food waste generated from households in 2030 was estimated to be
2,068,226 tonnes. Saplementary material: tab 1(Appendix 4.) for a full methodological and
nutritional breakdown of the modelled fruit and vegetable wasthenmieal physical, andutritional
properties of the individual food produstsre takerfrom Tonini et al. (2018) to calculate weighted
averages for the overall modelled food waste. The weighted average dry matter content of the fruit and

vegetable waste was calculated to.6&%5

Table 4.3 8 Composition of fruit and vegetable food waste from UK households, projected for #@8@ear
Calculated from baseline data fiMRAP(2018)

Food waste generated 2030
Food waste Mass per tonne of

Category Food Type (tonnes) food wpaste (tonnes)
Vegetable Potato (fresh) 592,591 0.287

Vegetable Onion (fresh) 100,156 0.048

Vegetable Carrot (fresh) 91,810 0.044

Vegetable Lettuce (fresh) 56,755 0.027

Vegetable Other root vegetables (fresh) 49,243 0.024

Vegetable Cabbage (fresh) 48,409 0.023

Vegetable Cucumber (fresh) 41,732 0.020

Vegetable Tomato (fresh) 40,062 0.019

Vegetable Cauliflower (fresh) 38,393 0.019

Vegetable Broccoli (fresh) 34,220 0.017

Vegetable Pepper (fresh) 29,212 0.014

Vegetable Mixed vegetables (fresh) 25,874 0.013

Vegetable Leafy salad (fresh) 20,866 0.010

Vegetable Mushroom (fresh) 18,362 0.009

Vegetable Leek (fresh) 17,527 0.008

Vegetable Sweetcorn / corn on the cob (fresh) 13,354 0.006

Vegetable Bean (all varieties) (fresh) 10,850 0.005
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Vegetable Spring onion (fresh) 9,181 0.004

Vegetable All other fresh vegetables and salads 59,259 0.029
Fruit Banana 267,083 0.129
Fruit Melon 91,810 0.044
Fruit Apple 83,464 0.040
Fruit Orange 81,794 0.040
Fruit Stone fruit 58,424 0.028
Fruit Pineapple 56,755 0.027
Fruit Other citrus 47,574 0.023
Fruit Soft / berry fruit 42,566 0.021
Fruit Pear 19,197 0.009
Fruit All other fresh fruit 21,701 0.010
Total 2,068,226 1

4.2.3.2Marginal suppliers

The ability of suppliers to respond to a marginal increase in demand may be constrained by market
failures, declining markets, regulations, redundant technologies, high financial cost of production, and/or
shortage of raw materials and other necessary production(Véetdesna, 2003} marginal supplier is
identified as the most competitive with a gt@@ctease or constant trend that is unaffected by such
constraintg\Wwadema, 2003)

4.2.3.2.1Petrochemical plastic packaging production

This study assumige composition of the petrochemical plastic food packaging for the fruit and
vegetables to be a mix of PP, HDPE, LDPE, and PET, the most common food packagingh#astics.
spit of plastic packaging into their individual polymers was based on the UK plastic packaging placed on
the marke{WRAP, 2019)19% PP, 19% LDPE, 31% HDPE, and 31% PET. For plastic packaging
production, global market data from ecoinvéht@sequentiakere useqWernet et al., 2016)he
background data included all major processes of granulate production, from raw material extraction to
delivery at plant, and is ded from the ecprofiles of the European plastics industfgrnet et al., 2016)

4.2.3.2.2PLA packaging production

The data for the production of PLA packaging were takenefroinvent 3. consequential
(Wernet et al., 201@&ased on data frothe world krgest PLA planNatureWorks. Detailed maize
production markets were modelled in the dataset, where thealhmasgre is produced in multiple
locations, as considered in ecoinvent. The main processes for the production of maizesadilcluded
cultivation; transport of seeds, fertilisers, and pesticides to the field; sowing; fertilisation; irrigation; weed,
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pest,and pathogen contrdiarvesttransport from field to farm; and drying of grabisect land use

change emissions were low in the ecoinvent datasets because most maize feedstock was modelled to be
appropriated from existing agricultural land. Thugsisttidy, potential indirect lamse change (iLUC)

emissions from new maize Pie&dstock cultivation were added to the C@apter4.2.33). iLUC here

refers to the process where the production of the maize feedstock displaces the prior cropamdo other

in other locations around the world, inducing-lesedchange at the agricultural frof8ehmidt et al.,

2015)In this studymost biogenic carbon stored within the bioplastic was assumed to be released back to
atmosphere in the shaerm, so is treated as carbon neutral over its life cycle. However, a fraction of
biogenic carbon returned to the soil in digeatateompost is assumed to remain out of the atmosphere
longterm (13.2% and 11.3%, respectivalyyd i s t heref ore comishnther ed t o
model(Figure 4.1) (Chapter4.2.3.9.

4.2.3.2.Znergy production

The geographic market for energy is regemahe marginal electricity supply waslelled on
the UK marketusing the methodf calculating marginal mixasygested t§chmidt eal. (2011) This
methodevaluatethe changen the share of sources fenergyproduction tathe increasing mark&he
increasing market implies installation of more capacity, which is expected to be of modern technology,
rather than oldThus, the marginalectricitysupply fothe UKwas based cextrapolation of electricity
production sources with increasing shares of the raarkeported bthe IEA (2021) The different
technologies were then modellsithgecoirvent3.5 consequentigVernet et al., 2018he marimal mix
of heat was calculated isimilar manner, with processes also modelled using ecoinvent 3.5 consequential
(Wernet et al., 2016Jhe breakdown of the marginal energies can be found sopflementary

material: tab 2(Appendix 4.).

4.2.3.3Indirect lainde change

iLUC refers to the indirect consequentdand occupatignwhere the occupation of some
production capacity needs to be compensated elsewhere. Following the consequential approach, iLUC was
included in the impac PLA maize cultivationThe iLUC modelled in this syuébllowed the
determinist model presented by Tonini et(2D16) This framework uses a biophysical model that
considers the global market for land as the marginal supplier of land. According to the model, additional
demand for land, and thus additiorradpction of crops, is supplied from two different soulaed:
expansioni.g.,deforestation) andtensification of land already in use. This model does not consider the
social effects from reduced consumption induced by increases in prices sinceesnyGoi@ impacts
wereconsidered, and thus the activity is constré@aunidt et al., 2015; Tonini et al., 2@B3erving
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global agricultural statistics over time, thpgption of sources for the change in the output of crop
cultivation was 75% increased yields (intensification) and 25% expansion of the cult{fateidiata
al., 2016)Intensification is considered1@9% input driven, here modelled as increasésogen ),
phosphorusRK), andpotassiun(K) fertilisers.The iLUC model considers the geographical location of
expansiorand affected biomes, the changed flonsadfon (ClandN as a result of expansjahe
guantities of increased N, P, K fertiliser used for intensifieatithe overall field emissions associated
with the fertiliser applicatioRor a detailed description of the model, the resa@éeredto the original
publicationThe amountf arable land demanded by the maize for PLA production was identified as 0.4754
m2a per kg PLA from ecoinvent 3.5 consequéWiainet et al., 201&)pstream emissions of the fertiliser
production were also modelled from ecoinvent 3.5 consedqiféetizt et al., 201&eesupplementary
material: tab 8(Appendix 4.1 for a full arithmetic breakdown of the iLUC inventory.

4.2.3.4Endoflife treatments

For all the scenarios, regardless of the final treatment, waste collection from households was
assumed to be performed witmanicipal wasteollection truckravellinglOkm (Tonini et al., 2018)

Construction of waste treatment facilities was included in the life cycle inventories.

4.2.3.4.1Industrial composting

Industrial composting was assumed to operatedperwindrow systenT able 4.4 summases
the framework methodology employied industrial compostingVithin this system, ndriogenic
emissions arose from electricity consumpti@fldih per tonneorganic waste, and from diesathine
operationwhichwas modelled from similar ecoinvent ppsegWernet et al., 201@&ecompogion
emission factorg éble 4.4) were based on average emission factors from a literature review by Saer et al.
(2013)Compost was assumed to be transporté&dn2ind applied on latg tractor, with spreadinfyel
consumption of 0.97 dieseper tonnecompost appliefiTonini et al., 2018)he direct and indirect N
emissiongrom the application of the compost were estinfededthe mass of N remaining in compost
following decompositidifPCC, 2006; Yoshida et al., 2046)rients in ompostwere assumed displace
mineral fertilisers based on the N, P, and K content of the undigestedifgodhemical/nutritional
properties of the individual food products ffbomini et al. (2018) and Kolstad ef2012¥or the PLA
packaging, weighted by proportions of UK household fruit and vegetable wasiap{eed.2.3.). P
and K contents were then converted to phosphgde) @nhd potassium oxide (i) contents, based on
relative molecular masses, to quantify mineral fertiliser substitution. Téeridegiliser substitution
for P and K was assumed tdlo@%, whereas for N a substitution factor of20%ompost was modelled
(Tonini et al., 2018isplaced embodied emissions in N, P, and K fertilisers were extracted from market
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data from ecoinvent3consequentigMWernet et al., 2016)voidedfield emissiongrom substituted

fertiliseswere also calculatddhe longterm carbon sequestration was modelled as 11.3% of the C applied

with the compos{Tonini et al., 2018peesupplementary material: tab 4(Appendix 4.3 for a full

arithmetic breakdown of the inventory.

Table 4.4 6 Methods applied to calculate activity data, emissions, and environmentalvithinlénsindustrial

composting scenarios

Process

Method and data tocalculate primary emissions and burdens

Incurred Decomposition
processes

Compost transport

Compost
application

Avoided Avoided fertiliser
processes application
(credits)

Avoided fertiliser
manufacture

C sequestration

kg CH: = feedstock input x 1.8297 kg/t feedstdSrer et al., 2013

1kg NbO = feedstock input x 0.075 kg/t feedstqBlaer et al., 2013)

1kg NHz = feedstock input x 0.406 kg/t feedst@¢8aer et al., 2013)

1Burdens= electricity of 20 kWh/t organic wadgfBakata et al., 2012modelled from
marginal electricity generation.

1 Burdens = machine operation, diesel, >= 74.57 kW, low load factor: 0.00035211 h
ecoinvent 3.5 consequential.

1Burdens= wet weight X20km x burdens per tkm for tracttmaile from ecoinvent 3.!
consequential.

f1Burdens = wet weight x 0.k7diesel/tx burdens of diesel burning from ecoinvent
consequential.

1Assumes kg digestate perklyy feedstock wet weight.

TkgNH3sN and kgNO4'-N = DM% x total N 8 N lost in decomposition (abov
x EFs(1.6% NH-N, 21.8% NQ -N) (Yoshida et al., 2016)

TkgN,O-N=DM% x total N & N lost in composition A% +(NHsN
(above)x 1%)+ (NOzN (above) 0.75%)IPCC, 2006)

1Avoided NH-N = DM% x N contentsd N lost in decomposition (above)Jongterm
substitution N fertiliser 20¢ onini et al., 2018) 1.7%(Misselbrook et al., 2012)

1 Avoided NQ-N = DM% x N contentd N lost in decomposition bongterm substitutior
N fertiliser 20%Tonini et al., 2018) 10% (Duffy et al., 2013)

1 Avoided NO-N = DM% x N contentsd storage NHN loss xlongterm substitution N
fertiliser 20%Tonini et al., 2018) 1%+ NHz-N x 1% +NO4 -N x 0.75%(IPCC, 2006)
1 Avoided P leach DM% x P content Xongterm substitution P fertiliser 10@%onini et
al., 2018% 1% (Styles et al., 2016)

1 Avoided burdens DM% x nutrient content® N lostin decomposition (above)long
term fertiliser substitution factdmonini et al., 2018) ecoinvent 3.5 burdens for N3,
and KO fertilisers

1 C sequestration = C not degraded (C degradation food waste 58%; RBAl&B#et al.,
2009; Hermann et al., 2014)11.3% longerm C sequestrati¢fionini et al., 2018)

tkm: tonne kilometre; DM%: dry matter percentage; PLA: polylactic acid; EFs: emission faatoethalidylO: dinitrogen
monoxide; NH: ammonia; NEN: ammonia nitrogetO4 -N: nitrate nitrogen; »0-N: dinitrogen monoxide nitrogen; |
nitrogen; P: phosphorus; C: carbef@sPphosphorus pentoxide;®: potassium oxide
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4.2.3.4.2Anaerobic digestion

Energy outputs and fugitive emissions from W&e calculatedusingthe LCAD model
frameworldescribed ityles et a[2016) summarised ihable 4 5. Here a large AD plant was modelled,
wherefood waste and PLWereconvertedo biogasand digestate at &D facility It was assumed that
50% ofAD biogas was burned in a combined heat and power (CHP) plant to produce electricity and heat.
Electricity produced from the CHP plant, minus parasitic requirements within the lénhitesu
electricity fromhe UK marketChapter4.2.3.2.3. Heat from the CHP was used to heat the digesdter,
any remainder dumpethe other 50%f biogas wamodelled to bepgraded into biomethane, which
was then injected into the gas gudbstiutingthe market for hegChapter4.2.3.2.3. These biogas uses
are in line with future needs for dispatchabledwaon heat and electricity to meet net zero GHG targets
(CCC, 2019)

In the AD plant the biomethane yield was calculated as 30.3%k®Clidnne food waste and
11.9 kg Chffor theassociated flow of PLA (51.12 kg), based on the specliierbical properties of gee
feedstock¢Kolstad et al., 2012; Tonini et al., 2(DB)estate was modelled to be stored in a sealed tank.
Fugitive emissions of methane from the AD system were modelled as 1% from the digester and 1.5% from
storag€Styles et al., 2018H; andCH, emissionfrom digestate storagere also modelled frddtyles
et al.(2016) Similarly to the industrial compostihg, gfroducedigestat&vas assumed to be transported
20km and applied on land with tractors having fuel conisumyd 0.571 dieselper tonnaligestate
applied(Tonini et al., 2018Yhe direct and indirect N emissiémsn the application of thdigestate
through shallow soil injectigrerecalculatedlhelongtermcarbon sequestration equalled 13.2% of the
C applied with the digestét®nini et al., 201.8As modelleéh Chapter4.2.3.4.1 digestate substitutes
mineralffertilisers mitigating the emissions incurred from the production and amplafahe N, P and
K fertilisers.

