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Abstract

Energy retrofitting is central to Europe’s goal of carbon neutrality by 2050. 
Building envelopes, responsible for 50–60% of total buildings’ heat transfer, are 
critical for operational savings, while their retrofitting can additionally impact their 
embodied carbon. This chapter presents a Life Cycle Assessment (LCA) of three non-
conventional retrofitting strategies based on the addition of lightweight technologies 
and low-carbon materials to an External Thermal Insulation Composite System 
(ETICS): 1. A commercially available lightweight polymeric textile cladding; 2. A 
fully biogenic mycelium composite insulating panel made with bio-residues, tested at 
the laboratory scale; 3. A bio-based insulating panel made of post-consumer textile 
waste. Each strategy is assessed individually, with the lightweight system also evalu-
ated in combination with both bio-based and conventional insulating components. 
The assessment will consider the product stage (from cradle-to-gate) and end of life 
scenarios, in compliance with the EN15804 and/or ISO 14025.

Keywords: life cycle assessment, façade retrofitting strategies, lightweight systems, 
textile wastes, bio-residues, mycelium composite

1.  Introduction

The building envelope has progressively gained momentum for retrofitting 
purposes. As a boundary subsystem, it influences and controls interactions between 
prevailing external conditions and regulated indoor comfort [1], and thus its 
improvements are one of the most effective retrofit interventions [2]. Retrofitting 
façades can significantly reduce energy consumption and associated CO2 emissions, 
addressing up to 50% of a building’s total energy use [3, 4] and up to 25% of the total 
in the residential sector [5].



Sustainable Built Environment for People and Society

2

Depending on the retrofitting goals, interventions may include adding thermal 
insulation or shading systems, replacing glazing with high-performance alternatives, 
or integrating active measures such as renewable energy systems.

Among common practices, adding insulation on a façade is functional to energy 
conservation, while shading components can promote energy modulation and 
mitigate overheating, particularly in glazed buildings, and improve esthetic qualities. 
Indeed, it is reported that increasing building envelope thermal resistance, thermal 
storage, and solar absorptivity reduce HVAC system energy consumption by 20–80% 
[6–8] depending on climatic conditions.

However, the embodied burdens associated with these additional materials are 
often overlooked, as recent studies indicate that the embodied impacts of new compo-
nents can account for 10–80% of total lifecycle emissions [9].

Therefore, as buildings become more energy-efficient [10], the focus is shift-
ing today from merely optimizing operational energy performance to making 
more responsible choices over the design stage concerning materials and adopted 
technologies [11, 12].

In this context, Life Cycle Assessment (LCA) becomes a crucial tool and shifts 
from a retrospective approach to a prospective one to guide design decisions rather 
than evaluating outcomes after implementation.

1.1 Objectives and methodology

This chapter conducts a prospective LCA for two main retrofitting scenarios 
adopting different principles of energy efficiency. These studies, conducted within 
the Textile Architecture Network (TAN) research group, propose first two diverse 
bio-based applications improving façade energy conservation; secondly, an applica-
tion for energy modulation opting for the reduction of material use through the adop-
tion of lightweight systems. More specifically, using an External Thermal Insulation 
Systems (ETICS) wall as a reference, the following paragraphs are going to analyze:

1. Bio-based insulating panels made either from post-industrial textile residues 
through thermobonding, or agricultural bio-residues through mycelium growth, 
aimed at improving the building’s energy conservation and thermal performance 
of opaque façades;

2. Textile-based cladding solutions, compared to traditional shading systems, such 
as aluminum, address summer overheating challenges in glazed façades while 
reducing material usage, installation costs, and time.

A static attributional cradle-to-gate LCA (A1–A3) is going to be conducted by 
adhering to EN 15804:2012 + A2:2019. Indeed, phases A1–A3 are mandatory to pro-
duce Environmental Product Declarations (EPDs), as specified by the EN16783:2024.

All the studies thus include raw material production, energy supply, and fore-
ground manufacturing processes, and related transports needed for 1 m2 of a reno-
vated ETICS wall system with a reference U-value of 0.28 W/Km located in Milan, 
which represents the main functional unit, to which the input and output data are 
normalized (Figure 1).

In this context, the functional unit of 1 m2 varies in significance depending on the 
retrofitting strategy. Indeed, while in the analysis of the bio-based insulation panels 
the materials’ processing—i.e., the type of adopted material—is a crucial factor, in the 
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LCA of the textile-based cladding solutions the proportion between cladding materi-
als and its substructure—thus the amount of material—is crucial.

The analyses are respectively conducted by using the LCA softwares SimaPro 
9.6.0.1 and OneClickLCA with the databases EcoInvent 3.10 and GaBi, respectively.

After a brief theoretical overview of the LCA methodology, structured paragraphs 
are going to explain each study.

