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Abstract: As the construction industry moves toward sustainable building practices, incorporating
wood-based materials into building envelope systems has become a priority. This paper investigates
the environmental impact of three custom bio-composite Façade System Modules (FSMs) through an
Embodied Carbon Assessment (ECA), focused on the Global Warming Potential indicator of life cycle
stages from cradle to practical completion (A1–A5). The evaluated FSMs were developed within the
Basajaun H2020 project (G.A. 862942), by substituting and combining conventional materials with
other bio-composite products to form hybrids from bio-based polymers and wood. A benchmark ECA
was conducted, simulating alternative FSMs devised with common practice solutions for the curtain
wall façade to facilitate a comprehensive comparison. The life cycle inventory encompassed detailed
technical information, fostering the utilization of primary data for accuracy. The study particularly
highlights considerations over three technological systems of the modules that incorporate increased
use of wood-based components and a novel bio-composite material: the frame profiles, the insulation
equipment, and the seal system. Despite the challenges due to the Basajaun FSMs’ weight, the
findings reveal that replacing the currently used materials with wood-based materials and bio-
composites reduced the embodied emissions, particularly substituting aluminum frame profiles. The
insights presented here offer indicators toward circular, environmentally conscious, bio-composed
building envelopes, emphasizing the need for continued analysis and refinements as a consequence
of increasing the accuracy of the available primary data from the supply chain and concerning
end-of-life scenarios.

Keywords: bio-based building products; bio-based materials in construction; pultruded bio-composite
profiles; green buildings; embodied carbon assessment; carbon footprint; modular façade systems;
sustainable construction; building envelopes; innovative design

1. Introduction

With the escalating concerns over resource consumption and the environmental im-
pacts of the construction sector, the shift toward sustainable practices has become impera-
tive [1,2]. The introduction in the construction industry of bio-based materials and wood
products is one of the key topics to introduce and implement more sustainable practices
in the whole value chain and during the building’s life [3–6]. Moreover, the bio-economy
and circular economy concepts exhibit synergies, particularly in the construction sector [7],
and the adoption of circular and bio-based construction practices can also yield positive
outcomes for the workforce and the surrounding community [8]. However, an indis-
pensable concern for bio-based materials’ competitiveness is the provision of dependable
components that exhibit controlled durability with minimal maintenance requirements [9].
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However, it may not always be feasible to produce completely bio-sourced materials that
possess the required attributes to fulfill construction needs. Instead, bio-composite materials
have the potential to offer exceptional construction characteristics and deliver superior per-
formance and value [10]. They can also be realized through the pultrusion process, which
is a well-established practice even in civil engineering [11,12]. A bio-composite material is
a type of composite material comprised of a diverse array of organic as well as inorganic
components, such as bio-based and synthetic polymers. Through the combination of these
materials, a novel material is produced with the potential for improved performance over
the individual constituent materials [13,14]. A comprehensive review of the sustainable
construction applications of natural fiber bio-composites from Ahmad et al. states that they
can be renewable, cost-effective, and potential substitutes for conventional materials. These
bio-composites, primarily comprised of plant-based fibers and bio-resins, have applications
ranging from reinforcement in concrete to non-load-bearing members like insulation and
sound absorbers, showing promising results in terms of strength, ductility, and energy
absorption [15]. However, more research is needed on their life cycle assessment, cost, and
long-term durability to fully understand their potential and limitations [16].

Another relevant direction in contrasting the issues of the construction sector’s envi-
ronmental impact is the improvements in the lean prefabrication of façade modules, thanks
to their advantages in circular and low-carbon development [17–19]. A large amount of
eco-conscious façade systems are available to enable high-performance building design.
For designers, a challenge lies in identifying novel technologies and sustainable systems
that can ensure the building’s structural integrity, acoustic and thermal requirements, and
aesthetic appeal [20], in addition to adequate performances, minimized carbon footprint,
and other environmental impacts, as well as disassembly for reuse or recycle potential [21].
In this scenario, the introduction of bio-composite materials and systems can represent a fur-
ther boost for the building envelope construction market. Indeed, the building envelope is a
complex system responsible for separating the outdoor and the indoor environments, which
needs to satisfy different requirements from thermal–acoustic–mechanical performances,
people’s safety, and various technologies’ integrability. The introduction of bio-composites
must comply with all these requirements. On the other hand, prefabricated façade modules
can also contribute to a more circular economy. They have advantages such as reducing CO2
emissions, assembly time, and production waste, and facilitate disassembly, maintenance,
and product durability [18,22]. In the realm of bio-composite façade module systems, it can
be stated, based on the current understanding and evaluation of the authors, that the most
notable accomplishments in Europe have been documented in the context of the two FP7
European projects—BioBuild [23] and OSIRYS [24]. At BioBuild, the commitment has been
to meet the demand for reduced embodied energy compared to conventional methods.
The innovative solution involved a panel crafted from a combination of natural fibers and
natural resins [25–27]. On the other hand, the OSIRYS project has yielded a diverse array of
solutions for external façades in the form of building envelope products that incorporate
innovative bio-composite materials [28,29].

