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Preface 
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Extended producer responsibility: How to unlock the environmental and 
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II Andreasi Bassi, S., Tonini, D., Saveyn, H., & Astrup, T. F. (2020) 
Environmental and socio-economic impacts of EU PET packaging 
management strategies. Submitted. [Paper II] 

III Andreasi Bassi, S., Boldrin, A., Frenna, G., & Astrup, T. F. (2020) 
Bioplastic (PHA) from urban biowaste: an environmental and economic 
assessment. To be submitted to Bioresource Technology. [Paper III] 

IV Andreasi Bassi, S., Tonini, D., Damgaard, A., Boldrin, A. & Astrup, T. F. 
(2020) Transition to circular economy: A life cycle assessment framework 
for large-scale changes reflecting regional waste policies. Manuscript. 
[Paper IV] 
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Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk 
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Summary 
While economic growth is increasing at global level, there is a growing aware-
ness that the current development is not sustainable and is in fact detrimental 
to the climate and the environment as a whole. In the last decade, the circular 
economy and recycling have been promoted as our best chance of decoupling 
economic growth from resource consumption and at the same time reducing 
environmental impacts: if resources were repeatedly recirculated throughout 
society, consumption might not be a problem.  

Plastic has become the symbol of anthropogenic impacts. This versatile, light 
and cheap material has succeeded in all industrial sectors but is still character-
ised by low collection and recycling rates. Widespread attention has fallen on 
this material especially, due to its low degradability and high durability in the 
environment. 

The goal of this PhD thesis was to quantify the environmental and economic 
consequences of increasing plastic circularity and to evaluate potential 
measures to support the transition from a linear to a circular society. Environ-
mental and economic assessments were utilised to evaluate several different 
future alternatives for plastic: improvements in the waste management system, 
the implementation of different policies at national and European levels, a re-
duction in consumption, and the substitution with biodegradable and bio-based 
plastic materials produced from urban biowaste. Three case studies were per-
formed, covering Italian plastic packaging waste, European PET packaging 
waste and the production of the biopolymer polyhydroxyalkanoates (PHA) 
from food waste and sewage sludge. Within this context, this PhD contributed 
with modelling approaches for robust and quantitative assessments of impacts 
caused by either increased or decreased circularity on different regional scales.  

The results clearly demonstrated that the future of plastic circularity is paved 
with numerous challenges and several strategies were identified to improve the 
current situation. First of all, the extended producer responsibility (EPR) is a 
well-established tool to incentivize producers to take responsibility of the 
waste, i.e. by paying an environmental fee financially supporting the source-
separation. However, the first two case studies showed that the environmental 
and economic savings are solely proportional to the quantity of secondary ma-
terial produced by recyclers and absorbed by manufacturers, and not to the 
mass of material separated by citizens. EPR systems need to better modulate 
the economic incentives to minimise the amount of material source-separated 
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by citizens but lost in the different sorting steps (e.g. half of what is source-
separated by Italian citizens was calculated to be sorted out in the material 
recovery facilities). Furthermore, the relationship between the environmental 
fee and product recyclability is also to be strengthen. Indeed, the design and 
the recyclability of the input products are key factors in the plastic circular 
economy, which needs to be specifically addressed, even if the growing use of 
multi-polymeric layers, additives, and adhesives in plastic appears to be going 
in the opposite direction.  

Finally, the market response, i.e. how markets react to the increased production 
of secondary material, is critical for quantifying current and potential market 
sizes and the risks of market saturation. The market analysis and economic 
results led to two outcomes. First, it identified materials (e.g. low-quality plas-
tics) that may be exported to countries with lower operational costs but poorer 
plastic waste management, potentially leading to pollution issues for surround-
ing areas. Second, it identified the weakest stakeholders in the value chain (e.g. 
soft plastic recyclers in the first case study) that could lead to the implementa-
tion of different strategies/policies to support them.  

However, despite the implementation of dramatic changes in product design, 
recyclability and market conditions, increasing plastic consumption may out-
balance these improvements at the societal level. 

The third case study demonstrated that the environmental impacts associated 
with plastic cannot be eliminated simply by substituting fossil plastic with bio-
based and biodegradable polymer from urban biowaste. The investigated PHA 
was proven to have lower environmental and economic impacts compared to 
the fossil polyurethane traditionally used in adhesives and sealants, and cur-
rently not recycled, but the benefits were not as clear when compared to more 
common plastics as LDPE. Consequently, investments supporting biorefineries 
involving urban biowaste should focus on optimising both the PHA extraction 
and the downstream processes (e.g. by upgrading biogas or minimising me-
thane leakages), where the majority of environmental hotspots are found. How-
ever, the results strongly depended on the local conditions in which the analysis 
was performed. 

All in all, this PhD work highlights the critical need for a systematic quantifi-
cation of large-scale changes in the society, reflecting the transition to circular 
systems, including identifying how systems respond to different market dy-
namics and policies implementation.  
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Dansk sammenfatning 
Mens økonomisk vækst stiger globalt, øges bevidstheden om, at nuværende 
niveauer ikke er bæredygtige og kan være ødelæggende for klimaet og miljøet. 
I det sidste årti, er cirkulær økonomi og genanvendelse blevet udråbt til at være 
vores bedste chance for, at afkoble økonomisk vækst og ressourceforbrug, og 
samtidig reducere påvirkninger på miljøet. Kerneprincippet er, at forbrug ikke 
er et problem, så længe ressourcer recirkuleres i samfundet igen og igen. 

Plastik er blevet symbolet på menneskeskabte påvirkninger. Dette alsidige, 
lette og billige materiale bruges i alle industrielle sektorer, men er stadig ken-
detegnet ved lave indsamlings- og genanvendelsesrater. Der er dog kommet 
omfattende opmærksomhed på dette materiale, særligt grundet dets lave ned-
brydelighed og dermed lange varighed i miljøet. 

Formålet med denne PhD afhandling var, at kvantificere miljømæssige og øko-
nomiske konsekvenser af stigende plastikcirkularitet, samt evaluere potentielle 
redskaber, der skal understøtte overgangen fra en lineær til en cirkulær øko-
nomi. Miljømæssige og økonomiske vurdereringer blev brugt til at undersøge 
forskellige fremtidige alternativer for plastik: forbedringer af affaldshåndterin-
gen, implementering af forskellige politiske redskaber på nationalt og europæ-
isk plan, reduktion af forbruget, og substitution med biobaseret og bionedbry-
deligt plastikmaterialer, lavet af urbant bioaffald. Der blev udført tre casestu-
dier, som inkluderede italiensk plastikemballageaffald, europæisk PET embal-
lageaffaldet, samt produktion af bioplastik (PHA) fra madaffald og spilde-
vandsslam. I denne kontekst, bidrog PhD studiet med modelleringsfremgange 
for robuste og kvantitative vurderinger af påvirkninger, der skyldes enten sti-
gende eller faldende cirkularitet, på forskellige regionale niveauer.  

Resultaterne viste tydeligt, at der er mange udfordringer relateret til den frem-
tidige plastikcirkularitet, og flere strategier blev identificeret som egnede til at 
forbedre den nuværende situation. For det første, er det udvidede producentan-
svar (UPA) et veletableret, økonomisk redskab, der har til formål, at give pro-
ducenterne et incitament til, at tage ansvar for deres affald, dvs. ved at betale 
en miljørelateret afgift, som økonomisk støtter kildesortering og indsamling. 
De første to casestudier viste imidlertid, at de miljørelaterede besparelser ude-
lukkende er proportionale med kvantiteten af sekundær materiale, produceret 
af genanvenderne og absorberet af fremstillerne, og ikke med massen af mate-
riale kildesorteret hos borgeren. UPA systemerne bør derfor i højere grad mo-
dulere et økonomisk incitament til at minimere mængderne af materiale der 
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kildesorteres hos borgerne, men som mistes i de forskellige genanvendelses-
processer (fx blev det beregnet, at halvdelen af det, som de italienske borgere 
kildesorterede, blev tabt i sorteringsanlæggene). Samtidig, bør forholdet mel-
lem den økonomiske afgift og produkters genanvendelighed styrkes. Netop de-
signet og genanvendeligheden af input produkterne er afgørende for den cirku-
lære plastikøkonomi, og disse bør adresseres specifikt, også selvom stigende 
brug af flerlagsplastik, additiver og lim i plastikprodukter, tilsyneladende pe-
ger i den modsatte retning. 

For det andet, er markedsresponsen, dvs. hvordan markeder reagerer på øget 
produktion af sekundært materiale, afgørende i forhold til at kvantificere stør-
relsen på nuværende og fremtidige markeder og dermed risikoen for markeds-
mætning. Markedsanalysen og de økonomiske resultater førte til to konklusio-
ner. For det første, blev det identificeret, hvilke materialer (fx lav-kvalitets 
plastik), som muligvis eksporteres til lande med høje niveauer af mishåndte-
ring af plastikaffald, der kan lede til potentiel forurening af omgivelserne. For 
det andet, blev de svageste interessenter i værdikæden identificeret (fx genan-
vendere af blød plastik i det første casestudie), som kan fører til implemente-
ring af forskellige (politiske) strategier som understøtter disse. 

Men, selvom der implementeres dramatiske ændringer i produktdesign, genan-
vendelighed og markedsforhold, kan det stigende plastikforbrug potentielt ud-
ligne forbedringer fra disse tiltag, på et samfundsmæssigt niveau. 

Det tredje casestudie viste, at miljøpåvirkningerne relateret til plastik, ikke kan 
elimineres ved kun at substituere fossil plastik med biobaseret og bionedbry-
deligt plastik fra urbant bioaffald. Undersøgelsen af PHA resulterede i lavere 
miljømæssige og økonomiske påvirkninger, hvis det bruges i lim og tætnings-
middel, som traditionelt set laves af polyurethan, der på nuværende tidspunkt 
ikke genanvendes, men gevinsterne var ikke så tydelige, hvis det blev sammen-
lignet med almindelige plastiktyper, såsom LDPE. Investeringer i bioraffina-
derier, der håndterer urbant bioaffald, bør derfor fokuserer på at optimere både 
PHA ekstraktionen, samt de nedstrøms processer (fx ved at opgradere biogas 
og minimere metan udsivning), som udgør de største miljømæssige hotspots. 
Resultaterne er dog stærkt afhængige af de lokale forhold der analyseres.  

Alt i alt, belyser dette PhD projekt et kritisk behov for systematisk kvantifice-
ring af samfundsforandringer på stor skala, som understøtter overgangen til 
cirkulære systemer, samt identifikation af, hvordan systemer responderer på 
forskellige markedsdynamikker og implementering af politiske strategier. 
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1 Introduction 
1.1 Background 
Humanity has never been better. The world is experiencing an astonishing 
reduction of people living in extreme poverty, an increase in literacy and an 
improvement in life expectancy, with child mortality being cut every year 
(Roser, 2019; Weller, 2017). However, progress does not come free of charge. 
The majority of these achievements have been the result of increased 
industrialisation and rapid economic growth, to the detriment of the 
environment. Indeed, science consistently reports increasing global warming 
emissions that contribute to climate change (IPCC, 2018), extinction rates 
(IPBES, 2019) and alarming levels of deforestation (Curtis et al., 2018) and air 
and water pollution (Ritchie and Roser, 2019; WHO, 2020).  

