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Abstract 

Polymer-based insulation materials are widely used to enhance the energy efficiency of buildings; 
however, their growing application raises concerns related to resource use and end-of-life 
management. Rigid polyurethane (PUR) foams are key core materials in structural insulated panels 
due to their favorable thermal and mechanical performance, yet their life cycle environmental 
impacts—particularly at end-of-life—remain insufficiently quantified. In this study, a cradle-to-grave 
life cycle assessment (LCA) of PUR-based insulation used in structural insulated panel systems is 
conducted in accordance with ISO 14040/44 and EN 15804 standards. The assessment is performed 
using Sphera LCA software and the CML 2016 impact assessment method. Formulation-level 
variations of rigid PUR foams, including changes in methylene diphenyl diisocyanate content and 
pentane blowing agent ratio, are explicitly incorporated to evaluate their influence on key 
environmental impact categories. The results indicate that increasing pentane content leads to higher 
global warming potential, while this effect may be mitigated or intensified by concurrent changes in 
diisocyanate content and foam density in fully formulated systems. Three end-of-life scenarios—
landfilling, incineration with energy recovery, and mechanical recycling—are analyzed. The findings 
provide material-level, decision-relevant insights that support environmentally informed 
formulation strategies and contribute to the development of more circular polymer-based insulation 
solutions for the built environment. 

Keywords: polymer-based insulation; polyurethane foam; life cycle assessment; structural insulated 
panels; formulation impacts; end-of-life scenarios 
 

1. Introduction 

1.1. Global and European Plastic Production  

Enhancing the energy performance of buildings is a primary objective in contemporary 
construction, motivated by climate mitigation goals, escalating energy costs, and stricter regulatory 
requirements [1]. Thermal insulation materials are critical in reducing operational energy demand; 
however, their environmental impacts must be assessed across the entire life cycle, including resource 
consumption, emissions, and waste generation. This consideration is especially important for 
polymer-based insulation materials, which are primarily derived from fossil fuels and pose 
significant end-of-life (EoL) management challenges [2–4].  

According to the latest report by Plastics Europe, global plastic production in 2024 was 430.9 Mt, 
with 9.5% produced from circular sources. Of this total, the EU 27 region contributed 12,67% (54.6 
Mt) [5]. Plastic produced globally through mechanical and chemical recycling reached 41.2 Mt, with 
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the EU 27 region accounting for 19.1% of that amount [5]. Figure 1 illustrates the global increase in 
plastic production, in contrast to a declining trend in EU 27+3 region.  

Figure 1 shows that global plastic production is increasing, while production in Europe is 
declining.  

 

Figure 1. Global plastic production trends over recent decades in megatons (2018-2024) [5]. 

In Europe, approximately one-fifth of total plastic demand is associated with construction 
applications, while recycling rates for construction-related polymer waste remain comparatively low 
[6].  

Polymer components typically represent only a small fraction of construction and demolition 
waste by mass; nevertheless, their heterogeneity, long service life, and limited recyclability 
complicate end-of-life management.  

As a result, a significant share of polymer-based construction products is disposed of through 
landfilling or incineration, often without systematic consideration of alternative recovery pathways 
[7,8].  

Figure 2 shows the produced plastic types in the EU 27 in 2024. 
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Figure 2. Produced plastic types in the EU 27 in 2024 [5]. 

While Figure 2 indicates that polypropylene is the leading plastic in the European Union with a 
15.6 percent share, followed by mechanically recycled (post-consumer) plastic at 14.1% and PE-
LD/PE-LLD at 13.2%, it is important to emphasize that rigid polyurethane (PUR) foam is the primary 
focus of this study. Notably, PUR foam accounted for 5.5% of all manufactured plastic in the EU in 
2024 [5]. 

1.2. SIP Technology  

In Europe, many family houses have recently been built using lightweight construction 
technology. In Hungary, this type of prefabricated house is also becoming more popular. Buildings 
constructed with traditional technology are cost-effective. However, heating costs make up more than 
60% of a buildingʹs maintenance expenses. Energy-saving solutions and an environmentally 
conscious approach are now essential [9]. At present, timber-frame solutions dominate. SIP 
technology has also appeared. In this system, panels are manufactured and cut to size under 
controlled conditions. They are made according to production plans prepared by designers. This 
process reduces waste during construction [10]. 

The technology, first used overseas in the United States and Canada, later appeared in Japan and 
Australia. It then spread throughout Europe [11]. Over the years, the process and materials have 
become more modern and innovative. However, the sandwich structure remains unchanged. As 
construction trends evolve, this study focuses on SIPs.  

This sandwich structure is self-supporting and offers extraordinary stability. Therefore, 
buildings do not require a separate frame structure. This enables a quick construction process. Panels 
are made to size, significantly reducing the time needed for structural work [12].  

Computer-aided manufacturing now uses automated cutting machines to produce panels from 
architectural drawings [13]. However, one must consider the environmental impacts over the entire 
life cycle during production, as required by Regulation (EU) No 2024/3110. Assessing the 
environmental impact of construction products is now essential. In the European Union, this must be 
demonstrated by issuing a Declaration of Performance and Conformity (DoPC) [14]. This process 
highlights the sustainability of construction products. A more sustainable built environment is key 
in fighting climate change and moving toward a circular economy [15]. 

1.3. Role of PUR Foams in SIP Systems 

Rigid polyurethane foams are among the most widely used polymer-based insulation materials 
in energy-efficient building solutions. PUR foams are frequently used as the insulating core in 
structural insulated panel (SIP) systems, where they are combined with structural facings—
commonly oriented strand board (OSB)—to form prefabricated building elements for walls, roofs, 
and floors. SIP systems integrate structural and thermal functions, enabling high levels of 
airtightness, reduced thermal bridging, and rapid on-site assembly. While the operational energy 
benefits of SIP-based construction have been extensively reported, the environmental implications of 
material composition and PUR insulation end-of-life treatment remain less well addressed [16–18]. 

However, PUR/PIR products are also used as components of structural insulated panels (SIPs). 
These composite building materials consist of two layers of structural panels separated by an 
insulating foam layer.  

The boards are often made of oriented strand board, and the foam can be expanded polystyrene 
(EPS), extruded polystyrene (XPS), or polyurethane. Structural insulated panels have excellent 
insulation properties [19].  

SIPs provide better airtightness and superior thermal performance compared to traditional 
framed walls. Airtightness minimizes infiltration, thereby improving thermal performance. Using 
SIPs can also significantly reduce heating and air conditioning costs [19].  
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The air sealing features of SIP houses have led to the creation of the U.S. Environmental 
Protection Agencyʹs (EPA) Energy Star program [20,21]. The Energy Star program and SIPs work 
together to deliver high-performance homes. SIPs have airtightness and superior insulation that meet 
Energy Star’s strict energy-efficiency standards.  

