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1 Introduction

What to do with polyurethane waste? The
environmental potential of chemically recycling
polyurethane rigid foam+

Martin Pillich, “ Johannes Schilling, “& Luca Bosetti ?) and André Bardow = *
Chemical recycling of plastics has gathered momentum to manage plastic waste and replace fossil-based
feedstocks. However, chemical recycling of complex polymers, such as polyurethane (PU) rigid foam, can
yield a variety of intermediates. But which intermediates reduce environmental impacts the most when
produced from PU is currently unclear. In this work, we assess the potential of chemical recycling of PU
rigid foam waste to reduce environmental impacts compared to state-of-the-art treatment options, such
as incineration and landfilling. For this purpose, we extend the environmental potential methodology to
account for any possible recycling product. We then calculate the environmental potential for six ideal
closed-loop recycling options and one experimentally demonstrated recycling option based on a patent.
All analyzed chemical recycling options for PU rigid foam to various intermediates are shown to offer a
substantial environmental potential to reduce multiple environmental impacts. The best performing
option recovers both polyol and isocyanate and can decrease climate change impacts by 3.8-5.6 kgco,eq.
per kg PU treated. However, PU rigid foam recycling to low-value intermediates, such as benzene, does
not seem promising due to burden shifting actually increasing half of the analyzed environmental
impacts. We further determine the minimal conversion rates required to reduce environmental impacts by
chemical recycling of PU rigid foam. Our environmental potential analysis assists the decision-making
process for product prioritization in recycling and identifies (side-)products whose recovery is worth
investigating from an environmental perspective.

Viewed holistically, the current plastic life cycle, from cradle to
grave, is unsuitable for a sustainable future.

Current plastic production pathways demand large amounts of
fossil resources and emit substantial amounts of greenhouse
gas emissions.”” The fossil demands and greenhouse gas
emissions of the plastics industry already exceed what our
planet can endure, making current plastic production environ-
mentally unsustainable.” The predicted increase in plastic
demand will further challenge the sustainability of the plastics
industry. Beyond the environmental impacts of plastic pro-
duction, a significant share of the produced plastics ends up
as mismanaged plastic waste. This mismanaged plastic waste
poses risks to human health and the environment.*” Even
when managed properly in landfills and incinerators, plastic
waste still causes considerable environmental impacts.””®
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A key option to improve the sustainability of the plastic life
cycle is recycling.® Plastic recycling tackles challenges in both
production and waste management by offering:

(a) an alternative plastic production pathway based on a
new carbon source that thus decreases the demand for fossil
resources, and

(b) a novel way to treat plastic waste with potentially lower
environmental impacts than current waste treatment options.

Following this rationale, EU legislation has begun to
mandate a circular economy.'®'* Plastic recycling aligns with
this legislation as it ensures a circular economy by design.

Plastic recycling has been researched extensively for several
large-volume polymers.'>™° Generally, two approaches are con-
sidered: mechanical recycling and chemical recycling. The ISO
15270 norm®° defines mechanical recycling as the “processing
of plastics waste into secondary raw material or products
without significantly changing the chemical structure of the
material”. Typical mechanical recycling technologies revolve
around the extrusion of plastic waste to new plastic granulates
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or the utilization of solvents to purify the plastic waste into
new plastic raw material. In contrast, chemical recycling
encompasses technologies that substantially change the
chemical structure of the material. These technologies employ,
e.g.,, depolymerization, pyrolysis, and gasification.”’ The
output of these technologies, e.g., monomers, typically serves
as a feedstock to the value chains of the chemical industry. A
more detailed explanation and clear delineation are provided
by Ragaert et al.>* While the current plastic recycling industry
predominantly relies on mechanical recycling,” in recent years,
the industry has been increasingly interested in chemical re-
cycling. Chemical recycling enables the recycling of plastics
unsuitable for mechanical recycling while also potentially
avoiding the accumulation of impurities, a typical dis-
advantage of mechanical recycling. For some plastic wastes,
the first commercial chemical recycling plants are either under
construction or are close to commissioning.***

For certain large-volume polymers, such as polyethylene
terephthalate (PET) or high-density polyethylene (HDPE), mul-
tiple recycling options have been developed. In contrast, poly-
urethanes are a polymer class with less mature recycling
options thus far.>>*” Polyurethanes (PU) represent the 6th
largest polymer by production volume and consist of an isocya-
nate and a polyol.>® PU is predominantly found in soft foams
(36%), rigid foams (32%), as well as coatings and adhesives
(20%).”® For soft foams, some recycling options have been
investigated,?® and a small number of projects are attempting
commercialization, e.g., PUReSmart.*>*' For rigid foams,
several research projects®*?* are currently exploring recycling
options beyond lab scale, but, to the best of the authors’
knowledge, no commercial plants are currently in operation.
Due to this lack of commercial recycling options, the majority
of PU waste is presently landfilled or incinerated.*® Recycling
PU rigid foam could thus close an important gap to a sustain-
able plastics future.