In the strive for tackling the abovementioned problems, in the last few decades, 
resource consumption and its impact on the environment has become a major 
topic in discussions on how to transition to a different type of economic 
growth. The newest concept is the “circular economy,” based on the principle 
of “designing out waste and pollution, keeping products and materials in use, 
and regenerating natural systems” (Ellen MacArthur, 2017). The circular 
economy aims at coupling economic growth with a reduction in environmental 
impacts. The European Union quickly adopted this approach and launched the 
first Circular Economy Action Plan in 2015 (EC, 2015a), which focused on 
working simultaneously on four points: production, consumption, waste 
management and the creation of a market for secondary materials. The action 
plan also identified priority areas that needed to be addressed specifically: 
plastic waste, food waste, critical raw materials, construction and demolition 
waste and biomass and bio-based products. 

Plastic consumption and plastic waste became the symbols of this new 
anthropogenic era. Plastic is a versatile, light and cheap material that is often 
associated with several challenges, from marine pollution to limited recycling 
(Bio Intelligence Service, 2011; EC, 2018a). Plastic recycling is one solution 
to decreasing our dependency on fossil materials; however, it is hindered by 
several technical and economic challenges. On one hand, source-separated 
plastic is characterised by high levels of impurities (Eriksen et al., 2018), the 
different plastic polymers have distinct properties that can hinder sorting and 
recycling (Villanueva and Eder, 2014) and the product design usually does not 
consider the waste management phase (NewInnoNet, 2016). On the other hand, 
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the high collection costs (WRAP, 2007), a lack of robust markets for secondary 
material (EC, 2018a) and complex value chains (NewInnoNet, 2016; 
Villanueva and Eder, 2014) cause problems in terms of economic 
sustainability. The economic weaknesses inherent in Western plastic recycling 
were demonstrated after China banned imports of low-quality plastic (EC, 
2018a; Hook and Reed, 2018), which highly affected the European Union that 
exported almost 50% of its source-separated material in 2017 (EC, 2018a).  

The European Union is trying to tackle the challenge of plastic waste (and other 
waste flows) through a combination of legislative targets and economic incen-
tives. On the one hand, it has updated its definition of recycling rates, to in-
clude only material that is actually recycled into new products, to exclude any 
sorting losses, and to homogenise the way member states report their results. 
The European Union aims at reaching a 50% plastic packaging recycling rate 
by 2025, and 55% by 2030 (EC, 2018b), and to source-separate 77% of the 
beverage bottles placed in the market by 2025 and 90% by 2029 (EC, 2019). 
On the other hand, it has supported the implementation of the Extended Pro-
ducer Responsibility (EPR) and deposit/refund systems (EC, 2018c), two com-
mon economic tools. EPR is “a policy approach under which producers are 
given a significant responsibility – financial and/or physical – for the treatment 
or disposal of post-consumer products” (OECD, 2018). EPR can be imple-
mented in different configurations, but it usually involves a shift of responsi-
bility (administratively, financially or physically) of waste management away 
from national governments and toward producers. Deposit/refund systems tra-
ditionally cover very specific metal and plastic beverage containers, and pro-
ducers need to cover the full costs of collecting and sorting such products, 
while consumers are incentivised to separate materials, by means of a deposit 
fee.  

Consumers’ growing awareness of the potential negative impacts of plastic on 
the environment, intensified by the common images of plastics being left in the 
natural environment, have resulted in a growing interest in bioplastics. These 
are a large family of polymers that can either be bio-based, such as bio-
polyethylene terephthalate (bioPET) and bio-polypropylene (bioPP), or 
biodegradable, such as polybutylene adipate terephthalate (PBAT), or both bio-
based and biodegradable, as seen in the case of polylactic acid (PLA) and 
polyhydroxyalkanoates (PHA) (European Bioplastics, 2019). Their success is 
based on the perception that they are cleaner than fossil plastics, since they do 
not rely on fossil resources (if bio-based) and can biodegrade in the 
environment (if biodegradable). However, as research has pointed out, bio-
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based plastics also risk competing with arable land normally set aside for food 
and feed production (Nikodinovic-Runic et al., 2013) since they are mainly 
produced from first-generation biomass (i.e. crops). Furthermore, even the 
European Union pointed out that more clarity is needed in communicating the 
terms ‘biodegradable’ and ‘compostable’, since they often mean that they can 
biodegrade/compost only in specific conditions (e.g. not in the marine 
environment or in home composting) (EC, 2018a). To overcome some of these 
challenges, and to lower the production costs of bioplastics, the use of residual 
resources and biowaste as feedstock for bioplastic production has been 
considered with increasing interest.  

Among the biopolymers, PHAs are a very promising option. PHAs are a group 
of co-polymers that can be produced from mixed microbial cultures, and their 
properties can be tuned to different performance applications by varying the 
chemical composition of the biopolymer (adjusting the compositional distribu-
tion) or by compounding (Laycock et al., 2014). PHAs are both bio-based and 
biodegradable, and several pilot plants and experiments have demonstrated that 
they could be generated from second generation biomass, such as agricultural 
and industrial waste (Berekaa and Al Issa, 2016; Wisuthiphaet and Napathorn, 
2016) and sewage sludge (Bengtsson et al., 2017; Moretto et al., 2020; Morgan-
Sagastume et al., 2015). 

Among this vast realm of possibilities and options, it is often hard for decision-
makers to distinguish which one would give the highest environmental and 
economic benefits compared with the current situation. Robust assessments are 
therefore needed to quantify the environmental and economic impacts of 
various solutions.  

1.2 State of the art  
The most common systematic assessment framework employed to quantify en-
vironmental and economic impacts is life cycle thinking, which is based on the 
idea that the impact of a product or of an activity needs to include all the pro-
cesses connected to it, from raw material extraction, to manufacturing, trans-
portation, use and waste management (EC, 2010a). The concept of life cycle 
thinking can be applied using different tools, such as life cycle assessment 
(LCA), life cycle costing (LCC), social life cycle assessment (SLCA), eco-
labelling, etc., and is considered suitable to also provide quantitative support 
to decision-making processes (EC, 2015b).  
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LCA is a standardised methodology (ISO, 2006a, 2006b) that has been tradi-
tionally divided into two categories: attributional LCAs aiming at statically 
quantifying the impacts attributed to an isolated product; and consequential 
LCAs dynamically modelling the consequences of changing a product system 
(Bjørn et al., 2018; Brando et al., 2017). However, the LCA community is still 
working on improving and homogenising the way both attributional and con-
sequential LCAs are implemented and on when and why each approach should 
be used. For example, consequential LCAs are commonly used to assess 
changes that affect the market only marginally (Bjørn et al., 2018; Brando et 
al., 2017; Weidema et al., 2009), while the International Reference Life Cycle 
Data System (ILCD) Handbook recommends it only in instances where one 
wishes to model large-scale consequences (EC, 2010b). These methodological 
decisions appear more and more relevant, since LCAs and LCCs have ex-
panded to assess not only single products, but also entire systems and policies 
on a larger scale (Sala et al., 2016).  

When specifically looking at plastic waste, several LCAs and LCCs have quan-
tified the benefits of recycling compared to incineration/landfilling. This com-
parison has been the most researched in environmental studies (Arena et al., 
2003; Chilton et al., 2010; Huysman et al., 2015; Rigamonti et al., 2014). Other 
case studies have not looked at the whole system but have been only interested 
in comparing recycling technologies (Shen et al., 2010; Shonfield, 2008). On 
the other hand, economic assessments have mainly focused on the specific 
costs of the value chain, such as collection costs  (Greco et al., 2015; Groot et 
al., 2014; Jaeger and Rogge, 2014), or they have aimed at providing a complete 
assessment but still used a partial and limited inventory (Feil et al., 2016; 
Pressley et al., 2015; van Velzen et al., 2013).  

Other studies have compared the production of fossil plastics (especially high-
density polyethylene (HDPE), low-density polyethylene (LDPE) and PET) to 
bio-based polymers, providing quite contradictory results (Chen et al., 2016; 
Tabone et al., 2010; van der Harst et al., 2014; Yates and Barlow, 2013). The 
use of bio-based bioplastics seem to lower the impacts on climate change, but 
land use changes could potentially overtake all the advantages of not relying 
on fossil resources (Piemonte and Gironi, 2010). A few LCAs have compared 
fossil polymers to PHAs, either from first-generation biomass (Akiyama et al., 
2003; Gerngross, 1999; Harding et al., 2007; Kookos et al., 2019) or from mu-
nicipal (Heimersson et al., 2014; Morgan-Sagastume et al., 2016) and indus-
trial (Fernández-Dacosta et al., 2015; Gurieff and Lant, 2007) wastewater as a 
source of organic carbon. However, several methodological weaknesses are 
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present in the majority of the literature involving bioplastics. First, almost all 
of the studies modelled attributional LCAs, meaning that they did not account 
for any land use changes in case bio-based polymers were generated from first-
generation biomass, nor included the impacts of diverting secondary resources 
(such as wastewater, biogas or solid waste) from the treatment they would have 
had without the construction of biorefineries. In this respect, only one complete 
consequential LCA has been found (Albizzati et al., 2020), yet it did not spe-
cifically include PHA production. Third, the impacts of bioplastics and fossil 
plastics were often based on datasets using different system boundaries and 
allocation/expansion rules.  

Finally, even though the European Commission is increasingly more interested 
in using life cycle assessments, to both quantify the environmental impacts of 
their policies and base their policies on reliable scientific results (Sala et al., 
2016), only a few studies have focused on regional studies or large-scale im-
provements in circularity (Andreoni et al., 2015; Hestin et al., 2015; Tallentire 
and Steubing, 2020), and none of them has included any market analysis or 
economic considerations to forecast how the market would react to an increase 
in secondary material. 

In the previously published literature, several critical research gaps have been 
established: 

• There is a lack of studies coupling mass flow analysis, as well as environ-
mental and economic assessments, to evaluate multi-stakeholder plastic 
waste and bioplastic systems and the risk of unwanted market responses 
that could overturn any expected environmental benefits. 

• More research is needed to quantify the impacts of using secondary re-
sources to produce bioplastics, in order to guide the development of the 
technology toward more sustainable solutions.  

• The application of environmental and economic assessments on different 
scales (e.g. at a product level or policy level) is unclear.  

1.3 Research objectives 
The overarching aim of the thesis is to quantify the environmental and 
economic impacts of increasing plastic circularity in society. The intention is 
to improve support for decision-makers, in order to facilitate material 
circularity in the society. 

This work involves the following specific objectives: 
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• Providing an improved framework for goal and scope definitions in envi-
ronmental and economic assessments evaluating the impacts of increasing 
or decreasing circularity on different scales (Paper I, II, III, IV). 

• Quantifying the environmental and economic potentials of increasing the 
circularity of plastic packaging, based on selected waste management sce-
narios, different implementation policies, and consumption trends (Paper I, 
II). 

• Evaluating the potential for substituting fossil plastic with bioplastic (PHA) 
produced from urban biowaste (source-separated organic fraction of the 
municipal solid waste (OFMSW) and sewage sludge), in comparison with 
alternative feedstocks such as first-generation biomass (Paper III). 

The synopsis part of this PhD thesis is structured as follows. 

Section 2 provides methodological guidance for LCA practitioners on how to 
perform a life cycle analysis to quantify environmental and economic impacts 
or savings due to a certain change.  

Section 3 discusses the key findings of the assessments applied to fossil plastic 
packaging.  

Section 4 describes the environmental performance of PHA production from 
urban biowaste, and identifies a range of pros and cons.  

Section 5 summarises the key conclusions of this PhD work and suggests some 
recommendations for LCA practitioners and decision-makers.  