Lastly, the chapter identifies key innovations, limitations, and potential future 
research directions.

By doing so, this study highlights possible advantages and drawbacks of innovative 
retrofitting approaches to define their potentialities and to guide thus their respon-
sible future industrial scaling for retrofitting applications.

2.  LCA theory: Bio-based materials and lightweight systems

In the building sector, life cycle approaches, including LCA and Life Cycle Cost 
(LCC), provide a methodological framework for evaluating and comparing design 
choices, ranging from products to construction systems [13]. LCA, regulated by 
international (ISO 14040:2006, 14,044:2006) and European standards (EN 15978 
and EN 15804), counts specific phases across the entire life cycle, including material 
consumption and manufacturing (A1–3), construction processes (A4–5), use stage 
(B1–7), end of life scenarios (C1–4), and eventual reuse of components (D), with 
each phase considered as a single unit process with input and output flows.

Considering the shift of impacts from operational energy to embodied energy in 
future energy-efficient buildings, LCA application is crucial to substantiate the envi-
ronmental claims of adopting less impactful solutions—such as bio-based materials, 
waste-sourced materials, and lightweight systems—for building retrofitting purposes.

2.1 LCA of bio-based building components

When talking of LCA of bio-based building components, several unresolved 
methodological questions emerge.

The risk of burden-shifting across different life cycle phases and impact categories 
increases significantly [14]. Moreover, in the construction sector, the assumption 
that bio-based materials are carbon neutral is increasingly questioned [15], as car-
bon storage in bio-based material production varies on the material’s growth rate. 
For instance, fast-growing plants like straw and hemp sequester carbon rapidly 

Figure 1. 
ETICS wall and the different retrofitting technologies analyzed.
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(1–5 years), whereas wood accumulates over decades [16]. Consequently, the time 
dimension becomes a critical factor in the analysis, although it introduces complexity.

Existing LCA methods (0/0 model, −1/+1 method) still struggle to fully capture 
the long-term carbon storage in bio-based materials [17], and dynamic LCA, though 
promising, remains underused due to its complexity [18, 19]. The variety of existing 
LCA approaches to biogenic carbon accounting, including static and dynamic meth-
ods, underscores the need for standardization within the international LCA commu-
nity to ensure reliable results, particularly as bio-based materials become more widely 
adopted in construction.

2.2 LCA of lightweight building systems

In contrast, LCA studies on lightweight building systems stress the importance of 
assessing not only materials production but also their durability, including the impact 
of material weight on substructure sizing [20] and replacement needs over a realistic 
lifespan [21]. Among structural membranes, ETFE films have been proved to be more 
environmentally efficient than glass due to their lightness, which enables to use them 
even at the component level over conventional façade and roofing systems [22].

Their careful assessment shall consider the inherent characteristics of the mate-
rial, such as lightness, thinness, and flexibility—positively impacting the sizing of 
the supporting substructure—together with the impacts that may result from their 
production, as they are synthesized from fossil fuels. Only considering both aspects, 
indeed, the significant environmental advantages of lightweight systems over conven-
tional building materials can be highlighted [23].

3.  Façade retrofitting for energy conservation: Upcycling secondary 
streams of material to produce alternative building insulation

This paragraph presents the LCA of two bio-based thermal insulation com-
ponents, differentiated by the type of materials coming from different residual 
flows—fostering circular economy strategies in construction—and the relative 
manufacturing processes employed.

One strategy focuses on recycling solutions to upgrade post-consumer waste, 
while the other explores the exploitation of active organisms to valorize secondary 
streams coming from the agro-industrial sector.

The analyses utilize the EN 15804 cut-off approach, which distinguishes between 
waste and recyclables, promoting material reuse by excluding upstream burdens 
for recyclables. Indeed, the choice of allocation method is particularly relevant as it 
shapes the environmental profile of waste-based building materials and drives their 
innovation potential.

Both analyses include transports for their envisioned application in Milan, consid-
ering a target U-value of the renovated ETICS wall of 0.28 W/m2 [24]. For this reason, 
the Italian energy mix is considered to quantify the electricity needed for the opera-
tion of each production stage.

3.1 LCA of post-consumer textile insulation panels

The textile industry is one of the main contributors to the consumption of natural 
resources and energy, driven by the “buy and throw away” culture. Indeed, the short 
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timeframe between the production of garments and their disposal, combined with 
the difficulties associated with textile recycling due to the use of mixtures of different 
fibers, leads to the production of large amounts of textile waste. This issue is further 
intensified by the impending obligation imposed by the European Union to imple-
ment the separate collection of textile waste by 2025, highlighting the need for more 
sustainable End of Life (EoL) scenarios [25].