However, both mechanical and chemical recycling of PU
rigid foams are challenging tasks. PU rigid foams are thermo-
sets that cannot be remelted and reformed into new products.
This characteristic leads to an inherent deterioration of pro-
perties when mechanically recycling rigid foams, e.g., through
shredding. With this inherent deterioration of properties, rigid
foams can only be mechanically recycled a limited number of
times, and thus, the mechanical recycling of PU rigid foam is
unsuitable as a long-term alternative to the current plastic life
cycle.* In contrast, PU rigid foam could potentially be recycled
an unlimited number of times via chemical recycling. In par-
ticular, PU has varying formulations, applications, character-
istics, and diverse precursors with a wide range of distinct
chemical bonds.?*® These chemical bonds can be selectively tar-
geted by a multitude of chemical recycling reactions, which
yield a wide range of possible recycling products from PU.*’
This diversity leads to numerous chemical recycling options
for PU,**%% which complicates the identification of a pre-
ferred option to focus development efforts on.

Promising recycling options are so-called closed-loop chemi-
cal recycling options, which recycle PU to its direct precursors.*!

10894 | Green Chem., 2024, 26,10893-10906

View Article Online

Green Chemistry

Currently, PU’s direct precursors are produced in elaborate
chemical processes based on fossil resources. Closed-loop
chemical recycling of PU bypasses these elaborate chemical
processes and could thus reduce environmental impacts.

Nonetheless, plastic recycling does not necessarily reduce
environmental impacts compared to the current treatment
options.” Hence, research resources could be wasted on
developing recycling technologies that do not provide any
environmental benefits endangering a fast and efficient
transition to a sustainable plastic industry. Therefore,
PU recycling research should focus on recycling options
that have the potential to reduce environmental impacts.
For this purpose, an analysis is required to determine
if and to what extent recycling options for PU waste
are environmentally beneficial compared to state-of-the-art
waste treatment.

In this work, we analyze the environmental potential that
chemical recycling of PU rigid foam offers compared to
current waste treatment options. The environmental poten-
tial is a consistent, LCA-based method proposed by Meys
et al,* which robustly quantifies the maximum possible
reduction of environmental impacts when implementing
a future chemical recycling option (see Section 2). This
method enables a technology-independent analysis of path-
ways at an early stage of process development. So far, the
environmental potential analyzed by Meys et al*’ has not
been applied to PU and therefore is limited to recycling to
direct precursors, i.e., isocyanates and polyols in the case of
polyurethanes. We extend this method to consider any poss-
ible recycling product while maintaining its low data
requirement and technology independence. We apply the
environmental potential to recycling products throughout
the value chain of PU-rigid-foam production and compare
the recycling options to 3 current waste treatment options
(see Section 3). This calculation allows us to assess the viabi-
lity of chemical recycling options for PU rigid foam in redu-
cing environmental impacts.

2 The environmental potential of
recycling polyurethane rigid foam

As introduced by Meys et al.,*! the environmental potential of
future chemical recycling options is calculated using a com-
parative LCA between the treatment routes of a currently avail-
able conventional waste treatment option (WT) and an ideal-
ized novel chemical recycling option (CR). The idealized novel
chemical recycling option represents a best-case scenario with
the lowest possible environmental impact (see Section 2.1).
Formally, the environmental potential Ep,, is calculated using
the following equation:

EPot - (EIWT,direct - EIavP) - (EICR,ideaLdirect - EIavC) (1)

Elwr net

EIcRideal,net

where Elwr, dgirece 1S the total environmental impact of conven-
tional waste treatment option, EL,p is the avoided environmental

This journal is © The Royal Society of Chemistry 2024
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impact of any by-products from the conventional waste treat-
ment (e.g., heat from energy recovery), Elcg, ideal, direct 1S the
minimal environmental impact of a chemical recycling
option, and El,¢ is the avoided environmental impact of the
conventional production routes for the products of a re-
cycling option.

A negative environmental potential of a recycling option
indicates that reducing the environmental impact with this
recycling option is not possible, i.e., the minimal environ-
mental impact Elgg, ideal, net Of the ideal recycling option is
already greater than the environmental impact of the
current waste treatment (Elwr, ner). Conversely, if the
environmental potential of a recycling option is positive,
there is the possibility to decrease the environmental impact
by utilizing the recycling option (Elcg, ideal, net < ELwr, net)-
Furthermore, the value of the positive environmental poten-
tial of a recycling option provides an upper limit for the
environmental impact of any additional process steps that
go beyond the idealized chemical recycling (e.g., additional
energy requirements).

In this section, we describe the calculation of the environ-
mental potential for various chemical recycling options of PU
rigid foam. First, we explain how to derive the minimal
environmental impact of a recycling option (Section 2.1).
Then, we introduce the 7 recycling options for PU rigid foam
considered in this work (Section 2.2). Finally, we describe the
system boundaries and assumptions for -calculating the
environmental potential of the PU-rigid-foam recycling
options (Section 2.3).

2.1 Calculating the minimal environmental impact of a
recycling option

Chemical recycling is based on an underlying chemical
reaction:

a Plastic Waste — y Products + z Residuals (2)

This underlying chemical reaction describes the amount of
plastic waste a turned into y amount of products and z amount
of residuals. The minimal environmental impact of a chemical
recycling option is determined based on an ideal chemical re-
cycling process, which facilitates the underlying chemical reac-
tion by assuming:

1. a stoichiometric reaction with 100% conversion,

2. the required heat input is only the reaction enthalpy,

3. other process aspects, such as separation, preheating,
cooling, etc., are neglected, and

4. all products are pure.