Finally, Section 6 recommends the topics to be covered in future research.  
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2 Modelling the environmental and 
economic consequences of shifting from 
a linear to a circular system 

When governments support shifting from linear to circular systems, they typi-
cally aim at both achieving positive economic outcomes and lowering environ-
mental impacts. The economy and the environment are interlinked for different 
reasons. First, economic sustainability is one of the main drivers in implement-
ing new technologies, together with legislative constraints and incentives. Sec-
ond, our understanding of the economic and legislative background is the key 
pillar in correctly modelling an environmental assessment. 

This section is divided into three main parts. The first (2.1) introduces the life 
cycle assessment (LCA). The second (2.2) compares economic assessments 
from the dual perspectives of a single stakeholder and of the entire society. The 
third (2.3 to 2.6) dives into the most important methodological decisions in the 
goal and scope phase, when practitioners are interested in the consequences of 
shifting from a linear to a circular system. It should be noted that this section 
does not aim at offering a complete guide to implementing generic LCAs or 
LCCs. This section elaborates on the results of Paper I, Paper II, Paper III and 
Paper IV. 

2.1 Life cycle assessment  
LCA is a standardised methodology that was developed to evaluate environ-
mental impacts associated with the production, use and disposal of products 
(ISO, 2006a, 2006b). It consists of four phases: goal and scope, life cycle in-
ventory, life cycle impact assessment and interpretation. The goal and scope 
stage clarifies the aim of the assessment, the functional unit, system bounda-
ries, methodological choices (e.g. how to deal with multi-functional activities), 
the life cycle impact assessment (e.g. impact categories), and the temporal and 
geographical scope. The life cycle inventory includes the collection and the 
calculation of all the inputs and outputs associated with the processes identified 
in the system boundaries. In the life cycle impact assessment, all emissions are 
aggregated in a single unit for each impact category, which can then be nor-
malised and weighted, depending on the goal and scope of the LCA. In the 
interpretation phase, all of the results from the previous phases are combined, 
leading to the recommendations and conclusions of the study. 
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Since the objective of this PhD thesis is to quantify the impacts of shifting from 
the current baseline scenario to other possible future alternatives, all the LCAs 
were performed as a consequential LCA, where multi-functional activities 
were solved through the use of system expansion.  

As described in the Introduction, a scientific agreement on how and when to 
perform a consequential LCA is not found in the LCA community, especially 
in terms on how to quantify the effects of regional waste policies (e.g. Euro-
pean Union’s Directives) aiming at increasing circularity. In this respect, Paper 
IV suggested an assessment framework in cases where specific adjustments 
had to be made in the goal and scope phase. 

The four parts of the goal and scope that were found to be key in the modelling 
of both marginal and large-scale effects were the goal and the functional unit 
(2.3), the overlapping between the baseline scenario and future alternative sce-
narios (2.4), the definition of the system boundaries (2.5) and the system re-
sponses to an increase/decrease supply of or demand for secondary materials 
(2.6). The interactions between these parts are illustrated in Figure 1.  

Goal and functional unit (a)

Modelling of the system response (d)

Baseline scenarios (b) Alternative scenarios (b)

System boundaries (c)

 
Figure 1. Key parts in the goal and scope phase that have a strong influence on how to model 
the effects of shifting from a baseline scenario to future alternative scenarios. Adapted from 
Paper IV.  

2.2 Economic assessments: single stakeholder’s 
and society’s perspectives 

2.2.1 Life cycle costing  
Economic assessments aim at quantifying the impacts of a system transfor-
mation, but only in monetary terms. The concept of life cycle costing (LCC) 
lies on the idea that capital expenditure should not be the only parameter to 
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justify a purchase. In 1933, the US Government Accountability Office ac-
counted for operation and maintenance costs to buy tractors, following which 
LCCs became mandatory in the US government for the procurement of weap-
ons and buildings (Ciroth et al., 2008). Several other standards followed; how-
ever, they always focused on the perspective of a single stakeholder and disre-
garded any effects on other stakeholders.  

In recent years, three types of LCC have been defined, depending on the per-
spective and on the typologies of costs used in the inventory (Ciroth et al., 
2008; Martinez-Sanchez et al., 2015): conventional LCC, environmental LCC 
and societal LCC. Conventional LCC compiles all costs associated with a prod-
uct, and it often takes a single stakeholder’s perspective, but it can also be 
applied to the entire society. The inventory compiles budget costs (internal 
costs without taxes) with transfers (money simply redistributed among stake-
holders, as direct and indirect transfers, subsidies, incentives, etc.). The envi-
ronmental LCC combines the results from a conventional life cycle costing 
(where the costs for all the stakeholders have been summed) with the non-
monetary results of an LCA having the same functional unit and system bound-
aries. The societal LCC aims at quantifying the impacts from the perspective 
of a society, including all budget costs and monetised externalities, excluding 
transfers, as they are internal to the system. It is important to note that mone-
tised externalities are not real monetary transactions but are fiscal values arti-
ficially attributed to emissions into the environment or to other social impacts 
(e.g. numbers of fatalities, nutrition, quality of life, etc.).  

The following paragraphs describe the differences in the implementation and 
in results interpretation from the perspectives of a single stakeholder (or many 
single stakeholders, as in the called ‘multi-stakeholder cost-benefit analysis’ 
in Paper I, which is identical to a conventional LCC performed from the per-
spective of several single stakeholders) and an entire society (Paper II and III). 
Both options are based on the economic principle that a project is economically 
sustainable if the sum of the benefits (i.e. revenues) is higher than the sum of 
the costs (i.e. expenses), while the opposite is not economically sustainable. 
Furthermore, both perspectives use the principle of the net present value to 
calculate the current value of future expenses, assuming that a dollar tomorrow 
is worth less than a dollar today (Kenton, 2020). Finally, all the economic data 
were adjusted for inflation to EUR2019, using the Harmonized Indices of Con-
sumer Prices (Eurostat, 2018a); from herein EUR2019 is simply referred to as 
EUR. 
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2.2.2 System boundaries and data inventory 
Figure 2 shows the system boundaries of an economic analysis with a single 
stakeholder’s (a) and a society’s perspective (b). The major difference is either 
the inclusion or exclusion of money flows among stakeholders (grey flows in 
Figure 2), which, indeed, are not accounted for from a society’s perspective 
but can nevertheless support the practitioner in understanding the systems and 
any potential economic bottlenecks.  

Furthermore, the results are strongly influenced by the different types of data. 
The stakeholder’s perspective uses the actual costs and benefits faced by the 
analysed stakeholder. For example, the price of electricity depends on several 
factors (e.g. subsidies, tax schemes, demand) and it is different for households, 
industries or energy producers (as incinerators). In addition, secondary plastic 
flakes/granules or compost and digestate sold on the market can have a com-
pletely different value compared to the avoided primary material (or, in this 
case, mineral fertiliser). From the society’s perspective, the budget cost of elec-
tricity is the same independently from the stakeholder. Furthermore, the 
avoided products should be modelled consistently with the LCA, where the 
price of the avoided primary material (e.g. primary plastic or mineral fertiliser) 
is multiplied by a market ratio (as in secondary flakes or granules in Paper I) 
or a substitution factor (in the case of mineral fertiliser, as outlined in Paper 
III). 

Material recovery 
facility

Recyclers

Municipalities
(waste collectors)

Service 
fee

Sale of 
bales

Sale of secondary 
granules/flakes

CAPEX, OPEX, 
disposal fee

Charge for 
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Environmental
fee
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Collection and 
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Figure 2. System boundaries (black dotted lines) of an economic assessment from the per-
spectives of a single stakeholder (a) (called a ‘multi-stakeholder cost benefit analysis’ in 
Paper I) and of society (b). The financial benefits and costs to consider are displayed in 
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orange, while the transfers that need to be excluded from society’s perspective are depicted 
in grey. CAPEX: capital expenditure; OPEX: operational expenditure: PRO: Producer re-
sponsibility organisation. Adapted from Paper I. 

2.2.3 What consequences do the different perspectives quantify? 
The different system boundaries and data in the life cycle inventory show that 
the two perspectives answer different research questions.  

The single stakeholder’s perspective is an interesting option for policymakers 
aiming at identifying which stakeholders are the most affected by specific 
policies or economic measures (e.g. extended producer responsibility, or 
subsidies) and which are the weakest in a value-chain. Generally, analysing the 
roles, strengths and weaknesses of different stakeholders facilitates the value 
chain, and it is an important support tool for investment decisions, since it 
highlights which technologies will realistically gain/lose money. The single 
stakeholder’s perspective appeared the most meaningful tool to use when 
analysing the plastic packaging value chain (Paper I), which is characterised 
by economic bottlenecks  (NewInnoNet, 2016; Villanueva and Eder, 2014) and 
continuously updating economic and legislative tools.  

On the other hand, the society’s perspective (environmental and societal LCCs) 
should be used when the research question focuses on the economic sustaina-
bility of the entire system and practitioners are more interested in quantifying 
the overall impact of a change in the system. Furthermore, since it is fully con-
sistent with the LCA (and share the same modelling and the same step illus-
trated in Figure 1), its results can be linked easier with the environmental as-
sessment.  

2.3 Goal and functional unit  
Defining the goal and the functional unit is the first step of any LCA/LCC 
(Figure 1, a). The functional unit (FU) is the “quantified performance of a 
product system for use as a reference unit […] to ensure comparability of LCA 
results” (ISO, 2006b). Even though the term ‘FU’ was coined for LCAs, it is 
also used for economic analyses following the life cycle thinking approach. 
While the LCA community has extensively explored the role of the FU, in or-
der to define the reference to which all the inputs and outputs should refer 
(Laurent et al., 2014a), the impact of the research question on the FU – and of 
the FU on the interpretation of the results – has been rarely discussed.  

Three different FU perspectives were tested, depending on which aspect of the 
increased or decreased system circularity was being highlighted (Table 1).  
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First, the waste management perspective (Paper I) helps focus on the service 
provided by waste management, and it is the most common FU in the waste 
community, covering more than 50% of all LCAs on waste management sys-
tems between 1995 and 2012 (Astrup et al., 2015; Laurent et al., 2014b). This 
perspective zooms in on a specific element of human activity and aims at iden-
tifying possible improvements in waste management and how the waste inter-
acts with outside markets (e.g. with the generation of secondary material or 
energy). One example could be the treatment of 1 tonne of municipal solid 
waste generated in a specific location with a determined/specific composition. 

Second, the product perspective (Paper III) focuses on the functionality of a 
specific product and compares production, use and waste management. It can 
support decision-makers from either a consumer or a producer perspective, 
since it highlights differences in the entire life cycle. In the assessment of cir-
cularity, the product perspective is often used to compare products providing 
the same functionality, e.g. traditional ones versus residual resources-based 
ones obtained by diverting such feedstock. 

Third, the dynamic demand perspective (Paper II) includes the time dimension, 
to address policy implementation or policy targets. It also helps compare the 
impacts of changing demand trends or consumption habits by improving the 
efficiency of a system. This third FU is recommended in Paper IV for regional 
studies involving a large-scale increase in circularity.  

Table 1. Possible perspectives, examples and advantages of different functional units and 
research questions. OFMSW: organic fraction of the municipal solid waste; PHA: Polyhy-
droxyalkanoates 

Perspective  Waste management 
perspective Product perspective Dynamic demand per-

spective 

Example 1,000 plastic packaging 
waste (Paper I) 

1 kg polymer for film 
blowing and the treat-
ment of waste gener-
ated from such con-
sumption (Paper III) 

PET packaging demand 
from 2020 to 2030 (Pa-
per II) 

Research 
question  

What is the effect of im-
plementing different 
waste management so-
lutions for the Italian 
plastic packaging 
waste? 