In this context, the research project “maTE.ria. Methods and Actions for the 
Ecological Treatment of Post-Consumption Textiles and their Innovative Recycling 
in Architecture,” developed at Politecnico di Milano in 2021, aims to transform 
post-consumption textile waste into new secondary raw materials to produce high-
recycled-content construction products.

Therefore, this section focuses on the environmental analysis of the produc-
tion of four thermal insulation mats, differing in both composition and density. 
These mats are composed of pure cotton and pure polyester, as they are materials 
that dominate the market and significantly contribute to its environmental impact 
[26], or a blend of mixed fibers. By doing so, the study provides essential data 
for comparative evaluations and fosters awareness of the environmental implica-
tions and eventual potentials of recycling processes for the development of new 
materials.

Indeed, while interest in textile recycling is on the rise and some textile waste-
based insulating products are already on the market, the availability of EPD and LCA 
studies in this field remains limited.

3.1.1 Product description: System boundaries and functional units

The assessment considers one panel from each textile cluster as well as a fourth 
panel, also made from textile waste, with higher density, which still retains good 
insulating performance. This approach enables an examination of the influence of 
density on the environmental performance of the panels.

In all four panels, the composition consists of 4% of an antistatic liquid, made 
from a mix of glycerin, ethoxylated synthetic alcohol, phosphate, and potassium salt, 
while the remaining 96% is made up of a mixture of waste fibers of different natures, 
depending on the cluster of origin, and a bicomponent fiber in Polyethylene (PE)/
Polypropylene (PP), later defined as “binder.” Of this 96%, 90% is made up of the 
waste fibers and 10% of the binder. In the case of the higher density panel, the fiber-
to-binder ratio changes to 80% and 20%, respectively.

The involved supply chain for the production of 1 m2 of post-consumption textile 
insulating panel includes a plant capable of sorting about 300 garments per hour and 
a pilot line on an industrial scale capable of processing up to 600 kg/h of material. 
Each type of panel analyzed has a thermal conductivity value that varies depending 
on the density. For panels with lower density, the values range from 0.04 to 0.05 W/mK, 
while for the high-density panel, the conductivity reaches 0.05 W/mK. The thickness 
ranges from 0.05 to 0.07 cm, ensuring a thermal transmittance of the wall equal to 
0.28 W/m2K.

3.1.2 Process description and flowchart

The production process of post-consumption textile insulating panels con-
sists of five main macro-phases: collection, sanitization, sorting, transport, and 
reprocessing (Figure 2).
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The collection phase involves the retrieval of used garments from designated bins 
distributed across the country, followed by transport to the sorting center, which is 
carried out by road using diesel-powered vehicles.

Upon arrival at the sorting plant, the garments are moved through a semi-auto-
mated system consisting of conveyor belts that direct the material to silos, through 
which the garments proceed to manual sorting stations. Along the way, the garments 
are sanitized using ozone generated from oxygen to ensure safe and healthy working 
conditions for the operators involved in the process.

At the manual sorting stations, skilled operators divide the material into the three 
selected clusters. Following this phase, the clusters are transported by road to the 
industrial site where the panels are produced. For this analysis, the industrial site was 
identified as the partner facility that developed the pilot line, located in central Italy.

At the industrial plant, the clusters undergo different stages. In the granulation 
section, the garments are shredded until they reach the size of flakes. In the opening 
and blending fibers section, the flakes are evenly mixed with the antistatic liquid and 
the binder in the aforementioned percentages, ensuring workability and cohesion, 
respectively. In the aerodynamic formation section, fibers are distributed horizontally 
in an even manner to form a mat. Then the mat undergoes a thermal treatment in 
the thermal bonding section to activate the binder and stabilize the structure. In the 
cutting section, the semi-finished panel is sized according to the requirements.

The production waste percentage generated during the process is approximately 
10% of the total material input.

3.1.3 Data collection and assessment

Primary data have been collected from direct surveys and meetings with the 
partners to define the flows of substances entering and leaving each unit process, in 
terms of resource consumption and environmental emissions.

The consumption associated with the extraction and processing of resources 
includes fuel, energy, and oxygen, used for collection, sanitization, and the operation 

Figure 2. 
Flowchart of Post-Consumer Textile Insulation Panels (A1–A3).
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of the sorting plant. These consumptions were calculated based on the annual collec-
tion and sorting capacity of the plant, considering an operation of 240 working days 
per year, with 8 working hours per day and an average collection round of 105 km. 
The resulting values were then scaled according to the percentage of garments 
collected for each cluster, namely: 3% for the Pure Cotton cluster, 3% for the Pure 
Polyester cluster and 9% for the Mix cluster.

For the production phase, consumptions were calculated per kg of processed 
material. These values were then multiplied by the weight of the considered func-
tional unit. Below are the consumption values per kg determined by the machinery 
used along the pilot line: (1) Electricity consumption: 55% of the total installed 
power, equal to 0.5 kWh; (2) Compressed air consumption: 0.007 m3 at a pressure of 
6 bar; (3) Methane gas consumption: 1.04 MJ.

