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A B S T R A C T

The majority of packaging materials are manufactured from fossil-based polymers which contribute significantly
to greenhouse gas emissions. Substituting conventional fossil materials with bio-based alternatives may decrease
the carbon and energy footprints, which would help contribute to achieving the UN Sustainable Development
Goals, the Paris Agreement, and national energy and carbon strategies. This study conducted carbon footprint and
energy analyses for common fossil-based and bio-based polymers in order to develop a baseline to which novel
biopolymers can be compared. The primary focus of this research was to assess the carbon and energy impact of
high-value food trays and lidding films used in meat, fish, and poultry packaging. The assessment showed a
significant reduction (49%) in the carbon footprint of the bio-based compared to conventional packaging ma-
terials which signifies the positive environmental impacts of biopolymers. The findings highlighted the impor-
tance of carefully designing the entire life cycle of a product from raw materials to end of life, with
recommendations made for sustainability criteria to be introduced for biobased feedstock and proper planning of
waste and resource management strategies to ensure anticipated environmental benefits are realised.
1. Introduction

The Intergovernmental Panel on Climate Change has suggested that
the main contributor to global warming is the emission of greenhouse
gases (GHGs) to the atmosphere (Soloman et al., 2007). Targets are in
place in the UK for an 80% reduction in GHG emissions by 2050 (Com-
mittee on Climate Change, 2016), with a related target for an 18%
improvement in energy efficiency by 2020 (HM Government, 2017).
Plastic is an important issue in terms of both GHG emissions and energy
efficiency (European-bioplastics, 2018), and is also responsible for the
use of limited fossil fuels (Posen et al., 2017). Single-use plastic pack-
aging is associated with almost half of all plastic waste globally (Giaco-
velli et al., 2018), and about 30% of municipal solid waste is created by
the packaging industry (Kumar et al., 2016).

Single-use plastic waste has been leaking into the environment at an
unprecedented and uncontrolled rate, resulting in negative impacts on
ecosystems (Godfrey, 2019). If current trends continue, it is estimated
that ~12,000 Mt of plastic waste will be in landfills or the natural
environment by 2050 (Geyer et al., 2017). The resistance of such waste to
nningham).
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biodegradation has produced critical ecological crises (Yadav et al.,
2018). Microplastics can be formed when plastics break-up and fragment
(Jambeck et al., 2015; Nakashima et al., 2012), e.g. through water tur-
bulence or UV light, and there are concerns over the potential resulting
harm to human health (Prata et al., 2020) and other biological organisms
(Eriksen et al., 2014). Plastic packaging can, however, serve an important
role, and it is generally agreed that some form of packaging is required
for many food types to keep them safe from environmental damage,
extend shelf-life and reduce food waste.

This is particularly the case for high-value foods, such as meat, fish or
poultry, which are prone to spoilage. A study by the Food and Agriculture
Organization of the United Nations reported that even though meat is
responsible for less than 5% of total food wastage, it contributes over
20% of the carbon footprint attributed to total food waste (Gustavsson,
2011). Packaging therefore has an important role to play in reducing the
environmental burden associated with food waste, particularly of high
impact foods such as meat (Licciardello, 2017). Although the relative
environmental impact (global warming potential) of packaging is low
compared to the overall life cycle impact of meat (Licciardello, 2017),
September 2021
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there is a need for more sustainable forms of packaging to ensure sus-
tainability over the food cycle, which includes packaging production and
disposal. Driven in part by these concerns, there is developing awareness
of bio-based plastics worldwide (Posen et al., 2017).

Biopolymer packaging materials have gained attention as a sustain-
able alternative (Hottle et al., 2013; Kabir et al., 2020) and it has been
reported that they are a key aspect of mitigating the global impact of
plastics (Yadav et al., 2018). A study of a range of products with and
without biopolymers concluded that there is a significant decrease in
energy consumption (25%–75%) and GHG emissions (20%–80%) when
switching to many biopolymers (Patel et al., 2002). More recent research
by Yadav et al. (2018) found that biopolymer production consumes 65%
less energy, and emits 30–80% lower GHGs, than conventional plastics.
However, the use of biopolymers and renewable resources within pro-
duction does not necessarily guarantee the sustainability of the products
(Slater et al., 2005), and the variables which affect the sustainability of
biopolymers are often unclear (Hottle et al., 2013). Recent reviews of
bio-based and conventional plastics found that more evidence is required
to support claims regarding the environmental benefits of bioplastics and
that variations in the methodologies used makes it difficult to compare
the results of different studies (Walker and Rothman, 2020).

The aim of this paper is therefore to provide a baseline assessment of
the life cycle impacts of conventional and alternative polymer packaging,
in terms of two of the most commonly investigated impacts, carbon
footprint (CF) and energy footprint. A life cycle assessment (LCA) con-
siders the environmental impacts associated with a product, process or
service from raw material extraction and processing through to end of
life, i.e. from cradle-to-grave (Curran, 2015; USEPA, 2006). The focus of
this paper is on alternative packaging for high-value products, specif-
ically high-value food trays for meat, fish and poultry. It should be noted
that there is no standard definition of the term ‘biopolymer’, which can
be used to describe polymers made from biological materials and/or
biodegradable polymers. For this paper, it is assumed that biopolymer
manufacturing uses extracts from biological materials, such as plants, as a
feedstock in place of fossil-fuels (Gibbens, 2018).

2. Literature review

When it comes to biopolymer packaging, polylactic acid (PLA) is one
of the most frequently used materials (Benetto et al., 2015; Ceresana,
2017; Madival et al., 2009; Papong et al., 2014), largely due to its low
cost (Gibbens, 2018). Research has shown that PLA has a lower global
warming potential (GWP) than polyethylene terephthalate (PET) (Vink
and Davies, 2015), one of the most common fossil-based synthetic fibres
used worldwide (De Cort et al., 2017). Along with PET, other common
conventional plastics packaging materials used for high-value food trays
include polypropylene (PP), polyethylene (PE), and ethylene vinyl
alcohol (EVOH) (Caleb et al., 2013; McMillin, 2008). Typical structures
for plastic food packaging include PET and/or recycled PET (rPET or (r)
PET) (trays and/or films), (r)PET/PE (trays), PET/EVOH/PE (films), and
PP (trays) (Mullan and McDowell, 2003). PlasticsEurope (2018) showed
plastic converter demand by resin type in the EU for 2017 (Table 1) for
PP, PE, and PET, and found that 39.7%was for packaging. The current EU
demand for EVOH was not found in the literature, but an approximate
Table 1
Common plastic-based packaging materials used for food
packaging and the total demands for packaging and other
applications in the EU in 2017 (PlasticsEurope, 2018;
Francoise, 2004; Maes et al., 2018)).