Any actual chemical recycling process will have a higher
environmental impact than the ideal one (¢f discussion in
Section 4.1). The calculation of the minimal environmental
impact is possible at an early stage of development as it only
requires knowledge of the types and amounts of products and
residuals from plastic waste. Furthermore, no knowledge or
assumptions about the technology facilitating the chemical re-
cycling option are needed, making the results of the analysis
technology-independent.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

2.2 Considered recycling products of polyurethane
rigid foams

The presented method is applicable to any chemical recycling
product. This work focuses on closed-loop recycling options
for PU rigid foam due to the promising aspects mentioned in
Section 1. For closed-loop chemical recycling of PU rigid foam,
we consider the precursors of the PU-rigid-foam value chain as
possible products, as shown in Fig. 1. The two main precursors
of PU rigid foams are isocyanate and polyols.** Isocyanate and
polyols usually constitute around 90 weight% of the final PU-
rigid-foam product, with the remainder being additives.** We
assume methylene diphenyl diisocyanate (MDI) as the isocya-
nate precursor in our analysis (see left black arrow leading to
PU at the top of Fig. 1), which is a common isocyanate in the
production of PU rigid foam.>* Generally, the recovery of solely
the direct precursors of PU rigid foam, i.e., MDI + polyol, from
chemical recycling is not guaranteed, as considered in pre-
vious work by Meys et al.*' Thus, we additionally consider the
main precursors used in the value chain of MDI production as
possible recycling products, namely methylenedianiline
(MDA), MDA precursor aniline, and aniline precursor benzene
(grey boxes to the left of PU in Fig. 1). For the sake of simpli-
city, any additional reactants required for producing these pre-
cursors (e.g., phosgene to produce MDI from MDA) are not
considered, as they do not represent the main mass flows in
an assumed stoichiometric reaction.

Common polyols used for PU rigid foams are short-chain
polyether polyols.** A typical short-chain polyether polyol is
polypropylene glycol with an average molecular weight of 400 g
mol ™, also called PPG-400. We assume PPG-400 as the only
polyol precursor in our analysis (see the right black arrow
leading to PU at the top of Fig. 1). The precursor of PPG-400,
propylene oxide, is not considered a recycling product, as the
recycling of polyols from PU has been studied extensively and
is considered feasible.>>*

Since additives constitute only a small mass of the PU rigid
foam and are often unknown,** we exclude possible additives
from our analysis for the sake of simplicity. In summary,
based on these 5 precursors (i.e., polyol, MDI, MDA, aniline,
and benzene), we consider 6 possible recycling reactions for
closed-loop recycling, namely PU-rigid-foam recycling to:

(1) both PU-rigid-foam precursors: MDI + polyol,

(2) only polyol,

(3) only MDI,

(4) only the MDI precursor MDA,
(5) only the MDA precursor aniline, and
(6) only the aniline precursor benzene.

Generally, chemically recycling PU rigid foam can produce
product mixtures that contain not solely the precursors of PU-
rigid-foam production. Such precursors are then categorized
under open-loop chemical recycling. We analyze an exemplary
product mixture containing non-precursors as a 7th option to
show the applicability of the presented method to any possible
recycling mixture. The analyzed exemplary mixture consists of
the products aniline, MDA, and p-toluidine, the non-precursor

Green Chem., 2024, 26,10893-10906 | 10895
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Fig. 1 Overview of the considered recycling products. The grey boxes show the precursors of PU rigid foam and their respective molecular struc-
tures. The PU-rigid-foam production value chain is depicted by black arrows. The 6 analyzed closed-loop recycling options are shown by green
arrows. In addition, the recycling to a patent mixture (option 7) is shown as a hybrid between closed-loop and open-loop recycling (blue arrow) with
the open-loop product p-toluidine (blue box). Furthermore, an arbitrary residual waste (white box) is shown as a sump for all mass from recycling

options not considered as product/precursor (grey arrows).

product, taken from a patent by Covestro,*> a major PU-rigid-
foam producer. The composition of the patent mixture rep-
resents experimental data from pyrolysis experiments, a chemi-
cal recycling technology currently under investigation as an
option for a large variety of plastics.*®

While the product composition is specific for the experi-
mental setup described by the patent, other experimental
setups for PU rigid foam recycling yield the same main precur-
sors (ie., aniline, MDA, and polyol).>*®*’>' By analyzing the
patent mixture (7th option) which also contains a non-precursor

10896 | Green Chem., 2024, 26,10893-10906

(toluidine), we showcase the method’s adaptability to any
experimental setup and demonstrate the method’s potential to
directly support experimental research.

We assume that the recovered product mass of each
closed-loop recycling option is equal to 100% of the mass
needed for production (see Fig. 2), in line with the assumed
ideal chemical recycling with 100% conversion (¢f Section
2.1). Since PU can have a wide variety of formulations and
hence no definitive precursor ratio is required for PU-rigid-
foam production, we assume that 1 kg PU rigid foam consists

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc02594f

Open Access Article. Published on 18 September 2024. Downloaded on 12/6/2025 5:30:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

[

Product :Co; g S ;iE) é g % %

Option . = < 2 'i 2 =
1 | mDi+Polyol | 420 580g

' 2 |polyol 420g 580g

MDI 580g 420g

4 MDA 460g 540g

E Aniline 431g 569g

E Benzene 363g 637g

z| Patent mixture 200g | 110g 30g | 660g

Fig. 2 Overview of the considered product mass flows of each re-
cycling option resulting from an input of 1k of PU rigid foam. All pro-
ducts except the residual waste have a fixed elemental composition. The
elemental composition of the residual waste differs for each recycling
option.