Often, this allows builders to bypass blower door tests and earn the Energy Star label. Builders 
can qualify by specifying certain insulation components or by referencing the broader Energy Star 
Homes program. SIPs create insulated, airtight envelopes that reduce energy demand and help 
homes qualify for Energy Star certification, which is a key goal in green building [20]. 

1.4. Importance of End-of-Life Stage in the Context of Polymer-based Insulation Materials 

Life cycle assessment (LCA) has become an established methodology for quantifying the 
environmental impacts of construction materials and systems throughout their life cycles, from raw 
material extraction to end-of-life [22].  

Notably, LCA is particularly well-suited to identifying trade-offs across life cycle stages and 
environmental impact categories, thereby supporting environmentally informed decision-making in 
material selection and design [17,23].  

However, in the context of polymer-based insulation materials, previous LCA studies [24,25] 
have primarily focused on production-stage impacts or operational energy savings, often treating 
end-of-life processes using simplified or generic assumptions  

Figure 3 shows post-consumer plastic waste in EU 27+3 region in 2020, based on Plastics Europe 
database [26], an essential factor in planning end-of-life stages. 

 

Figure 3. European post-consumer plastic waste in megatons [26]. 

According to Figure 3, the EU 27+3 average plastic waste treatment in 2020 was as follows: 
almost 10Mt recycling of total post-consumer plastic waste (34%), 7Mt landfilling (24%), and 12.39Mt 
energy recovery (42%) [26] 

The end-of-life stage, however, is increasingly recognized as a critical determinant of overall 
environmental performance, especially in the transition toward a circular economy. For PUR-based 
insulation materials, realistic end-of-life options include landfill disposal, incineration with energy 
recovery, and mechanical recycling. Each of these pathways is associated with distinct environmental 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2026 doi:10.20944/preprints202601.1783.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1783.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 19 

 

burdens and potential benefits, which must be evaluated within a consistent methodological 
framework to ensure comparability.  

Furthermore, most existing LCA studies rely on generic database datasets and rarely consider 
formulation-level variations of PUR foams, such as differences in methylene diphenyl diisocyanate 
(MDI) content or blowing agent composition, despite their potential influence on environmental 
impact categories [27]. 

1.5. Research Goal and Scope Definition 

The aim of the study is to assess the environmental impacts of rigid polyurethane insulation 
used in SIP systems. At the same time, the study aims to address these shortcomings by conducting 
a systematic life cycle assessment of PUR-based insulation used in SIP systems. During the life cycle 
assessment, PUR formulation-level and SIP-based application assessments are applied using two 
different functional units. 

Following the literature review, in the first step, four PUR samples are analyzed using life cycle 
assessment to examine eleven impact categories. Here, a special focus is given to determining the 
global warming potential (GWP) value as a function of changes in pentane content and total content. 
The primary objective of the environmental life cycle assessment is to investigate the impact of 
compositional changes in rigid PUR foams on the selected impact categories. 

In the second step, a life cycle assessment of three different SIP samples is performed, divided 
into  environmental product declaration (EPD) modules for the cradle-to-grave life cycle of the 
panels and, within this, the end-of-life scenario. The analyses concern the determination of the GWP 
and Abiotic Depletion Potential for fossils (ADPF) values. 

Finally, a separate comparative assessment of the end-of-life scenarios is also provided. The 
analysis evaluates and compares three realistic end-of-life scenarios – landfill, incineration with 
energy recovery, and mechanical recycling – using a harmonized LCA framework aligned with ISO 
14040, ISO 14044, and EN 15804 [28–30]. 

The studyʹs target audience is researchers, material developers, and designers specializing in 
polymer-based insulation and prefabricated building technologies. 
The research findings aim to support environmentally conscious decisions in material selection and 
product design for SIP-based building systems. By integrating material composition, building system 
characteristics, and end-of-life management into a single analytical framework, this study aims to 
provide decision-making-relevant insights that support the development of more sustainable, 
circular, polymer-based building solutions 

2. Materials and Methods  

The objective of this research study is to address gaps by conducting a systematic life cycle 
assessment of PUR-based insulation used in SIP systems. The systematic LCA begins with 
determining goals and system boundaries. In cases where boundaries are well defined, the next step 
is to conduct a life cycle inventory analysis (LCI), followed by a life cycle impact assessment (LCIA) 
[31,32]. 

During the life cycle assessment, PUR formulation-level and SIP-based application assessments 
were conducted using two different functional units. The study uses the principles and methods in 
ISO 14040 and ISO 14044 [28,29]. It also follows EN 15804 [30], including its modular structure and 
requirements for construction products. 

2.1. Applied LCA Software  

The availability of various databases and software programs enables us to develop solutions for 
reducing environmental impact at different stages of the life cycle. All life cycle modelling and 
calculations were performed using Sphera GaBi software (version: 10.5) (Sphera Solutions Ltd., 
Stuttgart, Germany) [33]. The software enabled consistent modelling of environmental impact 
assessment across the two assessment levels and for the two functional units, and across the tested 
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end-of-life scenarios. The applied datasets reflect average European production and waste 
management conditions. The applied LCA software provided valuable resources to support 
consistent end-of-life modelling. The results from the LCA software highlight the estimated 
environmental performance across various aspects, including global warming potential and other 
environmental impacts. 

2.2. Sytem Boundariy 

The life cycle system boundaries are defined as cradle-to-grave. The assessment emphasizes the 
end-of-life stage. The following life cycle stages are included: 
• Production stage (A1–A3): 

Raw material extraction and processing, production of rigid PUR foam, and manufacturing of 
SIP components. 

• Transport stage (A4): 
Transportation of raw materials and finished products using representative European transport 
datasets. 

• Use stage (B1–B7): 
The use phase of the SIP systems is included with simplified assumptions. Operational energy 
performance of the building envelope is not the primary focus. A 30-year service life is assumed 
for PUR insulation, after which replacement is considered. 

• End-of-life stage (C1–C4): 
Deconstruction, transport of construction waste, and waste treatment processes corresponding 
to the examined EoL scenarios.  
The benefits and loads beyond the system boundary (Module D) are not explicitly modelled. 

This maintains comparability across end-of-life scenarios within a consistent allocation framework. 
Figure 4 presents the system boundary of LCA methodology. 

 

Figure 4. Cradle-to-grave model of SIP panel [34]. 

