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A B S T R A C T   

Plastic recycling involves a range of potential environmental benefits, from curbing landfill and incineration 
rates to the reduction of greenhouse gas emissions. However, the main challenge is to find applications where 
recycled plastic can successfully provide the same functionality as the replaced virgin plastic. Particularly, the 
incorporation of recycled high-density polyethylene (HDPE) to polyethylene (PE) pipe grade resins is a great 
challenge that is not currently being implemented in the manufacture of pressure pipes. In this study, life cycle 
assessment (LCA) is applied to quantitatively evaluate the potential environmental impacts from producing PE 
pipe grade resins from recycled HDPE blended with virgin HDPE. The LCA involves four HDPE waste feedstocks 
(crates/caps, packaging/detergency bottles, post-consumer industrial containers, and automobile fuel tanks) and 
two PE pipe grades (PE80 and PE100). Moreover, different allocation approaches that affect the LCA of plastic 
recycling, namely the cut-off approach and the Circular Footprint Formula, were investigated. The recycled 
content was found to largely determine the LCA results. In this regard, the production of PE80 quality from the 
pure HDPE waste feedstocks (such as automobile fuel tanks and post-consumer industrial containers) allows a 
higher recycled content, thus resulting in lower impacts. Compared with a 100 % virgin resin, these two sce
narios show 80 % and 53 % less carbon footprint if the waste feedstock is considered burdens free (cut-off 
allocation). These percentages however decrease to 32 % and 20 % if the impacts and benefits are shared ac
cording to the Circular Footprint Formula. These trends were similarly observed for most of the impact categories 
evaluated, such as, acidification and fossil resources. The robustness of these results is supported by error 
propagation via Monte Carlo simulation.   

1. Introduction 

The production of plastics has increased twentyfold since the 1960s, 
and it is expected to double again over the next 20 years with the sub
sequent generation of million tonnes of plastic litter (Ellen MacArthur 
Foundation, 2017). Each year around 300 million tonnes of plastic waste 
is generated globally (Geyer et al., 2017). The largest proportion of this 
plastic waste is currently incinerated and/or disposed of in landfills, 
while recycling still plays a minor role. Geyer et al. (2017) estimated 
that only 9 % of all plastics produced between 1950 and 2015 have been 
recycled. In the United States, the rate of plastic recycling barely reached 
6.2 % by 2015 (Di et al., 2021). At European level, from the 
post-consumer plastic waste collected in 2018 about a 33 % was 

recycled, 43 % was incinerated for energy recovery, and the rest was 
disposed of in landfills (Plastics Europe, 2020). The relatively low rates 
of plastic recycling observed worldwide represents a major environ
mental concern, primarily due to microplastic contamination (Mitrano 
and Wohlleben, 2020). The global amount of plastic entering the ocean 
in 2010 was estimated between 5 and 13 million tonnes (Jambeck et al., 
2015). Lau et al. (2020) estimated that the global amount of macro- and 
microplastic entering aquatic systems can double by 2040 with respect 
to 2016. Overall, the environmental issues related to plastic waste will 
be exacerbated in the future driven by an increased generation (Leb
reton and Andrady, 2019). 

The circular economy concept is increasingly seen as a potential 
solution to the plastic waste problem. One of the measures included in 
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the European Strategy for Plastics in a Circular Economy is the use of 
alternative feedstocks, such as plastic waste, for plastic production 
(European Commission, 2018a). The potential environmental benefits of 
using waste feedstocks for plastic production (i.e. plastic recycling) 
range from curbing landfilling and incineration rates to the reduction of 
fossil fuels consumption and the associated GHG emissions (Lazarevic 
et al., 2010). However, these potential environmental benefits strongly 
depend on the quality of the recycled plastic and, more precisely, on its 
ability to provide the same functionality as the replaced virgin plastic 
(Faraca et al., 2019). The quality of the recycled material is also the 
limiting factor to ensuring market competitiveness compared to virgin 
plastics, which is reflected in the relatively low recycled content ach
ieved by the most advanced economies. For instance, the average 
recycled content of plastics produced in the United States in 2015 was 
just 4.2 % (Di et al., 2021). Within the European context, the recycled 
content of polyethylene terephthalate (PET) bottles that entered the 
market reached 20 % in Austria (reference year 2013) and 30 % in 
Germany (reference year 2017) (Schmidt et al., 2020). A main challenge 
to the plastic waste problem is to find strategies where recycled plastic 
can successfully substitute virgin plastic while maintaining 
functionality. 

Among all the plastics demanded every year, polyethylene (PE) is 
one of the most abundantly produced plastics worldwide. Around 
110–120 million tonnes of PE are produced annually, with almost the 
same amount of waste generated (Geyer et al., 2017). Nowadays recy
cled PE is used in the construction sector or packaging (Grigore, 2017; 
WRAP, 2019), whereas other applications have been discarded due to 
higher requirements. Particularly, the incorporation of recycled 
high-density polyethylene (HDPE) into PE pipe grade resins is a great 
challenge that is not currently used in the pipe industry. In this sense, 
very little research has been conducted in recent years. Poduška et al. 
(2019) evaluated the possibility of introducing recycled HDPE in PE 
pressure pipes combining layers of recycled HDPE with virgin HDPE 
layers. Recently, Juan et al. (2020) evaluated the potential use of 
post-consumer recycled HDPE from different sources in the manufacture 
of the entirely PE pressure pipes with the aim to enhance the circular 
economy by replacing part of the conventional HDPE raw material with 
recycled one for closing the loop on HDPE for pipe application. 

Life cycle assessment (LCA), with its holistic perspective, is a tool 
that can prevent circular economy strategies from shifting environ
mental burdens between supply chain stages, between impact cate
gories, and/or between countries (Peña et al., 2020). A number of 
studies have used LCA to compare the potential environmental impacts 
of commonly used materials for pipe applications, such as HDPE, poly
vinyl chloride (PVC), low-density polyethylene (LDPE), cast iron, steel, 
copper, and fibre reinforced polyester (FRP); among others Hajibabaei 
et al. (2018) and Xiong et al. (2020). However, little attention has been 
paid to the environmental impacts of incorporating recycled plastic into 
pipes. For instance, Nguyen et al. (2020) found that a pipe grade resin 
made with post-consumer recycled HDPE blended with virgin HDPE 
generates on average 50 % fewer GHG emissions compared to virgin 
HDPE resin. The Plastics Pipe Institute (2021) showed that a corrugated 
pipe made with 50 % post-consumer recycled HDPE reduces the climate 
change impact by 13 %, the ozone layer depletion by 8 %, and the 
impact on acidification by 6 % compared to a virgin HDPE pipe. All in 
all, the existing literature suggests environmental benefits related to the 
incorporation of recycled HDPE into pipes. Nevertheless, there is still a 
lack of comprehensive LCA studies, especially on assessing recycled 
HDPE from different sources, such as households and/or industry. 