of 580 g MDI and 420 g polyol (see Fig. 2, option 1, - for
details of the calculation, see Section 1 of the ESIf). This
composition matches the range of available PU rigid foams
and is based on a patent by Covestro.*”> The neglect of any
additives is in line with the ideal recycling assumption under-
lying the environmental potential. The mass needed for the
production of precursors is based on reaction stoichiometry
and the molecular structure, e.g., 2 mol of aniline is required
to stoichiometrically produce 1 mol of MDA. Detailed calcu-
lations can be found in the ESI, Section 2.1 For the patent
mixture (option 7), product mass flows are taken from the
aforementioned patent.*> For all recycling options, we
assume the mass not considered as a product to be residual
waste, whose amount and composition are obtained from an
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elemental mass balance (see Section 3 of the ESIf for details).
Consequently, as a product is located further back in the
value chain, the mass of the product decreases and the mass
of residual waste increases.

2.3 System boundaries and assumptions

The environmental potential calculation considers the whole
life cycle of PU from cradle to grave for both compared
routes, ie., the chemical recycling route and the benchmark
waste treatment route. Due to the comparative nature of the
LCA performed in this study (see equation (1)), the environ-
mental potential is not affected by identical activities in both
routes, and therefore identical activities are excluded from
our analysis. Namely, we omit the modeling of the PU-rigid-
foam production, the use phase of the rigid foams, and any
collection, sorting, and preprocessing activities before the
end-of-life stage. We assume the recycling processes to take
the exact same input as any other waste treatment option,
due to the modeling of an ideal chemical recycling, ie., a
best-case. Hence, no additional sorting or treatment for the
chemical recycling is required. Further, we assume the
location of both routes to be the same and thus exclude trans-
port in our analysis. We define the treatment of 1 kg of pre-
processed PU rigid foam waste at the treatment plant as our
functional unit for both routes. Fig. 3 illustrates the system
boundaries of the two compared systems.

All required LCA data is taken from ecoinvent 3. unless
stated otherwise in this section. We assume Europe as the
location of all processes; hence, all data used represents the
European average. See ESI, Section 4,7 for a detailed list of the
used datasets. We use the Environmental Footprint 3.0 as
our impact assessment method and quantify all 16 major
impact categories to analyze potential burden shifting, ie., a

852

1kg
pre-processed
PU rigid foam
=== ==== I iy el 1
! Elr girect x ! . Elcp igeatdirect !
,direc ,ldeal,direct
: et | Conventional : : Chemical | cRides :
1 waste treatment 1 recycling 1
1 1 1
| | o ! |
! L Chemical '
1 Products . emica !
1 11 products 1
1 1 T 1
1 + [ | 1 |
i e iinttuints o IR e | !
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| | - i 11 , Aavoidedconventional "
I production h
L ____ 1 | production 1 1
1 1 1

System boundary
for conventional waste treatment

System boundary
for chemical recycling

Fig. 3 System boundaries of the comparative LCA for both systems of conventional waste treatment and chemical recycling. The large colored
boxes show the subprocesses considered. Their white labels contain the terms of the environmental potential equation each subprocess contributes

to.
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Table 1 Assumptions for conventional and chemical recycling options
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Avoided conventional
production El,p

Conventional waste
treatment Elwr, direct

Avoided conventional
production El,,¢c

Chemical recycling
EICR, ideal, direct

Waste incineration with District heat and electricity

energy recovery (WtE) grid mix
Landfill None
Cement kiln Lignite

decrease in some environmental impacts accompanied by an
increase in other environmental impacts.

An overview of the assumed treatment options is shown in
Table 1. For the conventional route, the environmental impact
Elwrgirect is calculated for 3 currently available conventional
waste treatment options:

1. incineration of PU rigid foam waste in municipal solid
waste incinerators with energy recovery (WtE),

2. landfilling of PU rigid foam waste in a sanitary landfill
(landfill), and

3. incineration of PU rigid foam waste in cement kilns
replacing lignite (cement kiln).

The environmental impact of the waste incineration Elyr,
direct 18 calculated based on primary data from Meys et al.*'
and Doka et al.>*

The environmental impact of the avoided products El,p is
calculated based on the following assumptions:

1. for municipal solid waste incinerators with energy recov-
ery, we assume the recovered energy to replace the electricity
grid mix and district heating,

2. for landfilling, no avoided products are assumed, and

3. for waste incineration in cement kilns, we consider the
avoided product to be lignite, as incinerating PU rigid foam
will avoid the incineration of lignite in the cement kiln.

For the chemical recycling route, the minimal net
environmental impact Elcg jideai,net is calculated for the 7 re-
cycling options described in Section 2.2. The minimal
environmental impact Elcg idealdirece includes the emissions
from the heat supply and residual waste treatment. Heat
supply to all recycling options is assumed to be from
natural gas boilers. Residual waste of each recycling option
is assumed to be treated in municipal solid waste incinera-
tors with energy recovery as modeled in the conventional
incineration routes.

The avoided environmental impact of the conventional pro-
duction El, for all considered recycling options is calculated
with data from CarbonMinds,”® which is consistent with ecoin-
vent 3.8.%

3 Results: the environmental
potential of PU-rigid-foam recycling

We calculate the environmental potential for the 7 recycling
options, each compared to the 3 conventional treatment
options (see Section 2). For each scenario, we compare 16

10898 | Green Chem., 2024, 26,10893-10906

Ideal chemical
recycling

Chemical products from
7 recycling options

impact categories, leading to a total of 336 environmental
potentials, as shown in Fig. 4.

