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ABSTRACT: In this research, the results of the life cycle
assessment of polyurethane (PUR) foams with different recycled
polyol contents are presented. A methodological framework
implementing laboratory activities directly into the life cycle
assessment has been developed. Laboratory activities made the
primary data related to the recycled polyol production available
through the glycolysis of polyurethane scraps and the subsequent
production and characterization of the foams. Five different
formulations were analyzed with glycolyzed polyol content ranging
from 0 to 100%. A comprehensive set of impact categories was
considered. To ensure the robustness of the results, the influence of
two different end-of-life allocation approaches was investigated,
and the model was subjected to sensitivity and uncertainty
analyses. Formulations with recycled content of 50 and 75% scored better environmental impacts compared to others. The main
contributions to the overall impact resulted to be related to the production of isocyanate and virgin polyol. Physical characteristics
such as density and thermal conductivity emerged as the main variables to be considered to minimize the overall environmental
impacts of PUR foams.

■ INTRODUCTION

Plastics are fundamental in several production systems;
however, at the same time, they are recognized as a source
of severe environmental burden.1,2 Despite this, global
production volumes have been growing steadily since 1950,
reaching a total of almost 360 million tons in 2018.3 On the
same line, the interest of institutions, scientific research,1 and
general public has increased.4 The main environmental critical
issues related to plastics are their low recycling rate, high
landfilled fraction, use of hazardous additives, and potential
dispersion of macro- and microplastics into the environment
(e.g., water bodies).5−7

To tackle these issues, the European Commission in 2015
presented the circular economy action plan,5 followed in 2018
by a specific plastic’s strategy.8 A public consultation has
identified, among others, two key messages: the importance of
providing information relating to the potential environmental
impacts of plastics and the need to tackle their potential
environmental impacts already in the early stage of their life
cycle, such as in the design and development phase.9 In the
circular economy action plan, particular attention has been
paid to the building and construction sector, contemplating
different possibilities to achieve sustainable plastic use and
production using biobased and/or recycled feedstock.
However, the commission also recognized that the potential

environmental benefits of such solutions should be further
investigated. To do so, the adoption of the life cycle
assessment (LCA) method is recommended. The LCA has
proved to be effective in supporting informed decisions for the
improvement of the environmental performance of products
and services10 and has already been applied11,12 to evaluate the
potential environmental impacts related to polymer produc-
tion. Furthermore, the tool has proven to be effective in the
design and development of new building materials.13,14

Among the different plastics, rigid polyurethane (PUR)
foam for thermal insulation, due to its application and market
share,3 is at the center of research for the development of new
biobased and/or recycled formula.
The production of partially biobased PUR foams suitable for

thermal insulation has been widely discussed in the literature
(e.g., using polyols derived from renewable resources as cashew
nut15 and castor oil).16 However, the number of studies on
their environmental performances is still limited. Manzardo et
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al. investigated the environmental performance of PUR
containing polyol derived from azelaic acid and lignin, proving
that biobased formulations can have more significant impacts
than their fossil counterpart.14 In the same study, Manzardo et
al.14 proposed a methodological framework for implementing
an early-stage assessment during laboratory activities. Fri-
drihsone et al. presented a cradle-to-gate study on vegetable
polyols (rapeseed oil) intended for the production of PUR
foams.17 In this case, biobased formulations resulted in
environmental hotspots with reference to water quality impact
assessment categories. In the same study, Fridrihsone et al.
highlighted that the choice of the allocation approach in
biobased feedstock production can significantly influence the
impact assessment results.17

The foams with recycled content can be produced using
polyols obtained from PUR’s chemical recycling.18 In
particular, among different techniques, glycolysis is the most
widely used for PU.19 Polyol recovered through glycolysis can
be used at different substitution levels, depending on the
application: low-density rigid noninsulation foam can handle
over 50% of the recycled polyol.20 Other applications like
reinforced structural rigid foam or high-density structural PUR
can have only 25% of the recycled polyol without substantial
changes compared to the standard.20 Despite these promising
results, no studies have been published on the potential
environmental impacts of PUR containing polyols recycled
from glycolysis. One of the main reasons is that, considering
that the research on these materials is ongoing, there is no
framework to support an LCA assessment in their design and
development phase. In this context, considering the potential
market development of recycled PUR foams in the future,21

there is a need to develop an LCA framework to assess their
potential environmental impacts.
Therefore, the objective of the research can be formulated as

follows:

• Develop an LCA methodological framework to assess
the potential environmental impacts of PUR produced
from chemically recycled polyols in the early stage of the
design and development of new formulations.