The focus of this article is the assessment of the environmental impacts of proto-
types of Façade System Modules (FSMs) that have been developed as part of the Basajaun
H2020 project (2019–2024; G.A. 862942) [30]. The primary aim of this project is to optimize
the utilization of wood forest resources for the purpose of constructing a medium-sized
wood-based building. The optimization process involves minimizing the consumption
of harvested wood from the forest by leveraging innovative wood-based construction
materials (such as bio-composites) and systems (such as custom façade systems). As part
of this endeavor, these materials and systems have been upscaled, and a full-scale demo
building has been constructed in the village of Le Pian-Médoc (Nouvelle-Aquitaine, France)
for the purpose of validation. The design of the façade system has been built partially upon
the expertise and achievements of the OSIRYS project (2013–2017). With respect to the
experience of it, the Basajaun FSMs have been upgraded by using the same bio-composite
profiles for both opaque and vision parts. This optimizes manufacturing during off-site
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façade assembly. In addition, a new bio-composite profile has been realized, enabling the
design of a new profile shape for the façade system. The male/female transom upgrade
has been devised to enhance prefabrication and enable easier on-site installation with
higher performance achievement for air and water tightness. The mechanical character-
istics of the bio-composite profile have also been improved. Furthermore, the removable
external cladding upgrade for the opaque façade system will allow the off-site installa-
tion of the external cladding while still providing the opportunity for its removal on-site
for maintenance.

Despite its limitations, quantifying the potential contribution of emitted greenhouse
gases to global warming is the most commonly used indicator for analyzing façade systems’
environmental impacts [20,31]. In addition, the proposed amendment from the European
Commission to the “Directive of the European Parliament and of the Council on the energy
performance of buildings” can make the calculation of Global Warming Potential (GWP)
even more meaningful. As it stands at the time of writing this article, if the amendment
will complete the approval process, by 2027, “zero-emissions building” will replace the def-
inition of “zero energy building” as the standard for all new buildings, and for all buildings
undergoing transformative renovation from 2030 [32]. For this reason, the quantification
of GWP is considered an inescapable duty. Moreover, regarding specifically the façade
systems, the Centre for Window and Cladding Technology (CWCT) has emphasized the
increasing significance of embodied carbon in façade assessment [33]. Considering these as-
pects, this article presents the results of an Embodied Carbon Assessment (ECA) conducted
to estimate the greenhouse gas emissions from cradle to practical completion (A1–A5) and
considerations regarding the circularity of the three experimental bio-composed Façade
System Modules (FSMs) developed within the Basajaun H2020 project, emphasizing the
significance of innovation and environmental accountability. All the construction require-
ments for these elements (i.e., acoustic, thermal, mechanical, resistance to weather elements,
fire behavior) have been analyzed, simulated, and tested to comply with them. The Basa-
jaun solutions have been developed with the target of design, and the solutions have been
validated with a wide utilization and optimization of wood-based materials and bio-based
polymers. However, behind the general purpose of the project, more façade-oriented
objectives have been investigated, like the implementation of different types of façade
systems and industrializing their prefabrication process in factories to make replication
and installation easier and safer.

Particularly, the façade-oriented objective discussed in this article is the substitution
of critical materials with other bio-composite products that combine bio-based polymers
and wood in order to increase wood use and wood-based products in the façade system,
reducing the carbon footprint and improving circularity.

2. Materials and Methods
2.1. Façade System Modules and Their Technological Systems

During the Basajaun project, three tailored Façade System Modules (FSMs) were
developed. This article focuses on these modules of varying types and functions, along
with their respective components, which serve as research materials for the environmental
assessment presented in the article. Figure 1 shows a picture of these FSMs during the
testing phase. The modules, which are 4.0 m tall and 1.2 m wide, have been defined as:

• Basajaun Glazed Vision FSM: This is a curtain wall module that is primarily composed
of glass (about 500 kg in weight);

• Basajaun Opaque FSM: This is an opaque curtain wall module that does not contain
any glass. It is typically used for areas of the building envelope that require more
insulation or where transparency is not desired (255 kg in weight);

• Basajaun Window FSM: This is a curtain wall module that includes both glazed
and opaque elements. The glazed portion allows for natural light, ventilation, and
visibility, while the opaque portion, referred to as a spandrel portion, can hide building
components or provide additional insulation (385 kg in weight).
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Figure 1. (a) Picture of the Basajaun Façade System Modules performance mock-up; (b) Detail picture
of the Opaque and Window modules facing. Frame profiles in bio-composite.