For the transportation phase, the distances considered are referenced in the 
“Process description and flowchart” section.

3.1.4 Results

The obtained results are consistent with those reported in the literature and EPD 
of similar products, highlighting a substantially homogeneous behavior among the 
three types of lower density panels, despite their origin from different clusters. The 
higher density panels exhibit higher GWP values due to the higher percentage of 
binder, which emerges as a discriminating factor.

In detail, the lower density panels have a GWP of 0.097 kg CO2 eq./kg (Figure 3), 
which, for the higher density panels, rises to 1.12 kg CO2 eq./kg (Figure 4).

The production phase (A3) is the most impactful, primarily due to the substances 
involved in the process. In contrast, for the transport phase (A2), the impacts are of 
little significance compared to the entire production process.

3.1.5 Discussion and final consideration

As previously mentioned, the comparative assessment, shown in Figure 5, high-
lights how the panels developed in the research align with what is available on the 
market and in the literature in terms of GWP.

In terms of impact distribution, the A3 phase is the most impactful, even though 
the greatest impacts are not related to energy consumption but to the presence of the 
binder and of the antistatic liquid. Often, among the end of life scenarios, recycling, 

Figure 3. 
Results of low-density panels (A1–A3).



Sustainable Built Environment for People and Society

8

while reducing emissions and the use of virgin raw materials, results in higher energy 
consumption compared to other EoL solutions, such as incineration with energy 
recovery. The energy no longer recovered through incineration still needs to be 
used to complete recycling processes, which are often highly energy-intensive [27]. 
However, the results of this analysis show how, along the developed supply chain, 
this risk is contained, highlighting the competitiveness and effectiveness of the 
consortium.

The A2 stage, regarding transport, has relatively low impacts compared to the 
entire production process. However, consumption could be further reduced by replac-
ing the current diesel vehicles with less impactful models during the collection of 
second-hand garments.

Moreover, further analysis might imply the possibility of locating an industrial site 
where the panels are produced near the sorting center, minimizing negative exter-
nalities related to waste movement and emphasizing the importance of proximity in 
production supply chains.

3.2  LCA of mycelium-rice straw composite for the thermal insulation of  
façade systems

The current study has been developed in the framework of the MSCA European 
Project “ActaRebuild Training Network,” within a research project investigating strat-
egies for the net-zero energy retrofitting of curtain wall systems by using bio-based 

Figure 4. 
Results of high-density panels (A1–A3).

Figure 5. 
GWP comparison of maTE.ria panels and other recycled insulation products.
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materials. In this context, the research explores the potential of mycelium composites 
to replace synthetic foams for thermal insulation of façade systems. Indeed, myce-
lium, the vegetative growth of filamentous fungi [28], has recently attracted signifi-
cant attention for its potential contribution to climate change mitigation, including 
applications within the built environment. Mycelium acts as a natural binder by 
growing into lignocellulosic substrates to produce biodegradable composite materials. 
By doing so, it can upcycle waste into natural bio-foams, leveraging their porous yet 
rigid structure as a sustainable alternative to conventional non-biodegradable insula-
tion materials such as expanded polystyrene (EPS) and extruded polystyrene (XPS) 
[29], which are still predominant in the market—representing respectively the 27.4% 
and the 36.3% of the global market for insulating components [30, 31]—although 
they have high environmental impacts.

Even though extensive research has highlighted the potential applications of 
mycelium composites in construction, such as insulation materials, acoustic panels, 
structural elements, and even packaging foams [32], studies regarding their envi-
ronmental impact are still scarce. This paragraph thus contributes to widening the 
research by presenting the preliminary results of the LCA of a mycelium panel for 
thermal insulation as part of a larger investigation about mycelium composite applica-
tions from cradle to grave.

3.2.1 Product description: System boundaries and functional units

A small-batch pilot production at a laboratory scale consisting of a 15*15*4 cm 
sample of mycelium-rice straw composite with a conductivity of 0.06 W/mK is 
assessed and finally up-scaled to 1 m2 for its application on a renovated ETICS wall 
with a thickness of 0.08 m, to reach the targeted wall performance of 0.28 W/m2K.

Rice straw has been selected as a substrate among various agricultural by-products 
due to its abundant availability in the north of Italy, where the application of the 
mycelium composite as thermal insulation has been envisioned.

The species of mycelium utilized is Ganoderma Lucidum, as it grows faster, is 
more accessible and less susceptible to contamination during growth, and is one of 
the most documented and studied mycelium species in the world.