The incorporation of recycled materials into new products gives rise 
to a key LCA methodological aspect and large source of discrepancy, 
namely the handling of the impacts associated with the recycled mate
rial (Nessi et al., 2020). Typically, the recycled material does not carry 
environmental burdens from its previous life cycle. Furthermore, the 
impact of collection and recycling is fully allocated to the recycled 
material (Schrijvers et al., 2016). This approach, often called cut-off, has 

been criticised for its inefficiency on fostering recycling since the life 
cycle that provides the waste feedstock cannot claim any recycling 
credits (Koffler and Finkbeiner, 2018). An alternative solution is the 
Circular Footprint Formula, a standardised approach, developed in the 
frame of the Product Environmental Footprint initiative, to allocate 
impacts and benefits from materials through multiple life cycle stages 
(European Commission, 2018b). So far, the Circular Footprint Formula 
has been applied in a limited number of practical applications related to 
plastic recycling; e.g. see Tonini et al. (2021). 

The goal of this study is to quantitatively evaluate the potential 
environmental life cycle impacts in the production of PE pipe grade 
resins from recycled HDPE blended with a virgin HDPE pipe grade. The 
LCA involves four HDPE plastic waste feedstocks (crates/caps, pack
aging/detergency bottles, post-consumer industrial containers, and 
automobile fuel tanks) and two HDPE pipe grade qualities (PE80 and 
PE100). The environmental performance of the evaluated resins was 
compared against that of a 100 % virgin HDPE resin in order to verify 
their potential lower environmental burdens. The scientific significance 
of this work can be summarised in the following three points. First, the 
study involves a range of plastic waste feedstocks from specific sources. 
This is a novelty compared with previous studies, which assessed a 
generic post-consumer recycled HDPE flow. Second, the technical-based 
recycled contents used in the present LCA derive from experimental 
work carried out by some of the authors (Juan et al., 2020). As far as we 
are aware, little work has been carried out in using practical substitution 
ratios within the plastic LCA literature (Rigamonti et al., 2020; Viau 
et al., 2020). Third, we investigate different allocation approaches that 
affect the LCA of plastic recycling, namely the cut-off approach and the 
Circular Footprint Formula. This is an increasing relevant discussion in 
the transition to a circular economy; see Nessi et al. (2020) and Tonini 
et al. (2021). 

2. Material and methods 

2.1. Scope and functional unit 

The function of the system under analysis is to produce PE pipe grade 
resins from recycled HDPE blended with virgin HDPE. The functional 
unit of the analysis was defined as 1 kg PE pipe grade resin. The recycled 
HDPE has been obtained from the following four waste feedstocks: (I) 
injection products such as crates and caps (WF1), (II) blow moulding 
goods such as packaging and detergency bottles (WF2), (III) post- 
consumer industrial containers (WF3), and (IV) automobile fuel tanks 
(WF4). Crates/caps and packaging/detergency bottles are typically 
contained in the packaging waste stream collected separately from 
households. Consequently, these two options represent waste feedstocks 
with a certain level of impurities obtained from mixed waste streams. In 
contrast, post-consumer industrial containers and automobile fuel tanks 
can be obtained from sources (e.g. industry and car scrapping) as very 
pure waste feedstocks. 

Each of the four waste feedstocks has been evaluated for the pro
duction of both PE80 and PE100 pipe grade qualities, resulting in a total 
of eight scenarios for PE pipe grade resin production. Table 1 describes 
the scenarios assessed along with the recycled content interval allowed 
for assuring the functionality of each grade quality (Juan et al., 2020). 
The recycled contents are based on experimental work carried out by the 
authors. During the experimental work, each recyclate was blended with 
raw pipe grade resin at different recycled contents, in order to evaluate 
their feasibility in the manufacture of pressure pipes. Results obtained 
show that blending process was effective for all systems analysed at any 
recycled contents. Molecular and mechanical characterisation was per
formed to determine the operational interval for all the blends studied. 
Short-term mechanical properties such as yield strength and flexural 
modulus for all blend systems guarantee the minimum requirements for 
PE pipe grades, following a linear trend, as observed in other works with 
the incorporation of recycled PE (Cecon et al., 2021). Moreover, special 
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attention was paid to two key properties required in pipe applications: 
Slow Crack Growth (SCG) and Rapid Crack Propagation (RCP). Both 
properties were sensitive to the recycled content and their behaviour 
with the increasing content in recycled material is far from the linearity 

obtained previously for other properties. These results were used to 
establish the maximum recycling content for each pipe grade. The upper 
values reported in Table 1 were used as baseline recycled contents, while 
the influence of the interval was assessed through sensitivity analysis 
(Section 3.3). 

Common PE pipe grade includes PE80 and PE100. Both designations 
are based on the long-term strength of the materials, named as the 
minimum required strength (MRS), in accordance with ISO 12162, 
being 8.0 MPa for PE80 and 10.0 MPa in the case of PE100. Both pipe 
grades are made from HDPE, being the name and type of material used 
for reference. The most important factors are the strength of the material 
together with the Standard Dimensional Ratio (SDR), which are used to 
determine the pressure and pipe required for the application. It should 
be noted that, in general, PE80 and PE100 grades can be used with the 
same functionality for certain applications, such as water distribution 
with pressures up to 16 bar, sewers, outfall pipes, industrial pipes and 
also gas pipe for natural gas distribution network with pressures up to 4 
bars. However, other applications with higher pressure requirements, 
where PE80 grade cannot fulfil the same functionality than PE100 
grade, are demanded. 

The LCA follows an attributional approach, meaning that average 
market data for the European context has been used to model the life 
cycle inventory (LCI). In general, the data used to model the foreground 

Table 1 
Scenarios for polyethylene (PE) pipe grade resin production assessed in the 
current study. The upper values of the recycled content intervals were used as 
baseline values in the current study.  

Scenario Grade 
quality 

Waste feedstock Recycled content 
(%) 

PE80-WF1 PE80 Crates/caps 5–23 
PE80-WF2 PE80 Packaging/detergency bottles 9–37 
PE80-WF3 PE80 Post-consumer industrial 

containers 
25–68 

PE80-WF4 PE80 Automobile fuel tanks 31–96 
PE100- 

WF1 
PE100 Crates/caps 0–5 

PE100- 
WF2 

PE100 Packaging/detergency bottles 0–9 

PE100- 
WF3 

PE100 Post-consumer industrial 
containers 

0–25 

PE100- 
WF4 

PE100 Automobile fuel tanks 0–31  

Fig. 1. System boundaries for the production of polyethylene (PE) pipe grade resins from recycled high-density polyethylene (HDPE) blended with virgin HDPE. (a) 
Scenarios of resin production from crates/caps (PE80-WF1 and PE100-WF1) and packaging/detergency bottles (PE80-WF2 and PE100-WF2). (b) Scenarios of resin 
production from post-consumer industrial containers (PE80-WF3 and PE100-WF3) and automobile fuel tanks (PE80-WF4 and PE100-WF4). The description of the 
scenarios can be found in Table 1. 
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processes, i.e. the processes directly involved in the production of the PE 
pipe grade resin, were retrieved from the literature. Data for the back
ground processes, i.e. energy and raw materials supply, were taken from 
the Ecoinvent database v3.7.1 using the cut-off system model (Wernet 
et al., 2016). The list of Ecoinvent datasets used is summarised in 
Table S1 in the Supplementary material. The electricity required within 
the foreground system has been regionalised by using the 2020 Spanish 
electricity mix composed by 28 % natural gas, 22 % wind, 22 % nuclear, 
13 % hydropower, 6 % photovoltaic, 4 % other renewables, 2 % coal, 
and 3 % others (Ministerio para la Transición Ecológica y el Reto 
Demográfico, 2020). The influence of this choice was addressed by 
sensitivity analysis (Section 3.3). 