Material Demand in the EU (Mt)

PP �9.6
PE (LDPE) �8.7
PET �3.6
EVOH ~0.06

2

value was calculated based on estimated EU EVOH demands of 0.03Mt in
2005 (Francoise, 2004) and the rate of increase in EVOH production
capacity for the major manufacturer of EVOH, Kuraray Co. Ltd., whose
global production rose from 0.05 Mt in 2001 to more than 0.09 Mt in
2016 (Maes et al., 2018). Francoise (2004) indicated that the main de-
mand for EVOH is as a barrier layer for packaging, for example, in lidding
films.

A summary table of the literature reviewed is available in Appendix A.
Mor~ao and de Bie (2019) provided a raw material phase analysis of the
ecological footprint of PLA generated on a commercial scale in Thailand,
focusing on water consumption and direct land use change. They
concentrated on raw material production, but did not assess the pack-
aging manufacturing process (extrusion/thermoforming) or final
disposal. The importance of expanding the boundaries to account for the
cradle-to-grave of biopolymers was highlighted in a recent review by
Walker and Rothman (2020). Nikolic et al. (2015) compared the envi-
ronmental impacts of PLA and PET used for water bottles, and found that
the CF of granule production is higher for PLA than PET if the value of the
residues, in terms of animal feed, energy production and associated CO2
reductions, is not taken into account. Nikolic et al. (2015) studied only
the raw material phase, which it is not enough to understand the full LCA
of PLA versus PET. Given methodological differences between existing
studies (Walker and Rothman, 2020) and the challenges in comparing
results within the bioplastics sector and with conventional fossil-based
plastics, assessment (cradle-to-grave) of biopolymer products and the
conventional materials replaced is needed.

There have been many studies (including, for example, Barker, 2018;
Humbert et al., 2009; James, 2010; Pasqualino et al., 2011; Siracusa
et al., 2014) that have looked at food packaging products in terms of life
cycle assessment, but there is limited information in the literature on
high-value food trays. Pasqualino et al. (2011) and Humbert et al. (2009)
studied beverage and baby food packaging respectively, investigating
common packaging options on the Spanish market for juice, beer and
water (aseptic carton, aluminium can, glass, HDPE (high density poly-
ethylene) and PET) and plastic pots and glass jars used for baby food.
These results, however, are not relevant for high-value food trays due to
the innate differences between products. Both Barker (2018) and James
(2010) conducted LCA studies of packaging materials in very general
terms, and it is not possible to make environmental claims about
high-value food trays from their results. Siracusa et al. (2014) carried out
a cradle-to-factory gate LCA of a bilayer film bag used for food packaging.
As recommended by Barker (2018), CF must be calculated for specific
products, and research on high-value food trays is therefore required.

Ingrao et al. (2015a) investigated the CF of PLA trays compared to
polystyrene (PS)-based trays and highlighted the need to take
transport-related factors into account when designing PLA-based prod-
ucts, a point reiterated in a later publication (Ingrao and Siracusa, 2018).
In the study of foamy PS trays for fresh meat packaging, Ingrao et al.
(2015b) found that the highest impacts were from granule production
and electricity consumption, while follow-on work by the authors (Ingrao
et al., 2017) investigated an attributional LCA for foamy PLA trays for
fresh foods. Only one paper dealing specifically with a wide comparative
study of meat trays was found in the literature. Maga et al. (2019) con-
ducted an informative LCA of the CF of nine plastic meat trays,
comprising four types of polystyrene (PS), 100% rPET, recycled poly-
ethylene terephthalate with polyethylene layer (rPET/PE), amorphous
PET, PP, and PLA. While covering a range of materials, the study did not
analyse energy requirement and did not assess rPET/PET, which is a
commonly used blend for meat trays that has advantages both in terms of
processing and aesthetics (a rPET/PET blend can achieve better melt
processing that pure rPET (Snowdon et al., 2020), and it can be chal-
lenging to produce very clear rPET suitable for food contact applications
(Horrocks, 2020)).

This paper will address that knowledge gap by investigating the
carbon and energy impacts of high-value food trays produced from rPET/
PET. While other research has studied the CF of rPET/PET blends, this
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has been focused onmushroom trays (Dormer et al., 2013), which are not
manufactured to as high a specification, e.g. compared to meat trays,
mushroom trays can be thinner and oxygen barrier properties are not
required. Key issues that have been identified from the review of the
literature are: (a) a baseline is needed with well-defined boundaries,
scope and assumptions so that it can be used for comparing both existing
and future products in a systematic and fair manner; (b) there is limited
information on the LCA of high-value food trays and to the authors’
knowledge no previous work on rPET/PET blends, which are commonly
used and therefore important to include in any baseline analysis; (c) a full
cradle-to-grave analysis, particularly in terms of energy requirement, is
therefore required. This paper will fill those knowledge gaps by inves-
tigating the energy and carbon impacts of high-value food trays.

3. Materials and methods

3.1. Goal and scope

The goal of this paper was to explore the carbon and energy footprints
of commercial conventional (synthetic) polymer and biopolymer high-
value food trays and their lidding films. The products were analysed
from raw material production to end-of-life (Fig. 1), including
manufacturing and transportation steps, following the standard life cycle
assessment steps: defining goal and scope; compiling an inventory of the
relevant inputs and outputs of a product system; evaluating the potential
environmental impacts associated with those inputs and outputs; inter-
preting the results of the inventory and impact phases in relation to the
objectives of the study (ISO, 2006). The analysis employed the ISO
standard 14,040:2006 (ISO, 2006) and developed a model in compliance
with PAS 2050 (BSI, 2011), which is the British Standards Institution
publicly available specification for assessing the life cycle greenhouse gas
emissions of goods and services. PAS 2050 demonstrates how to evaluate
the CF of products across their entire life cycle.

The trays selected for the analysis are suitable for preserving 500 g of
high-value food. The trays were selected based on major plastic-based
packaging materials (Table 1), the most common bio-based material
(Ceresana, 2017; Madival et al., 2009; Vink et al., 2003), common
structures for food packaging applications (Delva et al., 2019; Mullan and
McDowell, 2003), and commercial availability. Three conventional trays
were selected (PET/rPET, rPET/PE and PP), along with one biopolymer
Fig. 1. The scope and system boundaries of th

3

tray (PLA) (Appendix B, Figure B1). The rPET/PE tray was assumed to be
a multilayer tray (80% rPET and 20% PE) (Delva et al., 2019). Properties
of selected trays (Table 2) were obtained from relevant producers (i.e.
from companies’ websites and through direct contact where required).