Modelling of emissions mitigation arising from the use of the digestate was based on the N
(excluding the N losses discussed), P, and K content of the undigested food. P and K contents were then
converted to s and KO contents, based on relative molecular masses, to quantify mineral fertiliser
replacement. The lotgrm fertiliser substitution fé&r and K was assumed toll¥®% whereas for N a
substitution factor ofl0% for the digestatavas modelledTonini et al., 2018Pisplaced embodied
emissions in N, P, and K fertilisers were extracted from market data from ecéireomsequential
(Wernet et al., 201@nd avoided emissions of fertiliser applicatienalsz calculatdeor afull detailed
description of the model, the readeaeferredo Styles et a2016xandsupplementary material: tab 3

(Appendix 4.3 for a full arithmetic breakdown of the inventory.
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Table 45 d Methods applied to calculate activity data, emissions, and environmentavihid¢hnsanaerobic
digestiorscenarios

Process Method and data to calculate primary emissions and burdens
Incurred Digester leakage Tkg CHi= DM% x m3 CHayield x 0.67 kg/rdx 1% digester log&dams et al., 2015)
processes
Digestate storage Tkg CHy= DM% x m3 CHayield x 0.67 kg/rhix 1.5%(Styles et al., 2016)
1kg NHx>-N = DM% x total N x % total N as NH-N (80%) x 2%(Misselbrook et al., 201%
1 IndirectN2O-N = NH3-N x 1% (IPCC, 2006)
Digestate transpol 1Burdens= wet weight 20km x burdens per tkm for tracttrailer from ecoinvent 3.5.
1Burdens = wet weight x 0.8®Hiesel't! x burdens of diesel burning from ecoinvent 3.5.
1 Assumes kg digestate perklyy feedstock wet weight.
Digestate TkgNH3-N and kgNO3' -N = DM% x total N x %total N as NH*-N 0 storage N3N loss
application x MANNER NPK EFs(7.5% NH-N, 15.5% NQ -N) (Nicholson et al., 2013)
7kgN20O-N = DM% x total N3 storage NBN loss x1% + (NHz-N (aboveX 1%)+ (NOJ -
N (above) 0.75%)IPCC, 2006)
kg P leached DM% x P content x1% (Styles et al., 2016)
CHP combustion 1kg CH;= DM% x m3 CHgyield x0.67kg/m31 1% digester loss 50% biomethane us
x 0.5% CHP sli§Styles et al., 2016)
Biogas upgrade  1kg CHi= DM% x m3 CH,yield x 0.67kg/m31 1% digester loss 50% biomethane us
x 1.4% upgrade methane $fyles et al., 2016)
Avoided Avoided fertiliser fAvoided NH-N = DM% x N contents 8 storage NHN loss (above} longterm
processes application substitution N fertiliser 40¢onini et al., 2018) 1.7%(Misselbrook et al., 2012)
(credits) T1Avoided NQ' -N = DM% x N contentsd storage NBN loss xlongterm substitution N

Avoided fertiliser
manufacture

Avoided marginal
electricity
generation

Avoided margin
heat generation

C sequestration

fertiliser 40%Tonini et al., 2018) 10% (Duffy et al., 2013)

1Avoided NO-N = DM% x N contentsd storage NHN loss xlongterm substitution N
fertiliser 40%Tonini et al., 2018) 1% + NHz-N x 1%+ NO3' -N x 0.75%(IPCC, 2006)
1Avoided P leach DM% x P content X¥ongterm substitution P fertilis&00%(Tonini et al.,
2018 1%(Styles et al., 2016)

1 Avoided burdens DM% x nutrient content® storage NHN loss xlongterm fertiliser
substitution factor@ onini et al., 2018)ecoinvent 3.5 burdens for N, and kO fertilisers.

TAvoided burdens DM% x m3 CHgyield x0.67kg/m31 1% digester loss 50%
bi omet h a0rb% CHiPsskx 50MJ/kg LHV x 1/3.6 MJ/kWh x55% CHP electricit:
efficiencyd 15.5% parasitic loadmarginal electricitggeration burdens generated in ecoin
3.5.

TAvoided burdens DM% x m3 CHgyield x0.67kg/m31 1% digester loss 50%
bi omet h d.A% biomstanelslip50MJI/kg LHV x 1/3.6 MJ/kWh x 90% conversior
efficiency of LHV in fuel to useful heat x marginal heat generation burdens gene
ecoinvent 3.5 consequengtyles et al., 2016)

1 From Buswell's equation, 50% mol@@d 50% mol Ckbiogas composition

1 CHs moles lost in biogas = biomethane yield (kg) / 0.016 Kg.mol

1C sequestration = C in inpat [(biomethane yield/0.016 x 0.012 kg:m6H.,C) +
(biomethane yield/0.016 x 0.012 kg:h@D,-C)] x 13.2% longerm C squestratiofTonini
et al., 2018)

tkm: tonne kilometre; DM%: dry matter percentage; PLA: polylactic acid; EFs: emission fact@#)a@ENHs-N: ammonia
nitrogenNOJ -N: nitrate nitrogen; dD-N: dinitrogen monoxide nitrogen; bHN: ammonium nitrogen; N: nitrogen;
phosphorus; C: carboni?: phosphorus pentoxide;®: potassium oxide; CHP: combined heat and power; LHV heatarg

value
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4.2.3.4.3ncineration

The modelling of incineration was based on the methods desdvibeitt &t al(2018) utilising
calculationsf net energy released based on the gross energy and water content of the Tesdustocks.
46 summages the framework methodology emplofed incineration Net thermal energy from
combustion was used to generate electricity orf sitéch surplus was exported to the UK grid to avoid
marginal generatig@hapter2.3.2.3. Incineration energy conversion efficiency was modelled at 22%, and
gross thermal energy outputs were reduced by 15&%otmt foparasitic heat loss to the wall the
incinerator(Moult et al., 2018\l excess heat was assumed to be reused within the process or dumped.

Small quantities of residues and slag were diverted to inert landfill after incineration, though have the

potential to be used as constructidil material§Aubert et al., 20Q4gmissions from the incineration
process were adapted from ecoinadhitconsequentialWernet et al., 201& be relevant to the
geographical location of the UK and to fit the modellthso. Sesupplementary material: tab 5
(Appendix 4.] for a full arithmetic breakdown of the net energy produced for each feedstock.

Table 4.6 8 Methods applied to calculate activity data, emissions, and environmentalvithinl&msincineration

scenarios
Process Method and data to calculate primary emissions and burdens
Incurred  Burdens fInput and outputs from théncineration process are calculated from adapted ecoinve
processes consequential processes of:

o Food Waste treatment of biowaste, municipal incineration, CH

o PLA - treatment of waste plastic, mixture, municipal incineration, CH

o HDPE and LDPE- treatment of wate polyethylene, municipal incineration, CH

o PET - treatment of waste polyethylene terephthalate, municipal incineration , CH

o PP-treatment of waste polypropylene, municipal incineration , CH

0 Processes adapted to be relevant tgebgraphical location of the UK and to fit the mode
scenarios and calculated substitutions

Avoided  Avoided 1 Mitigated emissions = net energy recovered (J/kg) (calculated below) x incineratongaesipn

processes marginal efficiency (22%) x emissions intensity of grid electricity (taken from ecoinvent 3.5 consec

(credits) electricity = modelled marginal mix) (Moult et al., 2018).

generation 1 Net energy recovered = energy content in the(fiamuni et al., 2018)(water conter{fTonini et al.,

2018)x energy required to heatiait of water to boiling point and then to boil it (calculated be
(Moult et al., 2018).
1 Energy required to heat a unit of water to boiling point and then to boil it = [(temperature
(373K) 0o starting temperature of the water (take?298K)) x specific heat capacity of water (¢
kJ/kg/K)] + latent heat of vaporisation of water (2R¥Kg) (Moult et al., 2018).
1 Gross thermal energy outputs were reduced by 15.5% to account for parasitic heat loss to
the incinerator (Mouét al., 2018).

CH: Switzerland; PLA: polylactic acid; HDPE:-tigtsity polyethylene; LDPE: ldensity polyethylene; PET: polyethyl
terephthalate; PP: polypropylene
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4.2.3.4.4nsect feed

Producing mimal feed fronfood waste viasects is anltimatecircularuse of waste represented
in the most ambitiouscenarignecessitatinggulatory chanpédn this scenario, thleeparatewastevas
fed to insectsvhichwere converted into a protein meal ®dfiévestock Landwas sparediue to a
reduction in feed demaritlis lanctould be diverted to other priority uses in line with GHG mitigation
and circular economy objectives. The production of animal feed via insects was modelled based on an LCA
study by van Z#en et al(2015)which produced house firvaemeal from a mixture ehainly food
waste with some chicken maniitee methodologyvithin this studyollows that ofStyles et a{2020)
whereby the LCA was simplified by considering ttdrnyathatter feevas provided bghe combined
household food waste and P& bnnes ofdry matter (DMjood waste was required per tonne of DM
larvae medStyles et al., 2020hereforepne tonne of fruit and vegetable food waste and 51.12 kg of
PLA produced 0.074 tonnes of DM larvae meal. 378 kWh of electricity, and 183 kWh of heat were also
required for the larvae meal feed produptiocess. Energy was sourced from marginal sources mentioned
in Chapter2.3.2.3

The original study estimated thaonne of larvae meal replaced @8nesof fishmeal and
0.5tonnesof soybean meah a DM basi¢vVan Zanten et al., 2015he avoided upstream burdans!
amount of land sparing associated with animal feed substitution were calculatecetaiseerdri.5
consequential burdefWernet et al., 2016Jeduced soybean demand spares arable land deatime
is afforestedo help meet net zef@HG emission targetand potentially longéerm energy security and
bioeconomy objectives dependingt@use of harvested wodBrodin et al., 2017An average rate of
C sequestratioin soil and biomass following afforestation of 3600 k¢ @-haas assumed, based on
average values for temperate forest regenef@éarchinger et al., 20Fhally,approximately 7.88
tonnes of insect manure are produced per tonne larvae meal (van Zanten et al., 2015). This insect manure
was assumed to be diverted to AD. The larvae manure was assumed to have an N, P, and K content of
3.28, 0.76, and 0.98 #&r ponne of DM, respectively. The DM of the larvae manure was modelled as 38%.
The AD process was modelled asGiepter4.2.3.4.2 Seesupplementary material: tab §Appendix
4.7 for a full arithmetic breakdown of the inventory.

4.2.3.4.54ome composting
Home composting produces insufficient heat to decomposésBLes al., 2019 ence, home
composting was motid using a similar method to industrial composting, applied only to foodenaste (

excluding PLA), including the emissions from decomposition and application of compost, and emission
mitigation via mineral fertiliser substitution and soil carbon tsetipesHowever, only 18% of the
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fertiliser substitution credit calculated for industrial composting was applied to home composting, reflecting
the proportion of home compost that actually replaces fertilis§ Angdersen et al., 201Bee
supplementary material: tab TAppendix 4.3 for a full arithmetic breakdown of theantory.

4.2.3.4.6Recycling

PP, HDPE, and PET packaging waste was modeliédarecycledand LDPE packaging as
10% recycled (s€hapter2.2.). In this study, emissions relating to the sorting at a materials recovery
facility and the recycling of the plastics to granulates were included using data from ecoinvent 3.5
consequential burde(i&/ernet et al., 2016lhe recycled plastics were modelled as substituting virgin
granulates from their respeetmarkets. In this study, the transportation from the materials recovery
facility to the recycling facility was assumed to be 200 km via lorry and 3000 km via ocean transport
(explored in uncertainty analyses), reflecting the global trade of plelitig(Bishop et al., 2020)

4.2.4.Impact assessment

4.2.4.1lmpat categories

The life cycle impact assessment (LCIA) used in this study was the Environmental Footprint (EF)
2.0 method. The EF LCIA is a European initiative to harmonise LCA, and includes a thorough collection
of 16 midpoint impact categories, that &nencompass the holistic impacts from the hitherto mentioned
modelled systefManfredi et al., 201231l 16 impact categories were considered for this study.