2.2. System boundaries 

Fig. 1 shows the system boundaries defined following a “cradle-to- 
factory gate” approach. Fig. 1a schematically illustrates the system 
boundaries for the scenarios of PE pipe grade resin production from 
crates/caps (PE80-WF1 and PE100-WF1) and packaging/detergency 
bottles (PE80-WF2 and PE100-WF2). The system boundaries encompass 
the following life cycle stages: (I) collection of waste from households, 
(II) sorting of waste at a material recovery facility (MRF) and distribu
tion of HDPE bales, (III) mechanical recycling into HDPE flakes, (IV) 
production and distribution of virgin HDPE, (V) blending of recycled 
and virgin materials in an extruder to produce pipe grade resin, and (VI) 
management of rejects through incineration with electricity production 
and landfilling. Similarly, Fig. 1b schematically illustrates the system 
boundaries for the scenarios of PE pipe grade resin production from 
post-consumer industrial containers (PE80-WF3 and PE100-WF3) and 
automobile fuel tanks (PE80-WF4 and PE100-WF4). Given the high 
purity of these waste feedstocks, the MRF stage is not herein considered 
being the waste feedstocks collected and directly recycled into HDPE 
flakes. The other life cycle stages remain the same. Overall, the envi
ronmental burdens related to infrastructure have been included as far as 
possible, whereas the stages of pipe manufacture, distribution, instal
lation, use, and end-of-life were assumed the same for all scenarios and 
therefore excluded. 

2.3. Allocation issues 

Two allocation issues arise in the system under analysis. The first one 
is related to multifunctionality. In addition to producing PE pipe grade 
resins, the system under analysis also produces electricity through the 
incineration of the rejects (Fig. 1). This multifunctionality was solved by 
means of substitution. In consequence, the electricity fed into the grid 
was assumed to substitute an equivalent amount of electricity generated 
by the Spanish mix, and the PE pipe grade resin system is credited for the 
avoided environmental burdens (Fig. 1). Substitution is a valid approach 
to solve multifunctionality in attributional LCA when the system under 
study interacts with other systems and no large-scale consequences are 
expected (European Commission, 2010, 2012, 2010; Laurent et al., 
2014). 

The second allocation issue is related to handling the impacts asso
ciated with the recycled HDPE. In the current study two approaches 
have been considered, namely the cut-off approach and the Circular 
Footprint Formula. In the cut-off approach, the recycled HDPE does not 
bear burdens from the previous life cycle but only the impacts of recy
cling. In the second approach, the Circular Footprint Formula is applied 
(European Commission, 2018b), according to which the LCI per func
tional unit (EI) is calculated as follows: 

EI =R1 ⋅
[

A ⋅ ER +(1 − A) ⋅ E◦

V ⋅
Qo

Qo
v

]

+(1 − R1) ⋅ EV + EEXTR (1)  

where:  

• R1 is the recycled content per functional unit;  
• A is a factor used for allocating the burdens and benefits (i.e., credits) 

between supplier and user of recycled materials;  
• ER is the LCI of recycling per functional unit;  
• E◦

V is the LCI of the virgin HDPE used in the original product per 
functional unit (the original products are crates/caps, packaging/ 
detergency bottles, post-consumer industrial containers, automobile 
fuel tanks);  

• Qo is the quality of the HDPE flakes;  
• Qo

v is the quality of the virgin HDPE used in the original product;  
• EV is the LCI of the virgin HDPE incorporated into the pipe grade 

resin per functional unit;  
• EEXTR is the LCI of the extrusion stage per functional unit (including 

the management of the extrusion rejects and the substitution of 
electricity) 

The LCI of recycling is calculated as follows: 

ER =ECT + EMRF + EFLK + EREJ − CER (2)  

where:  

• ECT is the LCI of waste collection and transportation per functional 
unit;  

• EMRF is the LCI of the MRF per functional unit;  
• EFLK is the LCI of HDPE flakes production per functional unit;  
• EREJ is the LCI of the management of flake production rejects per 

functional unit;  
• CER is the LCI of the substituted electricity per functional unit. 

Note that the end-of-life component in the Circular Footprint For
mula is excluded since the management of the pipe at its end-of-life is 
not considered in this work. The value of the parameter A was assumed 
equal to 0.5, which is the default value for plastic materials (European 
Commission, 2018b). This implies that the recycled HDPE bears 50 % of 
the LCI of recycling and 50 % of the LCI of the virgin material used in the 
product that supplies the waste feedstock. The quality ratio between the 
HDPE flakes and the virgin HDPE (Qo/Qo

v) was assumed 0.9 for the flakes 
produced from packaging waste feedstocks (WF1 and WF2) and 1 for the 
flakes produced from pure waste feedstocks (WF3 and WF4). The 0.9 is 
the recommended value for packaging HDPE waste (European Com
mission, 2018b). On the other hand, it is assumed that the purity and 
quality of the HDPE flakes produced from WF3 and WF4 is similar to that 
of the virgin HDPE (i.e. quality ratio of 1). 

2.4. Life cycle inventory 

Table 2 summarises the main parameters used to model the LCI, their 
baseline values, and the assumed distributions used in the uncertainty 
analysis (Section 2.5). The following paragraphs describe the main as
sumptions behind the LCI. 

2.4.1. Waste feedstock collection/transportation 
Transport distances were obtained from the literature for the Euro

pean context (Table 2). The collection of crates/caps (WF1) and pack
aging/detergency bottles (WF2) is assumed to be carried out by a 21 t 
diesel truck for an average distance of 30 km. The bales of HDPE ob
tained at MRF as well as the WF3 and WF4 are assumed to be transported 
for 300 km by a 32 t diesel Euro 6 truck to the mechanical recycling 
facility. 

2.4.2. Material recovery facility 
The MRF sorts the packaging waste stream into a number of output 

streams which consist of a single material type (e.g. PET, HDPE, LDPE, 
and mix plastic). The sorted materials are then baled and sold to re
cyclers. In the current study the bales of HDPE consist of crates/caps 
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Table 2 
Parameters, baseline values, and ranges used to model the life cycle inventory of the production of polyethylene (PE) pipe grade resin from recycled high-density 
polyethylene (HDPE) blended with virgin HDPE. The value of some parameters is specific for the type of waste feedstock (WF) used. WF1: crates/caps; WF2: pack
aging/detergency bottles; WF3: post-consumer industrial containers; WF4: automobile fuel tanks. LHV: lower heating value.  

Parameter Units Baseline Distribution Reference(s) 

Waste feedstock collection/transportation 
Collection distance (WF1 and 

WF2) 
Km 30 Uniform (14,55) Belboom et al. (2013); Giugliano et al. (2011); Iriarte et al. (2009); Jeswani et al. 