2.3. Functional Units 

In order to implement the PUR-based and SIP-based assessment methods, two different 
functional units were established to effectively achieve the distinct goals of the study, ensuring 
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targeted and impactful results. All material and energy inputs, emissions, and waste flows are related 
to the respective functional unit. 
1. PUR-based assessment case: 

The functional unit is defined as 1 kg of rigid PUR foam produced. This functional unit is applied 
to evaluate the environmental impacts associated with different PUR formulations, allowing for 
a direct comparison of formulation-dependent effects independent of the construction 
application. 

2. SIP-based assessment case: 
For the evaluation of PUR insulation within SIP systems, the functional unit is defined as 1 m² 
of SIP element, corresponding to the required thickness of rigid PUR insulation necessary to 
achieve a target thermal transmittance in accordance with relevant building performance 
requirements. 

2.4. Examined End-of-Life Scenarios 

Three realistic end-of-life scenarios for rigid PUR insulation are modelled and compared, which 
are summarized in Table 1. 

Chemical recycling routes and bio-based polyol recovery processes were excluded from the 
present assessment due to limited industrial-scale data availability and insufficiently standardized 
LCA datasets. 

Table 1. End-of-Life (EoL) scenarios. 

 Short description Longer description 

Scenario 1 Landfilling 
PUR insulation waste is transported and
disposed of in a controlled landfill as mixed
construction plastic waste. 

Scenario 2 Incineration with energy 
recovery 

PUR insulation waste is treated in a waste 
incineration facility with energy recovery,
following average European waste-to-energy 
datasets. 

Scenario 3 Mechanical recycling 

PUR insulation waste undergoes mechanical
size reduction and processing, enabling its
reuse as filler material in secondary 
polyurethane products. 

2.5. Allocation Rules 

Allocation procedures follow the hierarchy defined in ISO 14044 [29]. Where allocation could 
not be avoided, mass-based allocation was applied, particularly for transportation processes and 
waste treatment operations. Energy inputs and emissions were allocated proportionally to the 
material flows associated with the defined functional unit. 

Recycling processes were modelled without applying substitution credits to avoid 
methodological inconsistencies across scenarios and maintain a conservative comparative 
framework. 

2.6. Life Cycle Inventory (LCI) 

Life cycle inventory data were compiled using a combination of process-specific input data and 
background datasets from professional LCA databases. These sources were chosen to ensure a 
balance between precision and representativeness appropriate for this study. The inventory includes: 

• Material inputs for rigid PUR foam production, including polyol, methylene diphenyl 
diisocyanate (MDI), and pentane blowing agents; 

• Energy consumption associated with manufacturing processes, based on representative 
European electricity mixes; 
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• Transportation processes for raw materials, finished products, and construction waste; 
• Emissions to air, water, and soil are generated during production and end-of-life treatment. 
• Infrastructure, capital goods, and auxiliary materials with negligible contribution were excluded 

in accordance with cut-off criteria commonly applied in construction-related LCA studies. This 
exclusion was made to streamline data collection and focus on elements with substantial 
environmental impacts. 

2.7. Life Cycle Impact Assessment (LCIA) Method  

The life cycle impact assessment (LCIA) was conducted using the CML 2016 method [35], 
developed by the Institute of Environmental Sciences at Leiden University. The following impact 
categories were selected because they are most relevant to the typical environmental concerns 
associated with polymer-based construction materials, such as resource depletion, emissions, and 
human health impacts.  

Eleven impacts - abiotic depletion (fossil and elements), acidification, eutrophication, global 
warming, human toxicity, marine and freshwater aquatic ecotoxicities, ozone depletion, terrestrial 
ecotoxicity, and photochemical ozone creation - were used in this assessment. The global warming 
potential is set at 100 years, except for biogenic carbon.  

The formation of tropospheric ozone was considered in terms of its potential to generate 
photochemical ozone. Human toxicity potential describes the effects of harmful substances. Abiotic 
resource depletion is one of the most debated impact categories. Table 2 presents the examined 
impacts. 

Table 2. Examined environmental impacts based on the Sphera software database [33]. 

Impact Categories Equivalent 
Abiotic Depletion Potential for fossils, ADPF MJ 
Abiotic Depletion Potential for elements, ADPE kg Sb eq. 
Acidification Potential, AP kg SO2 eq. 
Eutrophication Potential, EP phosphate kg eq. 
Freshwater Aquatic Ecotoxicity Potential, FAETP kg DCB eq. 
Global Warming Potential, GWP 100 years kg CO2 eq. 
Human Toxicity Potential, HTP inf. 

kg DCB eq. 
Marine Aquatic Ecotoxicity Potential, MAETP 
Ozone Depletion Potential, ODP R11 eq. 
Photochemical Ozone Creation Potential, POCP kg ethene eq. 
Terrestrial Ecotoxicity Potential, TETP kg DCB eq. 

 
The normalization and weighting methods were consistent across all analyses. The 

normalization reference used represents the environmental impacts of European Union countries. 
The LCIA survey in 2012 used the CML 2016 method for Europe.  

3. Results and Discussion  

3.1. Environmental Performance of PUR Formulations 

The LCA results for the manufacturing phase of PUR formulations indicate that formulation-
level variations lead to measurable, though moderate, differences across the examined environmental 
impact categories.  

Figure-based results (see corresponding figures) show that none of the investigated formulations 
exhibits extreme deviations; however, consistent trends can be identified with respect to raw material 
composition.  

Table 3 presents the formulations of PUR-based prototypes, with recipe names indicating their 
compositions.  
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Table 3. PUR-based prototype samples with the different polyol-MDI-pentane contents. 

Sample markings and meanings Polyol 
(w/w%) 

MDI 
(w/w%) 

Pentane 
(w/w%) 

S1_PUR = PUR 144,7 (reference material) 100 144 7 
S2_PUR = PUR 120,5 100 120 5 

S3_PUR = PUR 180,20 100 180 20 
S4_PUR = PUR 144,20 100 144 20 

 
Among the assessed impact categories, marine aquatic ecotoxicity potential (MAETP) represents 

the dominant contribution for all PUR formulations, accounting for approximately one-third of the 
total normalized environmental burden.  

This result is primarily attributable to upstream emissions associated with polyol and isocyanate 
production, which are known to involve resource-intensive chemical processes and emissions 
affecting aquatic ecosystems. In addition, abiotic depletion of fossil resources constitutes the second 
most significant contributor, reflecting the fossil-based origin of the main PUR constituents. 

Figure 5 shows a clear decreasing trend in the measured values from S1_PUR sample to S4_PUR 
sample. 

 

Figure 5. Global Warming Potential (GWP) values of PUR samples [kg CO2 eq.]. 

