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PREFAZIONE

I1 X Convegno dell’Associazione Rete Italiana LCA (XV Convegno della Rete Italiana LCA)
si ¢ svolto a Reggio Calabria nei giorni 22, 23 e 24 settembre 2021, sul tema “Innovazione e
Circolarita: il contributo del Life Cycle Thinking nel Green Deal per la neutralita climatica”. Il
Convegno ha ricevuto il patrocinio del Ministero del’Ambiente e della Tutela del Territorio e del
Mare (MATTM), dell’Associazione Condizionamento dell’Aria Riscaldamento e Refrigerazione
(AICARR), SETAC lItalia, Citta Metropolitana di Reggio Calabria, ARPA Calabria, Confindu-
stria Reggio Calabria, Camera di Commercio di Reggio Calabria, e con il sostegno di CNR-ITAE
di Messina.

In linea con gli obiettivi dell’Agenda 2030, che si pongono alla base delle politiche di ripre-
sa post-Covid, il Green Deal europeo rappresenta la nuova roadmap della strategia di crescita
sostenibile per raggiungere una giusta transizione energetica e la neutralita climatica entro il
2050. In tale contesto, I’approccio del Life Cycle Thinking (LCT), diventato uno dei pilastri prin-
cipali delle politiche strategiche europee orientate alla decarbonizzazione dell’economia, rappre-
senta un supporto metodologico efficace nell’innovazione, coerente con la transizione ecologica,
non solo di cicli produttivi e modelli di consumo, ma anche di approcci culturali e stili di vita.

11 X Convegno dell’Associazione Rete Italiana LCA (XV Convegno della Rete Italiana LCA)
si ¢ focalizzato sul ruolo dell’LCT come approccio integrato: 1) nella valutazione della sostenibil-
ita che le complesse sfide della transizione verso la neutralita climatica e I'uso efficiente del-
le risorse impongono; 2) nella definizione di strategie per il raggiungimento degli obiettivi di
sviluppo sostenibile nelle sue varie dimensioni ambientali, economiche e sociali, stimolando la
creazione di valore e la resilienza dei sistemi economici.

I contributi scientifici, presentati durante le sessioni tematiche orali e le sessioni poster, tes-
timoniano il grande interesse della comunita scientifica nazionale verso tali tematiche, ponendo
anche grande attenzione all’impiego dell’LCT per il raggiungimento dei SDG, all’integrazione
con altri strumenti per la sostenibilita, e alla crucialita della metodologia LCA nel supportare le
imprese nell’intraprendere un percorso piu green, come metrica delle proprie prestazioni energe-
tiche e ambientali.

11 volume raccoglie i contributi scientifici, presentati a seguito di un processo di double peer
review gestito dal Comitato Scientifico. I suddetti contributi sono stati inviati sui seguenti temi:
® Metodi e strumenti LCT — based nelle politiche ambientali.

e Impiego del LCT nelle strategie di mitigazione e adattamento ai cambiamenti climatici.

e  Sviluppi metodologici di LCA, LCC e SLCA e integrazione con altri strumenti per studi di
sostenibilita

e Impiego del LCT per il raggiungimento dei Sustainable Development Goals

LCT ed Economia Circolare: casi studio di eco-design e di produzione e consumo sostenibili

Impiego della LCA e degli strumenti LCT - based nei settori alimentare e agroindustriale,

energetico, chimico, edilizio, turistico, gestione dei rifiuti, infrastrutture viarie e trasporti.
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Un’ultima sezione riporta i contributi presentati dai primi due classificati della dodicesima
edizione del Premio Giovani Ricercatori LCA, rivolto ai giovani ricercatori, che operano nel
campo dell’analisi del ciclo di vita al fine di promuovere la ricerca e divulgare le loro attivita.