• Verify and discuss its application to evaluate the
environmental performance of PUR foams containing
recycled polyol from glycolysis.

■ RESULTS AND DISCUSSION
Foam Characterization. Foam density and conductivity

are reported in Table 1. All of the foams have a density
between 37 and 40 kg/m3 and good dimensional stability. The
foam with recycled polyol between 30 and 75% has a thermal
conductivity value like the reference one (R0). Nevertheless,
increasing the amount of recycled polyol leads to a worse
cellular structure that results in a higher thermal conductivity

at 100% substitution (scanning electron microscopy (SEM)
analysis of the foams are reported from Figures S1−S5).
Furthermore, the increase in the glycolyzed polyol leads to an
increase in the ratio between methylene diphenyl diisocyanate
(MDI) and polyol.

Life Cycle Impact Assessment Results. Impact assess-
ment is reported in Table 2. Figure 1 presents the relative
results with respect to the reference formulation R0 for the
considered allocation approaches. The results of the entire set
of impact categories are reported in Table S1.
The introduction of a recycled polyol resulted in an overall

reduction in the environmental impact up to the replacement
rate of 75%. Above this rate, there is a significant drop in the
physical characteristics of the foam and a consequent
worsening of the environmental performance. R75 and R50
resulted in the formulation with better overall environmental
performance. The use of different allocation approaches did
not significantly influence the impact assessment results.
Regarding the main impact assessment categories inves-

tigated, compared to R0, R75 was the best formulation with
reference to CC (−15%), POF (−12%), RUF (−17%), and
PM (−37%).
Regarding the other impact assessment categories inves-

tigated (see the Supporting Information), compared to R0,
R75 resulted to be the best formulation with reference to
human health effects (−20%), acidification terrestrial and
freshwater (−12%), eutrophication marine (−12%), eutrophi-
cation terrestrial (−12%), ecotoxicity freshwater (−16%),
water scarcity (−29%), climate changefossil (−15%), and
climate changebiogenic (−47%). In the remaining catego-
ries, compared to R0, R50 was the best formulation with
reference to ozone depletion (−4%), noncancer human health
effects (−8%), eutrophication freshwater (−6%), land use
(−2%), resource usemineral and metals (−2%), and climate
changeland use and transformation (−1%).
R0 formulation scored better performance only for the

category ionizing radiation.
Interpretation. The results of the contribution analysis of

the formulation R0 and R100 are represented in Figure S6 for
the cutoff allocation approaches, while results for 50:50
allocation approaches are reported in Figure S7.
Considering the R0 formulation, the MDI production

resulted to be the main source of impacts for CC (58%),
POF (68%), and RUF (66%), while virgin polyol had the
greatest contribution (50%) to PM. This fact justifies the
significant impact reduction scored by R75 compared to R0 in
the PM category. Foam production and end-of-life stages
contributed less than 20%. The introduction of a recycled
material involves a gradual reduction of the virgin polyol’s
contribution and, consequently, an increase in other reagents/
phases, including glycolyzed polyol. For R100, MDI had the
largest contribution in all impact categories, while glycolyzed
polyol had a smaller contribution (between 5 and 9%).
The results of sensitivity analysis proved that physical

characteristics (density and thermal conductivity) are the main
variables to influence the impact assessment indicator results,
while parameters describing foam formulation and recycled
content have limited relevance (Table S2). These results are in
line with those described by Manzardo et al.14 in the case of
biobased PUR.
The results of uncertainty analysis confirmed that R50 and

R75 have lower environmental impacts than R0 in 18 and 14
impact categories, respectively, out of 19 considering the 50:50

Table 1. Physical Properties of the Foam and Mass
Required to Satisfy the Functional Unit

foam
density
[kg/m3]

thermal conductivity
[W/mK]

mass required
[kg]

R0 3.89 × 101 2.28 × 10−2 8.87 × 10−1

R30 3.93 × 101 2.27 × 10−2 8.92 × 10−1

R50 3.73 × 101 2.25 × 10−2 8.39 × 10−1

R75 3.76 × 101 2.28 × 10−2 8.57 × 10−1

R100 3.88 × 101 3.19 × 10−2 1.24 × 100
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allocation approach, while 17 and 13 considering the cutoff
approach, respectively. The comparison between R50 and R75
revealed that the two formulations should be considered
equivalent in eight impact categories: cancer human health
effects (only for the cutoff approach), ecotoxicity freshwater,
eutrophication freshwater, eutrophication marine (only for the
cutoff approach), eutrophication terrestrial, noncancer human
health effects, POF, and water scarcity.
The complete results of this analysis are reported in Table