Film properties were extracted from various sources. The thicknesses
of LDPE, PLA, PET, and PP films (Table 3) were obtained from the Model
of the Eco-costs (2020). The thickness and structure of the
PET/PE þ EVOH þ PE film were extracted from the Model of the
Eco-costs (2020), Feng et al. (2018), Sicht-pack (2020), and Quantum--
packaging (2020). Density values (g/cm3) were obtained from literature
and databases: LDPE (PlasticsEurope, 2020), PET (GESTIS, 2020), EVOH
(Matweb, 2020), PLA (Baheti et al. 2013), and PP (Batra, 2014). The
mass (kg/10 m2) of each film was calculated using the density data and
the Film Calculator provided by Mitsubishi Polyester Film Inc. (2020).
The film requirement for a functional unit of trays (kg film/1000 trays)
was determined from the lidding area of the tray (Table 2) and the
density of the film. In industry, both ‘LDPE’ and ‘PET/PE þ EVOH þ PE’
films can be used to lid rPET/PE trays, while PLA, PET, and PP films are
used for PLA, rPET/PET, and PP trays, respectively.

While calculations were initially conducted per kg of material, final
results were also presented using the functional unit (FU) of 1000 trays.
Due to the small mass of film used per tray (i.e. the area of the top of trays
in Table 2), a functional unit of 1000 trays was used to improve the
representativeness of the study over the life cycle from cradle-to-grave
(Fig. 1). The analysis considered the number of trays for the functional
unit, rather unit mass of material, to enable straightforward comparison
for meat products found in supermarkets (Hutchings et al., 2021).

Both energy (e.g. electricity, diesel fuel) and raw materials were
analysed (Fig. 1), and energy and carbon footprint were determined
(Equations 1 and 2). Carbon footprint was defined as the carbon dioxide
equivalent emissions (kg CO2e) arising from both direct (e.g. burning of
fuel) and indirect (e.g. processing of raw materials) inputs. Direct and
indirect energy were taken into account in the calculation of energy
footprint (also referred to as energy requirement). Direct energy is that
used directly in the production process, e.g., the electricity for machin-
ery, while indirect energy arises from non-energy items used in the
process, e.g. the energy used to produce the raw polymer feedstock for
extrusion. The indirect energy required for the manufacture of machinery
or other equipment and the associated carbon footprint were not
considered in this study.
e life cycle assessment of high-value trays.



Table 2
Properties of investigated trays (product masses, materials and sizes).

Tray type Material (% mass) Total mass (g) Size (mm) (WxLxH) Area of the top (m2) Volume (m3) Volume (L)

Fish tray PET 50 14 200 � 135 � 40 0.027 0.0011 1.1
rPET 50

Meat tray rPET 80 15.50 196 � 154 � 45 0.030 0.0014 1.4
PE 20

Meat tray PLA 100 13.90 188 � 114.3 � 45 0.021 0.0011 1.1
Poultry tray PP 100 19.10 170 � 220 � 35 0.021 0.0013 1.3

Table 3
Properties of investigated packaging films.

Materials Layer Thickness (μm) Density (g/cm3) Mass (kg/10 m2) Total mass (kg/10 m2) Film required (kg/1000 tray)

LDPE LDPE 50 0.91 0.5 0.5 1.50
PET/PE þ EVOH þ PE PET 12 1.38 0.2 0.7 2.10

LDPE 40 0.91 0.4
EVOH 10 1.12 0.1

PLA PLA 50 1.25 0.6 0.6 1.26
PET PET 50 1.38 0.7 0.7 1.89
PP PP 50 0.91 0.5 0.5 1.05
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E¼
Xn

ðeraw;imi þ eext;imi þ ethermo;imi þ etrans;imi þ ewaste;imiÞ

i¼1

þ
Xp

j¼1

�
erawþprod;jmj þ etrans;jmj þ ewaste;jmj

�
1

where.
E ¼ total energy requirement (or energy footprint) for tray and

accompanying film (MJ); n ¼ the number of materials in each tray
(Table 2); mi¼ the mass of material i in the selected tray (kg); eraw,i¼ the
energy requirement for the raw materials stage of the life cycle for ma-
terial i (MJ/kg); eext,i¼ the energy requirement for extrusion of material i
(MJ/kg); ethermo,i ¼ the energy requirement for thermoforming of ma-
terial i (MJ/kg); etrans,i¼ the energy requirement for transport of material
i (MJ/kg); ewaste,i ¼ the energy requirement for waste management (end-
of-life) of material i (MJ/kg); p ¼ the number of materials in each film
(Table 3); mj ¼ the mass of material j in the selected film to cover the
accompanying tray (kg); eraw þ prod,j ¼ the energy requirement for raw
materials and film production for materials j (MJ/kg) (these steps were
combined due to the availability of data); etrans,j ¼ the energy require-
ment for transport of material j (MJ/kg); ewaste,j ¼ the energy require-
ment for waste management (end-of-life) of material j (MJ/kg).

C¼
Xn

i¼1

ðcraw;imi þ cext;imi þ cthermo;imi þ ctrans;imi þ cwaste;imiÞ

þ
Xp

j¼1

�
crawþprod;jmj þ ctrans;jmj þ cwaste;jmj

�
2

where.
C ¼ total carbon dioxide equivalent emissions (or carbon footprint)

for tray and accompanying film (kg CO2e); n¼ the number of materials in
each tray (Table 2); mi ¼ the mass of material i in the selected tray (kg);
craw,i ¼ the carbon footprint for the raw materials stage of the life cycle
for material i (kg CO2e/kg); cext,i ¼ the carbon footprint for extrusion of
material i (kg CO2e/kg); cthermo,i ¼ the carbon footprint for thermo-
forming of material i (kg CO2e/kg); ctrans,i ¼ the carbon footprint for
transport of material i (kg CO2e/kg); cwaste,i ¼ the carbon footprint for
waste management (end-of-life) of material i (kg CO2e); p ¼ the number
of materials in each film (Table 3); mj ¼ the mass of material j in the
selected film to cover the accompanying tray (kg); craw þ prod,j ¼ the
carbon footprint for raw materials and film production for materials j (kg
CO2e/kg) (these steps were combined due to the availability of data);
ctrans,j ¼ the carbon footprint for transport of material j (kg CO2e/kg);
cwaste,j ¼ the carbon footprint for waste management (end-of-life) of
4

material j (kg CO2e/kg).
The energy and carbon footprints associated with transport were

based on the following assumptions:

a) All transport during raw material production and transfer to the
manufacturing site was assumed to be included within the raw ma-
terials phase.

b) The transport of trays from the manufacturing site to the filling
location was taken into account, but filling was excluded as it is
considered to be an aspect of a food production (in line with PAS 2050
(BSI, 2011)).

c) The transport of trays from the filling site to retail was included (but
excluding the mass of the filling). The CF and energy required for
chilling/cooling during transportation was excluded, as these com-
ponents are part of the food, not the packaging, process (in line with
PAS 2050 (BSI, 2011)).

d) In line with PAS 2050 (BSI, 2011), the transport of end-users to and
from retail stores was omitted from the study as it is considered to be
an aspect of food production.

e) Transportation to the end-of-life phase was included in the waste,
collection and sorting stage.