4.2.4.2Uncertainty analysis

Error propagationia Monte Carlo simulati@mwas performed with 1,000 iterations to obtain
estimates ofresult uncertainty associated withultiple modelparameter uncertaie$ Parameter
uncertainties were based on background ecoinvent uncertainties where applicabtégeeed agbrix
for all generated foreground d@#&roth et al., 2016Jhe pedigree matrix creates aesbased on five
aspects of data uncertainty (reliability, completeness, temporal correlation, geographical correlation, and
further technological correlation), and applies a geometric standard deviation to the intermediate and
elementary exchanges at th# process level. The applied pedigree matrices scores can be found in
supplementary material: tab 4Appendix 4.). For some uncertain parameters, triangular distribution
was used which supplied a lower and upper value. These parameters included) cropogiosition
emission factors, recycling transportation distances, and collection distances for the food and plastic waste.

The applied distributions can be founsupplementary material: tab $Appendix 4.).
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The statistical approach followed waslai to that of Pizzol2019) Statistical analysis was
performed to explore where the nine different scenarios were significantly aliffessrdll 1énpact
categdes Thenull hypothesitested assumed that the environmental tsmpddhe inventory of the
different scenarios were equal. Since normality was regslegireVilk tess, thedifferences between
theenvironmentampacs of the scenarios within the same impact categories were statistically tested using
nonparamett pairwise Manlvh i t ney U t est s. Signi fi ec@adhwithdi f fer

Bonferroni correction applied to avbige 1 errorddlse positivgs

4.2.4.3Sensitivilgalys

To explore the influence of critical factors for PLA productiorcthed vary with policy and
management decisions, two further sensitivity analyses were conducted. The PLA ecoinvent production
data used within the study originated from 2007, and although the backgroveteldrapolated to
the year of the 3.5 consequentialbdatelease (2018) within the dataset, with the uncertainty adjusted
accordinglyWernet et al., 2018LA is still a developing technolagy it is highly probable that the
efficiency of the PLA production has and will improve as production sealdsaspgechnologies mature.
Therefore, in the first sensitivity analysis, the energy burdens required to produce the PLA granulate were
reduced by 50%. Secondly, a sensitivity scenario where the maize was produced and converted to PLA
granulate within theK was modelled, to assess the consequences of the location of the production of the
PLA granulate in terms of maize cultivation and marginal energy mix.

4.2.4.4Total magnitude of burdens for the UK

Footprints per functional unit were then extrapolated up @& 068,226 tonnes of total fruit and
vegetable food waste estimated to be generated annually in the UKTabB933)( For this quantity
of food waste, 105,728 tonnes of plastic packaging waste are also generated. Within this analysis further
consegential thinking was applied, wherein the BAU petrochemical plastic production and subsequent
wastdreatment was modelled to be avoided by deployment of bioplastic packaging for all fresh fruit and
vegetables. As such, the calculatied magnitude of bdens for the Ukmodelled the avoided BAU
scenario as ecredit to the system for the multiple bioplastic scenarios. Within this framework, the
environmental savings are denoted by any negative values, whilst positive values represent an overall burden
increasdi.e.,new impacts greater than any credits)
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4 .3.Results

4.3.1.LCA results from using PLA food packaging

The contribution analysis of the results from the management of 1 tonne of fresh fruit and
vegetable food waste plus 51.12 kg of plastic packadfiegentcenebf-life waste management scenarios
is presented iRigure 4.2. A full and further disaggregat@dakdown of the resufty each scenario and
impact categoryganbe found insupplementary material: tab 1QAppendix 4.). Overal] the results
show variations between the different scenarios, with the SIF scenario being the most environmentally
efficient treatment of the PLA, and the bioplastic scenarios improving in environmental efficiency when
more food waste is diverted to AD. Plgsticiucton and food endf-life treatmentiominateburdens
acrosghe majority of impact categoriand bioplastic scenarios only result in savings across half (eight)
of the environmental impact categories assessed, compared with the petrplastimBAU, if 100%
of food waste can be diverted to AD (SAD). Only six of the 16 impact categories show lower footprints
for bioplastic by scenario S4, compared to eleven out 16 for 100% diversion to insect larvae animal feed
production (SIF). Thamipactcategoriegor which bioplastic scenarios performed comparatively well
included (with the level of food waste diversion required for environmental performance to exceed that of
petrochemical plastic packaging): cancer human health effects (40% hatigegit®@%, for AD and
insect feed), freshwater eutrophication (60%), ionising radiation (26&apaerrhuman health effects
(20%), photochemical ozone formation (80%), resource (energy carriers) use (60%), and respiratory
inorganics (100%, for AD ammsect feed). The impact categories for which only SIF achieved lower
burdens included: freshwater ecotoxicity, land use, and resource (minerals and metals) use. There were five
impact categories for which all the bioplastic scenarios had higher entdlompacts relative to the
BAU scenario, including: terrestrial and freshwater acidification, marine eutrophication, terrestrial
eutrophication, ozone depletion, and water scarcity. These are typically the impacts where feedstock (maize)
cultivation mada particularly large contribution to bioplastic production impacts.

4.3.2.Uncertainty analysis results

Figure 4.3 shows the distribution of results for esxdnari@ver 1,000 Monte Carlo simulations.
Smulationresults can be found supplementary materialitab 11(Appendix 4.). The initial visual
impression is that uncertainties are substantiaday notallow cleadifferentiation across scenaiios
terms of environmental performandgéowever, it was observed tH8% of all576 pairwise
comparisonandertakershowedstatisticallgignificat differenceéBonferronicorrecteg-values< 0.(®),
with the majority of impact categories exhibiting statistically significant differences across 97% of the

pairwise comparisons among scenarios. Therefore, rntustdifferences across scenarios observed in
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Figure 4.2 andFigure 4.3 are statistically significaitfull breakdown of thetatistical pairwise Mann
Whitney Uresultdor each scenario and impact categgmige found irsupplementary material: tab 12
(Appendix 4.).
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Figure 4.3a 6 Results of the Monte Carlo simulation for eight bioplastic and food waste scenarios, and Hasumsish¢BAU) petrochemical plastic and food waste scenario,
across eight of the 16 impact categories asdemseidualisation purposes, outliensetheen excluded from the graphs, but were included in all statisticalkefudlyseakdown
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Slincin: scenario incineration (100% separation); SIF: scepatifeat (100% separation)
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Figure 4.3b 6 Results of the Monte Carlo simulation for eight bioplastic and food waste scenarios, and tHasimish¢BAU) petrochemical plastic and food waste scenario,
across eight of the 16 impact categ@ssessdebr visualisation purposes, outliers have been excluded from the graphs, but were included in all statigtiftdl lareslikdesin

of the Monte Carlo resultsan be found isupplementary material: tab 2. BAU: businesasusual (20% sepation); S1: scenario 1 (20% separation); S2: scenario 2 (40%
separation); S3: scenario 3 (60% separation); S4: scenario 4 (80% separation); SAD: scenario anaerobic digestiom) ( Bll8mgegasmario composting (100% separation);
Sincin: scenariincineration (100% separation); SIF: scenario insect feed (100% separation)
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4.3.3.Sensitivity analyses results

The sensitivity analyses undertaken in this study found that there is huge potential to reduce the
impacts of bioplastic production. Within the main model under default assumptions, many of the scenarios
do not reduce environmental impact compared witBAkkescenario of conventional plastic packaging,
as seen irrigure 4.2 and Figure 4.4. However, both sensitivity analyses significantly improve the
environmental ranking of the bioplastic scenarios against the petrochemical plastic BAU scenario, with
bioplastic scenarios outperforming the petrochemical plastic packaging BAU scenario for the majority of
impact categoriekigure 4.4). Even where rankings do not change, the absolute burdens of bioplastics
were reduced, mitigating environmental Wwéde asseen inFigure 4.4 which displays the percentage
difference of the bioplastic scenarios from the petrochemical scenario. For example, GWP burdens were
only lower than the BAU scenario for two bioplastic scenarios in the baseline modelled LCA. However,
both sensitivity analyses resulted in all of the bioplastic scenarios bar one having smaller GWP burdens
than the petrochemical scenario. In fact, bioplastic scenario S1, which has the same separation efficiency as
the BAU scenario (and therefore one of @& kEnvironmentally beneficial outcomes), resulted in 11% or
9% lower GHG emissions than BAU when energy use was reduced by 50% or global production switched
to UK production, respectively. Differences from the BAU scenario GWP burden were a&l§@at as
and8190% for the SIF scenarios within the two sensitivity andligaes @.4). Full results from the

sensitivity analysianbe found inrsupplementary material: tab 18Appendix 4.).
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As Modelled
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Sensitivity 2 - UK PLA production
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Figure 44 6 Heat map of the eight different bioplastic scenarios showing the percentage difference of the multiple
scenarios from the BAU baseline scendhe figure contains the results as modelled, and the two sensitivity
scenarios as describe€hapter4.2.43. BAU: businesasusual (20% separation); S1: scenario 1 (20% separation);

S2: scenario 2 (40% separation); S3: scenario 3 (60% separation); S4: scenario 4 (80% separation); SAD: scenaric
anaerobic digestion (100% separation); SComp: scenario corfiifngeparation); Sincin: scenario incineration

(100% separation); SIF: scenario insect feed (100% separation)
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4.3.4. Total UK fruit and vegetable food waste and associated packaging

Table 4.7 shows the magnitude of environmental impacts associated withl finesto fruit and
vegetable food waste estimated to be generated annually in the UK by 2030. Applying more consequential
thinking to the approach provided a credit to the bioplastic scenarios from the displaced petrochemical
BAU scenario. It is worth nog that, for the results presentedamle 4.7, environmental savings are
denoted by any negative values, whilst positive values represent an overall burdeksiscagse.
converting ta PLA food packaging material appears to be able to considegabllyy c e t he UKO3 s
emissions from packaging and food waste management when 100% diversion of organic waste to AD o
insect feed is achievéthtional GHG emissions savings-a&791,668 an@54,742,657 kg G€q. for
100% waste diversion to AD anslect feed, respectively. For scenario S1, meanwhile, where the collection
efficiency remains unchanged, net environmental savings are only seen in ionising radiattanaerd non
human health effects. Full results from the extrapolated total UKiosdenhrding results from the

extrapolated sensitivity analysiape found irsupplementary material: tab 1gAppendix 4.).

Table 4.7 8 Consequential LCAesultsfor all UK fresh fruit and vegetable food w#2{668,226 tonngand
associated PLA packagin@030transitioning from BAU (100% petrochemical plastic packaging) to the scenarios

of 100% bioplastic packaging and enhanced food waste diversion to dedicated biowaste indatmaents|
savings are denoted by negatialues, whilst positive values represent burden isdmdlaseng the transition

Scenarios
Impact category S1 S2 S3 S4 SAD SComp Sincin SIF
Acidification terrestrial
and freshwater, mofH ~ 8.99E+05 9.30E+05 9.61E+05 9.93E+05 6.44E+05 2.17E+06 4.87E+05 5.08E+05
eq
Cancerhuman health 4 \gr01 666E01  -2.28E+00 -3.80E+00 -4.52E+00 -2.22E4+00 3.54E+00 -7.36E+00
effects, CTUh
ggmatecr‘a”ge’ KO€O 1 10E+08 9.03E+07 7.02E+07 5.00E+07 -1.28E+07 2.40E+08 8.79E+07 -7.55E+08
E‘%‘l’jzx'c'ty freshwater,  30e108  3.31E+08 2.33E+08 1.34E+08 1.01E+08 1.78E+08 5.94E+08 -1.22E+09
Eutrophication 3.71E+04 1.39E+04 -0.24E+03 -3.24E+04 -3.88E+04 -3.16E+04 7.70E+04 -3.07E+05
freshwater, kg P eq
E;t&ogg'ca“on manne, g 18e+05 8.58E+05 8.98E+05 9.38E+05 7.16E+05 1.64E+06 5.16E+05 8.37E+04
Eutrophication 4.44E+06 5.06E+06 5.68E+06 6.29E+06 4.63E+06 1.23E+07 1.55E+06 1.07E+07
terrestrial, mol N eq
lonising radiation, HH,
kBq U235 eq -1.47E+07 -1.45E+07 -1.43E+07 -1.42E+07 -1.45E+07 -1.05E+07 -1.55E+07 -1.88E+07
Land use, Pt 1.15E+09 1.08E+09 1.01E+09 9.36E+08 8.90E+08 1.15E+09 1.26E+09 -8.84E+09
Non-cancer human
hoalth offects, CTUR  -237E+01 -3.20E+01 -4.03E+01 -4.85E+01 -4.90E+01 -L26E+01 -7.73E+00 -5.18E+01
glzz‘(’:”leldeeqp'et'on’ kg 4.29E+01 3.88E+01 3.46E+01 3.05E+01 2.47E+01 5.06E+01 4.54E+01 5.00E+00
Photochemical ozone
formation, HH, kg 4.60E+05 2.97E+05 1.33E+05 -3.07E+04 -1.33E+05 3.02E+05 6.86E+05 -1.67E+06
NMVOC eq
CRaerfi‘;‘;;C?w‘jSG' energy 7 o9E+08 2.90E+08 -1.50E+08 -5.90E+08 -1.16E+09 1.22E+09 1.04E+09 -4.19E+09
Resource use, mineral o /e s 504402  3.55E+02 2.05E402 O.15E400 6.41E402 7.57E+02 -9.41E+02

and metals, kg Sb eq
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Respiratorjnorganics,
disease incidence