I1 Chair del Convegno I1 Presidente dell’Associazione Rete Italiana LCA

Marina Mistretta Bruno Notarnicola
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Life Cycle Assessment Overview on Polyhydroxyalkanoates

Loic Ronin", Giovanni Dotelli'

Abstract: Fossil-based plastics are used in a lot of fields of application and
make our daily life comfortable. The consumption of such plastics, meaning
polymeric materials, is continuously increasing. Unfortunately, it leads to
pollution of our environment. Polyhydroxyalkanoates (PHA) are biopoly-
mers mainly produced by bacteria as carbon and energy storage. Due to
their biodegradability and the potential range of their thermal and mecha-
nical properties, these biopolymers are considered as a relevant alternative
to substitute traditional polymers derived from fossil resources. This paper
is a literature overview of papers and Life Cycle Assessment (LCA) studies
related to PHA production. The environmental impact of different processes
for the PHA production is evaluated in accordance with the LCA guidelines.
Some recent and relevant publications were reviewed in detail, mainly focu-
sing on the environmental impact.

1. Introduction

Plastic materials are products of our daily life. Their various properties make them useful in many
fields, such as packaging industry, building and construction and automotive industry (Figure 1).

Figure 1: Distribution of European Union, Norway and Switzerland plastics converters demand by
segment in 2019 (PlasticsEurope Market Research Group (PEMRG) and Conversio Market & Strategy
GmbH, 2020)

TOTAL EUROPEAN PLASTICS CONVERTERS DEMAND
Others (appliances, 50.7 MILLION TONNES
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3.4 Packaging
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Elactrical and Elactronic
6.2%

Automative
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! Politecnico di Milano, Dipartimento di Chimica, Materiali e Ingegneria Chimica ‘Giulio Natta’,
Piazza Leonardo da Vinci 32, 20133 Milano, Italy

* Email: loic.ronin@polimi.it
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The term ‘plastics’ refers to a group of organic materials. They are made from materials such
as natural gas, coal, cellulose, salt and crude oil through a polycondensation or polymerysation
process (PlasticsEurope, 2021). Since the 1950s, the production and consumption of plastics has
grown at an incredible rate. According to Geyer et al., 8.3 billion tonnes of plastics were produced
between 1950 and 2015. Besides 6.3 billion tonnes are considered as waste and, ‘[if] current pro-
duction and waste management trends continue, roughly 12,000 Mt of plastic waste will be in
landfills or in the natural environment by 2050’ (Geyer et al., 2017).

Since the emergence of the Green Chemistry concepts during 1990’s, the definition of the
twelve principles of Green Chemistry by Anastas and Warner in 1998 (Anastas and Warner,
1998) and the democratization of LCA methods, many research scientists have decided to engage
in the development of greener chemistry to produce plastics. The global pollution caused by
plastics and microplastics is stimulating intense research towards more environmentally friendly
materials. Among these, PHA are a very serious avenue of research.

PHA are linear polyesters that have been known since the 1920s. Seventy years after their
discovery, PHA have begun to attract great interest in the world scientific community, including
in Italy. PHA are biodegradable, biocompatible and can be produced from different renewable
raw materials. The PHA market size projected to reach USD 121 million by 2025. Besides, Eu-
rope is expected to be the largest PHA market by 2025, in terms of value and volume (Plas-
ticsEurope Market Research Group (PEMRG) and Conversio Market & Strategy GmbH, 2020;
ReportLinker, 2021).

PHA, such as poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV), are the subject of numerous research projects at the laboratory, pilot, and in-
dustrial scales around the world. Much more research is needed to enable PHA to compete with
traditional polypropylene and polyethylene in the plastics market and improve their environ-
mental, economic, and social performance. If PHA and other biopolymers appear a priori to be
more environmentally friendly than petroleum-based polymers because of their biodegradability,
serious LCA studies are and will be necessary to confirm or not this idea. Indeed, ‘the previously
often-cited myth of biopolymers [including PHA] being intrinsically more sustainable than estab-
lished petrochemical plastics nowadays has finally been abandoned’ (Koller, 2020).

2. Literature review

A literature review about different aspects of PHA production was performed. Only relevant
LCA studies related to this topic and published between 2017 and 2021 were considered. Among
these documents, four texts were selected: each one illustrates one or more trends that drive the
production of PHA and the application of LCA tools on this production. So, four main topics
are highlighted in this document: the choice of bacteria culture (pure or mixed), the choice of
raw material (carbon sources), the development of biorefineries from bio-based feedstocks and
the extraction step of PHA production. The main characteristics of the final selected papers are
resumed in Table 1.
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Table 1: Reviewed LCA studies on PHA production - Main characteristics