3.2. Inventory analysis and impact assessment

3.2.1. Raw materials and manufacturing
The literature on the raw materials used in the trays was reviewed for

data on carbon and energy footprints, which were then analysed, with
quintiles 1, 2, and 3, minimum, maximum, and range calculated for each
raw material. There were no outliers for the energy requirements for raw
material production for PET, rPET, PE, and PP (Fig. 2), and the median (a
valid measure of central tendency) was used in the LCA. For PLA, the
outlier (78 MJ/kg) reported by Vogtl€ander (2011) was excluded, and the
median of the other more recent values (2016–2020) was used. There
were no outliers in the data gathered for the carbon footprint of PET,
rPET, and PLA, although outliers were observed for both PP and PE
(Fig. 2). The median values were used for PET, rPET, and PLA. The outlier
data for PP (Hammond et al., 2011) and PE (Harding et al., 2007) were
excluded, and the median of the remaining data calculated. Further in-
formation is available in Appendix C (Table C1).

Two scenarios were considered for PLA: (a) the PLA scenario, which
does not take into consideration the positive effects of CO2 uptake during
plant growth, and (b) the PLA þ scenario, which takes account of the
advantages of CO2 uptake. The carbon footprint values were extracted
from Nikolic et al. (2015), who indicated that calculating the net carbon



Fig. 2. The boxplots for the carbon footprint and energy requirement for the production of raw materials. The boxplots were produced based on literature/databases
for the raw materials. Details of the raw data are given in Appendix C, Table C1. The bars represent the range between the lower (1st quartile) and upper quartile (3rd
quartile), the horizontal line and X within bars represent the median (2nd quartile) and mean, respectively, and the dots represent the outliers.

Table 5
Energy requirement and carbon footprint for lidding films, including raw ma-
terials and film manufacturing (Model of the Eco-costs, 2020).

Film Energy requirement (MJ/m2) CF (kg CO2e/m2)

LDPE 50 μu 3.58 0.11
PET/PE þ EVOH þ PE 62 μm 10.37 0.46
PLA (bio-based) 50 μm 3.95 0.27
PET 50 μm 5.69 0.25
PP 50 μm 3.44 0.10

Table 6
Assumed distances from manufacturing sites to UK retail facilities (via the food
filling facility), and carbon footprint and energy consumption of transport.

Product Country
of origina

Distance and
transport
modeb

CFc (kg
CO2e/kg
product)

Energy
consumptionc

(MJ/kg
product)

Road
(km)

Sea
(km)

rPET/PET tray Britain 461 N/A 0.02 0.23
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footprint of PLA may not provide a full picture of the process and that the
issue of atmospheric CO2 uptake must also be considered. Nikolic et al.
(2015) analysed the cradle-to-gate (cradle-to-bottle) process of PLA with
and without the benefits of the atmospheric CO2 uptake, and found that
there was a 51% reduction in the CF of cradle-to-gate when the atmo-
spheric CO2 uptake was taken into account.

The energy data for plastics processing for the trays (MJ/kg) were
collected from the Model of the Eco-costs (2020) database for extrusion
and thermoforming. The carbon footprint of extrusion/thermoforming
was calculated based on data in Maga et al. (2019) and the mass of trays
(Table 2). The processing energy requirements and carbon footprint
values (Table 4) were collected from references (Model of the Eco-costs,
2020; Maga et al., 2019); the values cover the input (compressed air
consumption, electricity and chilled water energy) for extrusion and
thermoforming equipment, as well as for the entire production site
(including, for example, kerosene, gearbox oil usage, and lighting). Data
for the energy requirement and carbon footprint of the selected films
(Table 5) were collected from the Model of the Eco-costs (2020) database
for the EU, which gives the total energy (MJ) and CF (kg CO2e) for both
the raw materials and manufacturing processes of the selected films.
After the manufacturing process, trays are usually packed in secondary
packaging. This stage was omitted from the study as it is assumed to be
very similar for all cases.

3.2.2. Transportation
All trays were assumed to be transported from the tray manufacturing

plant to Britain for filling. Transport was assumed to be by road in all
Table 4
Processing energy requirements and carbon footprint for tray production.

Process Energy requirementa (MJ/kg) Tray CFb (kg CO2e/kg)

Extrusion 5.39 rPET/PET 0.77
rPET/PE 0.57
PP 0.42
PLA 0.58

Thermoforming 7.13 rPET/PET 0.38
rPET/PE 0.34
PP 0.34
PLA 0.21

a (Model of the Eco-costs, 2020).
b (Maga et al., 2019).
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cases and also by sea if required (Table 6). Actual production sites for the
various trays were selected for the calculation of transport distances
(Table 6). The PP tray was assumed to be manufactured in Ireland
(Dormer et al., 2013) and transported 179 km to the port of Larne for
shipping to Britain, where a 461 km road journey (Dormer et al., 2013)
was assumed. For the PLA tray, a 6891 km road journey and 28 km sea
PP tray Ireland 640 113 0.03 0.35
PLA tray Canada 7352 3963 0.35 4.68
rPET/PE tray Germany 970 N/A 0.04 0.48
LDPE 50 μm film Britain 461 N/A 0.02 0.23
PET/
PE þ EVOHþ PE
62 μm film

PLA (bio-based)
50 μm film

PET 50 μm film
PP 50 μm film

a Country of origin for trays was assumed based on actual production sites;
films were assumed to be produced in Britain. Transport from Germany was
assumed to be via the Channel tunnel.

b From Google Maps.
c From Department for Business, Energy & Industrial Strategy (2019).



Table 7
End-of-life process for the products (Model of the Eco-costs, 2020).

End of life Unit Energy
(MJ)

CF (kg
CO2e)

Plastic waste, collection & sorting kg 1.39 0.09
Incineration of film materials
Film LDPE 50 μm in power plant m2 �2.84 �0.0067
Film PET/PE þ EVOH þ PE 62 μm in power
plant

�3.13 0.0043

Film PLA (bio-based) 50 μm in power plant �1.67 �0.0918
Film PET 50 μm in power plant �2.14 0.0404
Film PP 50 μm in power plant �2.60 0.0001
Incineration of tray materials
PE waste incineration kg �32.82 1.34
PET waste incineration �17.08 1.35
PLA waste incineration �14.18 �0.78
PP waste incineration �31.41 1.42
EVOH waste incineration �23.54 1.15
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journey from Alberta (Western Canada) (production line) to the port of
Argentia (Canada) was assumed, followed by a 3935 km sea journey to
Aberdeen (the UK), and then (as for PP) a 461 km road journey within the
UK. For rPET/PE trays, there is a 509 km road journey from Troisdorf
(the production line in Germany) to the UK (via the Channel tunnel) and
the assumption of a 461 km road journey in the UK. rPET/PET was
assumed to be produced in Britain and to require a 461 km road journey.