Each module was meticulously crafted with an emphasis on wood-based materials,
advanced technologies, and adherence to stringent performance standards. The overarching
goal was to create an innovative and environmentally conscious building envelope that
aligns with market requirements.

Starting with the Glazed Vision Module, it represents a fusion of aesthetic appeal
and functionality. Structurally sealed glass is seamlessly integrated into bio-composite
frame profiles. The bio-composite material is a key innovation, featuring a balance of
bio-based resin, basalt fibers, and wooden particles. The module undergoes comprehensive
mechanical, thermal, and acoustic simulations, affirming its resilience and thermal efficiency.
The commitment to energy efficiency is further underscored by a detailed thermal analysis,
meeting or exceeding the defined standards.

Moving on to the Opaque Module, the architectural element is marked by an integra-
tion of diverse materials and technologies. The internal layer consists of a plywood plate,
providing structural integrity combined with the frame of bio-composite profiles (same as
in the other FSMs), providing structural integrity as the foundation for subsequent compo-
nents. Wood fiber insulation panels, with a minimum of 80% wood content, contribute to
thermal efficiency. Membrane and sheathing systems, such as the plywood panels, eschew
traditional aluminum cladding. The module undergoes thorough mechanical and thermal
simulations, ensuring optimal performance under varying conditions. The incorporation
of steel plates for connections is necessary to enhance stability and facilitates maintenance
and disassembly.

The Window Module integrates a window block with a shading system through an
external roller shutter. The façade frame introduces the new bio-composite profile, aligning
with the commitment to sustainable materials. The utilization of wood-based insulation
and membranes in sealing systems enhances the thermal efficiency while reducing the
environmental impact.

The three FSMs incorporate the increased use of wood-based components and a novel
bio-composite material in three key technological systems: the frame profiles, the insula-
tion equipment, and the seal system. The subsequent sub-sections unveil the alternative
solutions that have been devised for each system.

2.1.1. Bio-Composed Frame Profiles

The façade module’s frame profiles are carefully crafted to complement the architec-
tural design. The vertical mullions and horizontal transoms are strategically composed to
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withstand mechanical stresses, adhere to module dimensions, and uphold the moment of
inertia [34]. The Basajaun project entails the meticulous crafting of pultruded custom bio-
composite profiles. Pultrusion technology is a continuous process where reinforcing fibers,
such as fiberglass, are impregnated with resin and then pulled through a series of dies and
cured to form a continuous profile. It is employed for manufacturing, ensuring a constant
section composite with high mechanical strength [35]. On the other hand, extrusion, which
is used for the crafting of an aluminum profile (most commonly used for FSMs), involves
forcing a material through a die to form a profile with a constant cross-sectional shape.

The Basajaun bio-composite profiles feature a blend of components, primarily com-
posed of a bio-based resin system and basalt fiber reinforcement. With a meticulous material
ratio, the reinforcement accounts for 55%, comprising endless roving fibers and various
types of woven roving. The resin system, constituting 45% of the composite, is a complex
amalgamation of elements. Notably, 30% of the base resin is bio-based, incorporating
succinic acid instead of conventional orthophthalic or isophthalic acid and recycled com-
ponents. The bio-based resin system is enriched with a range of additives, including a
shrinkage reducer, internal mold release agent, accelerator, catalyst, color paste, and air
bubble remover additive. Additionally, 3% of the resin system is comprised of wooden
particles, all of which are bio-based. The bio-based content is calculated by taking into
consideration the proportion of the bio-based resin and the wooden particles. The resulting
bio-based quantity stands at approximately 11.5% of the total mass. Numerous tests were
conducted to ensure that the bio-composite profile meets the necessary requirements as a
façade profile. This article will not delve into the specific characteristics of the material, but
some test results will be provided to facilitate a better understanding of it. According to
UNE EN ISO 527-4:1997 [36], the axial tensile strength of the profile is 409 MPa, and the
axial modulus of elasticity (Ef) is 24,900 MPa. Additionally, results from axial compression
strength tests according to UNE-EN ISO 14126:2001+AC:2002 [37] show a modulus of elas-
ticity of 34,600 MPa, a compressive strength of 443 MPa, and a deformation in compressive
strength of 1.8%. The thermal conductivity is 0.58 W/mK, assessed by the manufacturer
within the project development. It is worth noting that even if durability analyses of the
material were not conducted during the project, aging tests were conducted to evaluate the
tightness of tapes and sheets. The Basajaun bio-composite profiles are depicted in Figure 2.
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2.1.2. Wood-Based Insulation Equipment