Reference Raw materials Culture Functional Unit(s) | System Boundaries Extraction Origin of data Main impact
(FU) Step categories
(Righi et al., | Not applicable Not applicable | lkg of PHB ready | Gate-to-gate Extraction Literature, GWP, OD, Htc, HTnc,
2017) for the product’s assessment: using dimethyl | simulation with FE, AC, POF, EuF,
manufacturing extraction process carbonate Aspen Hysys, EuM, EuT, PM, IR,
only laboratory RD, WD
Biomass preparation, activities, Gabi
chemicals production, professional
PHB extraction, Database,
chemicals recovery, Ecoinvent version
air emissions 2 database
abatement, solid
waste management
(Kookos, Soybean oil Pure: wild- lkg of PHB, Cradle-to-gate Surfactant- Literature, NREU, GHG, EP, AP
Koutinas or sucrose as type strain considered assessment: hypochlorite PlasticsEurope,
and fermentation Ralstonia equivalent ot production of method US LCI database,
Vlysidis, feedstock eutropha H16 lkg of polymer agricultural crops, combined with | Ecoinvent Centre,
2019) produced from transportation spray-drying Gabi Professional
fossil resources of crops to Database
biotrasnformation
facility, extraction
of raw materials,
fermentation,
recovery of
biopolymer

- 360 -

(continued on the next page)




X Convegno dell’Associazione Rete Italiana LCA
XV Convegno della Rete Italiana LCA

INNOVAZIONE E CIRCOLARITA

Table 1: (continued from previous page)

Reference Raw materials Culture Functional Unit(s) | System Boundaries Extraction Origin of data Main impact
(FU) Step categories
(Nieder- Bagasse and Pure: 1kWh electricity | Sugarcane cultivation | Sodium Literature, own GWP100, OP,
Heitmann, trash feedstock | recombinant produced in and transportation, hydroxide calculations human toxicity,
Haigh and Escherichia the heat and Sugar production, alkaline fresh water-, marine
Gorgens, coli power plant, Bio-product and digestion aquatic-, terrestrial
2019) 1k bioproduct electricity production ecotoxicity, POCP,
produced (biorefinery and CHP AP, eutrophication
(including PHB plant)
for scenarios 3
and 4)
(Vogli et al., | Anaerobically Mixed 1kg of PHA Cradle-to-grave Extraction Laboratory Following ILCD/PEF
2020) digested sewage produced assessment: using dimethyl | and pilot-scale recommandations and
sludge Sludge pyrolysis, carbonate experiments, ‘primary energy from
volatile fatty COREPLA (Italy), | renewable and non-
acids production, GaBi Professional | renewable resources’
biomass production, Database,
extraction, PHA end- Ecoinvent
of-life Database version
2, Literature

Abbreviations used in Table 1 but not mentioned before: Global Warming Potential (GWP), Ozone Depletion (OD), Human Toxicity cancer (Htc), Human Toxicity non cancer (HTnc),
Freshwater Ecotoxicity (FE), Acidification (AC), Photochemical Ozone Formation (POF), Freshwater Eutrophication (EuF), Marine Eutrophication (EuM), Terrestrial Eutrophication
(EuT), Particulate Matter formation (PM), Ionizing Radiation (IR), Resource Depletion (RD), Water Depletion (WD), Non-renewable Energy Use (NREU), GreenHouse Gas (GHG),
Eutrophical Potential (EP), Acidifcation Potential (AP), 100 year Global Warming Depletion (GWP100), Photochemical oxidation (POCP), International Reference Life Cycle Data
System (ILCD), Product Environmental Footprint (PEF
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Righi et al. did perform a LCA study about the extraction step of PHA process from micro-
bial slurry or dried biomass and using solvent evaporation or polymer precipitation. Instead of
using a chlorinated solvent to extract intracellular PHB from the bacteria that produced them, as
is still often the case today, Righi et al. applied an extraction protocol based on dimethyl carbon-
ate. They conclude that this protocol is definitely better than other protocols based on chlorinated
solvents. In particular, Righi et a/ recommend using dried biomass and performing precipitation
of the desired polymer.
Kookos, Koutinas and Vlysidis did perform a cradle-to-gate assessment using the ISO
Standards 14040:2006 and 14044:2006 (International Organization for Standardization, 2006a,
2006b) related to the production of PHB from soybean oil or sucrose as fermentation feedstock
thanks to a pure culture. The values of NREU, GHG, EP and AP associated with PHB production
are compared to those of two petroleum-based plastics: high density polyethylene (HDPE) and
polypropylene (PP). Kookos, Koutinas and Vlysidis are formal about their conclusions:
® GHG emissions, NREU, AP and EP for PHB production depend strongly of the choice of
renewable raw material and the energy allocation methodology,
® arelevant choice for the renewable raw material and for the energy allocation methodology
leads to significantly lower estimates of GHG and NREU values compared to those obtained
for HDPE and PP,