What is the effect of di-
verting urban biowaste 
(OFMSW and sewage 
sludge) to an urban bio-
refinery producing 1 kg 
of PHA, instead of fossil 
plastic or PHA from 
first-generation bio-
mass? 

What are the effects of 
modifying the current 
(i.e. business-as-usual) 
waste management and 
consumption trends of 
European PET packag-
ing demand? 

Character-
istics   

• Focuses on the 
waste management 

• Focuses on compar-
ing functionality 

• Models demand from 
a specific geographic 
and temporal area  
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phase and on how to 
optimise it 

• Compares consump-
tion habits  
• Compares traditional 
and innovative produc-
tion types (e.g. fossil 
versus bio)  

• Includes the time di-
mension 
• Helps model policy 
implementation/targets 
achievement at a cer-
tain speed 
• Allows modelling in-
creasing or decreasing 
consumption    
• Calculates cumula-
tive impacts/benefits   

2.4 Baseline and alternative scenarios 
To answer to the research questions defined in Table 1, the consequences of 
shifting from one system to another are to be quantified. This is done by 
calculating the difference between how the system would have behaved 
without such change, called baseline scenario, and how the system reacts 
because of the implemented change, called alternative scenario (Figure 1, b). 
Indeed, consequential studies can have several net results, depending on the 
number of combinations between the baseline and the alternative scenarios 
(Zamagni et al., 2012). It should be mentioned here that the baseline scenario 
has many names in the literature, such as ‘business-as-usual’, ‘reference 
scenario’, ‘current scenario’, ‘counter-factual’ and ‘status quo’.  

The overlap between the baseline and the alternative scenario highlights which 
flows and processes change (see examples in Figure 3, Figure 4 and Figure 5), 
the size of the change and the different ways in which these changes could be 
modelled. Such changes can be either small-scale or marginal, when do not 
affect the trend, the constraints and the production costs in the market 
(Weidema et al., 2009); or large-scale when greater than the annual 
replacement capacity (EC, 2010b).  

Alternative scenarios can cover different waste management practises, market 
responses, changes in input design, policy implementations, etc. (see Table 2 
for the detailed scenarios modelled in Paper I, II, III). On the other hand, when 
it is not easy to identify the baseline alternative, LCA practitioners may be 
interested in testing several baseline scenarios (as in Paper III).  

Next to the modelling of the alternative scenarios, another tool to strengthen 
results interpretation is the framework scenario, where different conditions are 
changed in both the baseline and the alternative scenarios in order to test the 
robustness of the results and to identify in which cases the conclusions are no 
longer valid (Table 2).  
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Table 2. Combinations of baseline and alternative scenarios in Paper I, Paper II and Paper III. 
*The presence of dewatering or composting prior to use on agricultural land depended on the 
single legislations/practices in the clusters studied. **The treatment of the biorefinery residues 
was always equal to the sewage sludge baseline scenario. OFMSW: organic fraction of the mu-
nicipal solid waste; PHA: Polyhydroxyalkanoates. 

Paper Baseline scenarios Alternative scenarios Framework scenarios  

Paper 
I 

• Door-to-door collection 
and Italian plastic waste 
management in 2017 

• Street collection  
• Improved recyclabil-
ity PET bottles 
• Improved recyclabil-
ity all polymers 
• Introduction of a de-
posit system   

• Production of second-
ary food-grade PET in-
stead of non-PET flakes  
• Increase in collection 
rates 
• Different input plastic 
packaging compositions  
• Different life cycle in-
ventory of fossil plastic  
• Different electricity 
composition 
• Different heat compo-
sition  

Paper 
II 

• Current PET packaging 
consumption trend and 
waste management 

• Higher collection rate 
of bottles 
• Higher collection rate 
of trays 
• Higher sorting and 
recycling rate 
• Only the polyester 
market absorbs the sec-
ondary PET 
• Only the packaging 
market absorbs the sec-
ondary PET 
• Combination of the 
previous ones  

• Constant consumption 
• Increased recycled 
content in the polyester 
industry 
• Different electricity 
composition 
• Different heat compo-
sition  
• Avoided PET manufac-
tured outside the EU 
• Avoided PET made of 
bio-mono-ethylene glycol 

Paper 
III    

• The baseline for OF-
MSW is either the manage-
ment of the source-sepa-
rated fraction (either as 
treated in 2018 or in an an-
aerobic digestion) or resid-
ual waste (either as treated 
in 2018 or incinerated)  
• The baseline for sewage 
sludge is either the sewage 
sludge treatment in 2018 or 
anaerobic digestion with in-
cineration of the digestate 
or anaerobic digestion with 
use-on-land* 

• PHA production** 
• PHA production** 
with minimised methane 
leakage from the anaer-
obic digestion 
• PHA production** 
with upgrading of the bi-
ogas to biomethane. 

 

• Minimised methane 
leakage from the anaero-
bic digestion. 
• Upgrading of the bio-
gas to biomethane 
• Different electricity 
compositions 
• Different heat compo-
sitions  
• Composting PHA in-
stead of incineration/land-
filling 

2.5 System boundaries 
System boundaries (Figure 1, c) define “which unit processes are part of a 
product system” (ISO, 2006a). They are a very useful tool to communicate 
which parts of the system are included in the LCA/LCC but also how the 



15 

practitioners intend to quantify the consequences when overlapping the 
alternative scenarios to the baseline.  

For example, Paper II and III illustrated two different ways of calculating the 
difference between the baseline and the alternative scenarios. In Paper II 
(Figure 3), it was important to highlight which flows were affected by different 
policy implementations or PET packaging waste management options, while 
Paper III (Figure 4) aimed at clarifying which processes were included in the 
different baseline and alternative scenario combinations.  
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Figure 3. System boundaries in Paper II. The coloured arrows represent the flows in the 
baseline scenario that would be affected by different waste management alternatives: in-
creasing collection rates for bottles with deposit systems (red arrow), increasing collection 
rates for trays (violet arrow), increasing sorting and recycling rates (blue arrows) and chang-
ing PET end-markets (green arrows). PET: polyethylene terephthalate. Adapted from Paper 
II. 
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Figure 4. System boundaries of PHA produced from urban biowaste (1), compared to com-
petitive fossil plastics (2), and PHA from first-generation biomass (3) fulfilling the same 
functionality. The system studying PHA from urban biowaste (1) was divided in five parts: 
the biorefinery plant (in blue), the treatment of the biorefinery residues (in orange), the in-
cineration/landfilling of the PHA (in red), the baseline scenario of OFMSW (in green) and 
of sewage sludge (in yellow). The baseline scenarios represented the management that OF-
MSW and sewage sludge would have had without the construction of the biorefinery and 
were modelled by subtracting them to the PHA production process. The treatment of the 
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biorefinery residues was always equal to the sewage sludge baseline scenario. Filled pro-
cesses indicate the by-products (energy or fertilizers) that avoid the production of marginal 
energy or marginal mineral fertilizers. AD: anaerobic digestion plant; LDPE: low-density 
polyethylene; MBT: mechanical-biological treatment; OFMSW: organic fraction municipal 
solid waste; PP: polypropylene; PUR: polyurethane; UOL: use-on-land; WWTP: wastewater 
treatment plant. Adapted from Paper III. 

2.6 Increasing system material circularity. How does 
the system respond? 

Increases or decreases in system circularity can affect several flows (arrows in 
Figure 5) and processes (boxes in Figure 5) in the analysed system defined 
through the system boundaries (Figure 1, d). Figure 5 shows the process flow 
that resulted when subtracting a generic alternative scenario to the baseline 
scenario. Only flows with Δ≠0 should be considered (meaning that they are not 
equal in the alternative and in the baseline scenario), and if such flows are 
quantified as large-scale (as defined earlier) the affected markets could react 
in a non-marginal (i.e. non-linear) way.  

Among all the processes that can be included in the system boundaries, four 
should be studied carefully when analysing increasing or decreasing the supply 
of and the demand for secondary material: the response of the secondary ma-
terial market (in light blue in Figure 5), the waste incineration/landfilling (in 
orange), the supply of primary material (in yellow) and the use phase (in 
green). Each possible system response is described in more details in Paper IV, 
while the current section mainly focuses on two ways to model the possible 
responses of the market of secondary materials due to a change in the supply 
of (flow 4 in Figure 5) or demand for (flow 6 in Figure 5) secondary material 
in the market.  

From the beginning, the LCA community focused on understanding if the 
avoidance of primary material was mainly due to the supply of (by increased 
recycling) or to the demand for secondary material (by increasing the recycled 
content), since the system can either react by avoiding primary material or by 
reducing recycling of the same material from other flows in the market. This 
is due to the tradition of LCAs being applied to single products, where it is 
important to establish which stakeholder (e.g. sellers or buyers of secondary 
materials) could claim the environmental benefits of avoiding primary mate-
rial, in order to avoid double-counting (i.e. if both claim for the benefit).  
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Figure 5. Material flow resulting as a difference between the baseline scenario and a generic 
alternative scenario. The arrows indicate the flows to be included in the consequential LCA 
in case they change between the baseline and the alternative scenarios (Δ≠0). Δ is equivalent 
to “change in”. Adapted from Paper IV. 

The first modelling option is model the system response in the background 
system, by using one single indicator to predict its reaction in case additional 
secondary material is supplied or demanded for. For example, the price elas-
ticity was used in Ekvall (2000), the A factor in the circular footprint formula 
(EC, 2013; Zampori and Pant, 2019) or the market saturation indicator in 
Schrijvers et al. (2020). To note that both the price elasticity and the market 
saturation indicator were suggested in case of marginal changes. The underly-
ing principle is that if the market is constrained (i.e. saturated, if there is a high 
offer or a low demand) than the product using the secondary material takes the 
majority of the credit to avoid primary material. If the market is unconstrained 
(i.e. if there is a low offer and a high demand), then the avoided primary ma-
terial is credited to the product providing the secondary material. Based on the 
results included in this PhD thesis, this method is recommended in case of 
marginal changes in the market of secondary material. For example, in Paper 
I, all of the secondary material generated from recycling Italian plastic pack-
aging was assumed to avoid primary material, and the avoided quantity was 
corrected with a market ratio, to model the market reaction. Also, in Paper III, 
all the nutrients recirculated to agricultural soil in case the compost, digestate 
and sewage sludge were spread to agricultural soil were assumed to avoid the 
marginal mineral fertilisers by correcting them with a substitution factor. In 
this case, it is important to avoid double-counting between different stakehold-
ers or different life cycles: if primary material is avoided when secondary ma-
terial is produced, it means that the demand for secondary material is greater 
than the supply, and any increase in the recycled content would not avoid any 
primary material, because there is enough offer to absorb the material. 
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The second option is to model the market response in the foreground system, 
whereby the practitioner can test different options for the market. This case is 
recommended for regional studies (where the increased/decreased circularity 
causes some large-scale effects on the system) and where the focus is on the 
consequences on the entire system and not on single stakeholders or single 
parts of the system. This approach is theorised in Paper IV and applied in Paper 
II, and it uses a combination of mass balance and market analysis to identify 
which additional flows could be affected (e.g. other materials that supply sec-
ondary material to the same market) and to pinpoint the satellite policies that 
need to be in place to avoid unwanted market responses. For example, policies 
aiming at increasing the recycled content of a specific sector (e.g. packaging) 
might decrease dependency on primary material, if the collection rate and the 
recycling rate of the markets supplying such secondary material increased and 
the export rate remained constant. In fact, strategies covering recycled content, 
collection rates, recycling rates, investment in sorting and recycling capacities, 
and export rates are considered part of the same large picture. In Paper II, dif-
ferent markets were assumed to be able to absorb secondary PET (bottles, trays, 
strapping and polyester), and the saturation of a market was estimated to cause 
an increase in the the plastic waste being exported outside Europe, where the 
risk of leaking into the environment was encountered (as described in section 
3.5). The modelling of the system response is based on market information that 
is not easy to find. Practitioners can rely on Figure 6 to clarify which data 
should be collected, especially when conducting a regional LCA study. This 
information was collected for European PET packaging in Paper II and are 
provided in the supporting information.  
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Figure 6. Economic and legislative data to be collected in a consequential LCA involving 
increased or decreased material circularity. From Paper IV. 
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3 Unleashing the potential of plastic 
packaging 

3.1 Plastic collection and recycling rates 
In Paper I and II, plastic recycling rates were determined together with envi-
ronmental and economic results, in order to assess how much the alternative 
scenarios contribute to or hinder the achievement of the European targets. Dif-
ferent rates at different stages of the plastic waste management chain were cal-
culated for the Italian plastic packaging and the European PET packaging, con-
sidering and excluding impurities (Figure 7). Impurities were taken into con-
sideration either directly, by subtracting the baseline scenario (i. e. the waste 
management they would have experienced without source-separation, as in Pa-
per I), or by correcting the transfer coefficients and the mass balance (as in 
Paper II). 