‘é\é""‘;ﬁcsgarcny’“ 1.11E+09 1.09E+09 1.08E+09 1.06E+09 1.05E+09 1.08E+09 1.13E+09 1.19E+09

421E+00 3.08E+00 1.95E+00 8.18E01 -4.33E+00 1.75E+01 1.33E+00 -1.45E+00

S1: scenario 1 (20% separationkc®Rario 2 (40% separation); S3: scenario 3 (60% separation); S4: scenario 4 (80%
SAD: scenario anaerobic digestion (100% separation); SComp: scenario composting (100% separation); Sl
incineration (100% separation); SIF: sceinagot feed (100% separation)

4.4 Discussion

4.4.1./mportance of packagingproduction on the environmental performance

The results show that a switch from petrochemical plastic to PLA bioplastic packaging for fresh
fruit and vegetables within the WKthout any associated increased diversion of organic waste to biowaste
treatment, could increase overall environmental burdens. Bioplastic production incurs high environmental
costs for maize cultivation and processing energy consumption. Indieset tdrachge was found to be
a major PLA burden, but is not included in many bioplastic LCA @Bishep et al., 202The inclusion
of iLUC incurs a penalty for the renewable feedstock that reflects the constrained availability of land and
the risk of displacing existing agricultural production elsewhere. Convi@tsefyrevious studies have
attributed high biogenic carbon storage to biopléBigisop et al., 20219hortterm biogenic carbon
storage in plastics was disregarded in this study (althoutgrnosgil carbon storage from residue
application was included), providing a conservative and robust approach m lfesegdim emissions
from bioplastic use and eofilife.

Although the analysis identified that bioplastic production and food wastdifendere the
major environmental burden contributors, it was found that, despite plastic packaging ortiypgepresen
5% fresh weight of fresh fruit and vegetable food waste, it represented 25% of the dry weight waste due to
the high water content of fruit and vegetables. Plastic packaging therefore constitutes a major material flow
within food waste streams thabsgly influences the energy recovery potential. Food waste LCA studies
involving different rates of separation should therefore also account for any diversion of plastic packaging
waste.

The sensitivity analyses show that the energy efficiency anddb@itidproduction can have
a large influence on the environmental footprint of bioplastic. Although somewhat crudely calculated, the
sensitivity analyses show there is high potential for the performance of bioplastics to improve as processing
technology mtures and as energy systems decarbonise. Petrochemical plastic production has been refined
over decades to approach technical potential for economic and environmental efficiency, whilst PLA is still
an emerging material. The forwlaaking LCA and sensiity analyses applied in this study attempt to
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compensate for the different improvement potentials of these materials. This research suggests that, in
order to realise environmental savings, bioplastics should be produced within industrialisecheogintries w
demand is initially greatest owing to more efficient feedstock cultivation and processing technologies, and
cl eaner energy suppHoreisngd hofs prlay sdosedgvelppingandotni o n
transitioning countries.

It is impor&nt to note that, whilst maize feedstock was modelled within this study due to it being
the primary commercially used feedsfgakk et al., 2007)nany other festbcks exist and are being
developed for PLA production. These include feedstocks such as lignocellulosiOmiasataho et
al., 2018; Danner et al., 2004; Singhvi and Gokhale f@id 8JastéKwan et al., 201,8nd other crops
(Moré&o and de Bie, 2018nong many other novel substrates for valorigabon Vkiiklovi L et al . ,
These various feedstocks dosignificantly lower the environmental impact of bioplastic packaging,
especially if production impacts can also be redrigacke(4.2. The results of this study therefore only
reflect one production technology, and as such do not necessarilyaefidet ttuture potential of PLA
packaging production. Future research should assess the potential future impacts from alternative
production pathways, to identify the most environmentally efficient feedstocks and production techniques,
and also the sustalle niche of bioplastics within a circular;zeet carbon futuréEuropean
Commission, 2019)

4.4.2.Importance of food waste diversion on the environmental performance

The analyses show that food wasteoétite contributes a considerable share of environmental
impact across dlhpact categories. Bioplastic LCA system boundaries are rarely expanded to include
possible food waste diversion to biowaste treaffidekadellis and Harris, 2020¢spite bioplastics
potentially facilitating such food wasteidion that is shown in this study to be critical to the overall
environmental efficiency of bioplastic use. If use of bioplastics means more food waste is diverted to AD
and insect animal feed, because it is easier for consumers to separate ot fedbdonasirst de

packaging it, then that could leverage significant environmental savings.

Overall, the results show that supplying organic waste to insect feed was the most environmentally
beneficial endf-life option out of the modelled scenariegre 4.2). For many impact categories,
including global warming potential (carbon footprint), net credits are achieved when bioplastics increase
diversion to this treatment. Although an extreme case, this scenario demonstrategsthatndarnd
use bange are important factors to consider when expanding LCA boundaries, and that more circular
management of waste (as well as waste prevention) can spare land. Net carbon sequestration via

afforestation of land no longer needed for feed cultivationatiissthe wetkcognised benefits of
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afforestation for GHG mitigatio(Duffy et al., 2020; Richards and Stokes, 20@4)although not

modelledl longerterm energy security and bioeconomy objectives depending on use of harvested wood
(Brodin et al., 2017Following insect feed, the next most environmentally efficient waste management
option was diverting food waste &idA to AD (Figure 4.2), in line with other waste management LCA
studiegMoult et al., @18; Salemdeeb et al., 20T/ industrial composting scenahowedelatively

high emissions when compared to the other scenarios, placing composting lower down the food waste
hierarchy than other recent studMsult et al., 2018; WRAP, 2020/)is was partly due to the high
decomposition emission factors app{®aer et al., 2013hough even after applying lower emission
factors within the uncertainty analysis, the composting scerained less environmentally efficient

than AD Figure 4.2).

Bioplastics have the potential to reduce global warming pdténtia 4.4), but the EF impact
assessment method provides a more holistic view of PLA performance, indicating that PloAoremains
environmentally damaging than conventional petrochemical plastics for several impact categories. The
analysis therefore illustrates important 4péfideassociated with a transition to PLA food packaging,
including notable increases in terrestrialraglkwater acidification, terrestrial and marine eutrophication,
ozone depletion, and water scarcity. These relate to critical planetary b(Rodestedm et al., 2009;

Steffen et al., 2018)d future sustainability dbajegMekonnen and Hoekstra, 20I8)erefore, there

is a particularaed to identify feedstocks that can reduce these environmental hotspots in order to minimise
the risk of burden shifting. Meanwhile, reducing the weight of plastic packaging used for fresh fruit and
vegetables, without compromising preservation, anchgeémil waste arising, should be priorities for

the circular economy.

4.4.3.Limitations and future research

A major issue for biodegradable bioplastics is the uncertainty that still exists around the suitability
of biodegradable bioplastics for AD and cotmupdt has been noted that industrial composting and AD
facilities areeluctahto accept bioplasti¢Kakadellis and Harris, 2020his may be largely due to the
challenge of distinguishing biedegradable plastics frdme honbiodegradable plastéigingscreening.
Petrochemical plastic waste is a major contamination prebéemit ends up within these systeans
can negatively affect the treatment processes, as well as contaminate the compost podiggstate
(Batori ¢ al., 2018; Kale et al., 200¥vertheless, it has been suggested that optical sorting ayestems
capable aflentifyngand separmigthe bicbased and petrochemical plagiekadellis and Harris, 2020)
Another potetial limitation of supplying the PLA to AD is that, whilst most compostable bioplastics are
certified for specific environments in industrial composting conditions, the use of bioplastics within
anaerobic digestion systems is relatively understudiedgildmone biopolymers can degrade in AD
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within the hydraulic retention time (HRT) applied for a typical biogas plant treating the organic fraction of
municipal solid waste, it has been found that PLA can take longer than the usual HRTs used in food waste
biogas plantéBatori et al., 2018; Narancic et al., 28i8pughthisresearch highlights the benefits of
developing biopolymers fit for AD eafilife managementiaste infrastructuend management practises

may als need to adapt to the evolving composition of waste

A barrier for bioplastic entry to the market is the current high cost of the @lestigwichan et
al., 2018)or this futurdooking study it was assumed that downwards price trends will continiadlyespec
if production is to be increased, achieving economies ¢Bsizgje et al., 202Bowever, the economic
costs over the PLA life cycle will have effects on the sustainability of the product. As such, life cycle cost
analysis should kbenducted in the future to explore the systematic economic evaluation of the bioplastic

over its life cycle.

From our scenarios, the truly circular option of directing the waste to insect feed would necessitate
regulatory changResearch would havébconducted to ensure no significant digessamission risks
within and across species arises from such recycling. Further, research would have to be undertaken to
confirm the assumption that PLA is suitable to be digested by the insect larvase&mtihee, this
scenario demonstrates that innovative approaches to waste management, and the development of disruptive
waste treatment technologies, may be required to realise the potential environmental benefits of bioplastics
(Salemdeeb et al., 2017)

The effects of p#dic debris pollution (littering) into the environment are not included within any
current LCA impact categdishop et al., 202Blastic pollution has witenging and large potential
impacts on ecosystem quality, and human h€alttsequently, developing new impact assessment
methods, or adaptingxisting ones, to represent potential environmental damage arising from plastic
pollution should be a priorifgr future researctSuch development could have a large influence on
conclusions drawn from LCA studies and is likely to have a significiaugt ti@ahe environmental

sustainability credentials of biodegradable bioplastics used to substitute petrochemical plastics.

Theerror propagatioperformed via Monte Carlo simulation prosvésfeidea of the uncertainties
due to the data used in the mdéetzol, 2019)he use of error propagation on LCA inventories has
some limitations, the foremost one beingdhgitovarianceetween parameters is not considered, and
this can lead to undewerestimation of the output variaf@eoen and Heijungs, 201&)further major
limitation with the uncertainty analysis is that the uncgedsaiithates were calculated using the pedigree

matrix approac{Ciroth et al., 201,8)hichis a serajjuantitative method and has arguably a lower accuracy
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compared to using primary data to estimate unce&ngriheless, the uncertainties analyses showed,
with strong confidence, statiatisignificance of differences across sce(feigase 4.3).

The regional scope of this study was the UK, and although the UK is somewhat representative of
other European countries with respect to more circular waste management dliacbipean
Commission, 2020he model developed in this study highliplatsvariations in waste composition and
marginal eneygsupplies strongly influence the comparativeonmentaperformance of bioplastic
Future work shoultherefore explore differelatcations ofleployment. Future work should also explore
the growing collection of novel feedstocks for PLA production, which have the potential to improve overall
environmental performance.