3.2.2 Process description and flowchart

The production process of the rice straw mycelium composite at a laboratory scale 
counts on 4 main phases: (1) Substrates sterilization; (2) Substrate inoculation; (3) 
Sample incubation; (4) Composite inactivation (Figure 6).

The sterilization process begins with manually shredding rice straw and mixing 
it with water at a ratio of 200% w/w inside autoclavable aerated bags. Filled bags are 
sterilized in an autoclave for 50 minutes at 120°C.

After cooling down, the sterilized substrate is inoculated under laminar flow to 
prevent potential contamination through the solid method of inoculation. 10% w/w 
of Ganoderma spawn on a rye-grain basis, supplied by a manufacturer from Belgium, 
is mixed to the initial sterilized substrate. Indeed, mycelium spawn is commonly 
made on a rye-grain basis and commercially available as such [33]. Bags filled with the 
inoculated substrate are then put into an incubator under a controlled environment 
with a constant temperature of 27°C and 60% HR.

After 1 week of incubation, 3D-printed molds made from PLA of 15*15*4 cm are 
disinfected with 70% ethanol, filled with the inoculated substrate, and repositioned 
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into the incubator for an additional week, for a total incubation period of 14 days. 
After demolding, mycelium composites are dried in an oven for 48 hours at a constant 
temperature of 60°C, while molds are cleaned and disinfected to be further reused.

3.2.3 Data collection and assessment

Primary and secondary data have been collected through the direct fabrication 
of the mycelium composite and literature sources. The analysis has been subdivided 
based on the subsequent fabrication processes. Quantities used for the production 
of 1 single sample of 15*15*4 cm have been scaled up to produce 1m2 of mycelium 
composite with a given thickness of 0.08 cm.

Mycelium spawn culture has been modeled as a subsystem of mycelium produc-
tion based on literature data by Refs. [34, 35], as previously done by Weinland et al. 
[33]. Auxiliary materials, such as aerated bags and PLA molds, have been taken into 
consideration and modeled based on [35, 36]. PLA molds, which are potentially infi-
nitely reusable, have been partially accounted for in the calculation, with 1/100 of the 
total quantity required for the production of 1 m2 of mycelium composite included 
in the assessment. Disinfectant has been modeled as a solution made of 70% pure 
ethanol and 30% water. The environmental assessment of gloves has been omitted.

The electricity needed for the operation of each production stage has been mod-
eled by multiplying the process duration measured in the laboratory (in hours) by the 
power requirements (in kW) as provided in the manufacturers’ technical datasheets 
for the used equipment.

3.2.4 Results

The obtained results are consistent with other LCA studies on mycelium com-
posites production (Table 1). More specifically, this rice straw mycelium 8 cm-thick 
insulating panel, with a density of 90 g/cm3, features a GWP of 143.37 kg CO2 eq./m2, 
which corresponds to 1.69 kg CO2 eq./kg.

In particular, the conducted analyses highlight the phase of process production 
(A3) being the most impactful (Figure 7), mainly due to the energy consumption of 
the inactivation process (Figure 8).

Figure 6. 
Flowchart of mycelium composite production (A1–A3).
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Transports do not represent a huge burden, even though they consider the 
transfer of mycelium spawn from Belgium to Italy, where the production process is 
envisioned. Water consumption has a particular relevance during the sterilization 
process, as the composite made of rice straw requires 200% w/w due to its high rate of 
absorption. However, this value could be lower if other substrates with lower rates of 
absorption are used (such as, for instance, rice husks or sawdust).

3.2.5 Discussion and final consideration

This LCA study shows preliminary data for the application of a mycelium compos-
ite based on rice straw substrate for the thermal insulation of 1m2 of ETICS façade.

Source Application Density 

(kg/m3)

Scopes GWP

(kg CO2-eq)/kg

GWP (kg 

CO2-eq)/m2

GWP (kg 

CO2-eq)/m3

Enarevba 

& Haapala 

[37]

Packaging insert 111 A1–A3 0.9 — 101

Carcassi 

et al. [16]

Thermal 

insulation

229 A1–C4 0.55 46.13–83 127

Current 

analysis

Thermal 

insulation

90 A1–A3 1.59 11.47 143.37

Stelzer 

et al. [35]

Bricks — A1–A3 — — 247

Livne et al. 

[36]

Bricks 163 A1–A3 1.64 — 267

Weinland 

et al. [33]

Acoustic 

insulation 

panels

178 A1–C4 1.57 — 280

Alaux et al. 

[38]

Myco brick — A1–A3 — — 612

Table 1. 
Comparison of the results of LCA studies on mycelium composites.

Figure 7. 
Results of phases A1–A3 for 1m2 of mycelium-straw composite.