The following lessons can be drawn from Figure 7: 

• Source-separation at the household level of any material or product consid-
ered an impurity in the other sorting steps, is a loss of money and resources. 
It is recommended to strengthen communication between the different 
stakeholders, to continuously inform citizens on how to source-separate 
their waste. 

• Even without considering impurities, the difference in mass between what 
enters (collection rate, without impurities) and what leaves the sorting 
plants (recycling rate, packaging in bales) is considerable, especially when 
considering mixed plastic packaging waste (left-hand side of Figure 7). In 
total, 60% of the source-separated plastic bin in Italy was lost in the mate-
rial recovery facility.  

• Finally, the newly defined recycling rate, “based on the weight of municipal 
waste which enters recycling” (where recycling means the recycling of 
waste into products, materials or substances (EC, 2018c, 2018b)), is cur-
rently difficult to calculate, as it requires knowing the amount of the sorting 
losses, not only in the material recovery facilities, but also in the subsequent 
steps (e.g. recycling). Widespread implementation will require an improve-
ment in data transparency.  
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• Our studies show that the 50% plastic recycling rate target by 2025, and 
55% by 2030 (EC, 2018b), will be an uphill struggle. When applying aver-
age sorting rates for the different polymers, the collection rate (without con-
sidering the impurities) needs to be higher than 80%, in order to have a 
plastic recycling rate above 50%. Even PET, the most recyclable and valu-
able polymer in the market, still does not reach European targets, which can 
be met only by incentivising citizens’ participation and minimising sorting 
losses.  

• The European Union is recommended to use different indicators to assess 
the robustness of the recycling system: the collection rate and the purity of 
source-separated material can give indications on citizens’ involvement, 
while the final recycling rate (as defined by the European Union) is more 
connected to the actual environmental benefits. However, a clear (and com-
mon) definition of impurities is needed, in terms of characterising the items 
that qualify as impurities.  

 
Figure 7. Collection rates (with and without impurities) and recycling rate (in relation to the 
mass of bales with and without impurities, and to the mass of flakes/granules) calculated for 
selected alternatives in Paper I (for Italian packaging waste) and Paper II (for European PET 
packaging waste, only year 2030). The red lines refer to the European recycling targets for 
plastic packaging waste (EC, 2018b). Alternatives Paper I: A1, door-to-door collection; A2, 
street collection; A4, improved recyclability of all polymers. ‘b’ represents an increase in 
the collection rate to 83%. Alternative scenarios Paper II: I: higher collection rate for bottles; 
II: higher collection rate for trays; VII: combined higher collection rate of bottles and trays 
and sorting and recycling rates, and where the majority of secondary material was recycled 
back in packaging. PET: polyethylene terephthalate. 
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3.2 Are economic tools and legislative constraints 
needed?  

The economic analyses in Paper I and Paper II show that both economic tools 
and legislative constraints are necessary to regulate plastic waste, since very 
little material would be collected without political interest and legislative in-
tervention. 

Figure 8 shows the costs of collecting, sorting and recycling 1,000 kg of 
source-separated plastic packaging waste in Italy (composed of 90% plastic 
packaging and 10% impurities), based on the results of Paper I. The term ‘im-
purities’ here followed the definition of the Italian PRO and included non-
packaging plastic, metals, other combustibles and fines. Secondary material 
(549 kg) sold on the market should have an average market price of 1,570 
EUR/t to cover all costs, of which 659 EUR/t would cover only sorting and 
collection. These aggregated costs hide the great differences between the mar-
ket economics of different polymers: while clear PET flakes are sold for around 
810 EUR/t (PIE, n.d.), flexible packaging and mixed polyolefin, whose bales 
have almost no market value, compete with wood for outdoor furniture that is 
sold for around 320 EUR/t (Sommerhuber, 2016).  

 
Figure 8. Conventional costs (budget costs + transfers) of collecting door-to-door, sorting 
and recycling 1,000 kg of source-separated plastic packaging waste in Italy (90% plastic 
packaging + 10% impurities). The uncertainty range indicates the 95% confidence interval. 
The figure is elaborated from the results in Paper I. HDPE: high-density polyethylene; 
LDPE: low-density polyethylene; MPO: mixed polyolefin; PET: polyethylene terephthalate; 
PP: polypropylene.  
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A similar result was obtained for European PET packaging (Paper II), where 
the analysis of the European conventional costs highlighted that variations in 
the collection costs associated with source-separated materials were the biggest 
source of uncertainty. In case of PET bottles, all collection, sorting, and recy-
cling costs would be covered only if bring/door-to-door collection were below 
370 EUR/t, while for deposit systems the costs would need to be below 555 
EUR/t. On the other hand, the results drew a different picture for PET trays, 
which are made of the same polymer as PET bottles but are still under-recycled, 
due to the non-optimised design of the input material (e.g. high rates of multi-
polymeric trays), low plant washing capacity and a low interest from the mar-
ket. This situation has to change if the recycled content of the European Union 
is to increase for both bottles and trays, as currently there is not enough mate-
rial to fulfil the legislated targets for the recycled content (ICIS, 2019).  

Policy targets force the system to reach specific goals. However, economic 
tools are practical incentives to introduce additional flows of money that finan-
cially support transformations in waste management, without relying solely on 
the waste tax paid by citizens. As mentioned earlier, EPR and deposit systems 
are two of the most common economic tools implemented in Europe. Despite 
having being considered as competitive, they share the same underlying prin-
ciples, i.e. the consumer is not the only party responsible for waste manage-
ment.  

In order to highlight the role of EPR and deposit systems, and to identify con-
nections between stakeholders, the entire value chain among stakeholders, 
from plastic packaging waste to finished products, was analysed for the Italian 
case (Paper I). The value chain can be defined as “the full range of activities 
needed to create a product or a service” (Tardi, 2020). While traditional linear 
systems include private companies and are mainly regulated by market dynam-
ics, waste recycling is often characterised by a mix of public entities that aim 
to fulfil legislative targets, and private entities that rely on the market to sell a 
product. 

EPR (and deposit systems to a lesser extent) has a central role, because it con-
nects all stakeholders with different dynamics, as demonstrated in Figure 9. 
The EPR is implemented via the creation of a producer responsibility organi-
sation (PRO) that is set up by producers and has to meet certain targets. In 
Italy, the PRO receives the environmental fee from the producers/importers 
and it transfers a part of the environmental fee to the municipalities, based on 
the quantity and quality of source-separated material. Furthermore, the PRO 
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pays a fixed service fee to material recovery facilities to sort the source-sepa-
rated material into different bales while respecting the quality limits defined 
by the PRO itself. And, finally, it sells the bales to the market. It should be 
noted that the sale of plastic bales only represents about 30% of the overall 
income of the PRO, the rest being the environmental fees paid by producers 
and importers. 

As also demonstrated for other EPR systems (Cunha et al., 2014; Ferreira da 
Cruz et al., 2014; Rigamonti et al., 2015), financial compensation does not 
cover all of the costs that municipalities face in source-separating materials 
(185 versus 311 EUR/t generated plastic packaging waste), and they also need 
to pay for the collection and treatment of non-source-separated material. Fur-
thermore, despite the financial compensation provided to Italian municipalities 
is decreasing in line with increases in impurities in source-separated waste, a 
clear economic advantage for them to actively reduce the impurities was not 
found, thus demonstrating that compensation has to be modified to incentivise 
more high-purity collected material.  

Furthermore, the economic analysis in Paper I showed an economic loss of the 
PRO in the baseline scenario, in accordance with recent financial reports 
(Corepla, 2018, 2017), leading to the conclusion that the environmental fee 
should be connected more clearly with the recyclability of products. PROs 
around Europe should embrace their position as intermediates between produc-
ers and waste management and focus on optimising the recyclability of prod-
ucts, which in turn has a relevant impact on environmental impacts, as de-
scribed in section 3.4.  
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Figure 9. Monetary flows between the producer responsibility organisation (PRO) and other 
stakeholders in the Italian plastic packaging value chain. OPEX: operational expenditure. 
Adapted from Paper I. 
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3.3 Environmental potentials 
This section describes in detail the environmental burdens and benefits of 
increasing or decreasing the circularity of plastic packaging derived from the 
LCA results obtained in Paper I and II. This section focuses on Climate change 
and Particular matter formation, as these were the two main relevant impact 
categories, both when analysing the results at end-point areas of protection 
(human health, eco-systems and resource depletion) and the normalised and 
weighted single indicator based on ReCiPe2016 (Huijbregts et al., 2016, 2017). 
The midpoint impact categories were discussed instead than the endpoint for 
two reasons. First, ReCipe2016 does not have substance-specific 
characterisation factors to calculate end-point results, but it does utilise a single 
factor to determine endpoints from midpoints, meaning that the midpoint and 
the endpoint are linearly proportional. Second, the units of the midpoint impact 
categories (kg CO2-eq and kg PM2.5-eq) are more common in the research 
community, and the reader will be facilitated in understanding the size of the 
results. However, the results of all midpoint and endpoint impact categories 
are provided in the supporting information of Paper I and II.  

Figure 10 and Figure 11 shows the effect of shifting from the baseline scenario 
to the alternative scenarios (described in section 2.4). Both studies confirm that 
increasing recycling generally leads to environmental savings (net results in 
the green areas). In Paper I and II, the scenarios with the highest improvements 
were: increased collection rate, with improved recyclability of all Italian pack-
aging waste (A4b in Figure 10), and increased collection rate, sorting rate and 
recycling yield, coupled with a robust market for European PET packaging 
waste (VII in Figure 11). The effects of the products’ recyclability, market sat-
uration and consumption trends on environmental impacts are described in 
more detail in sections 3.4, 3.5 and 3.6, respectively.  
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Figure 10.  Environmental benefits (if in the green area) and impacts (if in the red area) in 
terms of Climate change (a) and Particulate matter formation (b) calculated as a difference 
between the baseline scenario (BL) and the alternative scenarios for 1,000 kg of Italian pack-
aging waste (Δ). The uncertainty ranges indicate a 65% confidence interval. The baseline 
scenario (called A1 in Table 2) includes the door-to-door collection of the source-separated 
plastic packaging and the Italian waste management in 2017. Alternative scenarios: A2: 
street collection; A3: improved recyclability of PET bottles; A4: improved recyclability of 
all products; A5: introduction of a deposit system for PET bottles. ‘a’ indicates the maximi-
sation of food grade granules, and ‘b’ an increase in the collection rate to 83%. Adapted 
from Paper I. 