4.5.Conclusion

This study demonstrated that quantification of poseidequencdesr food wastseparatiors
critical to understantthe net enironmentalperformancef a shift towvardsuse ofbioplastics fofood
packaging. The results show that PLA production can have a high impact compared with petrochemical
plastic prodction across many impact categories, but diversion of PLA and food waste to be organically
recycled, via AD, or potentially insect feed in the future, can compensate for this, improving the overall
environmental performance of the bioplastic packaffiiregimpact categorie®r which bioplastic
scenarios performed comparatively well against petrochemical plastic use included: human health effects,
climate change, freshwater eutrophication, ionising radiation, photochemical ozone formation, resource use
(erergy carriers), and respiratory inorganics. On the other hand, bioplastic plastic scenarios generated larger
burdens for terrestrial and freshwater acidification, terrestrial and marine eutrophication, ozone depletion,
and water scarcitjowever, often thse environmental savings require 100% diversion of waste, which is,
in reality, unrealistic. The immediate focus for the UK should focus on increasing the targeted food waste
rate. Neverthelessersitivity analyses indicateéghhimprovement potentidr bioplastics through
improved energy efficiency in PLA production, and/or a shift of bioplastic production to industrialised,
plastei mpor ti ng countri es ssuhcohr iansg & )h.e QJKa n gea so diurc tfirot
waste endf-life managment had a large influence on environmental outcomes. Conversklsgtiche p
packaging of fresh fr@hd vegetablespresents a large share of dry matter material flow in waste streams
and therefore has a strong influencernronmental outcomes foiowastdreatment. It is important
that future LCA studies of food packaging account for both packaging and (diverted) food-e@faste end
life flows.
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4.7.Appendices for Chapter 4

4.7.1.Appendix 4.10 Supplementary data file

Description: The attached excel fdentains the key data and calculations utilised within the study, as
referenced to withi@hapter 4

This Excel workbook contains all the input data and arithmetical manipusatibtosalculate the life
cycle inventory emissions resulting from theothf@ managements (anaerobic digestion, industrial
composting, incineration, home composting, and insect feed) and inditeset Erahge of the fruit and
vegetables food waste and associated packagifigll Tésultsuncertainty calculatigrendsensitivity
analyseare also included in this workbook

Location: The data set has been uploaded to Zenodo data repository at Bishop (2021);
https://doi.org/10.5281/zenodo0.5798676

File name Chapter4 _supplementary material_&iB
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5.Land-use change and valorisation of feedstock sidetreams

determine the climate mitigation potential of bioplastics

Abstract

Globally, governments have increased their commitment to rgieégateouse gasHG) emissionsAt

the same time, the compostable bioplassirket is growing rapidly as many susglepetrochemical

plastics are being banned internationally. A prospective consequential life cycle assessment approach was
conducted to quantify the@vironmentagénvelopes of compostable bioplastic produétiothe value

chain to operate within the bounds of climate neutkdity different feedstocks of lignocellulosic

biomass from forestry, ii) maize biomass, iii) food waste digestate, and iv) food waste were evaluated as
indicative feedstocks for potahtbioplastic production. Upstream and-aHide emissions for these
feedstockequated to GHG balances-06.36 +23.50.36 1.0, 1.® 4.8, and0.16 +0.4kg CQ eq.per

kg bioplastic respectively. The scenarios demonstrated that indireasdarichnge could have a
considerable negative impact on the environmental performance dfasedizplastic, but a positive

impact, via terrestrial carbon sequestration, for lignocelidoged plastic (unless increased feedstock
demand drives deforegval. Appropriate use of residues and sidestreams is critical to the environmental
performance of bioplastics. Efficient utilisation of residues may require decentralisation of bioplastic

production and implementation of biorefinery and circular econonogpts

134



5.1.Introduction

Global life cycle greenhouse gas (GHG) emissions of plastic use were estimated to bg 1.7 Gt CO
equivalent (Cgkrq.) in 2015, projected to increase t&BGEO, eq. by 2050 under the current trajectory
of increasing plastic producti@theng and Suh, 2018Joreover, persistent plastics are akwelWn
hazard to terrestrjdreshwater, andarine environments, negatively impacting the ecosystems when the
plagic debris enters those environméBtsboza et al., 2018; Boots et al., 2019; Peng et al., 2020; Strungaru
et al., 2019)The pervasiveenvironmental impacts arising from siogke petrochemical plastics have
resulted in moves to phase them out of production internat{aatiios and Walker, 201¥7hese bans
have led to a shift in consumption towardsob&ed polymers (bioplastieghich are rapidly increasing
their share within the plastic makitao et al., 202@ioplastics, and especiedignpostablbioplastics,
are being developed as a more environmentally sustainable replacement for petrochemical plastics
(European Comission, 2018%uch plastics are typically made from renewakeskw feedstocks and
can retain the beneficial material characteristics of petrochemical plastics whilst allowing for a transition
towards a circular economy by reducing fossil resdraetion and lowering eaotilife burdens as a
result of theicompostabl@ature(Bishop et al., 2021&his displacement of petrochemical plastics by
bioplastics may also have the benefit of potentially reducing the global carbon footpriire (&fi gihagt
et al., 2021a)

Globally, governments have increased their commitment to mitigate GHG enfissi@ist
annual session of t®nference of the Partisthe 1992Jnited Nations Framework Convention on
Climate Change, commonly known as @ORBaw countries sign the negotiated Paris Agreement, a
global agreement on the reductionliofiate chang@JNFCCC, 2015)The goal of this legally binding
international treaty is to | imit tldwe°Ciabowemprease i n
industrial levets,  w pursling effort®to limit the temperature increase to 1.5°C abovedpstrial
| e v ByI2B0GUNFCCC, 2015)The agreement also calls for a-teng goal of countries to achieve
netzero GHG emissions ithe second half of the 2tentury(UNFCCC, 2015)Net-zero carbon
sometimes referred to asc a r b o n, isntte woncept loéichieving ra overallbalance between
anthropogenic GHG emissions releaaad GHG emissions remax/from the atmosphere viand
basedinks and technologidsspecial report by thietergovernmental Panel on Climate Change JIPCC
(2018st at ed that in order to me ewithinale°CRhaeshold, neAgr e en
CO; emissions need toe reduced by about 45% from 2010 levels by B&Bthinghetzero CQ
emissions by 208IPCC, 2018)

Firstgeneration feedstocks of maize and sugarcane dominate the market of commercial bioplastic

feedstockgBrizga et al., 202@)arge inputs amequired for production of these bioplastic feedstocks,
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such as fertiliser and lamgk, which can negate the sought environmental efficiency of tiesedio
material¢Bishop et al., 2021ahe laneluse for bioplastics was recently reported tofgrexamately 0.7

million hectares in 2020 (0.015% of global land area), increasing to 0.020% of global land area in 2025 under
the projected market growauropean Bioplastics, 2028)omplete diversion of 250 million tonnes of

plastic produced annyatib bioplastics would require as much as 5% of all araljiRdedy et al., 2013)
potentially undermining the carbon benefits of biopldgties\g and Suh, 2019he use of second
generation feedstocks sucHigisocellulosic or waste biomasa, however, alleviate the pressure of
cropland expansion and associated GHG emissions freaséokdangdiemonte and Gironi, 201If)

the bioplastic production emissions are greater than the potential credits earned through avoided
petrochemical pdtic production, avoided processes abéfite, and/or longterm sequestered carbon,

then the potential environmental benefits provided by bioplastics will not bgBestispceet al., 2021a)
Therefore, it is important to identify the sustaimabhe of bioplastics, evaluating how bioplastics can be
produced within a netro carbon future by calculating the production burden constraints required for
environmental neutrality from different bioplastic feedstocks.

Recent reviewBishop et al., 20b; Pawelzik et al., 2013; Spierling et al., 2018; Yates and Barlow,
2013)found that application of life cycle assessment (LCAJHapter5.2.] to bioplastic innovations
has hitherto been patchy and often incomplete, leading to potentiallyngnisteadlisions. Further, very
few studies have been found to explore the wider environmental impacts of bioplastics via consequential
LCA, to include indirect impacts and emissions brought about via economiB&poplst al., 2021b)
Due to how newvthe technologies are, and due to the many different types of potential compostable
bioplastics available, data on commercial bioplastic production is scarce, and is certain to change in the
future as production increaggtao et al., 2020However, iiis important to consider that different
bioplastic feedstocks may have embodied burdens from upstream acquisition (i.e., production or diversion)
and enebf-life management before the feedstock even reaches bioplastic production, thus affecting the

oOalalboowe 6 emi ssions from biopl ast i eerpcarbodtargetsi on f o

This study fills a specific research gap in foitaakihg, consequential LCA studies, quantifying
the environmental envelopes of bioplastic productiom fnaltiple feedstocks in relation to-neto
GHG targets. Four different feedstocks difjjocellulosibiomass from forestry, ii) maize biomass, iii)
food waste digestate, and iv) food wasteaieated as indicative feedstocks for potential bioplastic

production pathways.
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5.2.Methodology

5.2.1.Goal and scope

The goal of this life cycle assessment (LCA) was to broadly screen potential compostable bioplastic
feedstocks for GHG hotspots and compatyhilith climate neutral targets, considering both direct and
potential indirect effects of their use for bioplastic production. The study calculated the carbon footprints
of indicative value chains for four feedstocks from different origin: ligaaedgulosicbiomass from
forestry, food waste digestate, and food waste. A European context was consideiae dovuait
inventory data fomarginatechnologigsandfor legislativelrivers and constraints. A full breakdown of
the life cycle inventoryéresults from this study can be found irStiyggplementary Material{Chapter
5.7. The functional unit of this study was definetth@snanagement of okdogramof compostable
bioplastic material producethe holistic environmental impacts, includirectdand indirect effects,
arising from the cradte-grave life cycle of the compostable bioplastics were modelled within the present
study, with system boundaries representéduines5.185.5.

LCA is a method of quantifyitfte environmental impacarising over the entire value chain of a
product or s eto-gi &(SOAF2006am200b)or aacduinfer the global net effects of
bioplastigroduction arising from factors suchinakrect laneise changé (JC) andavoided emissions
due to substituted processespnsequentidlCA approachvas applied to this study. Consequential LCA
modelsare prospective as they aim to model the consequences of future.dedsitserjuential LCA
expands system boundaries to account for marginal effects of system modifications induced via economic
signals throughout the wider econoiftyereforeactivities are included in the product syteimg
evaluated onlp the extent that they are expettethangeas a consequence of a change in demand for
the functional unifWweidema, 20Q1)

The primary objective of this study was to evaluate prospective GHG mitigation efficacy of
different bioplastic feedstocks. Accordingly, life cycle impact assdesossed on contributions to
climate change, represented within the study as global warming potential (GWP) ovelGMP y&ars.
the radiative forcing of a substance over a given time horizon, relative to the heat that would be absorbed
by the same ass of CQ(IPCC, 2013)The GWP metrics employed within the study UHBE (2013)
values, with slightly adjusted methane)(CHv al ues based @0l6)CHbualensrand Sch
separated into biogenic and fossil emissions, with burdens includiésglthef an additional indirect
effect of oxidation of CHo CO, duringCH,4 decay, and an additional biogenic correction applied to CH
from biogenic sourcé®lufioz and Schmid2016) Theenvironmental burdesharacterisation factark
the GHG investigateate presented rable 5.1
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Table 5.1 8 Environmental burden characterisation factors (per kg) applied to emissions attribgitdidé to
warmingpotential over 100 yedBWPio (IPCC, 2013; Mufioz and Schmidt, 2016)

Greenhouse Gas GWP1o0
CO, 1
BiogenidCH, 27.75
FossilCH,4 30.50
N2O 265

COy: carbon dioxide; CHmethane; pO: dinitrogen monoxide

5.2.2.Indicative feedstock valuechains and inventory analyses

Four different materials were explored as potential bioplastic feedstocks. In this section, the
indicative value chains evaluated by LCA modelling are described. Detailed life cycle inventories are
developed for each scenario in Bgpplementary Material (Chapter 5.37. For each scenario
transportation to the processing facilities was considerea totakof 130km, 240km, and 270km by
truck, rail, and barge, respectively, for each feefid&ssk et al., 2020¢lated to anticipated economies
of scaleequiredor processing into bioplast{t$ et al., 2021)

5.2.2.1Lignocellulosic biomasskfeedstoc

Lignocellulosic derived bioplastics are an emerging novel (Reshialy et al., 202[)creased
demand for lignocellulosic biomass feedstock for bioplastic production could displace existing lower value
uses of harvested wood, such as bioenergyatien, but could also induce afforestadigmoviding
longerterm benefits in terms of climate mitigation, ecosystem enhancement, wider bioeconomy initiatives
and energy securitiyorster et al., 20213tudies show that 6731.2 kg of lignocelluliosbiomass is
required to produce one kg of biopla#leBattashi et al., 2019; Kim et al., 2020; Nideiémann et al.,
2019) Thus, for this study, 20 kg of biomass feedstock was conservatively modelled to be utilised for the
production of 1 kg bidastic.

For the lignocellulosic biomass feedstock, the value chain modelled evaluated the valorisation of
low~value wood from the sawmill process of harvested Sitka sprucPig€x8iich@ifsigure 5.1). This
value chain considered that the-Valve byproductsof bark and waste chips/sawdust from sawmilling,
that are typically directed outside of the sawmill to bioenergy generation plants, are instead diverted to
become bioplastic feedstatkepresenting about 13.6% of the total end harvesinWith system,
modelled using flows detailed in Forster @G#1)81% of the harvest is destined for the sav#igillre
5.2). The saw logs are then debar&ed, it is assumed that all bark is sent to bioenergy generation. A
typical sawmill results 50%sawn timber to chips/sawdust from the pallet logs, and a 60:40 split of sawn
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timber to chips/sawdust for green logs. From this chips/sawdust fraction, 40% is typically utilised as
biomass for bioenergy. Finally, 40% of this bioenergy fraction is the quantity of material that is exported
for bioenergy (as the other 60% of this b used in the drying process of the sawn (Fmdjer

et al., 20217 mass flow for the biomass that is typically sent to bioenergy, and the desired feedstock for
this study, is provided figure 5.2.

By valorising the lowalue wood for bioptéic production, the previous use of this wood is
avoidedd in this case, bioenergy generation. As such, system boundaries were expanded to include the
avoided bioenergy emissions, as well as the indirect emissions of increased marginal eleatnicity generat
required to compensate for the reduced bioenergy generation.