(2021); Lausselet et al. (2016); Turner et al. (2016) 
Distribution distance (bales of 

HDPE, WF3, and WF4) 
Km 300 Uniform (50,640) Abejón et al. (2020); Andreasi Bassi et al., 2020, 2017; Ardolino et al. (2017);  

Bovea et al. (2010); Cimpan et al. (2015b); Faraca et al. (2019); Giugliano et al. 
(2011); Jeswani et al. (2021); Rigamonti et al. (2014); Shen et al. (2010); Tascione 
et al. (2016); Tonini et al. (2021); Turner et al. (2016) 

Material recovery facility (MRF) 
Sorting efficiency of HDPE % 77.5 Triangular (57,98,77.5) Bishop et al. (2020) 
Purity of HDPE bales % 92.8 Triangular (87.4,96.4,92.8) Cimpan et al. (2015a) 
Electricity kWh/kg bale 0.07 Triangular (0.03,0.21,0.07) Andreasi Bassi et al., 2020 
Diesel MJ/kg bale 1.12E- 

04 
Triangular (6.51E-05,5.16E- 
04,1.12E-04) 

Andreasi Bassi et al., 2020 

Steel wire g/kg bale 4.72 Triangular (3.87,7.23,4.72) Andreasi Bassi et al., 2020 
Waste preparation facility unit/kg bale 2.21E- 

09 
Lognormal (2.21E-09,0.59) Ecoinvent database v3.7.1 

Flakes production 
Yield (bale of HDPE) % 88 Triangular (64.1,93.9,88) Andreasi Bassi et al., 2020 
Yield (WF3 and WF4) % 95 Triangular (90,100,95) Authors’ assumption 
Wastewater kg/kg 

feedstock 
2.60 Triangular (1.25,5.25,2.60) Equal to input water 

Particulate matter <2.5 um kg/kg 
feedstock 

1.97E- 
05 

Lognormal (1.97E-05,0.25) Haupt et al. (2018) 

Particulate matter, 2.5–10 um kg/kg 
feedstock 

1.28E- 
05 

Lognormal (1.28E-05,0.25) Haupt et al. (2018) 

Electricity kWh/kg 
feedstock 

0.56 Triangular (0.18,0.76,0.56) Andreasi Bassi et al., 2020 

Diesel MJ/kg 
feedstock 

0.04 Triangular (0.01,0.88,0.04) Andreasi Bassi et al., 2020 

Water kg/kg 
feedstock 

2.60 Triangular (1.25,5.25,2.60) Andreasi Bassi et al., 2020 

Sodium hydroxide g/kg 
feedstock 

0.23 Triangular (0.22,0.25,0.23) Andreasi Bassi et al., 2020 

Other chemicals, inorganic g/kg 
feedstock 

2.71 Triangular (2.35,3.41,2.71) Andreasi Bassi et al., 2020 

Waste preparation facility unit/kg flake 2.00E- 
09 

Lognormal (2.00E-09,0.59) Ecoinvent database v3.7.1 

Extrusion 
Yield % 95  Authors’ assumption 
Water, air m3/kg resin 5.26E- 

03 
Lognormal (5.26E-03,0.25) Ecoinvent database v3.7.1 

Water, water m3/kg resin 8.31E- 
02 

Lognormal (8.31E-02,0.25) Ecoinvent v3.7.1 

Heat, natural gas MJ/kg resin 0.08 Triangular (0.04,0.14,0.08) Andreasi Bassi et al., 2020; Ecoinvent database v3.7.1 
Heat, other than natural gas MJ/kg resin 0.47 Triangular (0.20,0.80,0.47) Andreasi Bassi et al., 2020; Ecoinvent database v3.7.1 
Carbon black (WF1, WF2, 

WF3) 
kg/kg resin 0.023 Triangular 

(0.020,0.025,0.023) 
Authors’ assumption 

Carbon black (WF4) kg/kg resin 0.01 NA  
Water, natural origin m3/kg resin 1.36E- 

02 
Lognormal (1.36E-02,0.35) Ecoinvent database v3.7.1 

Lubricating oil kg/kg resin 1.42E- 
04 

Lognormal (1.42E-04,0.35) Ecoinvent database v3.7.1 

Plastic film kg/kg resin 3.55E- 
05 

Triangular (1.62E-05,5.48E- 
05, 3.55E-05) 

Andreasi Bassi et al., 2020 

Sulfuric acid kg/kg resin 9.66E- 
04 

Triangular (9.66E-04,1.56E- 
02, 9.66E-04) 

Andreasi Bassi et al., 2020 

Steel wire kg/kg resin 8.20E- 
07 

Triangular (3.75E-07,1.26E- 
06,8.20E-07) 

Andreasi Bassi et al., 2020 

EUR pallet unit/kg resin 1.42E- 
06 

Triangular (6.58E-07,2.19E- 
06,1.42E-06) 

Andreasi Bassi et al., 2020 

Infrastructure unit/kg resin 1.42E- 
09 

Lognormal (1.42E-09,0.59) Ecoinvent database v3.7.1 

Management of rejects 
Distance to incineration/ 

landfilling 
Km 50 Uniform (16,70) Abejón et al. (2020); Andreasi Bassi et al., 2017; Bovea et al. (2010); Cimpan et al. 

(2015b); Jeswani et al. (2021) 
Share of incineration % mass 63 NA Plastics Europe, 2019 
Share of landfilling % mass 37 NA Plastics Europe, 2019 
Net electrical efficiency of 

incineration 
% of reject 
LHV 

12 Uniform (12,0.94) Istrate et al. (2021) 

LHV of rejects from MRF MJ/kg wet 
waste 

37.72 Uniform (37.72,0.18) Götze et al. (2016) 

33.96 Uniform (33.96,0.49) Götze et al. (2016) 

(continued on next page) 
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(WF1) and packaging/detergency bottles (WF2), respectively. The 
baseline sorting efficiency of HDPE was assumed equal to 77.5 %, i.e. 
22.5 % of the input HDPE is rejected (Bishop et al., 2020). The bale of 
HDPE has an average purity of 92.8 % (Cimpan et al., 2015a). The main 
inputs to the MRF are electricity and diesel for daily activities and steel 
wire for bale preparation (Table 2). 

2.4.3. Flakes production 
The mechanical recycling of HDPE into flakes involves standard 

activities such as sorting, shredding, and washing (Haupt et al., 2018). 
The process starts with sorting the input feedstock in order to remove 
any unwanted material. The sorted material is then shredded to produce 
flakes, which are washed and dried. The washing process often involves 
caustic wash with sodium hydroxide and other washing chemicals in 
order to remove paper labels and additives (Franklin Associates, 2011). 
The technical yield –mass of flakes produced per unit of input feedstock– 
was assumed 88 % for HDPE bales and 95 % for pure waste feedstocks 
(WF3 and WF4). Due to the higher purity of WF3 and WF4, much less 
material will be lost during the mechanical recycling. The consumption 
of electricity, diesel, water, and washing chemicals is summarised in 
Table 2. 

2.4.4. Extrusion 
Recycled HDPE flakes are blended in an extruder with virgin HDPE 

to produce a PE pipe grade resin. The ratio between the recycled and 
virgin materials is specific to each scenario (Table 1). The technical yield 
of extrusion –mass of resin produced per unit of input materials– was 
assumed equal to 95 %. The impacts of the virgin HDPE were obtained 
from the Ecoinvent dataset “market for polyethylene, high density, gran
ulate [GLO]". This dataset represents the global mix of HDPE production 
from oil and gas and includes average transport distances for its distri
bution. The main inputs into the extrusion stage, in addition to the 
recycled and virgin materials, are heat and carbon black (Table 2). Heat 
is required to achieve the extrusion temperature, which ranges from 185 
to 240 ◦C (Juan et al., 2020). An average consumption of 0.177 MJ 
heat/kg resin was assumed (Andreasi Bassi et al., 2020) with 15 % of 
heat from natural gas and 85 % from other sources, according to the 
figures reported in the Ecoinvent dataset “extrusion, plastic pipe”. The 
impact of carbon black is also considered, as it is an important UV sta
bilizer used to prevent plastic pipe degradation. Plastic pipe standards 
for PE pipes establish that the content of carbon black is ranged between 
2 and 2.5 wt% (ISO, 2012, 2010), therefore, an average of 2.3 wt% 
carbon black content has been considered for raw PE pipe resins. 
Furthermore, the inventory includes the consumption of plastic film, 
sulfuric acid, steel wire, and EUR pallet needed for packaging the resin 
(Table 2). Finally, the impacts per kg of a 100 % virgin resin have been 
modelled as 0.977 kg of virgin HDPE plus 0.023 kg of carbon black. 