Insulation plays a pivotal role in enhancing the performance of the entire façade sys-
tem [17]. Its primary function is to maintain the indoor temperature, and it also significantly
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contributes to the energy efficiency of the building [38]. In the Basajaun Façade System, the
insulation is entirely wood-based. The wood fiber insulation panels used are crafted from a
combination of base and ancillary materials, ensuring a high-performance solution. The
primary constituent is wood, with a minimum content of 80%, predominantly sourced from
pine and supplemented by some hardwood. Notably, a minimum of 70% of the wood used
is certified by the Program for the Endorsement of Forest Certification (PEFC) attesting to
sustainable forestry practices [39]. Binding fibers contribute to the structural integrity of
the panel, comprising 3–8% of the composition. The incorporation of these fibers enhances
the material’s overall strength and durability. Additionally, the panel contains water in the
form of wood moisture, ranging from 4–8%, and ammonia phosphate, constituting 6–8% of
the material. The material possesses specific characteristics as per the established required
standards. The noteworthy characteristics are the gross density (as per EN 1602 [40]), which
is 55 kg/m³, the thermal conductivity (as per EN 13171 [41]) of 0.038 W/(mK), and the
water vapor diffusion resistance factor (as per EN 12667 [42]), which is 5. The wood fiber
insulation placed in a mock-up module is depicted in Figure 3.
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2.1.3. Seals and Gaskets

Ensuring the building’s envelope is protected from moisture and weather damage is a
complex process that depends on various factors [43]. Thus, properly sealing a building’s
façade with non-combustible materials is critical for fire safety. Therefore, sealing the
interfaces of the FSMs helps prevent the spread of fire by restricting airflow and flames. The
Basajaun Façade System limits the use of aluminum sheets and silicon in façade modules.

The Basajaun FSMs incorporate three distinct sealing products used to enhance their
functionality and performance. The first sheet features a reflective fire reaction vapor barrier
screen, comprising an upper layer of aluminum film and a lower layer of fiberglass fabric.
The second sheet is a highly breathable reflective membrane; its composition includes a
protective layer of perforated aluminum film, an intermediate layer of functional PE film,
and a bottom layer of fiberglass fabric. The third element, a double band, consists of layers
that contribute to robust adhesion and reinforcement. It involves a separating layer of
silicone-coated paper, solvent-free acrylic dispersion adhesive, a reinforcement grid made
of polyester, and another layer of solvent-free acrylic dispersion adhesive. These diverse
sealing products collectively contribute to the product’s versatility, combining reflective
properties, breathability, fire resistance, and robust adhesion for a comprehensive and
effective solution.

On the other hand, the plywood panels’ primary component is wood, constituting
about 84%. This wood content encompasses a balanced selection of quality wood materials,
contributing to the panel’s overall strength and stability. To enhance the structural cohesion
of the panel, 11% of the composition is resin, 0.16% is mastic, and 0.16% is additives. For
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additional reinforcement, the panel features hardener and water, accounting for 5%, and
glued tapes and composing glue, comprising 0.04% of the composition. Tapes, membranes,
and plywood placed in a mock-up module are depicted in Figure 4.
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These technological systems work together to ensure the FSMs are safe, functional,
and efficient, contributing to the overall performance of the building.

2.2. Environmental Assessment Methodology

In order to be able to make more precise assessments regarding the environmental
impact of these façade systems, the Global Warming Potential (GWP) of the modules was
quantified. This was achieved by performing an Embodied Carbon Assessment (ECA) of
all three FSMs considering a boundary from cradle to practical completion. During the
calculation of the embodied carbon, the Centre of Window and Cladding Technology’s
method indications were considered [44]. With reference to the life cycle assessment
(LCA) method defined by ISO EN 14044 [45,46]. After the goal and scope definition phase,
defining the reasons for applying this methodology to the project, the other two phases of
the ECA as defined by the norm were applied.

2.2.1. Life Cycle Inventory (LCI)

This phase involves calculating the input and output flows throughout the entire
supply chain, based on the LCA methodology. This includes measuring quantities of
components and materials, assuming their waste generation, and their consequential
greenhouse gas emissions. Once the reference system flows are defined, the impacts are
calculated using various stages defined by the standard. The presented study stages
from cradle to practical completion have been considered (A1–A5). These stages include
collecting quantitative project data on materials and components, as well as environmental
data from primary (foreground) and secondary (background) sources.