A container unit with a 27,500 kg payload capacity (Dormer et al.,
2013) was assumed for freighting goods by sea. The conversion factors
for diesel heavy goods vehicles (HGVs) and freight shipping were esti-
mated as 1 kg CO2e/km and 0.02 kg CO2e/tonne.km respectively
(Department for Business, Energy & Industrial Strategy, 2019). The
Department for Business, Energy & Industrial Strategy (2019) indicated
the carbon emissions of diesel (0.026 kg CO2e) and marine fuel oil
(0.028 kg CO2e) per kWh, from which the energy consumption (MJ) for
road and sea journeys was estimated.

The films were assumed to be produced in Britain and 461 km road
transport was assumed. Considering the emissions factor for diesel HGVs
(1 kg CO2e/km) (Department for Business, Energy & Industrial Strategy,
2019), the CF for a container unit with a 27,500 kg payload is 461 kg
CO2e, and 0.02 kg CO2e/kg film (Table 6).

3.2.3. Waste management
The main end-of-life options for plastics are recycling, incineration,

and landfilling (Civancik-Uslu et al., 2019; Nessi et al. 2018), with
incineration with energy recovery the most common method in the EU
(European Parliament, 2018). Sorting machines are not able to distin-
guish between PET/PE and PET trays and, therefore, PET trays are usu-
ally not recycled (Maga et al., 2019). Recycle-Right (2020) has also
indicated that sorting machines are not presently set-up to recycle all
plastic items, such as black plastic, meat trays and tubs. Therefore, this
study assumed that none of the trays investigated were recycled. The
end-of-life for the products was assumed to fall within two different
stages: a) waste, collection and sorting, and b) waste treatment. Data for
both stages of the end-of-life were collected from the Model of the
Eco-costs (2020) database for the EU (Table 7). Based on the data
available therein, trays were assumed to be treated in a waste incinera-
tion plant, while films were assumed to be sent to a power plant. The key
difference between the routes is the efficiency of energy recovery, which
is assumed to be lower in an incineration plant than in a more modern
power plant (a municipal waste incineration plant has an efficiency of
only 55% of that of a coal fired power plant (Model of the Eco-costs,
2020)).

4. Results and discussion

4.1. Raw materials

For all trays, raw material phase is the life cycle stage that accounts
for the largest portion of both the carbon and energy footprints (Figs. 3
and 4). This is in line with the results for PLA and PP trays reported by
Maga et al. (2019). However, the research by Maga et al. (2019) has no
information regarding energy requirement and it found a lower contri-
bution of the raw materials life cycle stage (CF) for the rPET tray
compared to the current research; this difference is likely due to the fact
that 100% rPET was investigated by Maga et al. (2019) compared to a
50:50 blend of rPET:PET in the current work. Regarding the energy re-
quirements per 1000 trays, rPET/PE and PP trays were observed to have
the lowest and the highest energy requirement respectively (Fig. 4). Raw
materials and manufacturing processes are the main contributors to the
energy requirements for conventional plastics.

The CF of PLA trays is influenced by several factors, particularly in the
raw material stage, including crop type, fertilisers, location, harvesting
method, etc. For example, PLA extracted from different biomass sources,
such as corn (Maga et al., 2019) and sugarcane (European-bioplastics,
2017), is likely to have different characteristics in terms of water
6

footprint, crop yield, etc. (Gerbens-Leenes and Hoekstra, 2012). The
energy demands and CF can be affected by the fertiliser requirement of
agricultural fields which is dependent on the soil type, and the precipi-
tation pattern of the area can also impact the demand for irrigation to
grow crops. While the overall efficiency and environmental footprint of
biopolymers can be improved by use of wastes from crop production to
meet the parasitic demands of the process, there remain concerns over
crop-based biopolymers due to the potential displacement of food crops.
This has led to increased interest in biopolymers from wastes, such as
from the poultry industry (McGauran et al., 2020, 2021a, 2021b), crop
harvesting and vegetable processing (Bolaji et al., 2021). To avoid
greenwashing, it has also been suggested (Hutchings et al., 2021) that
sustainability criteria similar to those used in the bioenergy industry be
introduced for biopolymers.
4.2. Manufacturing

The CF (kg CO2e/kg tray) of the manufacturing process (extrusion
and thermoforming) was less than that of the raw materials phase for all
the investigated materials. PP and PLA trays had the lowest CF, 0.76 and
0.79 kg CO2e/kg respectively, and the rPET/PET tray the largest, at
1.15 kg CO2e/kg. The main reason for this could be the lower heating
requirement for processing PP (PlastikCity, 2020) and PLA (Total Cor-
bion, 2019) compared to PET (Eastman, 2016). In terms of the FU of
1000 trays, the highest impact was seen for PP. An important parameter
that influences manufacturing emissions is the source of electricity used,
e.g. wind versus fossil-based electricity. Future developments, such as
planned decarbonisation of energy and increased energy efficiency,
could make an important contribution to reducing the impact of the
manufacturing phase. Under the EU Energy Efficiency Directive
2018/2002, there is an energy efficiency target for 2030 of at least
32.5%, compared expected energy use in the same year.

The overall CF of the products can be further reduced by using in-
house closed-loop recycling in the manufacturing process (Dormer
et al., 2013), where material derived from sheet edge trimmings, skeletal
waste and defective trays can be reused in closed-loop recycling using
granulators. This ties in with the circular economy principles, which aims
for materials to be recirculated, reduced, reused, recycled and recovered.
Such initiatives align with the objectives of the European Green Deal and
the UK and EU Plastics Pacts, which aim to move away from a linear
plastics economy (https://europeanplasticspact.org/; https://wrap.org.
uk/taking-action/plastic-packaging/the-uk-plastics-pact). However,
while such closed-loop recycling can be undertaken for monolayer
products, it may not be a suitable approach for multilayer trays. This
shows the importance of careful consideration at the design phase of the
overall life cycle of a product from raw materials through to end-of-life.
The design phase determines up to 80% of a product's environmental
impacts (European Commission, 2014).

https://europeanplasticspact.org/
https://wrap.org.uk/taking-action/plastic-packaging/the-uk-plastics-pact
https://wrap.org.uk/taking-action/plastic-packaging/the-uk-plastics-pact


Fig. 3. Carbon footprint of selected trays (cradle-to-grave) (raw data in Appendix C, Table C2).
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4.3. Transportation and relative life cycle impacts

The contribution of transportation to the carbon footprint was
observed to be relatively low for all the trays investigated. PLA was found
to have a higher value than the other trays, which is due to the long
distance between the manufacturing site (Canada) and the retail facilities
(UK) (however, despite the long distance between the manufacturing site
of PLA and the retail facilities, it was found to have the lowest overall CF
per 1000 trays). In comparison, PP and rPET/PET trays, which were
assumed to be manufactured in Ireland and Britain respectively, had
relatively lower transportation impacts as a result. However, although
producing trays locally could potentially reduce the CF of products in
terms of transportation, the analysis showed that the transportation of
the products does not make a significant contribution to the total CF
(Fig. 3). A similar trend was found for the energy requirement for
transportation. For example, the energy requirement (manufacturing to
retail) for transport of PLA (4.68 MJ/kg tray) was higher than for the
other products (0.23–0.48 MJ/kg tray) (Fig. 4, and Appendix B;
Table B3), but transport is not a key contributor in terms of the overall
energy requirement.