2.4.5. Management of rejects 
The rejects generated by the MRF, flakes production, and extrusion 

are assumed to be 63 % incinerated with electricity production and 37 % 
disposed of in landfill (Plastics Europe, 2019). All the rejects are 
assumed to be transported 50 km to the final disposal site by a 32 t diesel 
Euro 6 truck. The impacts of incineration and landfilling were retrieved 
from the Ecoinvent database v3.7.1. The incineration of plastic rejects 
produces electricity following common practices in Spain. The net 
electrical efficiency of incineration was assumed 12 ± 0.94 % with 
respect to the lower heating value (LHV) of the input rejects (Istrate 

et al., 2021). 

2.5. Uncertainty analysis 

The uncertainty associated with the results due to parameter un
certainty was addressed by error propagation via Monte Carlo simula
tion with 1000 iterations. For each iteration, parameters were randomly 
sampled according to their probability distribution and the results were 
computed. The results produced by the Monte Carlo simulation have 
been statistically evaluated in order to provide a level of confidence 
behind conclusions. The probability distribution assigned to each 
parameter can be found in Table 2. The uncertainty associated with the 
background processes is taken directly from the Ecoinvent database 
v3.7.1. 

2.6. Impact assessment 

The LCA modelling has been carried out using Brightway2 (Mutel, 
2017), an open source framework for LCA in Python, and the Activity 
Browser (Steubing et al., 2020), a graphical user interface to Bright
way2. The life cycle impact assessment (LCIA) has been performed using 
the midpoint impact assessment methods recommended in the frame
work of the Environmental Footprint (EF) developed by the European 
Commission (Fazio et al., 2018). The EF method was recommended for 
plastic LCA due to its ability to cover all planetary boundaries (Bishop 
et al., 2021). Table S2 in the Supplementary material lists the impact 
categories included in this study, their units, and the recommended LCIA 
method. 

3. Results and discussion 

3.1. Mass balance 

The mass balances per kg of PE pipe grade resin for the eight sce
narios are summarised in Table 3. Depending on the scenario, producing 
1 kg of PE80 resin requires between 0.04 and 0.79 kg virgin HDPE, while 
producing 1 kg of PE100 resin requires between 0.72 and 0.98 kg virgin 
HDPE. The PE80 resin produced from automobile fuel tanks (PE80-WF4) 
has by far the lowest demand of virgin HDPE (0.04 kg/kg resin) due to 
the high allowed recycled content (up to 96 %). The overall rate of re
jects ranges from 8.28 % to 18.37 % for the PE80 resin and from 6.23 % 
to 8.64 % for the PE100 resin. The higher rate of rejects observed for the 
PE80 resin is primarily due to the higher allowed recycled content, 
which results in a higher mass of waste feedstock processed through the 
system. Overall, the production of PE resins from pure HDPE waste 
feedstocks (i.e. PE80-WF3, PE80-WF4, PE100-WF3, and PE100-WF4) 
achieves the lowest demand for virgin HDPE as well as the lowest rate 
of rejects. This represents a dual benefit for the stakeholders involved in 
the PE resin supply chain, since fewer resources are spent in the 
acquisition of virgin materials and the management of rejects by third 
parties, thus improving the material efficiency of the manufacturing 
process. 

3.2. Life cycle impact assessment 

Fig. 2 shows the LCIA of the production of PE80 and PE100 pipe 
grade resins from recycled HDPE blended with virgin HDPE according to 
the proposed scenarios. Impacts were calculated using the two 

Table 2 (continued ) 

Parameter Units Baseline Distribution Reference(s) 

LHV of rejects from flakes 
production 

MJ/kg wet 
waste 

LHV of rejects from extrusion MJ/kg wet 
waste 

37.72 Uniform (37.72,0.18) Götze et al. (2016)  
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allocation approaches, namely cut-off (Fig. 2a) and Circular Footprint 
Formula (Fig. 2b). The stacked bar chart shows the contribution of the 
virgin content production, recycled content production, and extrusion to 
the total impacts, calculated with the baseline parameters. The boxplots 

represent the distribution of the impacts based on the Monte Carlo 
simulation. For benchmarking purposes, the grey bar represents the 
impacts of a 100 % virgin resin. It was observed that the impact cate
gories generally follow a similar trend. Therefore, in order to streamline 

Table 3 
Mass balance per kg of polyethylene (PE) pipe grade resin for the evaluated scenarios. The mass of waste feedstock includes weight of impurities in the incoming 
material. The description of the scenarios can be found in Table 1.  

Flow PE80-WF1 PE80-WF2 PE80-WF3 PE80-WF4 PE100-WF1 PE100-WF2 PE100-WF3 PE100-WF4 

PE pipe grade resin (kg) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Virgin HDPE (kg) 0.79 0.65 0.33 0.04 0.98 0.94 0.77 0.72 
Recycled HDPE (kg) 0.24 0.38 0.70 1.00 0.05 0.09 0.26 0.32 
Waste feedstock (kg) 0.34 0.55 0.74 1.05 0.07 0.13 0.27 0.34 
Total rejects (kg) 0.16 0.22 0.09 0.10 0.07 0.09 0.06 0.07 
Reject rate (%) 13.78 18.37 8.28 9.57 7.06 8.64 6.23 6.53  

Fig. 2. Life cycle impact assessment of the eight scenarios for the production of 1 kg polyethylene (PE) pipe grade resin from recycled high-density polyethylene 
(HDPE) blended with virgin HDPE. Impacts were calculated using two allocation approaches: cut-off (a) and Circular Footprint Formula (b). The stacked bar chart 
shows the results based on the baseline parameters. The boxplots show the 25th percentile, median value, and 75th percentile values from the Monte Carlo 
simulation. The whiskers show the minimum and maximum values excluding outliers. The grey bar represents the impacts of a 100 % virgin resin (for bench
marking). The baseline results significantly depart from the median since parameters were generally modelled with skewed distributions. The description of the eight 
scenarios can be found in Table 1. 
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the discussion, the focus in this section is placed on the following four 
impact categories: climate change, acidification, ozone layer depletion, 
and fossil resources. Figures for other impact categories can be found in 
Section S3.1 in the Supplementary material. 