S3.
Discussion on the Methodological Framework. The

results of the study proved the applicability of the proposed
methodological framework. The key points of the original
model proposed by Manzardo et al.14 allowed the identi-
fication of the optimum in correspondence with a partial
replacement of the virgin polyol with the recycled one. In this
regard, Figure S8 shows the results that would have been
obtained by merely basing the comparison on the foam mass
without considering the thermal insulation properties. It can be
noted that, for the same mass, the formulation with 100%
recycled polyol would be characterized by the lowest
environmental impacts. This result is in clear contrast to the
poor physical characteristics of the formulation.
Considering the modifications introduced to the original

framework, the adoption of a wider set of impact categories
allowed us to demonstrate that the glycolyzed material does
not involve burden-shifting or significant hotspots. However,
this integration remains valid, as it will enable alignment with
the most recent standards applicable to the analyzed
product.22,23 This is due to the limited contribution to the
total impact of the glycolyzed polyol compared to the other
reagents, which never exceeds 9% (cutoff approach). It
emerges that the choice of the allocation approach becomes
more relevant as the recycled content (and its contribution on
the total impact) increases, as demonstrated by van der Harst
et al.24 The adoption of different allocation approaches,
therefore, should be considered also when biobased materials
are implemented as demonstrated by Fridrishone et al.17T
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Figure 1. Relative results with respect to the reference foam R0. All of
the results refer to the functional unit.
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■ CONCLUSIONS

This study presents a methodological LCA framework for the
assessment of the potential environmental impacts of chemi-
cally recycled material and its application in the case of PUR
containing glycolyzed polyol. The LCA framework was
developed starting from the approach proposed by Manzardo
et al.14 by introducing two modifications related to the set of
impact categories to be investigated and the use of different
allocation approaches.
The applicability of the framework was confirmed in the

development and testing of five foams with different contents
of recycled polyol ranging from 0 to 100% in the mass of
recycled polyol from glycolysis.
The results proved that formulations with 50% (R50) and

75% (R75) of recycled polyol content in mass have better
environmental performances in most of the environmental
impact categories compared to the others (R0, R30, and
R100). These two formulations however have similar environ-
mental performances in 13−17 impact categories out of the 19
investigated (depending on the allocation approach). It is
therefore not possible to claim the overall environmental
superiority of one formula over the other. The uncertainty
analysis confirmed these results. Sensitivity analysis proved that
impact assessment results strongly depend on the density and
thermal conductivity of the PUR foam. It can be concluded
that the use of recycled polyol from glycolysis can contribute to
the reduction of the potential environmental impacts of PUR
foams if compared to the use of virgin polyol, provided that
physical and thermal characteristics are guaranteed. This result
confirms the outcomes of Manzardo et al.14 with reference to
biobased PUR foams.
The results of the study also proved that higher recycled

content does not necessarily guarantee better environmental
performances.
From a methodological point of view, the introduction of

the new set of environmental categories did not highlight any
burden shift. However, it is recommended to adopt this
modification to be in line with the recent normative
development.22 On the other hand, the use of different
allocation approaches should be recommended for recycled
content considering that in some cases it might affect the
impact assessment results.24

■ METHODOLOGY

Methodological Framework. LCA is defined as the
compilation and evaluation of the inputs, outputs, and
potential environmental impacts of a product system
throughout its life cycle.25 The methodology is structured
into four iterative phases: goal and scope definition, inventory
analysis, impact assessment, and interpretation of results. In
this study, the framework proposed by Manzardo et al.14 that
integrates the LCA methodology for an assessment of potential
environmental impacts of biobased PUR in the design and
development phase is used as the ground for the development
of the proposal related to the recycled PUR (Figure 2). The
key points of the original model proposed by Manzardo et
al.,14 namely, the integration of laboratory activities directly
into the LCA (in particular, the design of the experiment
implemented in goal and scope definition) and the choice of a
functional unit that takes into account the physical perform-
ances of the insulating material are considered valid in the

methodological proposal of this research, while the following
modifications are introduced (Figure 2):

• The set of impact assessment categories is substituted
according to the recent EN 15804 standard for the
assessment of the environmental sustainability of
construction products.22 To do so, the European
Footprint method 2.026 was considered.