For this value chain, it was assumed that diverting thallmwvood for bioplastic production
could increase the demand for biomass. This in turn could drive increased forestypraritetbiérefore
increase forest planting. It was assumed that these market signals result in an iudieechéamy
(iLUC) of unmanaged and low productivity grassland to forestland, as there would be increased incentive
for landowners to convert théand to forest. To calculate this iLUC, the 20 kg lignocellulosic feedstock
required was divided by the total output ovdresfare years, estimate@lattonnes per hé-orster et
al., 2021)This provided draction of the absolute harvest frone drectare that was taken out over 50
years. Fothis study, just the first 20 years of iLUC were considdtedthis time, additional carbon
storage from commercial forestry becomes uncertain due to future harvesting rates and wood uses outside
the scop of this studyForster et al., 20R1Therefore, the annual lamse change emissions were
multiplied by 20 years to capture a relevant fraction of the transformation, as deShdapest512.41
Although the reduction in available grassland cesidt rin the indirect intensification of livestock
production, there is considerable scope for producing livestock on a smaller area without increasing overall
GHG emissiong§Styles et al., 2018ahd this effect has been excluded from the system tyounda
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Figure 5.1 6 Schematic representation of the major processes modelled for lignotelkdddidoplastic obtained

from lowvalue wood from sawmilling aC:

production.

Figure 5.2 8 Mass flow of the biomass typically sent to bioenergy generation plants from the sawmilling process for

ssions

change in GHG emi

Harvest
81.1% 17.0% pallet logs | 64.2% green logs

Debarking = = =
72.5% 15.2% pallet logs | 57.3% green logs

Sawmill
30.5% 7.6% chips/sawdust | 22.9% chips/sawdust

Chip/sawdust

12.2% 3.0% biomass | 9.2% biomass

Biomass = o

from

t

Sitka sprucelhe percentages displayed represent the proportion of the total end harvest. The figure does not include
percentages of harvest directeother wood product types. Due to rounding, some totals may not correspond with

the sum of the separate figures. Complete, detailed mass flows can bé&fosted &t a(2021) Note thaigreen

logs are the main logs used for sawn Wmadhly construction timberyhilst pallet logs are lower quality logs of
sufficient diameter to make pallets
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5.2.2.2Maize biomass feedstock

Maize is an established bioplastic feedstock used to produce commercial polylactic acid (PLA)
bioplastic at a relatiydargescalgVink et al., 2007)n this value chain, the environmental impacts from
an increased demand of mdiased bioplastic were explofedyre 5.3).

For this study, 2.47 kg of maize biomass was required to produce one kg of (oKtasiat
Davies, 2015)equiring 1.7 pof land(Wernet et al., 201&)por the maize feedstock, directlase change
burdens were negligible (€&apter5.2.41) as the maize was considered to be grown on existing arable
land. However, as arable landoisstrained, food and feed production are displaced, causing iLUC via
arabldand expansion (e.deforestation) anidtensification of existing arable land Gleagpter 2.4.2).
Fertiliser was applied to crops, with upstream burdens and soil apgimetsions considered (see
Chapter2.43). Harvesing, fertiliser, and transport burdens were extracted from ecoinyérgrdat et
al., 2016)

Fresesessmeeeeeaen,
A( F_\‘n ) . A'C_]_L‘f\,- ____________15 ACypp - 5
chlliu use Hdl\islmg ; ! Avoided animal feed |
Demand for
starch-based ; ; ; ; ACgqL -
bioplastic Maize Bioplastic production End-of-life
increases
ACt . ACy .
Transport Transport
e b S L ! Y emissions
: ——>ACgy, - Expansion
iIndirect land-use change® . G
’ hat ACjy - Intensification
Losmppereareasapaenag . ACpert + ACHary + ACE
Sustainable S an P
niche — *ACp+ACgo +ACT < 0kg COyeq.
+Y emissions (+ ACxp)
System boundary
Figure 5.3 8 Schematic representation of the major processes modelled fdrasedzbioplastic 2 C : change

GHG emissions from the different processes; Y: bioplastic production.

5.2.2.3Food waste digestate feedstock

Food waste digestate was the third potential tioplkesdstock evaluated within this study
(Figure 54). Anaerobic digestion (AD) is the process of organic matter decomposition by microbes in the
absence of oxygen. Organic matter is converted into biogas (comprise@Hi,@8d other trace gases)
anda wet digestate that contains residual organic matter and nutrients. Following the capture of the biogas,
it is usually combusted as a fuel or purified into a cleabid@el for transport or injection into the
natural gas grid, thus providing a soofceenewable bioenerd$tyles et al., 2018)eanwhile, the
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digestate is typically used as biofertilibés value chaimxplored the use of food waste digestate as a

feedstockor bioplastic production

Early digestate valorisation studies deman$f#df/PHB bioplastic yields of 43612.3 g/L
(Altun, 2019; Eshtaya et al., 2013; Passanha et alTia04,3pr this studg00 Lof food waste digestate
was assumed to be required for one kg of bioplastic production. The food waste digestesewsopert
assumed to be 4.9 % total solids (TS), 36.2 total C (%TS), 4.15 total N (% ES), (@ISR, and 2.33
K20 (%TS)XPeng and Pivato, 201@jth a density of 1.1 kg{lSeruga et al., 2020)

In this value chain, the use of food wdglestate as a bioplastic feedstock displaced its use as
biofertiliser. As such, the impacts from subsequent fertiliser production were evaluated for the
consequential increased synthetic fertiliserQlmmptér 5.2.43). It was assumed that, based on the
digestate composition, 0.26 kg of {tmmgn C storage was avoidgdhe digestate application, assuming
that 13.2 % of the digestate C was sequestere@ror@onini et al., 201.8However, some C was
neverthelessequestered lotigrm in the sotbecause of thendof-life treatments (s€thapter5.2.4.6).
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Figure 5.4 0 Schematic representation of the major processes modelled for bioplastic production from the food waste
digestate feedsto@C: change in GHG emissions from the different pragegsbioplastic production.

5.2.2.4Food waste feedstock

Food waste is a promising bioplastic feedéiselg et al., 2018)d was evaluated as the fourth
potential feedstock within the study. For this study, it was assumed that 12.5 kg of food wastdwas requ
per kg of bioplasti@lbizzati et al., 2021 this value chain, it was assumed that an increase in demand
for bioplastic would lead to an increased demand for food waste diverted to bioplastic. As such there would
be incentivised separate fooaste collection to capture the uncollected fraction of food waste, thus
reducing the treatment of this waste in theseparated form. This avoided-efitife treatment was

142



assumed to be incineration with energy recovery, in line with future Eurdpedagieg European
Commission, 20148jigure 5.5).

The modelling of incineration was based on the methods deschiuedt et d. (2018) using
calculationsf net energy released based on the gross energy and water content of the food waste. The
incineration process modelled that net thermal energy from combustion was used to generate electricity on
site, of which surplus was exported to the grid, avoidirggna generation. The incineration energy
conversion efficiency was modelled at 22%,ragd thermal energy outputs were reduced by 15.5% to
account fomparasitic heat logsloult et al., 20187l excess heat was assumed to be reused within the
process or dumped. Small quantities of residues and slag were diverted to landfill after incineration. In this
value chain, as the incineration was avoided, the avoided electricity production was compensated via
marginal electricity generation. The burdens tlienncineration process were also avoided, modelled
from ecoinvent 3.eeChapter5.2.45).

The food waste composition was modelled from Albizzat{2a2i) with the water and energy
content information of the individual foods taken from Ta@tini.(2018) The weighted average water

and energy content of the feedstock was modelled to be 62.9% and 19.6 MJ/kg total solids, respectively.
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Figure 550 Schematic representation of the major processes modelled for bioplastic prodnc¢kieridonl waste
feedstockssC: change in GHG emissions from the different processes; Y: bioplastic production.

5.2 .3.&enario overview

To deal with several key areas of uncertainty within the system model, multiple potential scenarios
were run to explore some owhat i f?06 scenarios a

Due to the prospective nature of the study, onerarames assumed to be not more likely than any other.
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As such, the value chains described above were mod&tmhaso 1 This section describes how
different value chain flow and process combinations (scenarios) are considered to cover a ribtge of plaus
outcomes arising from the use of the four bioplastic feedstocks.

Although productioprocessingurdens were excluded from the st8dgnario Zstimated the
magnitude of effect that circularity in production can have on the environmental ihpagt. Al
feedstocks, especially the digestate and the lignocellulosic feedstocks, currently require a high mass of
feedstock per kg of bioplastic produced. Thus, this analysis explored the net effects incurred from the
production of the bioplastic if surphesidues can be returned to the original (marginal) feedstock use, i.e.,
biofertiliser, bioenergy, animal feed, or incineration for the digestate, lignocellulosic biomass, maize, and
food waste feedstocks, respectively. This analysis therefore matetialy th kg of lignocellulosic
biomass was diverted from energy generation, reducing compensatory energy generation burdens and iLUC
credits, due to 19 kg of the residual forestry feedstock ultimately being returned to bioenergy. Similarly, for
the digesite scenario, estimates were made with the assumption that all the N, P, or K (not present in
bioplastic) contained within the food digestate could still be applied to land as biofertiliser. Further, it was
assumed that only 0.5 kg of C was preventedfing applied to the land, based on the molecular mass
of PLA [GH405),] as an example compostable bioplastic. The maize residues were considered to substitute
animal feed also produced from maize. As such, avoided emissions for the maize bioméasiliseluded
application and production, harvesting, and iLUC burdens on a mass flow basis. The food waste residues
were modelled to be returned to incineration, reducing the compensatory energy substitution (similarly to

the lignocellulosic scenario). Ealhsportation of raw materials to the processing centres was considered.

Scenario 3explored what if the production of the bioplastic was decentralised, resulting in less
distance for the feedstock to travel to the production location. The new trastpmwe dvas modelled

to be 100km via truck, only.

Scenario 4 evaluatedthe consequencesr environmental performancghere the wood
chips/sawdust fraction was assumed to be diverted from an industrial furnace for heat production (rather
than for electrity production as iScenario ) prior to being processed into bioplastic. A 300 kW furnace
running off this wood was therefore modelled to be avoided, with the inventory considered as being
representative of boilers with nominal capacities betwe®d00kW (Wernet et al., 2016)hree
alternative fuel scenarios for the substitution of this displaced heat production were generated. These
included natural gas and oil heating within industrial boilers, modelled using a condensing, modulating <100
kW anda condensingnonmodulatinglO kWhboiler, respectiveiVernet et al., 2016\ third scenario
within this sensitivity involved the substitution of an industrial furnace. Using the cement industry as an
example, coal was the fuel modelled to substituteroided heat from the wood in this scenario, due to
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the high quantities used in productibierro et al., 2020Heat from an average heat and power co
generation hard coal power plant was modelled from ecoingvie®é&t et al., 2016)

Scenaro 5 estimated the GWP arising from circular production of the lignocellulosic biomass

feedstock, when residues were returned back to bioenergy for heating, as nSudelitbidand4.

Scenario 6evaluated the consequence to the environmental performance of the food waste
digestate feedstock when the digestate was dsed before being transported to bioplastic production.
For this scenario it was assumed that the critical compounds tequiocelice the bioplastic could be
obtained from the solid fraction of the digestate. A screw press was considered to be used to separate
digestate fractions with minimum electricity and no additive inputs were (Bguoisdid et al., 2015he
separtion efficiency from the digestate into the solid fraction was assumed to be 33%, 13%, and 28% for
solids, total N, and totab®%, respectivelgfTambone et al., 2017Mhe drying of the solid fraction was
modelled to be supplemented with excess hehtgbion from combustion of biogas in a combined heat
and power generator, producing a solid faction that was assumed to have a moisture corftgmtref 20%
etal., 2021Yhe liquid fraction was applied to the soils, avoiding synthetic fertilisati@ppliit incurring
various emissionsgeChapter 5.2.43). From the above mass flows, the total quantity of digestate
feedstock requiring transport and processing was reduced down to 2.2 kg per 1 kg bioplastic.

Scenario/ investigated the uncertaintigiag from the endf-life fate of the bioplastic. Thus, for
the four feedstocks, the impacts from 100% diversion to anaerobic digestion, industrial composting, and
incineration were estimated. As before, this analysis was to explore the contexéwofidhenbf-life

emissions, as the same net changes can be expected for each bioplastic feedstock scenario.

Final GWP balance results for each scenario were compared against a reference of typical
production and endf-life emissions per kg petrocheghjglastic, extracted from Bishop e{2021a)
where a detailed methodology of how the emissions were calculated can be foundhé-urther,
environmental impacts from each scenario were estimated without considering iLUC emissions, where the

demand fothelignocellulosic and maize biomass was assumed to not result in additisselaatge.
5.2.4.Environmental balance calculations
The equations required to fulfil the calculations viAtgures 5.18 5.5 are described within this

section. SeBupplemantary material (Chapter 5.7 for a full arithmetic breakdown of each scenario and
sensitivity analyses.
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5.2.4.1Landuse change from forestry

For the emissions arising frandirectlanduse changieom the forestry scenario, IPCZD19a,
2006)Tier 1 methodology was followed. As sanhpal changes in carbon stocks fromuaadchange
( !.6 werecalculated usirigquation 1(IPCC, 2006)n the basis of annual changes in carbon stocks in
aboveand bel ow graundddadmasgarnfi!C matter QEovwpncl udin
ands oi | or g a Bob. Eorthesfarestiy,rthe iLWCQvas considered over the first 20 years following
conversion from grassland (€bapter5.2.2.).