In the following subsections, we first discuss the general
results focusing on the performance of the recycling options
compared to all conventional treatments. Since each conven-
tional treatment has its own characteristics, we then discuss
them separately in detail.

3.1 General discussion of results

Of all 336 calculated environmental potentials, 309 are posi-
tive, while only 27 are negative, highlighting the significant
potential of PU-rigid-foam recycling. Chemical Recycling to
MDI + polyol (option 1) is the best-performing recycling option
because it has the highest number of positive environmental
potentials and the highest environmental potential in all but
one impact category compared to all other analyzed recycling
options. Only for the impact category “human toxicity - non-
carcinogenic”} does recycling to MDI + polyol (option 1)
perform slightly worse than recycling to polyol (option 2). This
performance difference is attributed to the difference between
recycling MDI (option 1) and incinerating it as part of residual
wastes (option 2). Energy recovered from the incineration of
MDI avoids more environmental burden in “human toxicity —
non-carcinogenic” than recovering the MDI.

Comparing the recycling to either polyol (option 2) or MDI
(option 3), i.e., solely one of the direct PU-rigid-foam precur-
sors, recycling to MDI (option 3) has a higher environmental
potential in 13 out of 16 impact categories. The performance
difference between those two options can be primarily attribu-
ted to two aspects: first, recycling MDI avoids higher burdens
from its fossil production than recycling the polyol in almost
all impact categories, except the two impact categories of
“human toxicity — non-carcinogenic” and “ecotoxicity — fresh-
water”. Consequently, in those two impact categories, recycling
to polyol (option 2) has a higher environmental potential than
recycling to MDI (option 3). Second, recycling to polyol (option
2) is associated with an increase in emissions of nitrogen-
based compounds. The increased emissions of nitrogen-based
compounds result from the residual waste treatment: all mass
not contained in the products is incinerated, and as polyol
contains no nitrogen, all nitrogen present in the PU rigid foam
waste is incinerated when only polyol is recovered (option 2).

1 The European Commission’s Joint Research Centre (JRC) classifies this impact
category as “recommended, but to be applied with caution” as it includes large
uncertainties.>®

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Overview of all the 336 calculated environmental potentials. The environmental potential is grouped according to the conventional treat-
ment options, i.e., WtE, landfill, and cement kiln. The rows for each conventional treatment relate to the 7 analyzed recycling options. The columns
show the 16 major impact categories of the EF 3.0. The values are scaled per impact category using the given scaling factor to show only up to 3 sig-
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of green/red represents the highest, respectively, the lowest values of the 7 options grouped for one conventional treatment and for one impact cat-

egory, respectively.

Those two aspects are the dominating factors for the perform-
ance differences in recycling to polyol (option 2) or MDI (option
3) in all but one impact category, “eutrophication - freshwater”.
For “eutrophication - freshwater”, recycling to polyol (option 2)
has higher avoided burdens from the residual waste energy
recovery than recycling to MDI (option 3) leading to a higher
environmental potential for recycling to polyol (option 2).

Going back through the value chain of the MDI precursor
(i.e., options 3 to 6), a general trend can be observed across the
recycling options: the environmental potential decreases when
moving further down the value chain, from late precursors,
such as MDI or MDA, with high environmental potential to
early precursors, such as benzene and aniline, with a lower
environmental potential. This trend can be attributed to two

This journal is © The Royal Society of Chemistry 2024

aspects: first, the earlier the produced precursors are located
in the PU-rigid-foam value chain, the lower the avoided
burdens of conventional production, and second, recycling
options producing earlier precursors yield more incinerated
residual wastes, leading to higher direct emissions.

Among all recycling options, recycling to benzene (option
6), the earliest considered precursor, has the lowest avoided
burdens of conventional production and the highest amount
of direct emissions, including an increase in emissions of
nitrogen-compounds. Consequently, recycling to benzene
(option 6) has the lowest environmental potentials of all
options, making it the worst-performing recycling option.
Notably, recycling to benzene yields 13 negative potentials.
Thus, e.g., even an ideal chemical recycling process to benzene
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would emit more GHG emissions than its fossil production
and landfilling or incinerating the PU waste in cement kilns.
Nonetheless, recycling to benzene (option 6) still offers a posi-
tive environmental potential in half the impact categories com-
pared to all 3 analyzed conventional treatment options, high-
lighting that even the worst-performing option in this analysis
still offers the potential of PU-rigid-foam recycling to reduce
environmental impacts.

The recycling to the patent mixture (option 7) offers a posi-
tive environmental potential in at least 14 out of the 16 impact
categories. As this option is based on experimental results, the
high number of positive environmental potentials showcases
real-world environmental impact reduction possibilities and
thus motivates further research of this option. Notably, re-
cycling to this patent mixture (option 7) outperforms recycling
to benzene (option 6) although recycling to this patent mixture
results in the highest amount of incinerated residual waste.
This finding suggests that even partly recycling higher value
precursors (i.e., MDA and aniline) and also recycling chemicals
beyond direct precursors (i.e., p-toluidine) might be beneficial,
even if this recycling results in more residual waste. Future
work should further explore such options, including open-loop
options that utilize synergies with other value chains.