Based on the results of Figure 5, S1_PUR and S2_PUR exhibit the highest and nearly identical 
GWP values (3.695 and 3.69 kg CO₂ eq.), indicating a higher environmental impact. In contrast, 
S3_PUR and especially S4_PUR show lower GWP values, reflecting a reduced contribution to global 
warming.  

Overall, the results demonstrate a decreasing GWP trend from S1_PUR to S4_PUR, suggesting 
improved environmental performance in the latter samples.  

Figure 6 illustrates the impact of pentane content on the global warming potential of the PUR 
samples in percent. 
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Figure 6. Percentage impact of pentane content on the PUR samplesʹ global warming potential. (Interpretation: 
from left to right: S1, S2, S3 and S4 sample). 

According to Figure 6, from S1 sample to S4 sample, a clear increasing trend in GWP can be 
observed. S1 and S2 samples show relatively low GWP values (0.74 and 0.68 kg CO₂ eq.), while S3 
and S4 exhibit a substantial rise, reaching 1.82 and 2.10 kg CO₂ eq., respectively. This indicates that, 
when considered independently, higher pentane content increases the global warming potential of 
the PUR samples.  

However, in full formulation systems, this effect may be offset or amplified by concurrent 
changes in MDI content and overall foam density, as reflected in the combined results shown in 
Figure 5. 

It should be noted that Figures 4 and 5 present different comparative perspectives. Figure 5 
shows how simultaneous changes in the methylene diphenyl diisocyanate (MDI) content and the 
pentane blowing agent ratio influence the properties of the PUR formulations.  

In contrast, Figure 6 focuses solely on how changes in pentane content affect GWP. Therefore, 
any differences observed between. Consequently, the apparent discrepancy between the two figures 
does not indicate a contradiction but rather highlights the interaction effects between formulation 
parameters. 

Figure 7 compares the magnitude of total environmental impacts per PUR formulation 
expressed in nanograms. 
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Figure 7. Normalized and weighted environmental impact of samples (ng/kg sample). 

The results of Figure 7 show relatively small differences among the formulations, with values 
ranging from approximately 44.07 to 44.64 ng. PUR 120,5 exhibits the highest environmental impact, 
while PUR 180,20 shows the lowest value, indicating a slightly reduced environmental burden. 
Overall, the data indicate that although the formulations differ in composition, their environmental 
impacts are broadly comparable, with only minor variations between samples. 

If the normalized and weighted average value for each examined effect is calculated for the four 
PUR samples, then the dominance of the effects among the effect categories can be observed. Figure 
8 presents the averaged effects. 

 

Figure 8. Average normalized and weighted impacts of PUR samples. 

Based on the average of the normalized and weighted values, it can be seen that toxicity potential 
dominates the environmental impacts, with damage to the marine ecosystem (MAETP) accounting 
for 36%, human toxicity (HTP) for 4%, and terrestrial and freshwater toxicity potentials (TETP and 
FAETP) for the remaining 1%. Fossil abiotic depletion (ADPF) accounts for 25%, photochemical ozone 
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(POCP) for 13%, GWP for 9%, ozone depletion (ODP) for 6%, acidification (AP) for 4%, and 
eutrophication (EP) for 1%. 

Variations in methylene diphenyl diisocyanate (MDI) content influence several impact 
categories, particularly global warming potential and fossil resource depletion. Formulations with 
higher MDI content tend to exhibit higher GWP values, which can be explained by the energy-
intensive synthesis routes used to produce aromatic isocyanates.  

In contrast, increasing the proportion of pentane as a blowing agent at a constant polyol–MDI 
ratio results in a slight reduction in GWP. This trend is associated with pentaneʹs lower embedded 
energy compared to alternative blowing agents, as well as its influence on foam density and material 
efficiency. 

These results show that environmental performance at the formulation level cannot be linked to 
a single component. Instead, the global warming potential of rigid PUR foams depends on how 
isocyanate content, blowing agent ratio, and material efficiency interact. Therefore, optimizing PUR 
formulations for the environment requires integrated assessments rather than single-parameter 
trends. 

Overall, the results indicate that formulation optimization alone cannot fundamentally alter the 
environmental profile of rigid PUR insulation, but it can contribute to incremental improvements. 
These findings support the view that formulation-level decisions should be considered 
complementary to, rather than a substitute for, optimized end-of-life management strategies. 

3.2. Environmental Performance of Structural Insulated Panels 

Structural Insulated Panels (SIP systems) are known for their strong environmental 
performance. These systems consist of an insulating foam core sandwiched between two structural 
facings, typically made of OSB or metal. The primary environmental benefits of SIP systems include 
[36–38]: 

• Energy Efficiency: SIPs provide superior insulation compared to traditional framing methods, 
reducing heating and cooling energy consumption. 

• Reduced Waste: The manufacturing process of SIPs generates less waste than that of 
conventional building materials, making them a more sustainable option. 

• Lower Carbon Footprint: By improving energy efficiency, SIP systems can help reduce 
greenhouse gas emissions throughout a buildingʹs lifetime. 

• Sustainable Materials: Many SIPs are made from renewable resources or recycled materials, 
contributing to a more sustainable building practice. 

• Overall, SIP systems can significantly improve the environmental performance of buildings 
compared to traditional construction methods [39,40]. 

Traditional SIPs, typically comprising an insulating foam core enclosed between oriented strand 
board facings, are reviewed alongside nontraditional FRP-faced SIPs. These panels can be made from 
a variety of insulation materials, the most common of which are expanded polystyrene, polyurethane 
foam, and mineral wools (rock wool, glass wool). EPS is also available in a graphite version. 

ElastoPIR insulation material has excellent fire protection properties due to its high-temperature 
stability, low thermal conductivity (l), and flame resistance. It is made with fewer flame retardants 
and bromine than traditional versions. The latter’s preliminary design considerations, emphasizing 
optimized foam core thickness and density to enhance thermal insulation without compromising 
structural integrity under diverse load conditions, are explored [19,41–44].  

Figure 9 presents the schematic structure of a SIP consisting of OSB facings and a rigid PUR 
insulation core. 
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Figure 9. Schematic structure of a structural insulated panel (SIP) consisting of OSB facings and a rigid PUR 
insulation core (source: this photo purchased from Shutterstock - shutterstock.com - as part of our previous IS-
Sus Con/ Spread of Innovative Solution for Sustainable Construction project). 