Sustainable Built Environment for People and Society

12

As previously mentioned, results align with current collected and systemized 
literature and show a promising value of GWP per kg, which could be further reduced 
by increasing the composite density, which, however, might affect the composite 
thermal performance over time. Plastics have been partially considered, as suggested 
by previous LCA studies on mycelium composites [16, 39, 40]. However, the impact 
of this type of auxiliary material requires further investigation, as their impacts might 
be overlooked. Gloves, for instance, represent a disposable plastic source that deserves 
focused studies. In this regard, it is worth noticing that [38], considering the disposal 
of the gloves and plastic bags used in the lab, obtained a GWP value way higher 
compared to the other LCA (Table 1).

For what concerns the carbon potential of this composite, the study considers the 
embodied carbon of the rye substrates used for the production of mycelium spawn and 
applies the zero-burden methodology concerning rice residues coming from the agro-
industrial sector. However, metabolic carbon is not taken into consideration. Indeed, 
mycelium, while growing, emits a certain amount of CO2, which thus reduces its 
carbon storage capacity. Among LCA studies of mycelium composites, [36] only pro-
vides its assessment, reporting a reduction of the total carbon storage of the composite 
of 21%, which would correspond to the emitted carbon during the mycelium growth. 
This topic warrants further investigation, particularly regarding methodological 
approaches and potential influencing factors. Indeed, quantities of released CO2 might 
depend on many different variables, such as fungal strain and substrate typology.

The production process could be further improved by its eventual scale-up. 
Indeed, laboratory scale production analyses involve way more energy and material 
consumption compared to industrial production. In this regard, studies report that 
scaling up mycelium composites production might lower its GWP up to 68% [35], 
which thus highlights the potential of these innovative biodegradable materials.

3.3 Final consideration

This chapter has introduced two innovative bio-composites for the thermal insula-
tion of buildings, each based on distinct experimental manufacturing principles. One 
permits the re-introduction in the market of post-consumer textile wastes, which 
represent a huge environmental burden, while the other relies on the interaction 

Figure 8. 
Breakdown of the process stage.
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of active organisms bonding vegetative substrates for the realization of a complete 
natural composite. Although produced at different scales—mycelium composites at 
laboratory scale and textile panels within the industry, using machinery adapted for 
that purpose—both technologies have shown promising results. Compared to more 
conventional materials, they both show lower GWP and land consumption values, 
as well as more favorable EoL scenarios. Specifically, mycelium composites are fully 
biodegradable, while textile mats can be potentially separated and reintroduced into 
the market, even though it has not been proven yet.

In this regard, it is suggested to explore the secondary application of such residues 
for their sustainable re-introduction in the same production chain, which asks for a 
critical understanding of the energy demands associated with reprocessing compared 
to the production of a novel insulation composite.

For mycelium composites, further research is needed to study their carbon 
potential. When mycelium grows on the substrates, it releases a certain amount of 
CO2, which inevitably reduces its carbon storage capacity. Although, as previously 
mentioned, the literature on this topic is limited, the metabolic activity of mycelium 
remains a crucial factor in assessing the viability of these composites for widespread 
use in the construction sector.

Moreover, as both technologies are still experimental, their durability remains a 
key topic requiring more research. Applications in real-life case studies are essential 
for a comprehensive assessment of their long-term performance and feasibility.

4.  Façade retrofitting for energy modulation: Lightweight solutions for 
building sun-shading

If the first part of the chapter compares two materials for building energy insulation, 
this section compares two façade retrofit strategies aimed at enhancing energy modula-
tion and providing sun-shading. Among the current strategies for sun-shaded façade ret-
rofit, perforated fabrics as fixed exterior shading devices allow for light penetration and 
reduce heat gain, improving energy efficiency [40]. Indeed, as climate change progresses 
and global temperatures rise, effective summer energy modulation is becoming critical 
even in those regions traditionally characterized by milder summers.

This study performs an LCA of two lightweight sun-shading solutions for retrofit-
ting existing building façades to compare their environmental impacts and identify 
the relative contributions of the fixing tools and cladding layer.

The two solutions are characterized by comparable sun-shading performance and 
application methods—a metal substructure—but are respectively made of PES-PVC 
and perforated aluminum gratings. From an LCA perspective, while PES-PVC with its 
lightness and thinness permits to minimize the amount of needed substructure and 
still enables the coverage of larger façade spans, perforated aluminum gratings can be 
entirely composed of recycled materials, thereby reducing the environmental impact 
associated with raw material extraction and processing. To ensure consistent energy 
performance metrics across both solutions, the materials were considered with an 
airflow permeability of 14%.

4.1 Strategy description: System boundaries and functional units

As mentioned, this analysis focuses on the adopted mounting strategy rather than 
the applied product and its production process. Indeed, both studies compare the 
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adopted substructure, the fixing components, and the final cladding material. Due to 
the varying properties and weights of the materials, the primary distinction between 
the two solutions is the quantity of substructure and fixing elements.