 
Figure 11. Environmental benefits (if in the green area) and impacts (if in the red area) in 
terms of Climate change (a) and Particulate matter formation (b) calculated as a difference 
between the baseline scenario (BL) and the alternative scenarios for the cumulative Euro-
pean PET packaging waste generated between 2020 and 2030 (Δ). The uncertainty ranges 
indicate a 95% confidence interval. The results are calculated as cumulative for the period 
2020-2030. Analysed alternative scenarios: I: higher collection rate for bottles; II: higher 
collection rate for trays; III: higher sorting and recycling rates, IV: 100% to fibres; V: 100% 
to strict closed-loop; VI: combined I, II, III and IV; VII: combined I, II, III and V; VIII: 
linear system. The baseline scenario represent the expected consumption growth and waste 
management of the European PET packaging waste between 2020 and 2030. PET: polyeth-
ylene terephthalate. Adapted from Paper II. 
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Furthermore, Table 3 summarises the processes that have the greatest influence 
on the environmental results. 

Table 3. Processes that contribute the most to Climate change and Particulate matter for-
mation in the plastic waste management chain (based on the results from Paper I and Paper 
II) 

 Environmental impact 

Climate change • Direct emissions of fossil CO2 from incinerators  
• Direct emissions of fossil CO2 due to diesel combusted in 
the different transport steps  
• Industrial heating consumption during recycling 

Particulate matter • Direct emissions of sulphur dioxide and particulates, due to 
diesel combusted in the different transport steps. Especially 
relevant in the case of long-distance transport (e.g. by ship).  
• Industrial heating consumption during recycling 

Plastic incineration (grey bars in Figure 10 and Figure 11) appears to be the 
highest environmental burden for Climate change, due to direct emissions of 
2.5 kg fossil CO2-eq per kg plastic incinerated, which is not offset by the 
energy generated (yellow bars in Figure 10 and Figure 11). This is valid both 
when the avoided marginal energy was modelled as the long-term marginal 
mix (mainly renewable) and with the average composition mix in a given year. 
Recycling appears better than incineration also in the case of Particular matter 
formation, even if plastic incineration also results in a net saving, since this 
impact category is not affected by fossil CO2 emissions.  

Plastic collection, which is important for economic results (see Figure 8 in sec-
tion 3.2), is almost negligible in the environmental assessment, and the same 
applies for sorting. However, transport has a relevant impact on Particular 
matter formation, due to diesel combustion, especially when waste is trans-
ported over long distances, as in the case of PET packaging exported to Asia 
in Paper II.  

The type of recycling process (light blue bars in Figure 10 and Figure 11), 
where recycling indicates the transformation of a bale into secondary material 
ready for use in manufacturing (flakes or granules), has a relevant impact es-
pecially for processes requiring large quantities of energy. An example is given 
by solid-state polymerisation, which increases the molecular weight of second-
ary PET used in bottle manufacturing. Generally, bottle-to-bottle recycling 
does not appear environmentally or economically convenient compared to 
other recycling routes (such as bottles to trays or to fibres). However, it is es-
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sential to focus on improving this technology by reducing both losses and en-
ergy consumption (that will directly decrease costs), since bottle manufactur-
ing is the major market for absorbing secondary PET (the relevance of market 
size is described in section 3.5). Industries are already moving in this direction, 
with more and more technologies being developed to produce food-grade 
flakes (without extrusion) or to optimise the energy consumption in the process 
(Starlinger, 2013). Note that industrial heat consumption appears to be more 
environmentally relevant compared to electricity consumption; in fact, the 
large investments being made in increasing the renewable share of electricity 
and space heat generation have not been coupled with a similar interest in tran-
sitioning to cleaner industrial heat consumption. 

3.4 Recyclability  
Product design is not currently part of the waste management system. However, 
the two areas should work closer, as product design influences both sorting 
efficiencies and possible recycling options. PET trays and the use of coloured 
polymers (instead of clear polymers) are a clear example of the impact of de-
sign on waste management. In the case of PET trays, this is mainly due to 
difficulties in sorting and recognising mono- from multi-polymeric products. 
The case of coloured polymers is linked to the size of markets for coloured 
secondary materials, which are much smaller than for clear material (e.g. only 
black products can be made from coloured secondary material). 

Even if it is hard to find a direct correlation between recyclability, improved 
design, EPR, sorting and recycling rates, it is clear that more effort generally 
should be applied to the design of material entering the waste management 
system, and this aspect will become more important in line with increases in 
recycling and circularity. Unfortunately, there is no clear signal that product 
recyclability is improving over time, and the increasing use of multi-layer 
multi-polymeric plastic actually risks worsening the situation (Eco-emballage, 
2012). It is therefore worth looking into creative ways to incentivise producers 
and consumers to focus on the problem of “recyclability”.  

In Paper I, recyclability was summarised through higher sorting rates, recy-
cling yields and market values. Figure 12 shows the average environmental 
potential of increasing the recyclability of PET bottles and all packaging com-
pared to the baseline scenario.  
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Figure 12. Cumulative frequency of Climate change (a) and Particular matter formation (b) 
when managing 1,000 kg of Italian plastic packaging waste in the 2017 waste management 
system and when improving the recyclability of PET bottles (A3) and of all packaging (A4). 
The red dots indicate the average result. PET: polyethylene terephthalate. Results are based 
on Paper I. 
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On the other hand, the assumed capacity that these markets had available to 
absorb these materials did affect the results, albeit when the recycled content 
of polyester manufacturing was increased and could absorb all clear and col-
oured secondary material, the difference between the two fates became negli-
gible.  

It has to be clarified that the recyclability of products absorbing secondary ma-
terials can affect the results if the waste management of the material made of 
primary material is different to that assigned to products made of secondary 
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material (as also described in Paper IV). For example, if biodegradable plastic 
is compared to fossil plastic (as in Paper III, section 4.2), if biogas avoids 
natural gas production and combustion (as in Paper III), or if the use of sec-
ondary material worsens the recyclability of products (e.g. a black product 
would be produced instead of a clear product only in order to have a higher 
recycled content for marketing reasons).  

However, by keeping the material in the same industry (i.e. a much broader 
meaning of the “closed loop” usually stated), the value chain for secondary 
material could be simplified, because the number of stakeholders would be 
lowered. This could be beneficial in cases where economic and legislative tools 
strengthen the responsibilities between the stakeholders producing the waste 
and those responsible for waste management (e.g. extended producer respon-
sibility).  

3.5 Market size and market saturation  
Despite implementing legislative targets and economic tools to support waste 
collection, sorting and recycling with highly recyclable products, the anthro-
pogenic demand for primary material would be reduced only if the market de-
manded and absorbed secondary material. Calculating market size and identi-
fying the risk of saturating the market can be used for system modelling (as 
done in Paper II and described in Paper IV), or simply used for interpreting 
the results (as done in Paper III, section 4.1).  

By studying the market sizes for PET packaging waste and for the markets 
absorbing secondary PET (Figure 13), it is obvious that the latter has to be 
increased if any improvements are to be seen in the waste management chain. 
The market could also react by opening up a new avenue to absorb the second-
ary material, but this possibility was not considered, as there was no evidence 
for PET. As described in Paper IV, market size needs to take into account the 
realistic potential use of secondary material, depending on the nature of the 
original products. For example, even if the potential recycled content of clear 
bottles were increased, this would not apply to coloured bottle waste, because 
it is not a fraction of the market that could be filled with coloured bottles (Fig-
ure 14). 
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Figure 13. Quantity of European PET packaging waste generated and source-separated, sec-
ondary PET produced and size of markets absorbing secondary polyethylene terephthalate 
(PET) with current recycling content, and assuming 100% possible recycling content. All 
the values are reported for 2030, assuming the same average European collection rate of PET 
packaging waste in 2019. Based on the market data found in Paper II. 
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Figure 14. Possible recycling pathways for secondary polyethylene terephthalate (PET) 
waste from post-consumer clear bottles, coloured bottles and trays (based on Paper II). The 
only pathway for PET trays was considered to be tray-to-tray, as this is seen in the market 
today. In order to allow secondary PET from trays to be absorbed from other markets, major 
changes should appear in the full tray value chain, from product design to investment. Based 
on the market data found in Paper II. 

Quantifying market size could lead to identifying the risk of saturating a mar-
ket, which would cause the remaining material either to be sent to incinera-
tion/landfilling or to be exported to countries where there is an increased risk 
of plastic leaking into the environment. It is meaningful to remember that in 
2017 the European Union was exporting almost half of its source-separated 
plastic to extra-European countries, 85% of which was to China before the 
2018 waste ban came into place (EC, 2018d), and in the same year 11% of PET 
bales were exported (Plastics Recyclers Europe, 2020).  
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This aspect is rarely included in LCAs, but it was modelled in Paper II and 
identified as a potential risk in Paper I. This is a problem often mentioned by 
the European Union (EC, 2019, 2018b, 2011) and highlighted in Jambeck et 
al. (2015), where it appeared clear that low- and middle-income countries im-
porting European plastic waste were the same countries with high rates of plas-
tic mismanagement (i.e. littered or inadequately disposed) and plastic marine 
debris generation. For example, the European Union in 2019 exported plastic 
waste for recycling mainly to Hong Kong, India, Indonesia, Malaysia, Thai-
land, Turkey and Vietnam, while before 2018, it was exported mainly to China 
and Hong Kong (Eurostat, 2018b). Based on Jambeck et al. (2015), these coun-
tries have a corresponding plastic mismanagement rate of 76% (China), 87% 
(India), 83% (Indonesia), 57% (Malaysia), 75% (Thailand), 18% (Turkey) and 
88% (Vietnam). 

Even if the results in Paper II did not include any external costs for the plastic 
that could be lost in the environment, this aspect was examined in the Discus-
sion part of Paper II to give an idea of the order of magnitude of the problem. 
Recent studies state that every tonne of marine plastic debris has an external 
cost to the marine environment between 2,200 and 33,000 USD (Beaumont et 
al., 2019; Viool et al., 2019), due to the negative impact on fisheries, heritage, 
charismatic species and recreation. Based on this notion, European PET acci-
dentally reaching marine eco-systems, due to its export, could be responsible 
for causing damage equal to 290-770 MEUR only in 2020. Weak economic 
sustainability in terms of plastic sorting and recycling in Europe could sound 
an alarm bell when the percentage of plastic exported to countries with weak 
environmental legislation is too high. For example, Paper I quantified that soft 
plastic and mixed polyolefin recyclers result in economic losses in more than 
95% of the cases, meaning that such an activity probably does not happen in 
Italy (or in other European countries) but only in countries with lower opera-
tional costs.  

3.6 Consumption growth and waste management  
Another topic that was investigated in Paper II is the role of consumption 
trends compared to waste management. Consumption is another aspect that is 
often not considered in many environmental waste assessments, even though it 
appeared to be the most important assumption in predicting potential environ-
mental improvements in Paper II. For example, PET bottle consumption in 
Europe in 2017 ranged from 11 kg per inhabitant in Luxembourg, to 2 kg per 
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inhabitant in Latvia, highlighting the huge range of consumer habits in the 
same European Union (ICIS, 2018).   