• Different allocation approaches are used in parallel. This
solution is adopted to verify the influence of the recycled
feedstocks’ modeling on the life cycle impact assessment
results. Research from van der Harst et al.24 proved that
the recycled content impact assessment results are highly
influenced by the selection of allocation approaches.
Moreover, according to Allacker et al., more than 11
allocation approaches can be identified in the LCA.27

Goal and Scope. The goal of the study is to perform an
assessment of the potential environmental impacts of PUR
formulations with different recycled contents by applying the
proposed methodological framework. The intended use of the
PUR understudy is the thermal insulation in buildings.
Consequently, EN 1580422 and EN 16783,28 as well as the
“Product Environmental Footprint Category Rules (PEFCRs)
for thermal insulation”, were considered in this study.23

The declared unit is defined as the amount of foam needed
to achieve 1 m2 K/W of thermal resistance R, defined as

R L/λ= (1)

where λ is the thermal conductivity [W/(K·m)] and L is the
thickness of the insulation layer [m]. The behavior of physical
performance over time is assumed to be homogeneous for all
foams. Therefore, considering the comparative nature of the
study, this variable is not considered.
The system boundaries include the processes of extraction,

production, transport of raw materials, and foam production
process and its management at the end of life. The installation,
use, and deconstruction phases were excluded from the study
according to EN 1678328 (Figure 3).
The main raw materials used in the manufacturing of the

PUR are virgin polyol(s), recycled polyol(s), and isocyanate.
These materials are mixed with a catalyst, foaming agents, and
surfactants to produce the PUR foams.

Figure 2. Framework proposal for the evaluation of recycled PUR in
the early stage of design and development.
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The recycled polyol derives from the glycolysis of industrial
PUR scraps, diethylene glycol (DEG), and catalyst. These
materials are mixed at high temperatures and react to form a
single-phase polyol with a high hydroxyl number.
To have a complete view of the environmental impact of the

effects of the introduction of the recycled polyol in PUR foams,
different replacement levels of the virgin polyol are considered
(0, 30, 50, 75, and 100%). All of the analyzed formulations
were developed at a laboratory scale to guarantee the same
conditions. Laboratory activities were in fact performed to
acquire primary data on the raw material consumption, the
energy consumption, the emissions, and the physical character-
istics (such as density and conductivity) of the final PUR
foams. Secondary data related to raw material production and
end-of-life processes were derived from Ecoinvent 3.529

database. The model was developed using SimaPro30 version
9.0.
To facilitate the interpretation of results, in this paper, only

information related to the most relevant impact categories
according to the reference PEFCR23 (Table 3) is presented in
the following sections. The complete list of impact assessment
categories is reported in Table S4.
With reference to allocation, two approaches are selected in

this study: the so-called cutoff approach, due to its diffusion in
environmental product declaration of construction products,
and the 50:50 approach, according to SETAC recommenda-
tion.27 In the cutoff approach, all of the burdens derived from
the recycling process are allocated to the system using the

recycled material. In the 50:50 approach, the impacts are
divided equally between the system that produces the waste
and the system that uses the recycled material.
Equations describing the two approaches are reported in eq

2 (cutoff) and eq 3 (50:50)

R E R E(1 )1 V 1 recycled− · + · (2)

R E
R

E(1 )
21 V

1
recycled− · + ·

(3)

where R1 is the recycled content, EV is the specific emissions
and resources consumed (per functional unit) arising from the
acquisition and preprocessing of virgin material, and Erecycled is
the specific emissions and resources consumed (per functional
unit) arising from the recycling process, including collection,
sorting, and transportation processes.26

Inventory Analysis. Laboratory Activities and Material
Characterization. PU foams are obtained starting from
Alcupol 3810 (nOH = 380 mg KOH/g), Isoexter 4530
(nOH = 510 mg KOH/g) (both by COIM, Italy), and
glycolyzed polyol. The last one is produced from diethylene
glycol (DEG) (COIM, Italy) mixed at 200 °C with PUR scraps
(ratio between the masses of PUR scraps and DEG is 1.5) and
a proper selective catalyst (2% by weight). These materials are
mixed for 4 h and react to form a single-phase polyol with a
high hydroxyl number (nOH), measured with a potentiometric
method and result in 522 mg KOH/g, with a viscosity of about
3000 cP. The product obtained is a kind of mixture of different
types of polyols, glycolysis agents, and isocyanates deriva-
tives.19 In this research, only one type of PUR scraps has been
used. The electricity consumption for the entire glycolysis
process was equal to 0.167 kWh/kg of polyol obtained.
Hydroxyl number is obtained through potentiometric

analysis. Free aromatic amines could arise by hydrolysis
reactions and their content must be lower than 0.1%. This is
verified through high-performance liquid chromatography
(HPLC) analysis.
Before the reaction with isocyanate, the following reagents

are added to the polyol: foaming agent (water and HFO),
surfactants (TEGOSTAB B8485 and Dabco EM400 both by
Evonik Industries, Germany), and catalyst (N,N-dimethylcy-
clohexylamine (DMCHA) and Dabco BL-11 both by Air
Product Inc.).
After homogenization, isocyanate (Isocom M, by COIM,