2.2.2. Embodied Carbon Assessment Results

This last phase involves the final assessment by associating the LCI results with the
environmental factors. The results presented are focused on GWP, the best known and most
requested impact assessment category. Considering the limitations of this methodology
when applied to bio-based materials [47] and that GWP is one of several categories of
environmental impact, the results were analyzed considering biogenic carbon sequestration
as emitted carbon dioxide during raw material supply.
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3. Results

To better understand the environmental impact of the Basajaun Façade System Mod-
ules (FSMs), their Global Warming Potential (GWP) was quantified through an Embodied
Carbon Assessment (ECA). Given the Basajaun H2020 project context, one of the goals is
to assess the environmental performance of the façade modules from their raw material
extraction to installation on the construction site. To that aim, the Embodied Carbon Com-
mittee of the Centre for Window and Cladding Technology (CWCT) published a report
in 2022 that presents a peer-reviewed methodology for assessing the embodied carbon
of façades [44]. This procedure focuses on the GWP environmental impact indicator and
aligns it with whole-life carbon assessment documents from other construction industry
bodies. The methodology is also aligned with the life cycle assessment (LCA) method,
as defined by ISO EN 14044 [45,46], and considers the life cycle boundary as defined by
EN 15804 and EN 15978 [48,49]. However, while designers and assessors should ideally
consider as many life cycle modules as possible, CWCT has identified the minimum life
cycle stages that should be included in a façade assessment. These stages include the
product stage (A1–A3), construction process stage (A4–A5), replacement stage (B4), and
end-of-life stage (C1–C4). The study presented herein has placed a particular emphasis on
the A1–A5 stages due to a dearth of foreground data pertaining to the stages subsequent to
practical compliance.

This methodology was applied to the three FSMs developed within the Basajaun
project. Then, in order to establish a benchmark reference for the analysis and interpre-
tation of the results, an ECA A1–A5 of parallel FSMs conceived as conventional was
conducted, assuming the use of conventional materials and common practice solutions for
the curtain wall façade for the different technological systems that met the same design
requirements. Each technological system was then examined to identify alternatives that
provided the same mechanical, thermal, and sealing performance as the Basajaun system.
This led to the consideration of aluminum frame profiles in comparison with bio-composite
profiles according to their mechanical characteristics and thermal resistance, mineral wool
insulation in comparison with wood fiber according to their conductivity and density,
and traditional sealing systems with gaskets and silicones in comparison with tapes and
sealants according to their water and air tightness, as well as the use of aluminum sheets
instead of plywood panels. No alternative glazing was considered due to its unique func-
tionality. Other components, such as screws, nuts, and surface treatments, were assumed
to be identical in both Basajaun and benchmarking versions, as their negligible mass and
negligible CO2 emissions made them inconsequential to the overall GWP comparison. Ad-
ditionally, based on BS EN 15978 Section 9.4.3 and BS EN 15804 Section 6.3.6, components
that do not exceed 1% of the façade system mass could have been excluded from the GWP
calculation [48,49].

By emulating the process in a conventional manner, the aim was to assess the GWP
consumption patterns of Basajaun FSMs against an abstraction of how they would have
been as conventional. This approach not only provides a more comprehensive understand-
ing of the unique characteristics of the custom design but also facilitates comparison by
highlighting deviations from traditional practices.

3.1. Life Cycle Inventory

The technical information related to the manufacturing of the FSMs has been produced
after completing the design stage. A comprehensive bill of supplies detailing all the neces-
sary materials and components, along with technical drawings outlining the assembly steps
and machining procedures, has been drafted for each module. Considering them, once the
reference system flows have been defined as related to energy consumption, consumption
of raw materials or waste, or greenhouse gas emissions, their GWP was calculated through
the A1–A5 life cycle stages defined by the standard EN 15978 [49]. This inventory step re-
quires: (1) the collection of quantitative project data on materials and components used and
(2) the collection of environmental data (i.e., carbon factors) from primary (foreground) and
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secondary (background) sources to evaluate the impact of the project. To ensure accuracy
and reliability in analyzing the as-conventional module quantitative project data related
to material composition and consumption, they were adjusted using conversion factors
selected based on manufacturer information and research. This approach ensured that the
virtual representation of the as-conventional modules reflected the anticipated material
quantities that would be utilized in a common construction scenario. The sources of the
data used in the ECA are indicated in Table 1, about the project data, and in Table 2 about
the environmental data.

Table 1. Summary of the project data sources.

A1

Modules’ materials and components Bill of components, products’ datasheet, company’s PLM and ERP,
technical drawings, BIM model.

A2

Materials and components’ shipping information Geographical position of the suppliers, company’s PLM, ERP, and
departments’ worksheets, DDT.