Considering that open mesh fabrics (PES-PVC) and aluminum perforated panels 
exhibit significant differences in their material composition and system dimensions, 
these factors were considered when scaling the analysis to the design of 1m2 of façade. 
This approach allows for accurate dimensioning of the fixing systems and facilitates the 
computation of the material flow chart in relation to the established functional unit.

For the transportation phase (A4), the default data given by each EPD for the city 
of Milan have been adopted. However, the transportation phase has a minimal effect 
on the overall impact.

4.2 LCA of textile cladding solution

4.2.1 Data collection and assessment

The PES-PVC pre-tensioned façade uses micro-perforated technical textiles 
made from PES-PVC open mesh. This innovative technology employs a substructure 
composed of aluminum profiles and steel fixing elements, onto which the pre-
tensioned membrane is securely assembled. The quantities of the substructure have 
been calculated based on the research conducted by Ref. [21], specifically using data 
from the Adamello Case Study. These values were normalized to provide an accurate 
estimate per square meter (1 m2) of façade. It is important to note that while these 
quantities are parameterized for 1 m2, they do not directly correspond to the actual 
requirements for constructing a 1 m2 façade.

Table 2 presents the materials employed in the PES-PVC membrane analysis along 
with their characteristics in terms of LCA. Notably, both the aluminum profiles and 
steel fixing elements incorporate recycled material, contributing to a reduced envi-
ronmental impact.

The PES-PVC open mesh weights 0.51 kg/m² with a thickness of 0.45 mm, the 
steel fixing elements add a total weight of 0.52 kg/m² (approximately 0.03 kg/unit), 
while the aluminum profiles used for the frame contribute 2.1 kg/m2.

4.2.2 Results

The LCA analysis reveals that the PES-PVC membrane, despite its lightness, is the 
primary contributor to most environmental impact categories, including GWP, Ozone 
Depletion Potential (ODP), and Acidification Potential (AP), due to its significant 
material and energy demands. Aluminum profiles, while having a smaller overall 
footprint, show a notable impact on resource-related categories such as Abiotic 
Depletion Potential for Elements (ADPE), reflecting the resource-intensive nature of 

Material Quantity Km of transport Service life End of life treatment

PES-PVC membrane 0.51 kg 430 15 years Plastic-based material incineration

Steel fastening systems 0.52 kg 370 As building Steel recycling

Aluminum profiles 2.1 kg 470 As building Aluminum recycling

Table 2. 
Life cycle inventory of textile cladding solution.
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aluminum production. In contrast, fastening systems have a minimal influence across 
all categories, indicating their relatively minor role in the overall environmental 
burden. It should be noted that the software does not account for the recycling phase’s 
impact; however, during the A1–A3 phases, it assumes the same production processes 
as those required for primary materials. Primary energy use (PERT and PENRT) and 
water use are predominantly driven by the PES-PVC membrane, emphasizing its 
critical role in the system’s sustainability.

These findings highlight the need for material optimization, particularly for the 
PES-PVC membrane, and the potential benefits of using recycled aluminum to reduce 
ADPE. Additionally, while their impact is small, exploring alternative fastening sys-
tems could provide incremental improvements to the system’s overall environmental 
performance.

4.3 LCA of aluminum cladding solution

4.3.1 Data collection and assessment

The option of aluminum perforated panels as a cladding system foresees the use of 
perforated metal sheets with a specific percentage of perforation in order to resemble 
as much as possible the choices adopted in the membrane case. Aluminum perforated 
metal sheets, in addition to their aesthetical pleasantness and their ease of production 
and fabrication, are very light, therefore representing a favorable material for clad-
ding applications, particularly when weight is an important parameter. Additionally, 
they can be almost entirely recyclable, and the use of a recycled material can be 
foreseen even in a retrofit strategy.

Analogously to the textile cladding solution, the quantities for the substructure 
have been derived based on the research conducted by Procaccini & Monticelli 
[41]: the amount of substructure for supporting the perforated aluminum panels 
accounted for almost 3 times more than in the case of the membrane, due to the addi-
tional weight but specifically due to the fixed dimensions of the aluminum panels, 
which contrasts with the tensioning capability of the membrane that allows for a great 
span covering.

The aluminum sheets considered in this analysis have a thickness of only 2 mm 
and a weight of 8.5 kg/m2. These panels are supported by a frame of vertical and 
horizontal aluminum profiles that account for 6.3 kg (Table 3). In contrast with the 
previous cladding solutions, the aluminum cladding does not require any fastening 
system for fixing the sheets to the substructure.