Equation (1):

5.2.4.1.1Biomassrbon stocks

In the LCA modelling of thprimary feedstoc&cenarios, thE>CC (2006)Tier 1 assumptien
were followed for estimating the changes in carbon stocks inaatablelowground biomass. As such,
for the maize feedstock, it was assumed that annual biomass production in a single year is equal to biomass
losses from harvest and decomposition.

To estimate the annual biomass carbon stock changes from grassland to forestry conversion for
the |l ignocel l ul os) the ahnaatghis in cacbbn was calcuated. Ter I esm@loys a
default assumption that there is no change in initial siomasar bon st ocks cdue t o
estimated frorkquation 2 (IPCC, 2006kalculated from the area of land converted to forest land (A) of
0.00@2 ha (se€hapter5.2.2.), the average annual abgk@und biomass growth jsof 4.0 tonnes dry
matter hayrt(IPCC, 2006}he ratio of 0.340 beleground biomass to abegeund biomass (RPCC,
2019a)and the carbon fraction (CF) of dry matter of @&1C, 2006)Parameters are dependent on the
ecological zone (i) and climate dorgjain

Equation (2):

w0 0fr 7O 7p Y 7679

h

No thinning was expected to be undertaken during the first 20 years; therefore, no biogenic losses
were modelled. Harvesting at circa@@ear intervals removes most of the abovebbiomass, so long
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term average terrestrial aboveground biomass gain will be significantly less than maximum standing biomass
before harvest. However, over a lotigee horizon, there is considerable potential for much of the
removed wood to be sequestdmngterm in harvested wood products or by bioenergy generation with
carbon capture and storage (BEGE&}¥ter et al., 202T)herefore, considering the first 20 years of LUC
following conversion to forest represents a conservative approach tingstidaitional biogenic C

storage linked with afforestation.

5.2.4.1.2Dead organic matter

Dead organic matter (DOM) comprises dead wood andHigeation 3; IPCC, 2006)where
the annual change i gowisdetetmmed bystithangeirscarbon stobk® ikldead C
woodpwj ! &nd t he change im. carbon stocks in |litter

Equation (3):

The IPCC(2006)Tier 1assumptions that carbon stocks in litter and dead wood paotie
maizdanduseis zeo. For theland converted to forest land, the Tier 1 assumption is that dead wood and
litter pools increase linearly from zero to the default values for the climate region over a period of T years.
Estimates of the average annual change of dead orgtictmeis were calculated separately for dead
wood and litterEquation 4; IPCC, 2006)where! Gom was determined by the difference in dead
wood/litter stock under the new lange category {{022.1 and 66.3 tonnes Clf& dead wood and
litter, respectivelglPCC, 2019aand dead wood/litter stock under the old lase category {dverthe
time period of the transition from old to new lasd category {J) (Tier 1 default of 20 year§he default
Tier 1 assumption is that nforest dead organic matter carbon stocks are zero and that the period of
transition is 20 years. The average annual ehangeiltiplied by the area undergoing conversion from

old to new landise category {A.

Equation (4):
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5.2.4.1.3S0il organic carbon

The change in SOC stocks for the conversion of grassland to forestland was estimated for mineral
soils withEquation 5 (IPCC, 2006)Annual rates of stock changesnineral soils! (Ginera) Were
calculated as the difference in stocks (over time) divided by the time dependence (D) of the stock change
factors. For Tier 1, the initial (arenversion) soil organic C stock (@Y and C stock in the last year
of the inventory time period (S€)@ee determined from the common set of reference soil organic C
stocks (SOker) (seeSupplementarymaterial (Chapter 5.7) anddefault stock change factors,(fFve,
Fi, for landuse systems, management regime, and input of organic matter, respeckrelyaraadof
the stratum(A) being estimated, as appropriate for describing land use and managementapath pre
postconversion. Thparametergeredependent on the climate zones (c), the soil types (s), and the set of
management systethat are prese (i).

Equation (5):

<. YO 6 YO O

Where:

Y66 Y® . 7O .. 7O .. 7O 0

However, under Tiervialuesmanaged forest and grasstmedssumed to have the same soil C
stock as the reference conditiom, all stock change factors are equallRCLT, 2006)Therefore, net
annual SOC changes equal 0 tonnes.®ye to net SOC equalling 0, ngONemissions arising from
mineralised N resulting from the loss of SOC stocks in mineral soils througk lemahge were modelled
(IPCC, 2006)

5.2.4.2Indirect latnde change of arable land

The iLUCimpacts from the maize cultivatimodelled in this stydollowed the deterministic
model presented by Tonini e(2016) According to thbiophysicamodel, additional demand for land is
supplied fromliand expansion ardtensification of land already in use. Observing global agricultural
statistics ovelirhe,iLUC consists o75% increased yields (intensification) and 25% expansion of the
cultivated are@onini et al., 2016Jhe iLUC model consid=tthe geographical location of expansion
and affected biomesnd thughe changed flows @ andN from changes in biomassa€ a result of
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expansionplus the quantities of increased N,aRd K fertiliser used for intensificatiom terms of

increased fertiliser manufacture and-guoglication field emissionSor a deté&d description of the

model, the readesreferedto the original publicatiasf Tonini et al(2016)The amount of arable land
demanded by the maize for the bioplastic production was identified as 0.00017 ha per kg bioplastic from
ecoinvent 3.7 coaquentialWernet et al., 201&)pstream emissions of the fertiliser production were also
modelled from ecoinvent 3.7 conseque(ifi@rnet et al., 2016)\s maize is an annual crop, iLUC

emissions were considered over one year.

5.2.4.3Fertilise¥missions

Direct and indirect PO emissions from the application of fertiliser for maize production were
estimated usingquation 6 (IPCC, 2006)The direct emissions were calculated from the annual amount
of synthetic fertiliser N applied to soilsy\£0.0049 & N/kg maize(Wernet et al., 20)6multiplied by
the emission factor for® emissions from the N fertiliser (EFD.010 kg bO-N/kg N (IPCC, 2019%)
The indirect NO emissions from N fertiliser leaching were calculated by multiplyisighehE fraction
of N added to the soil that is lost through leaching and runoff (ER&E (0.24 kg N/kg N applied
(IPCC, 2019a)as well as the emission factor @ Emissions from the N present in leaching and runoff
(ER) (0.01Xkg NoO-N/ kg NleachindIPCC, 2019a)Similarly, the XD emissions from the volatilisation
and subsequent redeposition of N were estimated vigmheltiplied by the fraction of synthetic fertiliser
N that volatilises as NHnd NQ, (FRAGsasp (0.11kg NHs-N + NO-N/ kg N appliedIPCC, 2019a)
and the emission factor for@ emissions from atmospheric deposited N)(EF010 kg NN2O/kg
NH3zN + NO4-N volatilisedIPCC, 2019%)

Equation (6):
00 0'QE 6l i WQFO'O O FOYH 6 OO0 O FOYO 6 70O

The digestate scenario saw credits from the awtirdet! and indirect D emissions from
avoided digestate application follovidiggation 7 (IPCC, 2006)The emission factors where the same as
Equation 6, and 0.22 kg N of organic fertilisesx)fwvas modelled to be prevented from being added to
the soil, based on the chemical properties of the digestate (desChbpteirb.2.2.3. The volatilisation
from the organic fertiliseleposited (Fragsv) was modelled as 0.20Ndg3-N + NO,-N/ kg N applied
(IPCC, 2019a)
Equation (7):

00 JwLéNQQQY 7OO O FOYO0 6 fOO O FOYO6 O fF0OO
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However, due to the avoided digestatig as an organic fertiliser, 0.089 kg N synthetic fertiliser
was added to the soil, due to digestate substituting N fertiliser 40% intrenGhonini et al., 2018)
This was modelled froBqguation 6. Therefore, the total emission credits for the digestate scenario were
calculated as the difference betviggumtion 6 and7. The upstream burdens of N, P, and K fertiliser
production were calculatesing ecoinvent 3(Wernet et al., 2016)

5.2.4.4Avoidedd®nergy from forestry

The avoided energy emissidvig (vere modelled usigyuation 8 utilisingcalculationsf net
energy released (N.E.R.) based on the lower heating value (LHV) of the feedstock of 12.4 GJ/tonne, with
a moisture content of 30orest Rsearch, 2028n energy conversion efficiency of 8B#rnet et al.,
2016) and process emissions for the bioenergy of 0.043 leg| &Wh produced (b (Wernet et al.,
2016)All excess heat was assumed to be reused within the procegsedr du

Equation (8):
0 (808Y87— F&Q¢

From the above calculation, it was estimated that 24.3 kWh of electricity was avoided from
bioenergy for the reference flow of 20 kg biomass per kg plastic. This demand for electricity was assumed
to be met by an increase in marginal electricity gendia¢ionarginal electricity supjolythe European
market was modelled using the method of calculating marginal mixes sudgesteidtbsal. (2011)
where the marginal electricity supply for Europe was based on extrapolation of electricity productio
sources with increasing shares of the market as reported by 202EAT he emissions from the
different technologies were modellsuhgecoinvenB.7(Wernet et al., 2016)

5.2.4.5Avoided energy from incineration of food waste

The modelling of avoidedcineration of the food waste (&fapter5.2.2.4 was based on the
methods described in Moult ef(2018)usingEquations 911

Equation (9):

O 08BY8 s O QQ
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Equation (10:

L8BY8 O &)

Equation (12:

(b "Y "Y (b 88 d) 88

Where Mwas based on thé.E.R. the incinerator energy conversion efficiefgey and the
emissions intensity of grid electri(@yide). A value o2 wa s us(dallt et a.,r2018¥rid
emissions weralculated from the marketdfiropearelectricitf{Chapter5.2.4.4. N.E.R was calculated
usingEquation 1Q where Ekis the energy content in the food; igVthe water content, andsW the
energy required to heat a unit of water to boiling pointhandto boil it. Wwas calculated using
Equation 3, where Tis the boiling temperature of water (8Y,3T-is the starting temperature of the
water (taken as 283, Wsp 1 .cis the specific heat capacity of wate8 kd/kg/K) and W_+.cis the latent
heat of vaporisation of water (2R3/kg). Theweighted avera@e and W of thefood wasteamounted
to 19.6 MJ/kg total solids and 62.9%, respec(idtlizzati et al., 2021; Tonini et al., 20@&)ss thermal
energy outputs were reduced by 15.586dount foparasitic heat logsloult et al., 2018).

5.2.4.6Endoflifetreatment

It is important to include the ewfdtlife treatment when considering the potential environmental
impacts of a product, so that the burdens related to the disposal and faredfithare placed with the
producer, rather than the consumer, a key principle within the circular ébtaitretykern, 2021)The
endof-life treatment from the bioplastic material followed the methodology of Bisho(?@21a)
whereby the pential marginal technologies for waste management of the compostable bioplastic were
modelled from anaerobic digestion (20%), industrial composting (20%), and incineration with energy
recovery (60%), using estimated scenarios of organic materidiferfdte. The proportions of these
waste management destinations were explored Sd#riario 7 Landfillingis being phased out under
EU regulation(European Commission, 2014; European Union,,1899) was not considered as a
marginal technology for this prospective, consequential study. Where chemical/biophysical properties of
the bioplastic mattered in the aridife modelling, the compostable biopld&tia was used as a reference

material.

In this studymost biogenic carbon stored within the compostable bioplastic was assumed to be
released back to the atmosphere in the-smortand was thus treated as carbon neutral over its life cycle,
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i.e., CQ emissions from the different eofdlife fates as well as shtatm biogenic carbon storage
upstream were not included with the GWP accounting. Though, biogenic carbon uptake was considered
for the lignocellulosic material iLUC because the carbon was stetedriamger 20 years, with no end

of-life considered for the afforested material in the present model. However, a fraction of the biogenic
carbon was returned to the soil via the digestate and the compost, and was assumed to remain out of the
atmosphere loagrm (100 years) and was thusiclemed to be sequestenathin the modelThe end

of-life burdens are modelled similarly for plastic produced from each feedstock in this study. However, for

context, it was still relevant to be included within the system boundaries.

For anaerobic digésm, theemissionand energy outputs weadculatedsingthe LCAD model
frameworkdescribed irstyles et a{2016) A large anaerobic digestion plant was modelled, where the
bioplasticwas converted tdiogasand digestata-or this scenari®0% of biogas was burned in a
combined heat and power (CHIRJtto produce electricity and hdaectricity produced from the CHP
unit, minus parasitic requirements within the unit, substituted electricityefEamopeammarketmix.