A3

Module manufacturing Production plans.

A4

Transport to the construction site Geographical position of the construction site, shipping plans, company’s
PLM, ERP, and departments’ worksheets, DDT.

A5

Machine or plant usage on site due to
modules’ installation Production and construction company.

Table 2. Summary of the environmental data sources (i.e., carbon factor sources).

A1 FU

Frame profiles
Aluminum profiles European Aluminum. Environmental Profile Report [50]. kg

Bio-composite profiles
Eco Impact Calculator for composites v.1.1.1 [51], primary
data from the manufacturing company, and
Azrague et al. [52].

kg

Insulation equipment

Rock wool Average from EPDs of panels with similar density and
thermal conductivity. m3

Wood fiber Used product EPD. m3

Seals and Gaskets

Aluminum sheet Aluminum Sheet European avg. Environmental Profile
Report [50]. kg

Plywood Used product EPD. m3

Tapes and sealants Average from EPDs of products with similar characteristics. m2

EP and vulcanized seal Ecoinvent v.3.7.1: Synthetic rubber [53]. kg

Other components
IGU Generic values CWCT [33]. m2

Roller shutter Average from EPDs of products with similar characteristics. m2

Finishing Ecoinvent v.3.7.1: Powder coat, steel [54]. m2

A2–A4

Transport Ecoinvent v.3.7.1: Transport, freight, lorry EURO5
{RER}|avg 3 to >32 metric tons [55]. kgtran.ted · km
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Table 2. Cont.

A1 FU

A3

Assembly off-site Primary data from the manufacturing company.

A3 waste rate How to calculate the embodied carbon of façades: a
methodology; CWCT [44]. WRi = 3%

A5

Energy consumption Report of emissions per kWh of the regions of the construction sites.

A5 waste rate How to calculate the embodied carbon of façades: a
methodology; CWCT [44]. WRi = 3%

Given the significance of the implementation of bio-composite profiles in this study
and the noteworthy interest surrounding them, it is deemed pertinent at this point to
expound on the outcomes derived from the compilation of data pertaining to these
innovative profiles.

Based on the composition outlined in Section 2.1.1, percentages were assigned to the
mass unit relative to its contents, with 55% of the composite of reinforcement and 45%
of the resin system. Every effort was made to attribute a carbon factor to each content,
with a focus on foreground factors. However, the suppliers of the FSM components
could not provide primary data about their impact; as a consequence, secondary data was
utilized. To estimate their carbon factor, the Eco Impact Calculator for composites 1.1.1
was utilized. This digital tool enables the calculation of the environmental impact of
composite products, from cradle to gate, as provided by the European Composites Industry
Association (EuCIA). The background datasets for this tool are sourced from the SimaPro
9.3.0.3 software, and it is supplemented by industry data obtained through completed
questionnaires [51]. However, it appears that there is still a lack of specific data regarding
the content of the bio-resin system in the given quantities, as well as the reinforcement
basalt fibers. As a result, it has been necessary to make assumptions about their carbon
factors assuming one related to polyester resin and glass fibers, respectively. As a result,
the carbon footprint calculated by the software of 1 kg of Basajaun profile is equal to
2.98 kgCO2eq/kg. However, based on a thorough review of the relevant scientific literature
to identify more specific carbon factors, revised calculations were carried out. In light of
the carbon factor reported by Azrague et al. for a comparable basalt fiber reinforcement
content [52] and more precise calculations regarding the consumption of the pultrusion
process, the new calculations were conducted. Upon careful consideration, it has been
determined that the carbon dioxide equivalent emissions associated with the retrieval of
raw materials for one kilogram of the bio-composite developed in the Basajaun project
amount to 1.67 kgCO2eq/kg. Afterwards, when it comes to estimate pultrusion-related
emissions, which is claimed to be one of the most cost-effective and competitive approaches
to obtaining constant section composites [56,57], the operational parameters are critical in
determining energy consumption. The pulling equipment used, according to the machine
technical datasheet, requires 13 kW of unit power, while about 6 kW is allocated for heating
the production dies. This is assuming 2/3 of the maximum heating power of 9 kW as, in
the context of series production, maintaining a consistent level which is imperative and
the exothermic heat generated during the process aids in heating up the die. Therefore,
when calculating the energy used in one hour of the pultrusion process, the total reaches
19 kWh. The average pulling speed ranges from 0.25 to 0.30 m/min, which translates to
15 to 18 m/hour, and 180 to 216 kg of profiles. Consequently, the energy consumption
per kilogram of the pultruded main profile is estimated to be between 88 and 105 Wh/kg.
Considering the greed carbon factor of the pultrusion plant region, of 215 gCO2eq/kWh, it
has been assumed a carbon factor for the pultrusion process of the Basajaun bio-composite
profile of about 0.021 kgCO2eq/kg. On the other hand, in the extrusion realm, average
pulling speeds range from 3 to 12 m/min, requiring 45 to 90 kW of power, with an output
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ranging from 150 to 250 kg per hour. That means applying the same greed carbon factor
as the pultrusion plant would achieve 0.072 kgCO2eq/kg. Despite the bio-composite
profiles, which have been specifically designed for the structural frame (as the one depicted
in Figure 2), exhibiting a notable weight of 12–15 kg/m. It has been determined that a
conventional extruded aluminum profile, when subjected to identical loads and tension,
would weigh approximately 7 kg/m. However, it is important to note that these values
are approximate, as precise measurements have not been conducted during the design
and production.