The effect of maintaining PET packaging consumption in Europe between 
2020 and 2030 at the same rate recorded in 2020 was investigated in Paper II 
and the results were astonishing. Keeping consumption constant was better 
than the majority of waste management improvements, excluding the combi-
nation of a very steep increase in collection rates, sorting and recycling rates, 
coupled with building a robust market for secondary material. 35 Mt CO2-eq 
and 31 kt of PM2.5-eq (cumulated between 2020 and 2030) could be saved by 
simply keeping consumption constant. However, if the consumption trend were 
linked with a better waste management option, the savings could be up to an 
additional 65 Mt CO2-eq and 59 kt PM2.5-eq avoided. These findings are in line 
with other macro-economic studies highlighting how consumption will be a 
key element in reaching the goals set in the Paris Agreement (O’Neill, 2020).   

Furthermore, testing the results with different consumption growths also 
helped highlight the known problem of maintaining economic growth and em-
ployment, without increasing environmental impacts (Figure 15). In fact, Paper 
II showed the difficulty in keeping the same employment level registered in 
the baseline scenario, in case of a reduction in consumption. This is due to the 
fact that the avoided plastic packaging and the avoided waste management are 
also responsible for a certain level of employment that would be lost in the 
case of decreased consumption growth.  

 
Figure 15. Yearly reduction in employment for 1,000 full-time equivalents (FTE) on the 
left-hand side y-axis, and yearly avoided emitted Mt of CO2-eq on the right-hand side y-
axes, assuming a 5 Mt constant yearly consumption of polyethylene terephthalate (PET) 
packaging between 2020 and 2030 (equal to the consumption in 2020) and current waste 
management, compared to increasing the consumption as expected in the baseline scenario. 
Based on the results from Paper II.  
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4 Evaluation of bio-based and 
biodegradable plastic (PHA) 

The impact of diverting source-separated OFMSW and sewage sludge in a bi-
orefinery producing PHA was analysed in Paper III and compared to the com-
petitive fossil plastics traditionally used for film blowing manufacturing (i.e. 
polyurethane and LDPE), and to PHA from first-generation biomass (i.e. su-
crose from sugarcane and glucose from maize). The importance of local geo-
graphic characteristics was tested by quantifying the impacts in five clusters to 
have a geographical representativeness of Europe, namely the metropolitan ar-
eas of Barcelona, Copenhagen and Lisbon, the region of South Wales and the 
province of Trento. The functional unit, baseline scenario, alternative scenarios 
and system boundaries have already been presented in sections 2.3, 2.4 and 
2.5. 

The life cycle impact assessment used in the study was the EF3.0 (JRC-EC, 
2020), which allowed for normalising and weighting the 13 impact categories, 
in order to calculate a single indicator. It is important to note that the EF3.0 
included 16 impact categories, but human and water toxicities were excluded 
in the calculation of the single indicator, due to their known uncertainty (Sala 
et al., 2018), and due to the fact that they do not consider neither background 
concentration of heavy metals nor their metal speciation (Saouter et al., 2020) 
that can be relevant in quantifying the impacts of using compost, digestate, and 
sewage sludge as organic fertilisers (Boldrin, 2009). All results for the mid-
point impact categories can be found in the supporting information B of Paper 
III.  

4.1 Market size and competitive markets 
The production of PHA from urban biowaste is an example of a new technol-
ogy that does not currently exist on industrial scale but could be built in the 
coming years. This means that it is not clear which markets will absorb it and 
which are the competitive materials, so some assumptions have to be made in 
order to evaluate the future applications of PHA. This type of market analysis 
is very important for emerging technologies, because it helps identify the pre-
ferred end-markets (either for their higher market value or for their environ-
mental benefit, or both) and could drive future technological developments, for 
example by focusing on the technical characteristic the new material has to 
have in order to enter those markets.  
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Five end-use applications were identified for PHA (Fantinel, 2019): interlayer 
film (i.e. sealants), adhesives, commodity films, durable products and environ-
mental remediation. Among these, the first three applications appeared to be 
more readily available to accept the newly produced PHA. First, interlayer 
films hold together the different layers of materials (Izdebska, 2015), and their 
demand is connected to the increasing use of multilayers and multi-polymeric 
products (e.g. flexible packaging). Interlayer films are currently made from 
polyurethane or ethylene-vinyl acetate, and there are no commercially availa-
ble biodegradable solutions on the market. Second, adhesives are part of a very 
large family that includes several substances (Ebnesajjad, 2009), such as sili-
cones, polyurethanes and acrylics, and they do not have an established biode-
gradable alternative. Among these, only polyurethane adhesive can be substi-
tuted by PHA, due to the properties required (Fantinel, 2019). Commodity 
films are used for mass application and are mainly made LDPE and linear low-
density polyethylene (LLDPE) (Polymer Properties Database, 2020), but 
starch-based biodegradable solutions, such as PLA and PBAT, are increasingly 
being produced. All in all, two fossil polymers were considered as competitors 
to PHA in Paper III: polyurethane (PUR) for sealants and adhesives, and LDPE 
for commodity films.  

Table 4 shows the European production of PUR and LDPE/LLDPE and reveals 
the different characteristics of these markets. PUR adhesive and sealants have 
a limited size but high value (currently between 4 and 6 EUR/kg) and with 
limited options for biodegradable competitors. LDPE packaging is a mass mar-
ket with a value lower than PUR (around 2 EUR/t) and already has commer-
cially available biodegradable competitors. Table 4 could lead practitioners to 
believe that LDPE packaging should be targeted due to the market size, be-
cause if the entire European Union started producing PHA from urban bio-
waste, PHA production would definitely be higher than the demand for PUR 
adhesive and sealants. However, there is no sign that this is going to happen 
soon, since OFMSW and sewage sludge generated in Europe are mainly treated 
in anaerobic digestion and composting plants. Furthermore, several high-value 
products are currently being considered in terms of manufacturing them from 
urban waste (i.e. PLA, bio-ethanol, bio-diesel). All of these factors lead to the 
conclusion that the future urban biowaste management is likely to be a mosaic 
of different technologies, depending on the geographical area and on local leg-
islative opportunities. 
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Table 4. European production of low-density polyethylene (LDPE) and linear low-density 
polyethylene (LLDPE) packaging films and polyurethane (PUR) adhesives and sealants. 
Based on data collected for Paper III. *global growth rate. 

 European  
production 

Expected yearly 
growth rate Reference 

LDPE/LLDPE 
packaging  6.5 Mt 8.6%* 

Calculated based on a combination 
of data (PlasticsEurope, 2019; 
Research and Markets, 2020) 

PUR adhe-
sives and 
sealants 

0.24 Mt 2.9% 

Calculated based on a combination 
of data (Grand View Research, 
2019; IAL Consultants, 2018; 
PlasticsEurope, 2019) 

4.2 Fossil plastic versus bioplastics 
A comparison of the environmental performance of fossil plastic and the stud-
ied PHA presented some challenges. First, the results were highly dependent 
on assumptions made on both how the biorefinery residues were treated and on 
from where the biowaste had been diverted in order to produce PHA. Second, 
the geographical conditions of the system lead to different results for the same 
technologies. Third, several impact categories contribute to the single indica-
tor, and each of these lead to a different interpretation. In fact, biowaste man-
agement is a complex system that includes several processes that are often per-
formed by different stakeholders but need to be taken into account organically, 
to minimise the risk of excluding some important environmental hotspots. 

Since bio-based biodegradable plastic has gained so much momentum, due to 
its different end-of-life compared to fossil plastic, it is interesting to compare 
its waste management only. Figure 16 shows the impacts (in terms of Climate 
change (a) and the single indicator (b), without considering the toxicity impact 
categories) of incinerating 1 kg of fossil plastic and 1kg of bioplastic in each 
cluster. PHA appeared considerably better in this regard, due to the avoided 
aforementioned emissions of fossil CO2 for fossil plastic incineration. How-
ever, if fossil plastic were not incinerated (e.g. sent to landfilling, as for resid-
ual waste in Lisbon and Trento), the difference would become negligible (due 
to the low impacts of plastic landfilling). Impacts were also negligible for PHA 
composting, because it was calculated as including only energy consumption 
during composting and use-on-land, without including any mineral fertiliser 
substitution. Yet, no additional impact was modelled for micro-plastic, and so 
future research should focus on investigating the fate of PHA, especially when 
compounded before product manufacturing.  
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Figure 16. Climate change (a) and single indicator (b) resulted when incinerating 1 kg of 
fossil plastic and 1kg of bio-based bioplastic in the five clusters. The single indicator was 
calculated by normalising and weighting 13 midpoint impact categories, as suggested in the 
EF3.0 (JRC-EC, 2020), without considering human and freshwater toxicity. wPE: weighted 
person equivalent. Calculated from the results of Paper III. 

Figure 17 shows the results of the assessment in terms of Climate change in kg 
CO2-eq (a), single indicators in weighted person equivalent (wPE) (b) subdi-
vided per flow and the framework scenario analysis of the single indicator (c). 
The impact categories that mainly contributed to the single indicator are De-
pletion of fossil resources, Depletion of abiotic resources and Climate change 
(to a major extent) and Marine eutrophication and Freshwater eutrophication 
(to a minor extent) (see supporting information B Paper III for details). It 
should be emphasised that the net result is the sum of the direct impacts of the 
biorefinery plant and of the treatment of the residues, minus the baseline sce-
nario for diverted OFMSW and sewage sludge. For this reason, the net result 
is lower if the baseline scenarios cause higher environmental burdens (i.e. pol-
luting), and higher in the opposite case.  
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Figure 17. Climate change (a), single indicator (b) and framework scenario analysis of the 
single indicator (c) to produce 1 kg of PHA from urban biowaste and manage the waste 
generated from this consumption, compared to 1 kg of low-density polyethylene (LDPE), 
polyurethane (PUR) and PHA from sucrose. The single indicator was calculated by normal-
ising and weighting 13 midpoint impact categories, as suggested in the EF3.0 (JRC-EC, 
2020), without considering human and freshwater toxicity. AD: anaerobic digestion; OF-
MSW: organic fraction municipal solid waste; SS: sewage sludge; UOL: use on land. 
Adapted from Paper III. 
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The net impact of PHA in terms of Climate change (Figure 17, a) is driven by 
the treatment of the biorefinery residues (orange bars) and by the baseline sce-
nario of OFMSW (green bars). The results of Climate change were lower in 
case of PHA from urban biowaste compared to PUR and LDPE in almost all 
cases, excluding the South Wales cluster and when OFMSW was diverted from 
incineration, as this process had the lowest emissions of CO2-eq compared to 
all other OFMSW treatments. PHA appeared better than PUR even when OF-
MSW was diverted from incineration, if methane leakage and/or biogas was 
upgraded to biomethane (either only in residue management or in both residue 
management and in the baseline scenarios). However, in order for PHA to pro-
duce fewer impacts than LDPE, the two abovementioned improvements have 
to be combined together with the elimination of the sodium hypochlorite which 
is used for extraction. Copenhagen especially required more effort in this re-
gard because of the very high efficiency of Danish incineration plants (total 
gross recovery of 107% calculated on the low heating value). The different 
trend of results obtained for South Wales was due to the fact that the baseline 
scenario for source-separated OFMSW (composting) and sewage sludge (an-
aerobic digestion and direct use-on-land without dewatering) resulted in low 
emissions of kg CO2-eq. In fact, dewatering digestate had a high influence on 
Climate change, due to N2O emissions from the wastewater treatment plant 
treating the liquid fraction from dewatering.  