® agsystem which combines agricultural residues and side streams from the food industry with
an integrated biorefinery may be a pertinent approach to produce plastics.

Nieder-Heitman, Haigh and Gorgens studied the environmental and techno-economic perfor-
mance of six biorefinery scenarios to ensure the sustainability of the South African sugar in-
dustry. Two scenarios (scenarios 3 and 4) are related to the production of PHB. They conclude
that this scenario 4 was the most relevant in terms of both environmental and techno-economic
perspective. Besides, they developed a tool to help analyze scenarios related to biorefineries in
this same territory.

Vogli et al. did perform a LCA study to evaluate the environmental impact of a novel PHA
production process with mixed cultures. It is a hybrid through thermochemical-biological process
using sewage sludge as feedstock. They conclude that this process could be a competitive candi-
date for the production of PHA at different scale. The use of low cost raw materials, renewable
energies and an improvement of the technologies used are recommended to make this process
really interesting.

3. Conclusions

As integral part of the Horizon Europe framework programme beginning in 2021, there are some
missions to reduce global pollution caused by plastics. Indeed, European people want to do away
with the marine litter, especially traditional plastics and microplastics (Publications Office of the
European Union, 2020). In today’s society, there is an increased attention and demand for sus-
tainable plastics. In this work, the environmental impact of various processes related to the pro-
duction of PHA has been reported. More and more studies show the interest of producing these
biopolymers in biorefineries from renewable raw materials, using mixed culture instead of pure
culture and a well-designed extraction process. The choice of carbon source, bacterial strain(s)
and extraction solvent(s) are crucial to produce high quality PHA whose properties can compete
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with those of traditional petroleum-based plastics (Croxatto Vega et al., 2019; Nieder-Heitmann,
Haigh and Gorgens, 2019; de Souza Reis ef al., 2020; Nitkiewicz et al., 2020).

Still today, most plastic materials are fossil based but plastics production should decouple
from fossil feedstock. Alternative feedstocks, such as recycled oils, responsibly sourced biomass,
or even CO2 should replace fossil feedstock (PlasticsEurope Market Research Group (PEMRG)
and Conversio Market & Strategy GmbH, 2020). PHA have been extensively studied as an alter-
native to petroleum-based plastics for use in pharmaceuticals, biomedical products, agriculture,
and packaging materials. This must continue.

The current difficulties of producing these biopolymers on an industrial scale should not slow
down the research activities dedicated to PHA in Italy (ANSA, 2020; Polimerica, 2020; Plast
Magazine, 2021). There are many prospects for microbiological processes for the production of
PHA to be explored, including the choice of raw materials, bacterial strain(s), the design of new
biorefineries, and extraction techniques (solvent-based or not). New applications of PHA and their
composites are expected (Guzik ef al., 2020; Meereboer, Misra and Mohanty, 2020). PHA have a
great environmental potential. Research scientists should continue their efforts to make produc-
tion processes for PHA more economical and ever environment friendly (Nitkiewicz et al., 2020).

Finally, as exciting as they may be, all these perspectives and applications will have to be
based on a serious analysis of their environmental, social and economic impact in accordance
with the LCA guidelines and Green Metrics. While many LCA studies have focused on the envi-
ronmental impact of PHA production as well as the economic impact - albeit to a lesser extent - an
effort should be made to analyze the social impact of this production and consumption. This is all
the truer in the context of Industry 4.0/5.0, two of whose pillars are a human-centered approach
for research scientist, producer and consumer (Nahavandi, 2019; Longo, Padovano and Umbrello,
2020) and environmental performance (Raihanian Mashhadi and Behdad, 2018; Furstenau et al.,
2020; Ivascu, 2020).
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