Previous work by the authors (Smyth and Murphy, 2011) found a
similar trend when examining the carbon footprint of meat, with trans-
portation responsible for less than 3% of overall emissions, even when
7

the meat was transported to the UK from as far away as New Zealand. Life
cycle analyses have typically been used to identify hotspots and therefore
develop targeted actions to improve the environmental footprint focused
on these hotspots. In the context of packaged meat products, these hot-
spots are raw material production/end-of-life and farming for the pack-
aging and the meat components, respectively. The argument thus arises
that the transportation phase of the life cycle is not a priority, an argu-
ment that could be extended to the packaging phase based on a recent
review by Licciardello (2017), which found that packaging accounted for
only 1–7% of the total global warming potential of beef food products.
That said, in the context of ambitious carbon reduction targets, such as
the EU's aim for carbon neutrality by 2050, and the UN Sustainable
Development Goals (SDGs), in particular SDG 12 Responsible Production
and Consumption and SDG 13 Climate Action, urgent steps are needed to
reduce carbon emissions across all phases of product life cycles.

4.4. Waste management and end-of-life

The end-of-life phase had the second largest impact on the energy
requirement with the exception of PLA, for which transportation was the
second largest component (Fig. 4, and Appendix C, Table C3). Despite PP
trays having the highest figure for energy recovery within the end-of-life
phase, they were found to have the highest overall energy requirement



Fig. 4. Energy requirement of selected trays (cradle-to-grave) (raw data in Appendix C, Table C3).
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per 1000 trays (Fig. 4, and Appendix C, Table C3). Like for energy
requirement, the end-of-life phase had the second largest impact on the
CF of the trays, and for conventional trays accounted for a similar portion
of overall life cycle impacts as the raw materials phase (Fig. 3). The
PLA þ tray scenario had the lowest carbon footprint. The significant
reduction in the CF of PLAþ compared to PLA is due to CO2 uptake by the
plant during growth. Plant photosynthesis reduces atmospheric CO2,
although this is partially returned to the atmosphere if the crop residues
are burnt after harvesting (Sandhu et al. 2017; Seelenbinder, 2017). It is
also worth noting that PLA does not emit significant toxic fumes during
the waste incineration process (McCauley, 2017; McInnes, 2008). Most
plastics release toxic gases, such as high emissions of dioxins, into the
atmosphere during incineration (Giacovelli et al., 2018), but PLA is safer
to burn (McInnes, 2008).

Incineration was the route analysed in this paper, as it is a common
route for municipal waste management both in the UK and EU (Eurostat,
2020). Incineration is, however, an undesirable route from a circular
economy perspective and in the context of the zero waste hierarchy
(Simon, 2019). For resource conservation, the preferred routes are given
in order of: Refuse/rethink/redesign > Reduce and reuse > Preparation
for reuse > Recycling/composting/anaerobic digestion > Material and
8

chemicals recovery > Residuals management (including biologically
stabilised materials to landfill) > Unacceptable (e.g. land-
fill/incineration). Recycling and composting present alternatives for PLA
further up the hierarchy. However, despite the advantages of PLA, its
disposal presents difficulties (Ncube et al., 2020). PLA has to be separated
from regular plastics for recycling and it requires an industrial com-
posting facility heated to 60 �C (McInnes, 2008). This highlights the
importance of having well-planned resource management systems in
place, from waste sorting and collection through to processing, so that
potential environmental benefits can be realised.
4.5. Impact of shelf life and lidding films

Packaging performs a key role in our daily life by protecting goods/
food on their movement from the source (e.g. farm/factory) to end users
via stores and retailers (Defra, 2009). However, packaging technology
should not only consider food protection but also other matters such as
energy consumption and environmental impacts (Marsh and Bugusu,
2007). Although lidding films only account for around 10% of the tray
mass, their environmental impact (Fig. 5 and Fig. 6) can be relatively
important in the overall energy and carbon footprint of the package (raw



Fig. 5. Carbon footprint of selected trays with films (cradle-to-grave) for a functional unit (raw data in Appendix C, Table C6).

Fig. 6. Energy requirement of selected trays with films (cradle-to-grave) for a functional unit (raw data in Appendix C, Table C7).

B. Firoozi Nejad et al. Cleaner Environmental Systems 3 (2021) 100058
data in Appendix C, Table C4 and Table C5). An influencing factor is the
film's oxygen barrier properties, which are important in achieving the
desired shelf life. For example, consider two film options for rPET/PE
trays, the first option being LDPE 50 μm, which has a significantly lower
CF than the second option of PET/PEþ EVOHþ PE 62 μm. However, the
shelf life should also be taken into account, as LDPE 50 μm is a monolayer
film and has a lower density than the multilayer PET/PE þ EVOH þ PE
62 μm (Table 3) and therefore reduced barrier properties (Polymer
Properties Database, 2021). Further research is recommended to inves-
tigate the impact of shelf-life. The impact of the trays should also not be
seen in isolation; for example, although the PP 50 μm film has the lowest
CF per functional unit, the PP tray with PP 50 μm film has the highest
environmental impact (Figs. 5 and 6).
4.6. Contribution and limitations of research

Key contributions of this paper are the provision of a baseline com-
parison between common conventional and biopolymer packaging types,
9

and the use of the functional unit 1000 trays. Although a mass-based
approach (e.g. kg CO2e/kg tray) is relatively easy to understand, it may
not necessarily clarify the whole context of the CF of the products. For
instance, the CF per kg is lower for PP than for rPET/PET (Fig. 3).
However, the oxygen barrier properties of PP are poor (Agarwal, 2004),
and more material is needed to maintain the shelf life of the products.
Therefore, while PP has a lower carbon footprint per kg than PET, the
environmental impact of PP is higher than PET in terms of the functional
unit of 1000 trays. The PP tray has the highest CF per 1000 trays in
comparison with the other trays (Fig. 3). Raw data for Fig. 3 are pre-
sented in Appendix C, Table C2.

As with any model, limitation of the research is the quality of the
input data. This paper conducted a LCA using data from various literature
sources and databases. Primary research on the energy demand and
carbon emissions associated, in particular, with biopolymer
manufacturing would strengthen the results. Although carbon is a key
indicator, it would also be useful to consider other environmental im-
pacts and to look at the combined impacts of packaging and food life
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cycles. While this paper, which was undertaken in line with the British
Standard PAS 2050, focused solely on the impacts related to packaging, it
has been proposed (Grant et al., 2015) that the impacts of wasted food be
considered when comparing packaging materials. This would deepen
understanding of the interaction between packaging, shelf life and food
waste.