Similar conclusions could be drawn for the single indicator in weighted person 
equivalent (wPE) in Figure 17, b when comparing PHA to PUR. PHA generally 
had a lower net single indicator compared to PUR, excluding when the OF-
MSW was diverted from incineration in Copenhagen and Trento, and when the 
sewage sludge was diverted from AD followed by incineration in South Wales 
(and the biorefinery residues were treated in the same way). If the anaerobic 
digestion plants treating the residues upgraded biorefinery biogas to bio-
methane, then PHA became greener than PUR in all alternatives, as well as in 
Copenhagen and Trento. As described above, more improvements needed to 
be made to see PHA performing better than LDPE, since the latter was respon-
sible for almost half of the wPE compared to PUR. The only alternatives where 
PHA was better than LDPE were when the OFMSW was diverted from anaer-
obic digestion or from landfilling (landfilling present in the current baseline 
scenario for source-separated OFMSW in Lisbon and Trento). In order to have 
all clusters in all alternatives performing better than PHA, several conditions 
needed to be implemented at the same time: sodium hypochlorite had to be 
avoided, anaerobic digestion plants treating the biorefinery residues had to 
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have lower methane leakage and they had to upgrade their biogas compared to 
the plants used in the baseline scenarios. These improvements are further dis-
cussed in section 4.3.2. 

Furthermore, while incinerating fossil plastic almost doubled the impact of fos-
sil plastic, the waste management of PHA was almost negligible when com-
pared to the other processes (red bar in Figure 17). This also means that the 
environmental difference between PHA and fossil plastics would be much 
smaller if PHA was to avoid recyclable plastics. 

Finally, the results consistently confirmed that the production of PHA from 
biowaste had a better environmental performance compared to the three types 
of PHA explored from first-generation biomass (Gerngross, 1999; Harding et 
al., 2007; Kookos et al., 2019). Note that Figure 17 shows only the PHA from 
Harding et al. (2007), due space limitations. However, the inventory used for 
PHA from first-generation biomass was mainly based on experimental data 
(Gerngross, 1999; Harding et al., 2007; Kookos et al., 2019), meaning that the 
process is likely to improve as it becomes a more mature technology.  

4.3 Environmental hotspots  
Departing from the comparison between fossil and bio-based plastic discussed 
in section 4.2, the main environmental hotspots identified are herein discussed 
elaborating on the results in Paper III. 

4.3.1 The biorefinery plant 
The biorefinery plant involved a set of processing steps that started with the 
arrival of urban biowaste and ended with the production of PHA to be sold on 
the markets. It includeed the pre-treatment of source-separated OFMSW, a 
mixer that homogenises the pre-treated OFMSW with sewage sludge, acid fer-
mentation, centrifuges and membranes, aerobic steps where PHA was accumu-
lated and its final extraction and drying. The biorefinery plant did not have a 
high impact on Climate change (blue bars in Figure 17, a) but contributed to 
25% of the single indicator (Figure 17, b), due to the consumption of sodium 
hypochlorite during PHA extraction. By removing (or by reducing or recircu-
lating) this inorganic oxidising agent, PHA became better than PUR and LDPE 
in the majority of alternative scenarios. Furthermore, the small scale of the 
drier justifies the large amount of energy required. Surprisingly, extraction is 
also the step least documented and analysed in literature, often due to industrial 
confidentiality, since it was only included in three previous inventories for 
PHA production (Chen et al., 2001; Leong et al., 2017; Pérez et al., 2020). 
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Since the production of PHA from urban biowaste is still being researched, it 
is recommended to focus on the extraction step employed to reduce the use of 
inorganic oxidising agents. However, it is also important to continue research 
focused on obtaining constant physical properties of the produced PHA, to 
compete with fossil plastics that do not have to deal with this challenge (since 
fossil fuels are much more homogeneous than urban biowaste). To note that 
the physical properties of PHA from urban biowaste is strongly dependent on 
the type of volatile fatty acids (VFA) produced in the fermenter.  

4.3.2 Management of biorefinery residues  
Biorefinery residues includee the dregs from centrifuges and from membranes 
(Figure 4 and orange bars in Figure 17 a, and b). Since the analysed biorefinery 
was designed to mix together and ferment source-separated OFMSW and sew-
age sludge, the biorefinery residues were assumed to be treated in the same 
way as the sewage sludge in each alternative scenario, due to the stricter legis-
lation usually involving sewage sludge. However, future research is recom-
mended to also focus on biorefineries treating the two flows separately, and 
test how the different possibilities of the management of the biorefinery resi-
dues might affect the results in each cluster. This option should be studied se-
riously, especially for geographical areas where the legislation does not allow, 
or strongly discourages, treating OFMSW and sewage sludge together.  

The influence of the most relevant processes on the environmental impacts is 
discussed in more detail, and several of the following recommendations could 
be applied to any OFMSW and sewage sludge treatment: 

• The choice of the biogas utilisation affected almost every impact category, 
resulting in upgrading being the preferred technology across clusters, com-
pared to combustion with electricity production. This is due to the relatively 
clean marginal electricity being avoided (when combusted in a CHP engine) 
and to the high environmental impact of natural gas extraction and combus-
tion (in case of biogas upgrading).  

• Anaerobic digestion plants need to monitor the level of CH4 leakage hap-
pening in different parts of the facility (digester, tanks, biogas utilisation 
units) that strongly and negatively affected Climate change results. CH4 
emissions are often higher than expected (Scheutz and Fredenslund, 2019), 
and they resulted in around 6% of the total CH4 generated being emitted 
into the atmosphere (including biogas combustion). However, studies have 
demonstrated that it is possible to lower such emissions (Jørgensen and 
Kvist, 2015), and this should be the priority for all the older and newly built 
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anaerobic digestion plants. Possible measures include updating legislation 
establishing leakage limits, as considered in some European countries 
(Liebetrau et al., 2017).  

• The final results were strongly dependent on how the liquid fraction origi-
nating from digestate dewatering was treated in wastewater plants, in case 
of incineration or significant onward journeys. Wastewater treatment plants 
affected Climate change, due to the amounts of N2O they emit into the air, 
Depletion of abiotic resources, due to the consumption of iron (III) chlo-
ride, Marine eutrophication, due to nitrogen reaching water bodies (or 
Freshwater eutrophication, depending on the cluster). More modern tech-
nologies exist to treat such fraction and also recover nutrients, but their 
spread in Europe is quite limited due to the higher economic costs (Drosg 
et al., 2015).  

• Biorefinery residues could either be incinerated or used on agricultural land 
(either being or not being anaerobically digested). Due to their high water 
content (even after dewatering) and low energy content, incineration of 
such residues did not provide an environmental benefit in any of the rele-
vant impact categories, because the direct emissions were higher than the 
avoided energy. However, use-on-land also appeared to be an environmen-
tal burden in most impact categories, since direct emissions were offset by 
the production and application of mineral fertilisers only in Particulate mat-
ter and Freshwater eutrophication. These conclusions were strongly af-
fected by the substitution ratio (i.e. the quantity of N, P2O5 and K2O mineral 
fertilisers being avoided for each kg of N, P2O5 and K2O present in the 
compost/digestate/raw sludge). The research community has provided sev-
eral different methodologies and factors to quantify this substitution ratio 
that spread in a quite broad interval (Brockmann et al., 2018), between 0.2 
and 1. More research is still needed to homogenise the way these substitu-
tion factors are used in LCAs, in order to obtain more comparable and ro-
bust results.  
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5 Conclusions and recommendations 
This PhD thesis quantified the environmental and economic results of shifting 
plastic and bioplastic from a linear system to a circular system. The main find-
ings of the research can be summarised as follows: 

(1) The environmental and economic assessments of shifting from linear to cir-
cular systems can also be quantified in case of large-scale changes, but the 
analysis of the legislative and economic contexts is indispensable for both 
modelling and interpreting the results. 

(2) The European targets of recycling 50% of plastic packaging by 2025 and 
55% by 2030 appear very unlikely to be reached without commitment from 
all stakeholders involved in the plastic production and waste management 
sector. The transition towards plastic circularity requires improvements in 
the recyclability of plastic products, an increase in both the quantity and 
quality of source-separated plastic materials, large investments in sorting 
and recycling facilities, and the deployment of well-designed economic in-
centives to support this shift. However, despite the implementation of dra-
matic changes in product design, recyclability and market conditions, in-
creasing plastic consumption may outbalance these improvements. 

(3) Without the creation of a robust market able to absorb all secondary plastic 
materials, the majority of low-quality plastic is unlikely to be recycled in 
Europe. Low-quality plastic is most likely to be exported to countries with 
low operating costs and weaker environmental regulations, which may 
cause an increased risk of plastic straying into the environment, the loss of 
potentially recyclable raw materials in Europe and the loss of local jobs 
associated with recycling.  

(4) Biodegradable and bio-based plastic from urban biowaste is environmen-
tally and economically more beneficial than adhesive and sealants made 
from polyurethane, representing a small market with high environmental 
impacts, market values and a non-existent recycling chain. PHA extraction 
is the most critical process in a biorefinery plant, especially due to the 
chemicals and energy consumption employed. The management of biore-
finery residues is an important factor in the overall impacts associated with 
bioplastic.  
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Based on the conclusions, the following recommendations are provided: 

(1) The environmental and economic assessments of large systems transition-
ing to circularity, for example due to the introduction and implementation 
of a policy, should include some form of modelling of the market response 
as part of the study.   

(2) Governments should keep track of relevant indicators, to assess the effi-
ciency of the recycling system: collection rates and impurity levels can of-
fer good approximations of citizen involvement and the clarity of regulatory 
measures, recycling rates are more connected to environmental benefits, 
and exported and recycled materials are a clear indication of market satura-
tion and the loss of local jobs. Quality should be prioritised over quantity 
and economic incentives (as the extended producer responsibility) should 
be modified to reflect this goal. Data availability, however, is a huge and 
important obstacle in relation to extended producer responsibility and de-
posit systems. Finally, collecting material that will not be recycled but only 
sorted out may induce false hopes in citizens and be counterproductive 
overall.  

(3) Economic incentives dedicated to the construction of biorefineries should 
consider the entire biowaste management chain, and the focus should be on 
both optimising bioplastic production (especially in biopolymer extraction) 
and improving the biorefinery residue management. Specific focus on min-
imising CH4 emissions from anaerobic digestion plants, upgrading biogas 
to biomethane, and optimise how the liquid fraction is treated after digestate 
dewatering is recommended. 

  



46 

6 Future perspectives 
Based on the knowledge and experience gained during this PhD work, some 
objectives for future activities are suggested. 

• If future societies aim at reducing environmental impacts by increasing ma-
terial circularity, a more robust quantification of these impacts, due to the 
implementation of different strategies and policies, is needed. To achieve 
this goal, more studies should focus on understanding and analysing the 
dynamics behind how the system responds to the increased demand for (or 
supply of) secondary materials, and which satellite policies could minimise 
the risk of unpredicted responses.  

• Our understanding of the relation between consumption trends and environ-
mental impacts is a fundamental element in future sustainability. Suggested 
research questions are to focus on how much our resource circularity should 
increase to keep the environmental footprint constant, even in the case of 
increased consumption; how much the consumption rate matters compared 
to efficient waste management; and generally assess when policies and eco-
nomic incentives should support more efficient waste management, com-
pared to changing consumption patterns.  

• The production of PHA from urban biowaste on an industrial scale is still 
under development. Future research should focus on different directions. 
First, identified markets with the highest environmental and economic ben-
efit (i.e. polyurethane adhesive and sealants) should be analysed in more 
detail, in order to pinpoint the technical characteristics necessary for PHA 
to compete realistically in the market. Second, the effects of compounding 
and manufacturing on biodegradation should be quantified to identify the 
conditions under which these products would fully biodegrade, the most 
optimal end-of-life solutions and the effects of existing waste management 
systems. Finally, alternative biowaste could be analysed as a substrate for 
PHA production, in order to establish which residual waste would result in 
the highest environmental and economic benefits with the lowest legislative 
constraints.   
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