When rigid PUR insulation is evaluated in the context of structural insulated panel systems, its 
environmental impacts are distributed across multiple life cycle stages. If these life cycle stages are 
examined using the Environmental Product Declaration technology modules, then the following can 
be concluded:  

• The production stage (A1–A3) remains a major contributor to overall impacts, driven by the 
manufacturing of PUR foam and OSB facings. Transportation (A4) contributes marginally under 
the applied European average assumptions and does not significantly influence comparative 
outcomes. 

• The use stage (B1–B7) shows limited direct environmental relevance within the system 
boundaries of this study, as operational energy savings are not explicitly credited. This 
conservative modeling choice ensures that differences observed in the results are primarily 
attributable to material composition and end-of-life treatment, rather than to assumptions about 
building operation. 

• At the end-of-life (EoL) stage (C1-C4), separating and processing PUR insulation from SIP panels 
is technically challenging, underscoring the importance of evaluating realistic waste-
management pathways. The integration of PUR insulation into SIP systems does not 
fundamentally alter the relative importance of impact categories observed at material level; 
however, it emphasizes the relevance of end-of-life treatment given the composite nature of the 
building element.  

The available EPD for the SIP elementʹs environmental impact differs because the SIP uses 
various components. These include different board panels, insulation elements (EPS, PUR, mineral 
wool), additive materials, thin layers, and mass [45]. 

Tables 4 and 5 show the GWP and ADPF of Environmental Product Declarations (EPDs). Tables 
4-5 contain the GWP and ADPF values of SIP elements made with three different insulating materials 
(SP-170 panel/SIP 3000 mm × 1250 mm × 170 mm with EPS insulation core, SIPA B6.5/ SIP – blank 
6.5” with XPS foam core, and S-P-07434/ smart panel with PUR insulation core), projected per 1 m2, 
with the same insulating layer thickness. 

Table 4. Summary table of GWP of EPDs (unit: kg CO2 eq.). 

 A1-A3 C1 C2 C3 C4 D 
SP-170 SIP 20,8 0,0197 0,223 0 41,2 -0,00950 
SIPA B6.5 23,3  0,000451 0,173 0 1,27 0 
S-P-07434 13,8 0,02 0,227 0 3,5 0,01 

Table 5. Summary table of ADPF of EPDs (unit: MJ). 
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 A1-A3 C1 C2 C3 C4 D 
SP-170 SIP 466 341 1,76 1,26 0 -379 
SIPA B6.5 272 0,003460 0,359 0 0,598 0 
S-P-07434 1,07 0,262E 2,94 0 0,400 -9,21 

Based on Tables 4 and 5, it is clear that in the A1-A3 phase, the SIP element containing PUR has 
the lowest GWP value, while the SIP containing XPS shows the highest value. According to the 
aggregate GWP, the EPS element has a GWP more than three times that of the PUR panel (62,2 kg 
CO2 eq. versus 17,56 kg CO2 eq.) due to its high GWP content in the C4 phase.  

In terms of fossil resources, the SIP containing EPS requires the most (431 MJ), while PUR-based 
SIPs require two orders of magnitude less. 

3.3. Theoretical Recycling Solutions for Construction PUR/PIR 

In principle, reuse is possible if the dismantled PUR/PIR boards were mechanically fixed, the 
dismantling was selective and the boards are clean and undamaged. However, this is rare. 
Mechanical recycling is common because the technology is simple, the foams can be used in various 
composites after grinding [46–48]. 

During chemical recycling, the products decompose under controlled conditions, the polyol can 
be recovered and reused to produce foams. Chemical recycling encompasses various processes such 
as glycolysis, hydrolysis, and amino lysis, as well as thermochemical and biological degradation. This 
type of recycling aims to recover the original raw materials, particularly high-quality recycled polyol 
monomers, which are necessary for producing a new polymer with the same characteristics [49–52]. 
Chemical recovery is also possible during pyrolysis, but it is an energy-intensive process [53,54].  

Energy recovery and landfilling are dominant solutions. If chemical/mechanical recycling 
operates with high logistical burdens and a low-quality recovered fraction [55]. 

Rigid polyurethane and polyisocyanurate (PIR) foams are highly effective thermal insulation 
materials for building envelopes, but their end-of-life management (especially as demolition waste) 
is a major obstacle to circular application.  

PUR/PIR foams typically have a thermoset structure, so “classical” melt recycling is not a viable 
option; recovery currently typically ends up in energy recovery or landfill, while preserving the 
material value (e.g., polyol recovery) is only possible with targeted technologies and appropriate 
waste quality [56].  

In the case of PIR, depolymerization is generally even more difficult due to the higher isocyanate 
index and isocyanurate rings, which pose a separate EoL challenge [57,58]. 

Factors affecting the environmental performance of recycling: depend on :  

• selective dismantling, separate collection and contamination,  
• facings, adhesives, coatings reduce the purity of the fraction, and  
• additives, flame retardants, regulatory compliance reduce usability.  

3.4. Comparative Evaluation of End-of-Life Scenarios 

The comparative assessment of end-of-life scenarios reveals substantial differences in 
environmental performance across the examined impact categories [18]. Landfill disposal, 
incineration with energy recovery, and mechanical recycling exhibit distinct profiles, confirming that 
end-of-life management is a decisive phase in the life cycle of PUR-based insulation. 

Landfill disposal consistently results in the highest environmental burdens across most impact 
categories, particularly for human toxicity and long-term ecotoxicity indicators. Although direct 
emissions during landfilling are relatively limited, the permanent loss of material resources and the 
absence of recovery potential contribute to an unfavorable overall profile. From a circular economy 
perspective, landfill disposal represents the least preferable option [59]. 

Incineration with energy recovery demonstrates a mixed environmental performance. While this 
scenario leads to increased emissions from combustion processes, this is partially offset by recovered 
energy. The results indicate that incineration performs better than landfill disposal for certain 
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categories, such as fossil resource depletion, but remains inferior to recycling-oriented solutions. The 
environmental benefits of energy recovery depend strongly on the energy mix being substituted, 
which introduces additional uncertainty. 

Mechanical recycling has the lowest overall environmental impact among the assessed scenarios 
in most categories. By enabling the reuse of PUR waste as secondary raw material, this scenario 
reduces the demand for virgin material and avoids some upstream environmental burdens [60]. 
Mechanical recycling does not restore the polymer to its original quality, but the results show that 
even downcycling pathways provide meaningful environmental benefits compared to disposal 
options. 

These findings underline that end-of-life strategy selection has a greater influence on 
environmental performance than changes at the formulation level. This is especially true for impact 
categories related to resource depletion and toxicity. 

3.5. Implications for Circular Economy and Design Practice 

The results of this study highlight the critical role of end-of-life considerations in the 
environmental assessment of polymer-based construction materials. While rigid PUR insulation 
offers clear benefits during the use phase of buildings, its overall sustainability performance is 
strongly conditioned by the chosen waste management pathway. 