Heat from the CHP waseagto heat the digesteith any remainder dumpéithe other 50%f biogas
wasmodelled to bapgraded to biomethane, which was then injected into the gasbgtitlitinghatural
gasThese biogas uses are in line with future needs for dispatchahtbdmvheat and electricity to meet
netzero GHG targetéCCC, 2019)n the anaerobic digestion platite biomethane yield was calculated
as 0.23 kg Chper kg bioplastic sent to anaerobic digestion, based on the speledimibal properties
of theplasti¢(Kolstad et al., 201Bugitive emissions of methane from the system were modelled as 1%
from the digester and 1.5% from digestate storagell as @&% from the CHP, and 1.4% from the
upgraded methari8tyles et al., 2018he producedigestatavas assumed to be transportekni2@nd
applied on land with tractors haarigel consumption of 0.%7dieseper tonnaligestatapplied Tonini

et al., 2018Thelongtermcarbon sequestration equalled 13.2% of the C applied with the digestdate

et al., 2018)

Industrial composting was assumed to operate aperwindrow systemWithin this system,
procesemissions arose from efaity consumption d20kWh per tonnevastgTakata et al., 201&)d
from dieseinachine operatiomhichwas modelled from similar ecoinvent proc€dgaset et al., 2016)
A methane dmmpogion emission factor of 1.83 kg {¢r tonne feedstock was uéeder et al., 2013)
Compost was assumed to be transport&dn2ihd applied on labg tractor, with afuel consumption of
0.57L dieselper tonnecompost appliedTonini et al., 2018Jhe longterm carbon sequestratiaas
modelled as 11.3% of the C applied with the cor{pmshi et al., 201.8)

The emissions arising from incineration with energy recovery followed a similar methodology to

Chapter5.2.45 that was used to calculate the energy emissions, with ac@meargion efficiency of
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22% (Moult et al., 2018), with feedstock properties relevant to the bioplastic of a lower heating value of
19.5 MJ/kgLokesh et al., 20180d process emissions for the incineration of 0.0532ley @@ plastic.

Gross thermatnergy outputs weadésoreduced by 15.5% &mcount foparasitic heat loss to the walls of

the incineratofMoult et al., 2018)

5.2.5.5ensitivity analyses

Interpretation of results, the final phase of an LCA study, should account for criticalti@scertain
and sensitivities. Accordingly explore the influence of critical factors from the above scenarios, three
sensitivity analyses were run. The first sensitivity analysis explored theSeféeetrmnlf the demand
for extra lignocellulosic material resulted in deforestation, rather than initiating afforestation. As such, no
positive iILUC or diversion of bioenergy was considered, as these processes are no longer relevant. This
sensitivity further treateall CO, and CH, release throughout the scenario (includingpklifd) as a
0fossil 6 release (rather than biogenic) as the
of forest growth.

The second sensitivity analysis explored thet efiScenario 1if the afforestation associated
with increased demand for lignocellulosic biomass occurred within a boreal zone, rather than a temperate
zone, as it is currently modelled. This included factors sutib aslvalowground biomass to ab®
ground biomassarbon fraction of dry matteaverage annual abegemund biomass growtand @ad
wood/litter stock under théorest. New factors used IPG2019a)values (Se€hapter 5.2.4 and
Supplementary materia{Chapter 5.7).

The third sesitivity scenario explored fdcenarios hnd2 the effect of location on the marginal
electricity for the substitution of energy for the lignocellulosic biomass and food waste scenarios, rather
than the European market mix (&apter 5.2.4.9. The coutries UK, Norway, and Germany were
explored, with marginal electricity mixes calculsiag the methoaf calculating marginal mixes
suggested Brchmidt eal. (2011) This methodcevaluateghe changén the share of sources fenergy
production tahe markefThe increasing market implies installation of more capacity, which is expected to
be of modern technology, rather than dldus, the marginadlectricitysuppies were based on
extrapolation of electricity production sourcdsinitreasing shares of the maakateported e lEA
(2021 )YseeSupplementary materia(Chapter 5.7%).
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5.2.6.Uncertainty analyses

Error propagation via Monte Carlo simulations was performed with 1,000 iterations per scenario
to obtain estimates of resuficertainty. Parameter uncertainties were based on a pedigree matrix for the
generated foreground dé@iroth et al., 2016y he pedigree matrix creates a score based on five aspects
of data uncertaintye. reliability, completeness, temporal cdivalaggeographical correlation, and further
technological correlatiomhe matrixapplies a geometric standard deviation to the intermediate and
elementary exchanges at the unit process level. The applied pedigree matrices scores catfide found in
SQupplementary material(Chapter 5.7.

5.3.Results

5.3.1.Potential indirect land-use effects

The resultdor Scenariol showthat the lignocellulosic biomass, maize biomass, food waste
digestatand food wastieedstockk a v e an 0 e mb clb8 0HE, abdw.RgCEreq./kgf
bioplasticrespectively, arising from upstream anaklife emissiond={gure 5.6). Therdy suggesting
thatthe lignocellulosic biomassne is compatible with climate neutralityinvihis scenarid\s seen in
the contribution analysis of the expanded life ofdre kilogramof compostabldioplastic material
(Figure 5.6), emission credits from afforestation due to iLUC dominated the lignocellulosic environmental
performance, whereas the ILUC emissions from the maize biomass production were the greatest
contributor to the environmental impact for that feedstock. Withiscnarios, if the iLUC emissions
were not considered, the embodied burdens from the maize biomass became less than the burdens
attributed to the lignocellulosic biomass feedsto&8cdnario 1if iLUC burdens were not considered,
the embodied burdenstbe lignocellulosic biomass from forestry became positive, with burdens totalling
12 kgCO; eq./kg bioplastic, compared to the maize biomass which had a burder0&f kalZQ
eg./kg bioplastic.

5.3.2 Valorisation of sidestreams

The utilisation of residsidor the original destination processes for the respective raw feedstock
or to animal feedSgenario2) had a significant effect on the oOe
embodied burdens of the food waste digestate were reduced 1®éeinann levels to 4.0 kg GO
eg./kg bioplastic, improving the environmental performance of the material. Maize biomass burdens were
also reduced by 59% to 0.4 kg.@Q./kg bioplastic (0.2 kg G@q./kg bioplastic without iLUC).
However, conversely, the environtabnitigation potentiaif the lignocellulosic biomass was rediaced
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-02 kg CQ eq./kg bioplastic, 89%reduction in GWP credit (or 0.7 kg £40./kg bioplastic without
iLUC). Food waste also saw a deterioration in its overall environmental perfanoasing GWP
burdens by 105% to 0.4 kg £30./kg bioplasticScenario2, Figure 5.6).

5.3.3.Decentralisation

Decentralisatioaf bioplastic productiors¢enario3) had large effects on environmental burdens
for feedstocks required in large volumes to oraké&g of bioplastic. For example, bioplastic from food
waste digestate, which required 100 L of feedstock per kg bioplastic produced, experienced an
environmental impact reduction of 60% to 1.9 kgeg@kg bioplastic when the distance to production
wasreduced to 100 km. An overall GWP reductioB?6fvas also seen for the lignocellulosic biomass
scenario, with revised embodied burdens equdlirskg CQ eq./kg bioplastic (0.7 kg G@q./kg
bioplastic without iLUC), whilst a reductio@%fwas observed for the maize biomass scenario, with total
embodied burdens of 0.9 kg £%9)./kg bioplastic (0.2 kg G@q./kg bioplastic without iLUC). Food
waste also saw a large GWP reductionl®b 1WWhere the feedstock yielded a net environmental credit of
-0.13 kg C®@eq./kg bioplasticScenario3, Figure 5.6).

5.3.4.Bioenergy displacement

When the lignocellulosic biomass was considered to be diverted from generation of bioheat, rather
than bioelectrity, the type of substituted (fodmksed) heating fuel had a large impact on the net
environmental performance of the feedst8clerfario4, Figure 5.6). Whilst there were some avoided
emissions from avoided weléat production, a0.7 kgCO; eq. per g bioplastic, the substituted process
emissions from heat production from natural gas, heating oil, and coal were estimated to be 14.1, 17.5, and
40.6 kgCO; eq., respectively. Therefore, the overall global warming potential reSoéisdnod were
estmated to be3.0, 0.4, and 23.5 €§» eq./kg lignocellulosic bioplastic for the natural gas, oil, and coal
fuel scenarios, respectively (or 14.1, 17.4, and 40.5dq/&®bioplastic without iLUC, respectively).

Scenario 5where circularity of resigs within the lignocellulosic biomass bioplastic production
was considereghdwhen the bibeatwasdisplacedled to emissions of 0.5, 0.7, and 1.8 kgeGakg
bioplastic for thecenarios involving avoided substitutiomaddiral gas, oil, and coalfuespectively (or
1.3, 1.5, and 2.7 kg €€3)./kg bioplastic without iLUC, respectivebgepario SFigure 5.6).
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5.3.5.Digestate drying

When the food waste digestate was dried within the anaerobic digest®oepland @, a large
GWP reduction fronscenario larosewithin the feedstockransportatiorprocesswhich observed a
reduction from 3.8 to 0.08 kg €€x./kg bioplastic. Overall, tli&NVP of the digestate feedstock was
reduced 80% fror@cenario downto 1.0 kg C@eq./kg bioplasticScenario 6Figure 5.6).

5.3.6.End-of-life impacts

The results frorBcenario7 suggest that the future enfdife fate of the plastics has little impact
on the embodied environmental burdens of the different feedstocks investigated, oot pzthest
environmental hotspots. However, it was found that diverting 100% of the bioplastic waste to anaerobic
digestion had the lowest net GWP burden, and diverting waste to 100% incineration with energy recovery
resulted in the largest net GWP burddre net GWP burden for the lignocellulosic biomass value chain
(excluding processing but including-@ife) was16.0,-15.8, and15.7 kgCO- eq./ kg bioplastic for
the anaerobic digestion, composting, and incineration scenarios, respectivaike Baptastic value
chains, these burdens were estimated to be 0.8, 1.0, ancC@.0ekg for the anaerobic digestion,
composting, and incineration scenarios, respectively. Similarly, for digestate feedstock value chains these
burdens were calculatesl 46, 4.8, and 4.8 KD, eq./ kg bioplastic for the anaerobic digestion,
composting, and incineration scenarios, respectively. Finally, the emissions for the anaerobic digestion,
composting, and incineration scenarios of the food wasteOvi®& 0.22and 0.24 kg O, eq./ kg
bioplastic, respectively.

5.3.7.Carbon neutrality

The scenarios which had net GWP credits for the feedstock upstreamairiilecachissions
included the lignocellulosic biomass f&m@narios 12, 3, and4 (from diverted natural gas), when iLUC
was considered for the system 8opdnario 3for the food waste feedstock. No other feedstocks or
scenarios modelled achieved net zero GHG emidsigm (5.6).

However, all scenarios except food waste digestat&denario land2, and lignocellulosic
biomass fronscenario 4except wheavoidecheat substitutedith natural gas arfteating oiincluded
iLUC), resulted in pyeroduction and endf-life burdens that were lower than the petrochemical plastic
produdion and engf-life emissionsF{gure 5.6). A full and further disaggregated breakdown of the
results for each scenario can be found iBupplementaryMaterial (Chapter 5.7.
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Figure 5.6 8 Contribution analysis for the management of the four bioplastic feedstocks invgigtigatetilosic
bi omass, mai ze biomass, food waste digestate, and f oc

global warming potential resu@i&x scenarios (S) are compared. S1: initial modelled systems; S2: utilising residues for
circular production; S3: decentralised production; S4: heat from biomass avoided, with natural gas (NG), heating oil,
and coal substituting the process; S5: wilisgides and heat from biomass avoided with NG, heating oil, and coal
substituting the biomass; S6: dried digestate used as a feedstock. A seventh scenario was undertaken to explore 100%
diversion of bioplastic waste to different treatments, but diferen@sults were insignificant and the same across

all feedstocks. Yellow diamonds represent the total environmental impact for each scenario. Blue circles represent
total results with no indirect lande change. The dotted line represents typicabemiss petrochemical plastic

(Bishop et al., 2021&) carbon; pO: dinitrogen monoxide.
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5.3.8.Uncertainty analyses

Figure 5.7 shows the distribution of results for each scenario over 1,000 Monte Carlo simulations.
Full simulation results can be found irSbeplementary Materia{Chapter 5.7. Figure 5.7 shows that
the GWP results per scenario are highly variable and corgalaratnte uncertainty. Although some large
uncertainty suggests the potential for overlap between scenarios, there remains considerable differences
between the scenarios. As such, the uncertainty analysis results further corroborate the management
decisios explored within the scenarios to reduce environmental emissions for the bioplastic feedstocks

(seeChapter54). 1'2 19
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Figure 5.7 8 Results of the Monte Carlo simulation for the six scenarios for the 4 studied feEdstaskalisation
purposes, outliers have been excluded from the .gkdpldreakdown of the Monte Carlo results can be found in
supplementary materigix senarios (S) are compared, as detailed in the legeégaref5.6. Thebox and whisker
plots show the minimum, first quartile, median, third quartile, and maximum value for each scenario.
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