3.2.1. Climate change impact 
Under the cut-off allocation approach (Fig. 2a), the baseline climate 

change impact ranges from 0.47 to 2.27 kg CO2 eq/kg for the PE80 resin 
and from 1.94 to 2.55 kg CO2 eq/kg for the PE100 resin. The production 
of PE80 resin from post-consumer industrial containers (PE80-WF3) or 
automobile fuel tanks (PE80-WF4) achieve the lowest carbon footprint 
(0.47 and 1.11 kg CO2 eq/kg, respectively). On the other side, the pro
duction of PE100 resin from crates/caps (PE100-WF1) or packaging/ 
detergency bottles (PE100-WF2) achieve the highest carbon footprint 
(2.55 and 2.49 kg CO2 eq/kg, respectively). These results are largely 
explained by the ratio between the virgin and recycled contents of the 
resin. The virgin content has a notable contribution to the impact, 
largely due to the production of ethylene. It should be noted that 1 kg of 
virgin HDPE generates 2.40 kg CO2 eq, while 1 kg of recycled HDPE 
flakes generates between 0.86 kg CO2 eq (WF1/WF2) and 0.23 kg CO2 
eq (WF3/WF4). The flakes produced from WF3/WF4 generate approx
imately 73 % less impact than those produced from WF1/WF2 due to the 
higher purity of the waste feedstocks, thus avoiding the need for addi
tional sorting at MRF and reducing the mass of rejects to incineration. 
The environmental impacts associated with the recycled HDPE flakes are 
further elaborated in Section S3.2 in the Supplementary material. 

One of the reasons for the lower impact observed for the resins with 
higher recycled content is that the waste feedstock used for recycled 
flakes production is considered burdens free under the cut-off allocation 
approach. In other words, the waste feedstock does not carry any burden 
from the extraction and processing of the raw materials used for its 
production. This assumption clearly fosters the use of the recycled ma
terial (i.e. the production of PE pipe grade), but it does not give any 
credit to the producer of the first life cycle product (Weidema, 2017). 
This can be seen as unfair by some stakeholders (Ekvall et al., 2020). 
When using the Circular Footprint Formula (Fig. 2b), the climate change 
impact increases up to 1.62–2.51 kg CO2 eq/kg for the PE80 resin and up 
to 2.31–2.61 kg CO2 eq/kg for the PE100 resin. As can be seen, the 
contribution of the recycled content to the impact increases notably 
–especially in the case of WF3 and WF4– as a consequence of bearing 
part of the burdens from the product that supplies the waste feedstock. 

Overall, the use of the Circular Footprint Formula instead of the cut-off 
approach increases the carbon footprint between 11 % and 246 % for the 
PE80 resin and between 2 % and 19 % for the PE100 resin. However, the 
allocation choice does not alter the ranking order of the scenarios under 
evaluation. 

Compared to the 100 % virgin resin, all the evaluated scenarios but 
PE100-WF1 and PE100-WF2 result in lower carbon footprint under the 
cut-off allocation approach. Nevertheless, when using the Circular 
Footprint Formula, only the PE80 and PE100 resins produced from WF3 
and WF4 show a lower carbon footprint compared to the virgin resin. 
The Monte Carlo simulation reveals that uncertainties are substantial 
(boxplots in Fig. 2). Despite the large spread of the results, some con
clusions can be drawn with a high level of confidence. The PE80-WF3 
and PE80-WF4 scenarios perform better than the virgin resin in more 
than 95 % of the Monte Carlo iterations regardless the followed allo
cation approach (Fig. 3). The PE80-WF2, PE100-WF3, and PE100-WF4 
scenarios perform better than the virgin resin in more than 75 % of 
the iterations (the 75th percentile) under the cut-off approach. However, 
when using the Circular Footprint Formula these scenarios perform 
worst that the virgin resin in more than 75 % of the iterations. 
Furthermore, the PE80-WF1, PE100-WF1, and PE100-WF2 scenarios 
perform worse than the virgin resin in more than 75 % of the iterations 
regardless the followed allocation approach. 

Considering the influence of allocation and parameter uncertainty, it 
can be concluded with strong confidence that the production of PE80 
resin from pure waste feedstocks (PE80-WF3 and PE80-WF4) result in 
lower climate change impact compared to the 100 % virgin resin. 
Furthermore, it can be also concluded with strong confidence that the 
use of automobile tank fuel (WF4) outperforms the use of post-consumer 
industrial containers (WF3) as waste feedstock. The potential climate 
benefit of using more heterogeneous feedstocks, such as crates/caps and 
packaging/detergency bottles, is more uncertain. In these cases, alter
native applications which allow plastic waste with less quality should be 
explored; however, this is out of the scope of the present study. 

3.2.2. Acidification 
The impact on acidification follows a similar trend to that of climate 

change (Fig. 2). The largest contributor to the impact is the virgin 
content due to the production of ethylene. Consequently, the lowest 
impact is achieved for the scenarios with the highest recycled content, i. 
e. PE80-WF3 and PE80-WF4. The allocation approach has the same 

Fig. 3. Percentage of Monte Carlo iterations in which the eight scenarios for the production of 1 kg polyethylene (PE) pipe grade resin from recycled high-density 
polyethylene (HDPE) blended with virgin HDPE are environmentally preferred over 1 kg of 100 % virgin HDPE resin. Impacts were calculated using two allocation 
approaches: cut-off (a) and Circular Footprint Formula (b). 
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influence on the results as for climate change. Furthermore, the Monte 
Carlo simulation results reveal a similar trend as for climate change 
(Fig. 3). Therefore, it can be concluded with strong confidence that the 
PE80-WF3 and PE80-WF4 scenarios have a lower impact on acidifica
tion compared to the other evaluated scenarios and the 100 % virgin 
resin. 

3.2.3. Ozone layer depletion 
Ozone layer depletion shows a slightly different trend compared with 

climate change and acidification (Fig. 2). On the one hand, the extrusion 
stage has a significant contribution to the impact caused by the carbon 
black used as additive. On the other hand, the uncertainties associated 
with this impact category are significantly larger than that of climate 
change and acidification. Indeed, the large spread of the results does not 
allow to clearly concluding the preference of the proposed scenarios 
over the 100 % virgin resin. For example, the PE80-WF4 scenario per
forms better than the virgin resin in more than 95 % of the Monte Carlo 
runs iterations under the cut-off allocation approach, but in 79 % of the 
iterations under the Circular Footprint Formula. All the remaining sce
narios generally perform worse than the virgin resin in 75 % or more of 
the Monte Carlo runs. 

3.2.4. Resources, fossil 
The depletion of fossil resources reflects the trend observed for 

climate change and acidification, where higher recycled content results 

in lower impact. The baseline results under the cut-off allocation 
approach range from 8 to 63 MJ/kg for the PE80 resin and from 57 to 77 
MJ/kg for the PE100 resin (Fig. 2a). When using the Circular Footprint 
Formula, these figures increase up to 47–74 MJ/kg for the PE80 resin 
and up to 70–79 MJ/kg for the PE100 resin (Fig. 2b). The virgin content 
bears the largest burden, mainly due to the energy consumed for 
ethylene production. In this regard, 1 kg of virgin HDPE leads to the 
depletion of 76 MJ fossil resources, while 1 kg of recycled HDPE flakes 
leads to the depletion of about 3.97 MJ (WF1/WF2) and 4.14 MJ (WF3/ 
WF4). Considering the influence of allocation and parameter uncer
tainty, it can be concluded with strong confidence that the PE80-WF3 
and PE80-WF4 scenarios result in a lower depletion of fossil resources 
compared to the 100 % virgin resin. Furthermore, the PE80-WF2 and 
PE100-WF4 scenarios result in a lower impact than the virgin resin in 
more than 75 % of the Monte Carlo iterations regardless the followed 
allocation approach. 