The article refrains from specifying additional data assumptions for other technological
systems, owing to the fact that they are composed of materials that are more prevalent and
conventional in the market. As indicated in Table 2, Environmental Product Declarations
(EPDs) have been made available for insulation and plywood panels.

3.2. Embodied Carbon Assessment Results

The last stage involves the final assessment by associating the collected data in the
ECA results. It is important to note that the impact of phase A1 should be understood as the
impact of the components of the façade module. Therefore, the A1 impact of a component
belonging to an FSM does not solely refer to the extraction of its raw materials but also to
their pre-processing in other plants. For example, in the study presented here, item A1 of a
bio-composite profile corresponds to the extraction of its raw materials, its transportation
to the plant where it was pultruded, and the impact of the pultrusion.

Furthermore, prior to presenting the results, it is crucial to highlight that the findings
regarding the influence of transportation in the supply chain do not represent a typical
supply chain. This is because the modules being analyzed are part of a European initiative
(Basajaun project) involving industrial partners located across the continent, such as Italy,
Spain, and Hungary. Consequently, the impacts related to transport (A2 and A4) are
probably higher that what they would be in a typical supply chain.

In the subsequent sub-sections, the outcomes of both the Basajaun FSMs and the
as-conventional FSMs have been expounded through a series of explanatory graphs.
These graphs have been categorized based on the three FSMs, namely Glazed Vision
FSM (Figures 5–7), Opaque FSM (Figures 8–10), and Window FSM (Figures 11–13).

3.2.1. Glazed Vision FSM

Each FSM sub-section includes a histogram that compiles the GWP results from the five
stages of the module life cycle. The first column displays results from the as-conventional
module (light blue), while the second column shows results from the Basajaun module
(green). The values from different stages have been merged in different manners to better
understand their impact on the total. The values represent the impact of the entire façade
modules, which are 4.0 m tall and 1.2 m wide (kgCO2eq) or they are normalized to m2

(kgCO2eq/m2) depending on the bar description in the histogram. The mass of the modules
differs depending on the FSM type; it is about 500 kg for the Glazed Vision FSM, 385 kg for
the Window FSM, and 255 kg for the Opaque one.

In all three cases, the stage causing the highest emissions is A1 due to the complexity
of the components of the façade modules. According to the findings, the A1 stage of the
bio-composite version yields 9.64 × 102 kgCO2eq (2.01 × 102 kgCO2eq/m2), whereas the as-
conventional version results in 1.15 × 103 kgCO2eq (2.39 × 102 kgCO2eq/m2). Furthermore,
the factory responsible for assembling the components is powered by photovoltaic panels,
and the site operations are confined to module installation and sealing operations. As a
result, the environmental impact of these stages is remarkably low if compared to A1. A3
values are invariant across both versions, yielding a result of 1.14 × 101. This is attributed
to the assumption of an equal assembly process for all the FSMs. A5 values differ slightly
between the as-conventional and Basajaun versions. In the as-conventional version, the A5
value is 4.59 × 10−2 kgCO2eq, whereas in the Basajaun version, it is 5.05 × 10−2 kgCO2eq
due to the increased weight.
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The second histogram displayed in each FSM section provides a more detailed analysis
of the impact of individual technological systems, as previously presented in Section 2.1.1.
The GWP values encompass all components of the FSM.