From a circular economy perspective, mechanical recycling emerges as the most favorable 
option among the currently realistic end-of-life scenarios for PUR insulation in SIP systems. 
However, the feasibility of recycling is closely linked to product design, dismantlability, and waste 
separation practices. This finding emphasizes the importance of design-for-disassembly and material 
compatibility in prefabricated construction systems [7,8] 

Formulation-level optimization can further support circular design strategies by marginally 
reducing environmental burdens during production, but it cannot compensate for environmentally 
unfavorable end-of-life routes. Consequently, integrating end-of-life considerations into early 
design—alongside formulation choices—represents a key leverage point for improving the 
environmental performance of PUR-based SIP systems. 

4. Conclusions 

This study presents a comprehensive life cycle assessment of PUR-based insulation used in 
structural insulated panel systems, with a particular focus on formulation-dependent effects and end-
of-life management strategies. By applying a harmonized LCA framework aligned with ISO 14040, 
ISO 14044 and EN 15804 standards [28–30], the environmental performance of PUR insulation was 
systematically evaluated across multiple impact categories and life cycle stages. 

The results clearly demonstrate that end-of-life management plays a decisive role in shaping the 
overall environmental profile of PUR-based insulation. Among the evaluated scenarios, landfill 
disposal consistently exhibited the highest environmental burdens, particularly in toxicity- and 
resource-related impact categories. Incineration with energy recovery showed intermediate 
performance, offering partial compensation through energy recovery but remaining associated with 
combustion-related emissions.  

In contrast, mechanical recycling emerged as the environmentally preferable option across most 
impact categories, confirming that even downcycling-oriented recovery pathways can deliver 
meaningful environmental benefits compared to disposal-oriented approaches. 

In addition to end-of-life strategies, formulation-level variations in rigid PUR foams were found 
to influence selected environmental impacts, most notably global warming potential and fossil 
resource depletion. Increased methylene diphenyl diisocyanate (MDI) content tended to raise the 
global warming potential, while higher pentane ratios contributed to moderate reductions. Although 
these differences were less pronounced than those associated with end-of-life treatment, the results 
indicate that formulation optimization can support incremental environmental improvements when 
combined with appropriate waste management strategies. 
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From a design and decision-making perspective, the findings emphasize that material 
formulation choices alone are insufficient to substantially improve environmental performance if 
unfavorable end-of-life pathways are applied. Instead, integrating end-of-life considerations at the 
early design stage, together with formulation-sensitive LCA, represents a key leverage point for 
enhancing the sustainability of SIP-based construction systems. In this regard, mechanical recycling 
potential, dismantlability, and material compatibility should be considered alongside thermal and 
mechanical performance criteria. 

The study is subject to certain limitations. The analysis relies on Sphera software database-based 
inventory data and average European energy and waste management conditions, which may 
influence the absolute magnitude of the calculated impacts. Furthermore, advanced chemical 
recycling technologies and bio-based polyol pathways were excluded due to limited data availability 
and insufficient industrial-scale implementation. 

Future research should extend the proposed framework to include emerging recycling 
technologies, regionally differentiated scenarios, and dynamic service-life assumptions in order to 
further support circular design strategies for polymer-based construction materials. 

Overall, this work contributes to the growing body of LCA-based research on polymer insulation 
materials by providing a system-level, end-of-life-oriented assessment of PUR-based SIP systems. 
The results offer decision-relevant insights for material developers, designers, and policymakers 
aiming to reduce environmental burdens and promote more circular solutions in the construction 
sector. 

Author Contributions: Original draft preparation, investigation, methodology, data curation, writing and 
editing, K.T.S.; conceptualisation, review, writing and editing, A.T.; resources, review, visualization, diagrams, 
writing and editing, supervision, funding acquisition, V.M. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in the article. 
Further inquiries can be directed to the corresponding author. 

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or 
financial relationships that could be construed as a potential conflict of interest. 

References 

1. European Environment Agency Circular Economy in Europe—Developing the Knowledge Base; Copenhagen, 
2016; 

2. Finnveden, G. On the Limitations of Life Cycle Assessment and Environmental Systems Analysis Tools in 
General. Int. J. Life Cycle Assess. 2000, 5, 229, doi:10.1007/BF02979365. 

3. Finnveden, G.; Hauschild, M.Z.; Ekvall, T.; Guinée, J.; Heijungs, R.; Hellweg, S.; Koehler, A.; Pennington, 
D.; Suh, S. Recent Developments in Life Cycle Assessment. J. Environ. Manage. 2009, 91, 1–21, 
doi:10.1016/j.jenvman.2009.06.018. 

4. Bicalho, T.; Sauer, I.; Rambaud, A.; Altukhova, Y. LCA Data Quality: A Management Science Perspective. 
J. Clean. Prod. 2017, 156, 888–898, doi:10.1016/j.jclepro.2017.03.229. 

5. Plastics Europe Plastics the Fast Facts 2025. Global and European Plastics Production and Economic Indicators; 
2025; 

6. Plastics Europe The Plastics Transition; Brussels, 2024; 
7. Stahel, W.R. The Circular Economy. Nature 2016, 531, 435–438, doi:10.1038/531435a. 
8. Ghisellini, P.; Cialani, C.; Ulgiati, S. A Review on Circular Economy: The Expected Transition to a Balanced 

Interplay of Environmental and Economic Systems. J. Clean. Prod. 2016, 114, 11–32, 
doi:10.1016/j.jclepro.2015.09.007. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2026 doi:10.20944/preprints202601.1783.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1783.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 19 

 

9. Pennacchia, E.; Romeo, C.; Zylka, C. Towards High-Efficiency Buildings for Sustainable Energy Transition: 
Standardized Prefabricated Solutions for Roof Retrofitting. Sustainability 2024, 16, 3850, 
doi:10.3390/su16093850. 

10. ADAM HOUSE SIP Technology Available online: https://adamhouse.hu/en/sip-technology/ (accessed on 
20 January 2026). 

11. Strategic Market Research Structural Insulated Panels Market Report 2024. Forecast 2024–2030. ; 2025; 
12. SIPA SIP EPD: Data-Backed Proof of Sustainability & Savings Available online: 

https://www.sips.org/blog/sip-epd-data-backed-proof-of-sustainability-savings (accessed on 20 January 
2026). 

13. Orlowski, K. Automated Manufacturing for Timber-Based Panelised Wall Systems. Autom. Constr. 2020, 
109, 102988, doi:10.1016/j.autcon.2019.102988. 