3.2.5. Other impact categories 
The trends observed for climate change, acidification, and fossil re

sources depletion are repeated for most of the other non-toxic impact 
categories, such as freshwater eutrophication, marine eutrophication, 
terrestrial eutrophication, photochemical ozone formation, respiratory 
inorganics, dissipated water, land use, and depletion of mineral and 
metal resources. For these categories, the PE80-WF3 and PE80-WF4 
scenarios generally result in the lowest impact compared with both 

Fig. 4. Sensitivity of the carbon footprint of the proposed scenarios to four key assumptions that particularly influence the LCA results: (a) the carbon footprint of 
virgin high-density polyethylene, (b) the allowed share of recycled content, (c) the electricity mix used within the foreground system, and (d) the management of 
rejects. Results are based on the baseline parameters using the cut-off allocation approach. 
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the remaining proposed scenarios and the 100 % virgin resin. The 
exception is the impact on ionising radiation. For this category, the 
impact of the scenarios is directly proportional to their allowed recycled 
content. This trend is caused by the electricity consumed for recycled 
HDPE flakes production. The rationale behind this fact is the selected 
Spanish electricity mix, which share of nuclear is 22 %. Finally, the toxic 
impact categories, such as freshwater ecotoxicity, human toxicity with 
carcinogenic effects, and human toxicity with non-carcinogenic effects, 
also reflect the trend observed so far (Fig. S3 and Fig. S4 in the Sup
plementary material). However, the uncertainty associated with those 
categories is substantial and hamper any robust conclusion (Fig. S7 in 
the Supplementary material). 

3.3. Sensitivity analysis 

Fig. 4 shows the sensitivity of the carbon footprint of the proposed 
scenarios to four key assumptions that particularly influence the LCA 
results: (I) the carbon footprint of virgin HDPE (Fig. 4a), (II) the allowed 
share of recycled content in the PE80 pipe grade resins (Fig. 4b), (III) the 
electricity mix used within the foreground system (Fig. 4c), and (IV) the 
management of rejects (Fig. 4d). 

The impacts of the virgin HDPE were retrieved from the Ecoinvent 
database v3.7.1, representing the current context for plastic production. 
However, the transition towards renewable energies can significantly 
reduce the carbon footprint of plastics (Zheng and Suh, 2019). For 
example, Daniel Posen et al. (2017) found that the life cycle climate 
change impact of U.S. plastics could be reduced by 50–75 % under a 100 
% renewable energy scenario. In this regard, Fig. 4a shows the sensi
tivity of the results to a reduction in the carbon footprint of virgin HDPE. 
As can be seen, the difference between the eight scenarios narrows as the 
carbon footprint of the virgin HDPE is reduced. The PE80-WF3 and 
PE80-WF4 scenarios outperform the 100 % virgin resin even if the 
carbon footprint of virgin HDPE decreases by 75 %. In contrast, the 
remaining scenarios perform worse than the 100 % virgin resin after 
certain point. For instance, the PE80-WF1 and PE80-WF2 scenarios are 
outperformed by the 100 % virgin resin after a 30 % and 45 % reduction 
in the carbon footprint of virgin HDPE. Since the transition to an 
increasingly renewable energy system is a fact, these results suggest that 
the incorporation of recycled HDPE into new products could deliver the 
higher climate benefits in the short-to medium-term. In this sense, pol
icies are currently needed to encourage the use of recycled plastics while 
progressing in the decarbonisation of the economy. 

Fig. 4b shows the carbon footprint of the PE80 scenarios for the 
minimum and maximum recycled content allowed in order to meet the 
grade quality (see Table 1). The recycled content especially affects the 
carbon footprint of PE80-WF3 and PE80-WF4 scenarios, due to the 
wider interval allowed for these resins. However, these scenarios present 
a more favourable carbon footprint than the 100 % virgin resin even 
under the minimum recycled content. On the other hand, the PE80-WF1 
and PE80-WF2 scenarios outperform the 100 % virgin resin under the 
maximum recycled content, but not under their minimum recycled 
content. It should be noted that the PE100 scenarios have not been 
assessed since the minimum recycled content is 0 % and the maximum 
recycled content was used as baseline value. 

The sensitivity to the impact of the electricity used within the fore
ground system has been tested by evaluating some of the national 
electricity mixes available in the Ecoinvent database 3.7.1 as well as 
100 % electricity from solar photovoltaics and wind turbines (Fig. 4c). 
As can be seen, the results are not particularly affected by the impact of 
the electricity consumed by the processes directly involved in the pro
duction of the recycled blends. The carbon footprints slightly increase 
only when assuming the electricity mix of Poland due to the higher share 
of coal. In this sense, the advance towards national renewable electricity 
mixes at a European and global level will allow reducing this slight 
variability. 

Finally, Fig. 4d shows the sensitivity of the carbon footprint to 

different scenarios for the management of rejects. The management of 
the rejects was found to have a significant contribution to the impacts of 
recycled HDPE flakes, largely due to the incineration of plastic rejects 
(see Section S3.2 in the Supplementary material). In this regard, the 
environmental credits due to the avoided electricity were found negli
gible in comparison with the emissions generated by incineration. 
Therefore, two additional scenarios have been assessed in addition to 
the default scenario (based on 63 % incineration and 37 % landfilling), 
one based on 100 % incineration with electricity production and another 
based on 100 % landfilling. Overall, the management of rejects has a 
negligible influence on the results for most of the scenarios but for PE80- 
WF1 and PE80-WF2. These two scenarios achieve the highest rate of 
rejects and therefore the management of rejects acquires greater 
importance. In this regard, avoiding the incineration of rejects in favour 
of landfilling can further reduce the carbon footprint in these scenarios. 
However, increasing the landfilling of plastic rejects can exacerbate 
other environmental issues such as microplastic pollution. 

4. Conclusions 

This study quantitatively evaluated the potential environmental life 
cycle impacts of producing polyethylene (PE) pipe grade resins from 
recycled high-density polyethylene (HDPE) blended with virgin HDPE. 
The life cycle assessment (LCA) involved four HDPE waste feedstocks 
(crates/caps, packaging/detergency bottles, post-consumer industrial 
containers, and automobile fuel tanks) and two pipe grades (PE80 and 
PE100). Taking into account the influence of key choices and parameter 
uncertainty, it can be concluded with strong confidence that the pro
duction of PE80 resin from automobile fuel tanks or post-consumer in
dustrial containers results in lower environmental impacts compared to 
the remaining scenarios and a 100 % virgin resin. PE80 grades allow a 
higher recycled content compared with PE100 grades, thus reducing the 
demand for virgin HDPE and the associated impacts. Moreover, the use 
of homogeneous waste feedstocks, such as automobile fuel tanks and 
post-consumer industrial containers, reduces the impact associated with 
the supply of recycled HDPE. The lower environmental impacts obtained 
for PE80 grades containing recycled HDPE could justify its use over 
PE100 grades, especially for applications with lower requirements like 
gravity sewer pipelines. Besides, the good results obtained for automo
bile fuel tanks and post-consumer industrial containers open the window 
to combine both feedstocks to obtain a single recycled HDPE. This could 
be important in the future, when the demand of recycled resins in
creases, and the quality of plastic recovered from waste becomes pivotal 
for incorporating these recyclates into more restrictive industries such as 
plastic pipe manufacturing. Overall this study may constitute a starting 
point for those stakeholders who want to environmentally verify this 
type of products, increasing the confidence and competitiveness of 
strategies based on the incorporation of plastic waste to virgin material. 