Although a general trend can be identified across all
options, ranking the recycling options is challenging because
the rankings depend on the impact categories (e.g., recycling
to polyol (option 2) has a higher potential than recycling to
aniline (option 5) in “climate change” but not in “acidifica-
tion”.) Given that no impact category can be objectively con-
sidered more important than another one (or even of equal
importance), we refrain from any attempt to unambiguously
rank all recycling options across all impact categories.

Overall, the chemical recycling of PU rigid foam has a high
number of positive environmental potentials compared to con-
ventional waste treatment, highlighting the possibilities
offered by chemical recycling to reduce environmental
impacts, even for recycling products that are not direct precur-
sors of PU rigid foam. Moreover, positive environmental poten-
tials for many impact categories also exist for a patent mixture
with open-loop recycling products, motivating further research
of the patented technology. The general analysis of all options
shows that 3 primary factors influence the environmental
potential: first, the avoided burdens recovering the precursor;
second, the direct emissions from the residual waste incinera-
tion; and third, the avoided burdens by the recovered energy
from the residual incineration. Nonetheless, not all recycling
options offer identical environmental potentials; some options
exhibit negative environmental potentials showcasing expected
burden shifting that might occur when chemically recycling
PU rigid foam. If and to what extent burden shifting occurs
depends on the conventional treatment considered as the
benchmark. Thus, for assessing recycling options, it is impor-
tant to consider for which conventional waste treatment a PU-
rigid-foam waste stream was originally destined: while a re-
cycling option (e.g., recycling to aniline (option 5)) might
exhibit negative environmental potentials when the PU rigid

10900 | Green Chem., 2024, 26, 10893-10906

View Article Online

Green Chemistry

foam waste was destined for municipal solid waste incinera-
tors, the same recycling option may have no negative environ-
mental potentials when the waste was destined for landfilling.
Therefore, the following subsections analyze the three conven-
tional waste treatment options in more detail and highlight
the recycling options with no negative environmental poten-
tials when the respective conventional waste treatment is
chosen as a benchmark.

3.2 Chemical recycling compared to WtE

For recycling when the treatment of PU rigid in municipal
solid waste incinerators is considered as the benchmark (top
third of Fig. 4), recycling to MDI + polyol (option 1) and polyol
(option 2) have solely positive environmental potentials,
showing the great potential of recycling PU rigid foam to its
direct precursors when sourcing PU destined to incineration
with energy recovery. All other analyzed recycling options have
at least one negative environmental potential and burden
shifting occurs. For recycling to MDI (option 3), burden shift-
ing occurs for the impact category of “Human toxicity - non-
carcinogenic”.

For recycling to MDA, aniline and the patent mixture
(options 4, 5, and 7), burden shifting occurs additionally for
the impact category “eutrophication - freshwater”. For those
two impact categories, the incineration of PU rigid foam with
energy recovery is more beneficial than PU-rigid-foam re-
cycling since recovered energy avoids the production of heat
(here assumed to be natural gas-based) and electricity (current
European grid, primarily natural gas and coal-based). The
extraction and mining of natural gas and coal cause significant
environmental impacts in the two aforementioned impact cat-
egories. The expected shift in energy provision to renewables
will, however, reduce these benefits from the avoided burdens
in conventional waste treatment and increase the environ-
mental potential of recycling.

For recycling to benzene (option 6), burden shifting occurs
for 7 out of the 16 impact categories. This increase in the
number of impact categories with burden shifting results from
a significant increase in emissions of nitrogen-based com-
pounds as described in Section 3.1 combined with the lower
avoided burdens from recycling the benzene. However, even
for this worst case, recycling to benzene (option 6) offers 9
impact categories with positive environmental impacts.

3.3 Chemical recycling compared to landfilling

For recycling when landfilling of PU rigid foam is considered
as the benchmark (middle third of Fig. 4), recycling to MDI
and its precursors down to aniline (options 1, 3, 4, 5) as well as
recycling to the patent mixture (option 7) exhibit solely positive
environmental potential in all impact categories, highlighting
the great potential of recycling PU rigid foam when sourcing
PU destined to landfilling. Landfilling of PU rigid foam has low
emissions but no byproducts and thus no credits for avoided
burdens, leading to a net environmental impact close to zero.
In contrast, recycling PU rigid foam to precursors causes a
high credit for avoiding conventional precursor production.

This journal is © The Royal Society of Chemistry 2024
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As a result, chemical recycling of PU rigid foam performs well
compared to landfilling.

Only for recycling to polyol (option 2) and to benzene
(option 6), burden shifting occurs. For recycling to polyol
(option 2), burden shifting occurs in the impact category
“eutrophication - terrestrial” only because of the low net
environmental impact of landfilling PU rigid foam and high
emission of treating nitrogen containing residuals. (¢f. Section
3.1). Similarly, for recycling to benzene (option 6), burden
shifting occurs for the impact categories “climate change”,
“photochemical ozone formation”, and “eutrophication - ter-
restrial” only because of low credits for recycling benzene and
overall high emissions from residual waste treatment.

3.4 Chemical recycling compared to cement kilns

The utilization of PU rigid foam in cement kilns (bottom
third of Fig. 4) is considered as a worst-case benchmark, as
PU rigid foam waste is assumed to be replaced by lignite in
cement kilns and the incineration of lignite has high environ-
mental impacts in all impact categories. Remarkably, PU-
rigid-foam recycling still offers positive environmental poten-
tials for almost all impact categories. A negative potential is
only identified in the impact category “eutrophication - fresh-
water” for all recycling options: as mining the lignite causes
high environmental impacts in “eutrophication - freshwater”,
any potential credits from the avoided production of the
chemical recycling products are smaller than those mining
impacts. Additionally, for recycling to benzene (option 6),
burden shifting occurs for the impact categories “climate
change” and “eutrophication - marine” due to low credits for
benzene and high emissions from residual waste treatment,
as discussed in Section 3.1.