5. Conclusions

Through analysis of the energy and carbon footprints of three com-
mon fossil-based (rPET/PET, rPET/PE, PA) and one biopolymer (PLA)
high-value food trays and their lidding films, this study demonstrated
that the largest impact on the environmental footprint of meat, fish, and
poultry packaging materials is due to the raw materials and the end-of-
life of the products. These stages, in terms of life cycle assessment, are
the most relevant in justifying the benefits of one packaging material
over another. PLA trays had 49% lower CF per functional unit in com-
parison with the other meat trays (rPET/PE), indicating the positive
impact of bio-based materials. The results provide a baseline assessment
of the environmental impacts of alternatives to conventional plastic
packaging for high-value food packaging and enable future studies to be
benchmarked against the values. An important contribution of this paper
is the expression of impacts in terms of the functional unit of 1000 trays,
which could support further research exploring the impact of shelf-life on
the overall sustainability of products. However, the importance of
ensuring sustainable biopolymer feedstock production should not be
overlooked and it is recommended that sustainability criteria are intro-
duced. Questions remain regarding the development of bio-based
10
materials with lower carbon and energy footprints than those currently
on the market and, importantly, the feasibility of such products for the
packaging industry. Also highlighted by the results is the need to ensure
that all aspects of a product's life cycle, from raw material acquisition
through to final disposal or recycling, are carefully planned at the design
stage, so that anticipated environmental benefits can be realised. This
will require joined-up thinking between the different actors involved in
the sector, including manufacturers, waste collectors, consumers and
policy-makers.
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Appendix A. Summary of literature
Table A1
Summary of literature and main findings

Authors Scope Summary of paper/main findings
Barker (2018)
 LCA of packaging materials
 CF of packaging materials in very general terms; the research concluded that CF must be calculated for
specific products.
Dormer et al. (2013)
 CF of rPET/PET blends
 Full assessment of rPET/PET blends for mushroom trays.

Humbert et al.
(2009)
LCA of baby food packaging
 LCA investigated plastic pots and glass jars used for baby food.
Ingrao et al. (2015a)
 LCA of PLA and polystyrene (PS)-based trays
 High transport distance for PLA can change CF of the products significantly.

Ingrao et al. (2015b)
 LCA of foamy polystyrene (PS) trays used for fresh

meat packaging (cradle-to-grave)

Highest environmental impacts were reported to come from PS-granule production and electricity
consumption.
Ingrao et al. (2017)
 LCA of PLA for fresh food trays
 Highlighted the need to explore alternative bio-based materials.

Maga et al. (2019)
 LCA of the CF of meat trays
 CF assessment of PS, 100% rPET, rPET/PE, amorphous PET, PP, and PLA but no information about rPET/

PET, which is a commonly used blend for meat trays. Also, no information about energy requirement of
the products.
Mor~ao and de Bie
(2019)
Cradle-to-gate of ecological footprint of PLA
 Ecological footprint of PLA produced on a commercial scale, focusing on water consumption and direct
land use change, but the packaging and manufacturing processes and end-of-life were not assessed.
Nikolic et al. (2015)
 Cradle-to-gate of PLA and PET for water bottles
 The value of the residues, regarding animal feed, energy production and associated CO2 reductions of PLA
must be considered.
Pasqualino et al.
(2011)
LCA of common beverage packaging options on
the Spanish market
LCA of aseptic carton, aluminium can, glass, HDPE and PET for juice, beer and water.
Siracusa et al.
(2014)
LCA of food packaging films without end-of-life
 LCA of bi-layer film bag containing PA (polyamide) and LDPE layers.
Spierling et al.
(2018)
Review of LCA, social LCA and life cycle costing
studies of bio-based plastics
Comparability of LCA results within the bio-based plastics sector and with fossil-based alternatives is
challenging due to the absence of practical and consented guidelines. By substituting two thirds of global
plastics demand with bio-based plastics, savings of 241–316 Mt CO2e/yr could be achieved.
Vink and Davies
(2015)
Eco-profile of PLA from corn production to factory
gate
Analysis focused on the Inego™ production system and compared the results with fossil-based polymers
produced in Europe and the US.
Walker and
Rothman (2020)
Review of LCAs of bio-based and fossil-based
plastic
Significant variation found between studies reviewed largely due to differences in methodologies.
Feedstock source and processing found to have considerable influence on impact of biopolymers.
Recommended that EU Product Environmental Footprint used.
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Appendix B. Images of the investigated trays

Fig. B1. Images of the investigated trays. Images of fish, poultry and PLA meat tray are authors' own. Image of rPET/PE meat tray reproduced with permission of
Scobie & Junor Ltd.

Appendix C. Raw data for the life cycle assessment

The data used for energy and carbon footprints was based on analysis of the information below from the literature.

Energy requirement

PET values (n ¼ 9) from: Ecoinvent Database, 2018; European Platform on Life Cycle Assessment, 2018; Four Elements Consulting LLC, 2018; ICE
database, 2011; Model of the Eco-costs, 2016, 2017, 2019 & 2020; Vogtl€ander (2011).

rPET (n ¼ 8) values from: European Platform on Life Cycle Assessment (2018); Four Elements Consulting LLC, 2018; ICE database, 2011; Model of
the Eco-costs, 2016, 2017, 2019 & 2020; Vogtl€ander (2011).

PP values (n ¼ 10) from: Ecoinvent Database (2018); European Platform on Life Cycle Assessment (2018); Four Elements Consulting -LLC, 2018;
Hammond et al. (2011); ICE database, 2011; Model of the Eco-costs, 2016, 2017, 2019 & 2020; Vogtl€ander (2011).

PLA values (n¼ 6) from: European Platform on Life Cycle Assessment (2018); Model of the Eco-costs, 2016, 2017, 2019& 2020; Vogtl€ander (2011).
PE values (n ¼ 7) from: Ecoinvent Database (2018); Harding et al. (2007);
European Platform on Life Cycle Assessment (2016) & 2018; Model of the Eco-costs, 2017, 2019 & 2020.

Carbon footprint

PET values (n ¼ 12) from: Ecoinvent Database (2018); European Platform on Life Cycle Assessment (2016) & 2018; Four Elements Consulting -LLC,
2018; Groot et al., 2010; Nikolic et al. (2015); Sherman (2015) for the EU and the USA; Model of the Eco-costs, 2017,2019 & 2020; Vogtl€ander (2011).

rPET values (n ¼ 4) from: Four Elements Consulting -LLC, 2018; Model of the Eco-costs, 2020;
Vogtl€ander (2011); Winnipeg (2012).
11
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PP values (n ¼ 14) from: Ecoinvent Database (2018); European Platform on Life Cycle Assessment (2016) & 2018; Four Elements Consulting -LLC,
2018; Groot et al., 2010; Hammond et al. (2011); ICE database, 2011; Sherman (2015); Model of the Eco-costs, 2017, 2018, 2019 & 2020; Vogtl€ander
(2011); Winnipeg (2012).