Regarding methodological issues, this study delved into two key 
aspects that particularly influence the LCA of products that incorporate 
recycled plastic, namely the recycled content and the allocation 
approach. The recycled content was found to largely determine the 
environmental performance of PE pipe grade resin made from recycled 
HDPE. The allowed recycled contents used in this study were derived 
from experimental work and vary from 5 % up to 96 %, depending on 
the waste feedstock and the grade quality. This variation results in an 
average variation of 46 % in the LCA results. Thus, in order to reduce the 
uncertainty associated with the potential environmental benefits of 
incorporating recycled plastic, it is recommended to go in-depth into the 
allowed recycled content related to both the waste feedstock used and 
the characteristics of the final product. Overall, the incorporation of 
recycled plastic produced from heterogeneous waste feedstocks, such as 
household packaging waste, generally allows lower recycled contents. 
The influence of the allocation approach to handle the impacts associ
ated with the recycled plastic was illustrated by applying both the cut- 
off approach and the Circular Footprint Formula. The Circular 
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Footprint Formula tends to increase the environmental impact of the 
product that incorporates recycled plastic as a consequence of bearing 
part of the burdens from the product that supplies the recycled plastic. In 
the current study, the allocation approach followed does not alter the 
ranking order of the resin scenarios, but seriously compromise the 
comparison with the 100 % virgin resin. 
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Incorporation of recycled high-density polyethylene to polyethylene pipe grade 
resins to increase close-loop recycling and Underpin the circular economy. J. Clean. 
Prod. 276 https://doi.org/10.1016/j.jclepro.2020.124081. 

Koffler, C., Finkbeiner, M., 2018. Are we still keeping it “real”? Proposing a revised 
paradigm for recycling credits in attributional life cycle assessment. Int. J. Life Cycle 
Assess. 23, 181–190. https://doi.org/10.1007/s11367-017-1404-x. 

Lau, W.W.Y., Shiran, Y., Bailey, R.M., Cook, E., Stuchtey, M.R., Koskella, J., Velis, C.A., 
Godfrey, L., Boucher, J., Murphy, M.B., Thompson, R.C., Jankowska, E., Castillo, A. 

I.-R. Istrate et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.jclepro.2021.128580
https://doi.org/10.1016/j.jclepro.2021.128580
https://doi.org/10.1016/j.scitotenv.2020.137744
https://doi.org/10.1016/j.scitotenv.2020.137744
https://doi.org/10.1016/j.resconrec.2020.105030
https://doi.org/10.1016/j.resconrec.2020.105030
https://doi.org/10.1016/j.wasman.2017.07.042
https://doi.org/10.1016/j.wasman.2017.05.039
https://doi.org/10.1007/s11367-013-0603-3
https://doi.org/10.1007/s11367-013-0603-3
https://doi.org/10.1016/j.resconrec.2021.105451
https://doi.org/10.1016/j.resconrec.2021.105451
https://doi.org/10.1016/j.envint.2020.105893
https://doi.org/10.1016/j.envint.2020.105893
https://doi.org/10.1016/j.wasman.2010.03.001
https://doi.org/10.1016/j.wasman.2010.03.001
https://doi.org/10.1016/j.polymdegradstab.2021.109627
https://doi.org/10.1016/j.polymdegradstab.2021.109627
https://doi.org/10.1016/j.jenvman.2015.03.025
https://doi.org/10.1016/j.jenvman.2015.04.008
https://doi.org/10.1088/1748-9326/aa60a7
https://doi.org/10.1016/j.resconrec.2021.105440
https://doi.org/10.1016/j.resconrec.2021.105440
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref14
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref14
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref14
http://www.ellenmacarthurfoundation.org/publications
http://www.ellenmacarthurfoundation.org/publications
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref16
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref16
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref17
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref17
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref17
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref18
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref18
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref18
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref18
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref19
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref19
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref19
https://doi.org/10.1016/j.resconrec.2019.01.014
https://doi.org/10.1016/j.resconrec.2019.01.014
https://doi.org/10.2760/671368
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref22
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref22
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.wasman.2011.02.029
https://doi.org/10.1016/j.wasman.2011.02.029
https://doi.org/10.1016/j.wasman.2016.05.009
https://doi.org/10.1016/j.wasman.2016.05.009
https://doi.org/10.3390/recycling2040024
https://doi.org/10.3390/recycling2040024
https://doi.org/10.1016/j.scs.2018.09.014
https://doi.org/10.1016/j.scs.2018.09.014
https://doi.org/10.1016/j.dib.2018.05.067
https://doi.org/10.1016/j.wasman.2008.06.002
https://doi.org/10.1016/j.wasman.2008.06.002
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref30
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref30
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref31
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref31
https://doi.org/10.1016/j.scitotenv.2020.142537
https://doi.org/10.1016/j.scitotenv.2020.142537
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref33
http://refhub.elsevier.com/S0959-6526(21)02786-4/sref33
https://doi.org/10.1016/j.scitotenv.2020.144483
https://doi.org/10.1016/j.jclepro.2020.124081
https://doi.org/10.1007/s11367-017-1404-x


Journal of Cleaner Production 319 (2021) 128580

12

C., Pilditch, T.D., Dixon, B., Koerselman, L., Kosior, E., Favoino, E., Gutberlet, J., 
Baulch, S., Atreya, M.E., Fischer, D., He, K.K., Petit, M.M., Sumaila, U.R., Neil, E., 
Bernhofen, M.V., Lawrence, K., Palardy, J.E., 2020. Evaluating scenarios toward zero 
plastic pollution. Science (80- 369, 1455–1461. https://doi.org/10.1126/SCIENCE. 
ABA9475. 

Laurent, A., Clavreul, J., Bernstad, A., Bakas, I., Niero, M., Gentil, E., Christensen, T.H., 
Hauschild, M.Z., 2014. Review of LCA studies of solid waste management systems - 
Part II: methodological guidance for a better practice. Waste Manag. 34, 589–606. 
https://doi.org/10.1016/j.wasman.2013.12.004. 

Lausselet, C., Cherubini, F., Serrano, A., Becidan, M., Hammer, A., 2016. Life-cycle 
assessment of a Waste-to-Energy plant in central Norway : current situation and 
effects of changes in waste fraction composition. Waste Manag. 58, 191–201. 
https://doi.org/10.1016/j.wasman.2016.09.014. 

Lazarevic, D., Aoustin, E., Buclet, N., Brandt, N., 2010. Plastic waste management in the 
context of a European recycling society: comparing results and uncertainties in a life 
cycle perspective. Resour. Conserv. Recycl. 55, 246–259. https://doi.org/10.1016/j. 
resconrec.2010.09.014. 

Lebreton, L., Andrady, A., 2019. Future scenarios of global plastic waste generation and 
disposal. Palgrave Commun 5, 1–11. https://doi.org/10.1057/s41599-018-0212-7. 

Ministerio para la Transición Ecológica y el Reto Demográfico, 2020. Plan Nacional 
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