To account for an alternative scenario for cement kilns with
lower environmental impacts, we also investigate the replace-
ment of PU rigid foam waste with biomass in cement kilns.
For this purpose, we use miscanthus instead of lignite in an
additional benchmark scenario shown in Section 5 of the
ESL{ If miscanthus replaces PU rigid foam waste in cement
kilns, all analyzed recycling options can potentially reduce the
environmental impact also in the “eutrophication - fresh-
water” category. However, in this scenario, the environmental
potential in the impact category “land use” is negative for all
analyzed recycling options due to the large impact of the culti-
vation of miscanthus on land use, a common trade-off
observed for the switch to bio-based processess.?

4 Discussion

The analysis presented in Section 3 highlights the potential to
reduce environmental impacts and possible trade-offs that
chemical recycling of PU rigid foam waste could offer com-
pared to conventional waste treatment. By assuming ideal
chemical recycling, we robustly identify recycling options with
the potential to reduce the environmental impacts compared
to conventional treatment options, independently of the
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technology and actual recycling process. For all analyzed
options, environmental impacts could be reduced in at least
half of the impact categories. However, we also highlight the
differences between the analyzed options and identify options
with negative environmental potentials. Hence, research
efforts can be targeted at promising options with a high
number of positive and large environmental potentials to
reduce the environmental impacts in all categories, e.g., re-
cycling PU rigid foam to MDA or aniline.

Our results are in line with previous studies assessing the
environmental performance of chemical recycling of polymers.
Meys et al.*' show that chemical recycling of polymers could
offer reductions in environmental impacts, especially when
monomers are recovered. Similarly, Klotz et al.>” highlight that
the chemical recycling options pyrolysis and gasification have
the ability to achieve substantial benefits over incineration if
their output products can substitute high-impact chemicals.
Schwarz et al.® calculate the environmental impact of treating
PU waste in multiple technologies for the category “climate
change”. Among their analyzed technologies are incineration
with energy recovery and pyrolysis to monomers, with mono-
mers representing an open-loop mixture of aliphatic com-
pounds, propylene, BTX, and diesel substitutes. The difference
between their calculated “climate change” impact values for
those two technologies (i.e., their environmental potential) is
1.5 kgco,eq. kg™ PU treated. This value falls in between our cal-
culated values of recycling to aniline (option 5) and recycling
to benzene (option 6) when compared to municipal solid
waste incineration with energy recovery.

4.1 Analysis of the minimal required conversion & maximum
energy demands

A positive environmental potential does not necessarily guar-
antee a reduction of environmental impacts when the corres-
ponding chemical recycling options are implemented in real
processes. Real processes often cause additional environ-
mental impacts beyond the ideal chemical recycling as they
rarely reach the assumed 100% conversion to the targeted
product and require additional energy for process steps up-
and downstream, such as sorting, shredding, or downstream
product purification.

For reference, recent experimental work on PU rigid foam
recycling have reported widely varying conversions of 59%"
up to 98%.%” The additional energy demand of recycling pro-
cesses can also vary substantially depending on the recycling
technology and the recovered products. For PET, PP, PE, PS,
process simulations of chemical recycling determine energy
demands of 2-25 MJ kg™ plastic waste,”® showcasing that the
energy demand is often substantially higher than the reaction
enthalpy.

To provide targets for process development, we calculate
the minimal conversion of each recycling option that has to
be reached to have a positive environmental potential in a
real process. We then approximate the additional process
steps by an additional thermal energy demand supplied with
natural gas and analyze the trade-off between the minimum
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Fig. 5 Trade-off between the minimal required conversion rate and the
additional thermal energy demand supplied by natural gas for the
environmental potential to be positive. The trade-off is illustrated for all
7 recycling options compared to municipal solid waste incinerators with
energy recovery (WtE) as conventional waste treatment. The two vertical
dashed lines represent the shifted y-axis if minimum conversion is cal-
culated for the conventional waste treatments landfilling, and incinera-
tion in cement kilns. The red cross represents common ecoinvent
assumptions of yield and thermal energy demand if detailed chemical
process knowledge is unavailable.

conversion rate and the additional thermal energy demand
(Fig. 5). Real chemical recycling processes that produce the
considered products must reach this minimum conversion
rate and use less than the corresponding maximal heat
demand to achieve lower environmental impacts than con-
ventional waste treatment.