PLA values (n ¼ 10) from: European Platform on Life Cycle Assessment, 2016 & 2018; Groot et al., 2010; Hottle et al. (2013); Nikolic et al. (2015);
Packaging Europe, 2019; Model of the Eco-costs, 2017, 2019 & 2020; Vogtl€ander (2011).

PE values (n ¼ 8) from: Al-Ma'adeed et al., 2011; European Platform on Life Cycle Assessment, 2016 & 2018; Harding et al. (2007); Model of the
Eco-costs, 2017, 2018, 2019 & 2020; Winnipeg (2012).
Table C1

Statistical outcomes (quantile 1, 2, 3, and minimum, maximum, mean, and range) from analysis of data for the raw materials phase

Q1 Q2 Q3 Min Max Mean Range No. Sources
12
PET

MJ/kg
 71.55
 77.35
 82.00
 67.00
 89.54
 78.17
 22.54
 9

kg CO2e/kg
 2.79
 2.98
 3.38
 2.15
 3.46
 3.02
 1.31
 12

rPET

MJ/kg
 24.50
 47.55
 49.39
 21.90
 53.30
 39.96
 31.40
 8

kg CO2e/kg
 1.47
 1.68
 2.06
 1.08
 2.94
 1.85
 1.86
 4

PP

MJ/kg
 70.53
 73.57
 90.55
 67.08
 97.21
 78.79
 30.13
 10

kg CO2e/kg
 1.96
 2.04
 2.09
 1.63
 4.98
 2.29
 3.35
 14

PLA

MJ/kg
 54.12
 55.75
 57.37
 54.00
 78.00
 59.16
 24.00
 6

kg CO2e/kg
 3.17
 3.95
 3.95
 0.50
 4.11
 3.13
 3.61
 10

PE

MJ/kg
 71.43
 74.31
 80.11
 68.58
 88.63
 76.37
 20.05
 7

kg CO2e/kg
 2.15
 2.19
 2.19
 1.69
 3.40
 2.28
 1.71
 9
Table C2
Carbon footprint of selected trays (cradle-to-grave)

Carbon footprint (kg CO2e/kg tray)
Material/tray
 Raw material
 Extrusion
 Thermo-forming
 Transport
 End-of-life
 Total
 Total CF (kg CO2e/1000 tray) a
rPET/PET (fish)
 2.33
 0.77
 0.38
 0.02
 1.44
 4.94
 69.16

rPET/PE (meat)
 1.78
 0.57
 0.34
 0.04
 1.44
 4.17
 64.64

PP (poultry)
 2.04
 0.42
 0.34
 0.03
 1.51
 4.34
 82.89

PLA (meat)
 3.95
 0.58
 0.21
 0.35
 �0.69
 4.40
 61.16

PLAþ (meat)
 1.94
 0.58
 0.21
 0.35
 �0.69
 2.39
 33.22

a CF for FU was calculated from total CF (kg CO2e/kg tray) and total mass of trays from Table 2.

Table C3
Energy requirements of selected trays (cradle-to-grave)

Energy requirement (MJ/kg trays)
Material/tray
 Raw material
 Extrusion
 Thermo-forming
 Transport
 End-of-life
 Total
 Total energy (MJ/1000 tray) a
rPET/PET (fish)
 62.46
 5.39
 7.13
 0.23
 �15.69
 52.39
 833.28

rPET/PE (meat)
 52.90
 5.39
 7.13
 0.48
 �18.83
 47.07
 729.59

PP (poultry)
 73.57
 5.39
 7.13
 0.35
 �30.02
 56.42
 1077.62

PLA (meat)
 54.12
 5.39
 7.13
 4.68
 �12.79
 53.14
 813.57

a Energy requirement for FU was calculated from total energy requirement per tray and total mass of trays from Table 2.

Table C4
Carbon footprint of selected films (cradle-to-grave)

Film Carbon footprint (kg CO2e/1000 trays)
Raw material extraction and film production a
 Transport b
 End-of-life
 Total
LDPE 50 μm
 3.30
 0.03
 �0.07
 3.26

PET/PE þ EVOH þ PE 62 μm
 13.80
 0.04
 0.318
 14.16

PLA 50 μm
 5.67
 0.03
 �1.82
 3.88

PET 50 μm
 6.75
 0.04
 1.26
 8.05

PP 50 μm
 2.10
 0.02
 0.09
 2.21

a Model of the Eco-costs (2020).
b Calculated based on mass and emission factors in Department for Business, Energy & Industrial Strategy (2019).
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Table C5
Energy requirement of selected films (cradle-to-grave)

Energy requirement (MJ/1000 trays)
Material
 Raw material extraction and film production a
13
Transport b
 End-of-life
 Total
LDPE 50 μm
 107.40
 0.35
 - 83.11
 24.64

PET/PE þ EVOH þ PE 62 μm
 311.10
 0.48
 - 90.98
 220.60

PLA 50 μm
 82.95
 0.29
 - 33.32
 49.92

PET 50 μm
 153.63
 0.43
 - 55.15
 98.91

PP 50 μm
 72.24
 0.24
 - 53.14
 19.34

a Model of the Eco-costs (2020).
b Calculated based on mass and emission factors in Department for Business, Energy & Industrial Strategy (2019).
Table C6
Carbon footprint of selected trays with films (cradle-to-grave) for 1000 trays plus film

Tray with lidding film CF (kg CO2e/1000 trays þ film) CF (kg CO2e/1000 trays þ film)
rPET/PET tray þ PET 50 μm film
 74.90
 8.05

rPET/PE tray þ LDPE 50 μm film
 64.64
 3.26

PP tray þ PP 50 μm film
 82.89
 2.21

PLA tray þ PLA 50 μm film
 61.16
 3.88

PLA þ tray þ PLA 50 μm film
 33.22
 3.88

rPET/PE tray þ PET/PE þ EVOH þ PE 62 μm film
 64.64
 14.16
Table C7
Energy requirement of selected trays with films (cradle-to-grave) for 1000 trays plus film

Tray with lidding film Energy requirement (MJ/1000 trays þ film) Energy requirement (MJ/1000 trays þ film)
rPET/PET tray þ PET 50 μm film
 833.28
 98.91

rPET/PE tray þ LDPE 50 μm film
 729.59
 24.64

PP tray þ PP 50 μm film
 1077.62
 19.34

PLA tray þ PLA 50 μm film
 813.57
 49.92

rPET/PE tray þ PET/PE þ EVOH þ PE 62 μm film
 729.59
 220.60
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