4.3.2 Results

The LCA results for the Aluminum Cladding Solution represented in Figure 9 
indicate that aluminum gratings are the primary contributors to the environmental 

Material Quantity Km of transport Service life End of life treatment

Aluminum gratings 8.5 kg 470 As building Aluminum recycling

Aluminum profiles 6.3 kg 470 As building Aluminum recycling

Table 3. 
Life cycle inventory of aluminum cladding solution.
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Figure 9. 
Aluminum cladding solution: environmental impacts of cladding material and its substructure.

impact across most categories, such as GWP, AP, PERT, and PENRT, underscoring the 
material resource-intensive production and its energy demands. While the aluminum 
profiles have a smaller overall impact, they show a notable influence on Abiotic 
Depletion Potential for Elements (ADPE), reflecting the significant resource extrac-
tion required for their production.

Additionally, water use and Ozone Depletion Potential (ODP) are also largely 
driven by the aluminum gratings, further emphasizing their role as the dominant 
factor in the system’s environmental burden. Despite their relatively lower contribu-
tion, aluminum profiles still merit consideration, particularly in categories related 
to material scarcity and resource depletion. These findings point to the critical need 
for design improvements and material substitutions, such as incorporating recycled 
aluminum or optimizing material usage, to minimize the environmental footprint of 
both aluminum gratings and profiles in cladding systems.

4.4 Final consideration

The comparative analysis reveals a significant disparity in environmental impacts 
(Figure 10). The aluminum cladding system exhibits significantly higher impacts 
across most categories, reflecting the energy-intensive processes associated with the 
raw material extraction and production processes. In contrast, PES-PVC cladding, 
due to its lightness, has minimal impacts for both these stages, although it still exhib-
its a notable impact on the Abiotic Depletion Potential for Elements (ADPE), likely 
linked to its reliance on specific raw materials and production techniques.

Furthermore, the ratio of the envelope’s weight to that of the substructure 
(Principle 2) is 0.19 for the Textile Cladding Strategy and 1.35 for the Aluminum 
Cladding Solution. This metric emphasizes the importance of considering both 
structural and material aspects in façade design to achieve optimal eco-efficiency.

Overall, the PES-PVC cladding solution stands out as a more sustainable alterna-
tive, particularly in terms of reducing energy demand and emissions, making it a 
suitable choice for eco-conscious façade retrofit applications (Figure 11).
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5.  Conclusion

This chapter analyzed alternative retrofitting solutions based on two construction 
paradigms of energy efficiency, namely the reuse of secondary streams for bio-based 
material applications and material reduction through the adoption of lightweight 
building systems. The findings are intended to help manufacturers optimize their 
products and support designers in making informed decisions during the design 
phase to identify opportunities for reducing the overall environmental footprint of 
façade retrofit systems.

Strategies adopting insulation panels made of recycled materials and bio-materials 
have both lower GWP than conventional materials and good thermal performances. 
Additionally, the impacts associated with the production of mycelium composites 
could still improve, as mentioned above, if scaled at the industrial level. In this regard, 
although conventional materials and foams such as EPS and polyurethane (PU) are 

Figure 10. 
Comparison between the environmental impacts of the textile cladding solution and the aluminum cladding one.

Figure 11. 
Textile cladding solution: Environmental impacts of cladding material and its substructure.
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still predominant in the market, different companies, such as RiceHouse (https://
www.ricehouse.it/), Strawcture (https://strawcture.com/), ProSuber (https://www.
prosuber.com/) and Mogu specifically for mycelium composites, (https://mogu.bio/), 
are paving the way towards the wider commercialization of bio-based thermal and 
acoustic insulation panels.

However, to achieve more extensive application and market penetration, further 
investigations on the adoption of insulation panels made of recycled materials and 
bio-materials might regard:

1. The investigation of EoL scenarios for insulation composites made of recycled 
textiles;

2. The formulation of a shared protocol to assess the associated metabolic carbon of 
mycelium, which might lower the final carbon storage of the produced composite;

3. The industrial scalability of the mycelium technology;

4. The feedstock availability for the agro-residues, affected by cultivation seasonality

5. The application of both strategies on real-case studies to analyze their durability 
in the long run;

6. The standardization of bio-panels for building applications to reach standards of 
durability and fireproofing.

Conversely, lightweight solutions highlight how reducing material usage and 
consequently minimizing substructure requirements can substantially lower the envi-
ronmental footprint of retrofit strategies during the pre-use phase. Indeed, although 
often underrepresented for retrofit interventions, textile membranes can integrate 
energy efficiency, material substructure recyclability, and streamlining. However, 
assessing aspects such as their durability, ranging from 10 to 30 years depending 
on materials’ composition and manufacturing processes, and EoL treatments, at 
the moment mostly involving plastic incineration, is fundamental to determine a 
complete LCA. In this regard, alternative EoL treatments for plastic reuse or recycling 
would further enhance the final net-benefit of each retrofitting textile strategy.
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