14. FPS Economy Declaration of Performance and Conformity and CE Marking of Construction Products According to 
Regulation (EU) 2024/3110; 2024; 

15. Vladimirova, E.; Gong, M. Advancements and Applications of Wood-Based Sandwich Panels in Modern 
Construction. Buildings 2024, 14, 2359, doi:10.3390/buildings14082359. 

16. Grosso, M.; Niero, M.; Rigamonti, L. Circular Economy, Permanent Materials and Limitations to Recycling: 
Where Do We Stand and What Is the Way Forward? Waste Management & Research: The Journal for a 
Sustainable Circular Economy 2017, 35, 793–794, doi:10.1177/0734242X17724652. 

17. Civancik-Uslu, D.; Ferrer, L.; Puig, R.; Fullana-i-Palmer, P. Are Functional Fillers Improving Environmental 
Behavior of Plastics? A Review on LCA Studies. Science of The Total Environment 2018, 626, 927–940, 
doi:10.1016/j.scitotenv.2018.01.149. 

18. Civancik-Uslu, D.; Puig, R.; Ferrer, L.; Fullana-i-Palmer, P. Influence of End-of-Life Allocation, Credits and 
Other Methodological Issues in LCA of Compounds: An in-Company Circular Economy Case Study on 
Packaging. J. Clean. Prod. 2019, 212, 925–940, doi:10.1016/j.jclepro.2018.12.076. 

19. Kassab, R.; Sadeghian, P. Design Guidelines for FRP-Faced Foam Core Sandwich Panels: Review and 
Building Code Compliance. Journal of Architectural Engineering 2025, 31, doi:10.1061/JAEIED.AEENG-1920. 

20. Structural Insulated Panel Association (SIPA) SIPs and ENERGY STAR Available online: 
https://www.sips.org/resources/sips-and-energy-star (accessed on 18 January 2026). 

21. Energy Star Energy-Efficient Products Available online: https://www.energystar.gov/buildings/save-
energy-commercial-buildings/ways-save/energy-efficient-products (accessed on 18 January 2026). 

22. Mannheim, V. Life Cycle Assessment Model of Plastic Products: Comparing Environmental Impacts for 
Different Scenarios in the Production Stage. Polymers (Basel). 2021, 13, doi:10.3390/polym13050777. 

23. Walichnowska, P.; Kruszelnicka, W.; Piasecka, I.; Flizikowski, J.; Tomporowski, A.; Mazurkiewicz, A.; 
Valle, J.M.M.; Opielak, M.; Polishchuk, O. Analysis of the Impact of the Post-Consumer Film Waste 
Scenario and the Source of Electricity on the Harmfulness of the Mass Packaging Process. Polymers (Basel). 
2024, 16, 3467, doi:10.3390/polym16243467. 

24. Ziemińska-Stolarska, A.; Sobulska, M.; Pietrzak, M.; Zbiciński, I. A Review of End-of-Life Scenarios for 
Fibre-Reinforced Polymer Materials. Energies (Basel). 2024, 17, 3713, doi:10.3390/en17153713. 

25. Mannheim, V.; Siménfalvi, Z. Total Life Cycle of Polypropylene Products: Reducing Environmental 
Impacts in the Manufacturing Phase. Polymers (Basel). 2020, 12, doi:10.3390/POLYM12091901. 

26. Plastics Europe Plastics - the Facts 2021. An Analysis of European  Plastics Production,  Demand and Waste 
Data.; Brussels, 2021; 

27. Gama, N. V.; Silva, R.; Costa, M.; Barros-Timmons, A.; Ferreira, A. Statistical Evaluation of the Effect of 
Formulation on the Properties of Crude Glycerol Polyurethane Foams. Polym. Test. 2016, 56, 200–206, 
doi:10.1016/j.polymertesting.2016.10.006. 

28. ISO ISO 14040:2006; Environmental Management—Life Cycle Assessment—Principles and Framework; Geneva, 
Switzerland, 2006; 

29. ISO 14044:2006; Environmental Management—Life Cycle Assessment—Requirements and Guidelines. ISO: 
Geneva, Swit-Zerland, 2006. Available Online: Https://Www.Iso.Org/Standard/38498.Html (Accessed on 6 June 
2019).; 

30. European Committee for Standardization (CEN) EN 15804:2012+A2:2019 + AC:2021; 2021; 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2026 doi:10.20944/preprints202601.1783.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1783.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 19 

 

31. Guinee, J.B. Handbook on Life Cycle Assessment Operational Guide to the ISO Standards. Int. J. Life Cycle 
Assess. 2002, 7, 311, doi:10.1007/BF02978897. 

32. Guinée, J.B.; Heijungs, R.; Huppes, G.; Zamagni, A.; Masoni, P.; Buonamici, R.; Ekvall, T.; Rydberg, T. Life 
Cycle Assessment: Past, Present, and Future. Environ. Sci. Technol. 2011, 45, 90–96, doi:10.1021/es101316v. 

33. SPHERA Life Cycle Assessment (LCA) Software Available online: https://sphera.com/solutions/product-
stewardship/life-cycle-assessment-software-and-data/ (accessed on 18 May 2025). 

34. Renata Sandor EPD-IES-0014599:001: SIP (Structural Insulated Panel) Elements Type of SP-170 for Passive 
House; 2024; 

35. CML - Department of Industrial Ecology CML-IA Characterisation Factors Available online: 
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-
factors#downloads (accessed on 18 May 2025). 

36. SIPA A Declaration for SIPs: Safe, Sound & Sustainable Available online: Coda.grammarly.com/d/Untitled-
doc_dRovr0s-nrB/Untitled-page_suBWOBxU#_luio3ZAO (accessed on 20 January 2026). 

37. SIPA Redefining Sustainable Construction with Structural Insulated Panels (SIPs) Available online: 
https://www.sips.org/blog/redefining-sustainable-construction-with-structural-insulated-panels-sips 
(accessed on 20 January 2026). 

38. Premier Sips What Are SIPs? The Basics of Structural Insulated Panels (SIPS 101). 2025. 
39. Imjai, T.; Kefyalew, F.; Garcia, R.; Kim, B.; Bras, A.; Sukontasukkul, P. Performance of a Novel Structural 

Insulated Panel in Tropical Climates: Experimental and Numerical Studies. Constr. Build. Mater. 2024, 421, 
135568, doi:10.1016/j.conbuildmat.2024.135568. 

40. Rashed, Y.; Omrani, S.; Nilsson, D.; Drogemuller, R. Sustainability Information Provision (SIP) Framework: 
A Review of the Promotion of Sustainability in the Residential Sector. Build. Environ. 2023, 229, 109930, 
doi:10.1016/j.buildenv.2022.109930. 