The minimum conversion rate in Fig. 5 is calculated for the
comparison of chemical recycling and incineration with
energy recovery of PU rigid foam in the impact category
“climate change”. For a single impact category, the environ-
mental potentials of the other two conventional treatment
options (landfilling and incineration in cement kilns) differ
from incineration with energy recovery only by a fixed absolute
value, shifting the y-axis in Fig. 5. Hence, we added two vertical
lines at 10 MJ kg™ PU treated and 23 MJ kg~ PU treated for
landfilling and incineration in cement kilns, respectively, indi-
cating the shift of the y-axis for these conventional recycling
options. Details regarding the minimum conversion rate calcu-
lation can be found in the ESI, Section 6.7

In Fig. 5, a conversion of 0% represents a scenario where all
PU rigid foam waste ends up in the residual waste incinera-
tion, leading to an environmental potential of zero, as both
residual incineration and the conventional WtE receive identi-
cal credits from the energy recovery. Consequently, all graphs
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of the recycling options start at 0% conversion and an
additional thermal energy demand of 0 MJ kg™' PU treated.
Recycling to MDI + polyol (option 1) exhibits the lowest
increase in required minimum conversion with increasing
additional thermal energy, which is in line with the results pre-
sented in Section 3, where recycling to MDI + polyol has the
highest environmental potential in climate change. A
maximum additional thermal energy of around 72 MJ kg™* PU
treated can be supplied for additional process steps if 100%
conversion is achieved. In contrast, recycling to benzene
(option 6) exhibits the steepest increase in the required
minimum conversion and only an additional energy demand
of 14 MJ kg™ PU treated can be supplied before the minimal
required conversion rate reaches 100%.

If waste is taken from cement kilns to recycling, the
minimum required conversion increases significantly for all
options. Therefore, no feasible solution can be identified for
recycling to benzene (option 6), because the environmental
potential is already negative for the ideal case with 100% con-
version and no additional thermal energy demand (¢f. Section
3.4). Moreover, compared to cement kilns, recycling to the
patent mixture (option 7), requires conversions of at least 97%
to have a positive environmental potential.

Environmental impacts of unknown chemical processes are
often estimated based on average proxy values for key process
metrics.>® For example, the ecoinvent database assumes a 95%
conversion, a thermal energy demand of 2 MJ kg™" and a elec-
tricity demand of 1.2 MJ kg™" for chemical processes estimated
from stoichiometric reactions in their version 2 database.®®
Those values represent an average of the Gendorf chemical
site in Germany®' and are often used and suggested for the
estimation of unknown chemical processes.>® According to
Fig. 5, all recycling options would still offer a positive environ-
mental potential for climate change, when the corresponding
recycling process would be estimated using a 95% conversion
and a thermal energy demand of 2 MJ kg™". Only when com-
pared to PU-rigid-foam utilization in cement kilns would re-
cycling to benzene and to the patent mixture offer no positive
environmental potential for climate change.

4.2 Environmental potentials in the scope of future
sustainable processes

In this work, the environmental potential is calculated for the
current status quo of conventional production. This status quo
is expected to change, e.g. with the introduction of novel
carbon sources for chemical production or cleaner electricity
grid mixes. This change would alter the avoided burdens and,
thus, the environmental potential. Further studies should
address the quantification of such future changes. However,
the general trends identified in the present study are likely to
persist, as changes in the status-quo production of earlier pre-
cursors will propagate to later precursors, meaning that
changes in the avoided burdens will maintain a consistent
trend.

Moreover, environmental impacts are not the only feasi-
bility criterion for the success of a recycling technology.

This journal is © The Royal Society of Chemistry 2024
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Market dynamics and economics play a significant role in the
feasibility of a recycling technology. A recycling option with a
lower environmental potential might produce a more com-
monly traded product with better handling infrastructure.
Therefore, targeting such a product from chemical recycling
might prove beneficial over options with higher environmental
potential, and thus, future studies should incorporate market
and economic considerations. Finally, full LCA studies based
on industrial data are needed to quantify the actual environ-
mental impact of the reduction of chemical recycling of PU
rigid foams.

5 Conclusion

In this work, we analyze 7 waste recycling options for PU rigid
foam and compare their environmental potential to 3 conven-
tional treatments across 16 impact categories. For this
purpose, we extend the environmental potential method intro-
duced by Meys et al.** to incorporate a broad range of recycling
reactions and products.

All analyzed chemical recycling options of PU rigid foam
can reduce most environmental impacts when compared to
conventional waste treatment options, showcasing the poten-
tial of PU rigid foam recycling for more sustainable plastic
value chains. The highest environmental potential across all
impact categories is achieved for chemical recycling PU rigid
foam to MDI + polyol, the direct precursors of PU rigid foam
production in our study. If PU rigid foam can only be recycled
to either MDI or polyol, recycling to MDI has higher environ-
mental potentials, due to, among other things, recovering
nitrogen present in PU rigid foam. When considering recycling
to MDI precursors, the environmental potential is lower the
earlier in the production chain a precursor is located, some-
times even turning negative.

Nonetheless, even for chemical recycling to benzene, which
is the earliest analyzed precursor associated with the highest
amount of negative environmental potentials across the
impact categories, environmental impacts could be reduced in
at least half of the impact categories. Still, recycling PU rigid
foam to benzene does not seem promising as a recycling
option for PU as the environmental potential robustly shows
that many environmental impacts will increase, including
climate change.

Moreover, the environmental potential of recycling options
depends on the conventional waste treatment option.
Consequently, when implementing a recycling option, environ-
mental burdens shifts depend on the conventional waste treat-
ment the recycling option under consideration would replace.

Our environmental potential analysis can direct the focus
of chemical recycling research in both academia and industry
at an early stage of development when minimal data is avail-
able, to avoid wasting valuable research resources. The
suggested stoichiometry-based calculation of the environ-
mental potential can be extended to other types of plastics
beyond PU rigid foams. Such an extension would provide a
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broad picture of the reduction potentials in environmental
impacts for various plastic recycling options across the plastic
industry, ultimately, supporting the transition to a more sus-
tainable industry.
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