Italy) is added, vigorously mixed, and then poured in a
preheated open mold (preheated at 40 °C). In less than a
minute, the product is formed that is dimensionally stable, and
it is kept at 70 °C for 8 h. Data related to the foam
nomenclature and formulation are reported in Table 4. In
particular, the number reported in the name of the foam
represents the percentage of the recycled polyol content.
Apparent density and thermal conductivity were measured

according to ISO 845 and ISO 8301, respectively.
Life Cycle Inventory Analysis and Modeling. The quantity

of PUR needed to satisfy the functional unit was calculated for
each foam based on the density and conductivity resulting
from laboratory activities. The required amount of foam MPU
was derived using

M A RPU ρ λ= · · · (4)

where A is the surface to be covered with an insulating
material, equal to 1 m2. The upstream processes, such as the
production of polyols, isocyanate, DEG, and all of the

Figure 3. System boundary of the production process.

Table 3. Impact Categories and Related Methods Reported
in This Paper

impact category unit method

climate change (CC) kg CO2 eq baseline model of 100
years of the IPCC26

particulate matter (PM) disease incidence UNEP-recommended
model31

photochemical ozone
formation, human health
(POF)

kg NMVOC eq LOTOS-EUROS
model32

resource use, fossil (RUF) MJ CML 200233
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additives, are derived from Ecoinvent v3.529 database
considering the European scenario. For the PUR scraps, only
the transport process is considered, following the primary
information obtained from the manufacturer as the material is
not processed before being used in the glycolysis process. The
European energy mix is adopted in the modeling of electricity
consumption.
The chemical recycling process is modeled considering the

quantity of reagents and energy consumption measured in the
laboratory, attributing impacts to the recycled material
consistently with the chosen end-of-life allocation approach.
The foam production process is characterized starting from

the Ecoinvent v3.529 database modified based on the quantity
of polyols and isocyanate, as well as additives and emission in
air assessed considering that all foaming agents are emitted
into the atmosphere. According to the data set, 0.2% by weight
of the foam produced is considered waste.
The transport of raw materials and waste is modeled

considering 100 km and a Euro 3 lorry (16−32 metric ton).
The end-of-life scenario is defined according to PEFCR23

requirements for “non-mineral insulating materials”: 45%
incineration and 55% landfill. The packaging materials and
the installation and dismantling processes are excluded from
the analysis due to limited contributions in terms of mass and
energy.
Interpretation Approach for the Discussion of

Results. Interpretation of the results includes contribution,
sensitivity, and uncertainty analyses.
Contribution analysis is performed to identify the main

sources of impact along the life cycle of the PUR foams. The
following stages were defined:

(1) Glycolyzed polyol: includes the production and procure-
ment of PUR waste and other reagents, as well as the
glycolysis process itself.

(2) Virgin polyol: includes the production of the virgin
polyol and the transportation to the foam production
site.

(3) MDI: includes the production of the isocyanate and the
transportation to the foam production site.

(4) Foam production: includes energy consumption and
emissions, as well as production and procurement of
additives.

(5) End of life: includes all of the processes from PUR
dismantling to the final disposal.

Sensitivity analysis is performed to identify the most relevant
parameters in the model. Influence of percentage of recycled

polyol, MDI/polyol ratio, and mass required to satisfy the
functional unit were investigated by applying an arbitrary
variation of ±20% at the starting parameter (R50 formulation
and cutoff allocation approach were considered in such a way
as to intercept the effects of both virgin and recycled polyol).
Sensitivity S is defined as5

S
I

I

p

p
/i

i

j

j0, 0,

=
Δ Δ

(5)

where
p

p
j

i0,

Δ
is the considered variation of parameter j (assumed

±20%) and I
I

i

i0,

Δ is the normalized variation of the results for the

impact category j. A higher sensitivity implies a greater
influence of the parameter on the impact category.
Uncertainty analysis is performed to test the solidity of the

results. According to a common practice in LCA, the pedigree
matrix34 approach was adopted, thus conducting a Monte
Carlo analysis. Using the functionalities of SimaPro software,
pairwise uncertainty analyses were performed (all combina-
tions of R0, R50, and R75), showing in how many calculations
a product scored lower than another in a certain impact
category.34
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