41. Li, P.; Froese, T.M.; Cavka, B.T. Life Cycle Assessment of Magnesium Oxide Structural Insulated Panels for 
a Smart Home in Vancouver. Energy Build. 2018, 175, 78–86, doi:10.1016/j.enbuild.2018.07.016. 

42. De Zoysa, R.N.; Kristombu Baduge, K.S.; Thilakarathna, P.S.M.; Liu, X.; Costa, S.; Gunarathne, U.; Cazacu, 
E.; Braunsch, T. Eco-Friendly Materials for Structural Insulated Panels: A Comprehensive Review. Journal 
of Building Engineering 2025, 113, 114059, doi:10.1016/j.jobe.2025.114059. 

43. Rajeev, A.; Ojha, S.; Mathew, A.S.; Shelke, A. Smart Composite Structural Insulated Panels (CSIPs) with 
Embedded Piezoelectric Sensors for Damage Localization. Eng. Struct. 2025, 322, 119118, 
doi:10.1016/j.engstruct.2024.119118. 

44. Zahrotin, I.; Juwono, A.L.; Siregar, J.P.; Roseno, S.; Rohman, S.; Kalembang, E. The Effect of Fabrication 
Methods on the Physical Properties of Sumberejo Kenaf Fiber - Polyurethane Foam Core Sandwich 
Composite for Sustainable Building Construction. Results in Materials 2025, 26, 100718, 
doi:10.1016/j.rinma.2025.100718. 

45. SIPA Environmental Product Declaration. Structural Insulated Panel Association. 2024. 
46. Vollmer, I.; Jenks, M.J.F.; Roelands, M.C.P.; White, R.J.; van Harmelen, T.; de Wild, P.; van der Laan, G.P.; 

Meirer, F.; Keurentjes, J.T.F.; Weckhuysen, B.M. Beyond Mechanical Recycling: Giving New Life to Plastic 
Waste. Angewandte Chemie International Edition 2020, 59, 15402–15423, doi:10.1002/anie.201915651. 

47. Salino, R.E.; Catai, R.E. A Study of Polyurethane Waste Composite (PUR) and Recycled Plasterboard Sheet 
Cores with Polyurethane Foam for Acoustic Absorption. Constr. Build. Mater. 2023, 387, 131201, 
doi:10.1016/j.conbuildmat.2023.131201. 

48. Arcà, A.; Reike, D.; Bening, C.R. Beyond Technical Trade-Offs: How the Value Chain Impacts the 
Deployment of Mechanical and Chemical Recycling in the European Automotive Plastic Sector. J. Clean. 
Prod. 2025, 489, 144616, doi:10.1016/j.jclepro.2024.144616. 

49. Wieczorek, K.; Bukowski, P.; Stawiński, K.; Ryłko, I. Recycling of Polyurethane Foams via Glycolysis: A 
Review. Materials 2024, 17, 4617, doi:10.3390/ma17184617. 

50. Jašek, V.; Montag, P.; Menčík, P.; Přikryl, R.; Kalendová, A.; Figalla, S. Chemically Recycled Commercial 
Polyurethane (PUR) Foam Using 2-Hydroxypropyl Ricinoleate as a Glycolysis Reactant for Flexibility-
Enhanced Automotive Applications. RSC Adv. 2024, 14, 29966–29978, doi:10.1039/D4RA04972A. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2026 doi:10.20944/preprints202601.1783.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1783.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 19 

 

51. Gama, N.; Godinho, B.; Marques, G.; Silva, R.; Barros-Timmons, A.; Ferreira, A. Recycling of Polyurethane 
Scraps via Acidolysis. Chemical Engineering Journal 2020, 395, 125102, doi:10.1016/j.cej.2020.125102. 

52. Malewska, E.; Kurańska, M. Biopolyolysis − A New Biopathway for Recycling Waste Polyurethane Foams. 
J. Environ. Chem. Eng. 2025, 13, 118650, doi:10.1016/j.jece.2025.118650. 

53. Zakharyan, E.M.; Maksimov, A.L. Pyrolysis of Polyurethanes. Process Features and Composition of 
Reaction Products. Russian Journal of Applied Chemistry 2022, 95, 191–255, doi:10.1134/S1070427222020033. 

54. Zeller, M.; Merz, D.; Weigel, L.; Tavakkol, S.; Stapf, D. TG-FTIR Investigations of the Pyrolysis of 
Polyurethanes: Quantitative Carbon Dioxide Tracing, Decomposition Mechanisms, Products and Mass 
Balances for Advanced Recycling. J. Anal. Appl. Pyrolysis 2025, 188, 107048, doi:10.1016/j.jaap.2025.107048. 

55. Geert Warringa Waste Incineration under the EU ETS ; 2021; 
56. FAPU CIRCULAR FOAM: European Research Project Concludes after Four Years with Groundbreaking 

Results Available online: https://www.fapu.de/en/2025/10/circular-foam-european-research-project-
concludes-after-four-years-with-groundbreaking-results/ (accessed on 18 January 2026). 

57. Reignier, J.; Méchin, F.; Sarbu, A. Effect of Surface Curing Temperature on Depth-Specific Physical 
Properties of Poly(Urethane-Isocyanurate) Foam Panels in Relation with Local Chemical Composition and 
Morphology. Eur. Polym. J. 2022, 163, 110899, doi:10.1016/j.eurpolymj.2021.110899. 

58. Eschenbacher, A.; Varghese, R.J.; Weng, J.; Van Geem, K.M. Fast Pyrolysis of Polyurethanes and 
Polyisocyanurate with and without Flame Retardant: Compounds of Interest for Chemical Recycling. J. 
Anal. Appl. Pyrolysis 2021, 160, 105374, doi:10.1016/j.jaap.2021.105374. 

59. Gronba-Chyła, A.; Generowicz, A.; Alwaeli, M.; Mannheim, V.; Grąz, K.; Kwaśnicki, P.; Kramek, A. 
Municipal Waste Utilization as a Substitute for Natural Aggregate in the Light of the Circular Economy. J. 
Clean. Prod. 2024, 440, 140907, doi:10.1016/j.jclepro.2024.140907. 

60. Flizikowski, J.; Kruszelnicka, W.; Macko, M. The Development of Efficient Contaminated Polymer 
Materials Shredding in Recycling Processes. Polymers (Basel). 2021, 13, 713, doi:10.3390/polym13050713. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 January 2026 doi:10.20944/preprints202601.1783.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1783.v1
http://creativecommons.org/licenses/by/4.0/