These are the only charts where the impact considering the carbon included in
the wood-based products is presented, referred to as “Basajaun—Considering biogenic
carbon stored in the materials.” Biogenic carbon is derived from biological sources and
is associated with the carbon stored in the biomass. When conducting an ECA or an
LCA, the carbon in these products is usually considered separately from fossil carbon,
which comes from non-renewable sources. Trees absorb carbon dioxide during growth
and store it in their biomass. When harvested and used to make products, this stored
carbon contributes to a negative value in the GWP. This carbon sequestration aspect is
a key reason why wood products are considered environmentally beneficial, as they
can help offset carbon emissions. Although there is no consensus on the assessment
of biogenic carbon in LCA, different methodological choices and assumptions can lead
to opposite conclusions [58]. For this reason, it is important to clearly state how this
is considered. In the presentation of the findings, the discounting of biogenic carbon
dioxide was considered valuable to ensure a more effective comparison of the proposed
solutions despite the narrow boundary. In the A1 values displayed, the biogenic carbon
is then considered as actual emissions. Nonetheless, given its significance, a bar has
been included to reflect the results of the Basajaun module in the event that it is taken
into account (Figures 6, 9 and 12).

Specifically, Figure 6 pertains to the Glazed Vision module that lacks a spandrel portion
and therefore has no insulation-related impacts. Notably, the “other components” category
presents high values due to the inclusion of glass, which comprises the major surface
and mass of the module. Finally, since bio-composite profiles have a limited wood-based
component and since there are no plywood panels, the reductions given by biogenic carbon
are not significant.

In each FSM section, the final figure provides a more precise breakdown of A1’s
GWP, detailing each component type within the analyzed module. The left side displays
graphs related to the as-conventional module, while the right side displays graphs
related to the Basajaun-developed module. Components and materials assumed as
unchanged between the two versions are represented in grayscale, while components
belonging to different technological systems are shown in color to aid in comparison.
The histograms display absolute values for the entire module, while the pie charts
illustrate the components’ perceptual impact on the total A1 GWP. The height of the
bar and the corresponding value above it reflect the outcome derived from the primary
environmental data gathered during the LCI phase. Conversely, the error bar signifies
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the potential variance in results that could arise from utilizing secondary data from
external databases or considering alternative suppliers.
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The figure related to the Glazed Vision FSM is Figure 7; it reveals that the primary
contributors to emissions of this FSM are the frame profiles and glass components. It is
notable that the Glazed Vision system demonstrates a reduction in the GHG emissions
only regarding the structural profiles, benefiting from bio-composed materials with
respect to aluminum profiles. The item labeled as ‘Extruded profiles’ in the two diagrams,
which also appears in the following FSM sections, encompasses all the connection
elements that are integrated into the module. These elements had to be made of either
stainless steel or aluminum due to structural safety considerations.

The comprehensive error bar observed in the aluminum profiles—which, as
pointed out, represents possible alternative outcomes by assuming different data—is
due to the variability of GWP among similar aluminum-extruded products in the
market. The values used for evaluating aluminum profiles in the as-conventional FSM
are obtained from the Environmental Profile Report [50], whereas profiles containing
36% recycled aluminum are indicated as the European average. However, some ex-
ceptional products available in the market contain 75% recycled content and possess
environmental certifications that attest to GWP per kg values that are 45% lower than
the values used in this analysis [59]. Conversely, some international databases report
values that are up to four times higher than the values used in this study [60]. These
factors contribute to the large error bar observed in the graph for aluminum profiles.
Then again, the error bar pertaining to the profiles in bio-composites is representative
of the value that would have been obtained had the result been derived from the Eco
Impact Calculator for composites 1.1.1 from EuCIA.
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3.2.2. Opaque FSM

As for the previous FSM section, the first figure, Figure 8, displays a comprehensive
cross-section of the results obtained from the different GWPs analyzed in various stages.
As for the Glazed Vision module, the impacts of A3 and A5 are relatively inconsequen-
tial compared to the other factors. The GWP of A1 for the Basajaun Opaque module is
6.38 × 102 kgCO2eq (1.33 × 102 kgCO2eq/m2), while that of the as-conventional module
is 8.60 × 102 kgCO2eq (1.79 × 102 kgCO2eq/m2).
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In Figure 9, a closer look at A1 GWP is presented. Since it is about Opaque FSM,
the impact of insulation equipment and the part about sealing and related aluminum
sheets or plywood panels appear in the graph. When comparing the results of the as-
conventional FSM, it becomes evident that the impact related to the aluminum-extruded
profiles is higher than the impact of insulation and seals equipment. However, with the
Basajaun FSM, the impact of various factors is more evenly balanced and lower overall.
It is worth noting that when considering biogenic carbon in the Basajaun modules, the
items related to insulation and sealing exhibit significant variation. Specifically, with
wood fiber panels, the majority of GHG emissions are associated with the release of
embedded carbon during end-of-life disposal.
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Figure 10 presents detailed graphs of the impact of stage A1 on the Opaque modules,
revealing insights. The as-conventional module shows that almost all of its impact is
attributed to extruded profiles and aluminum sheets, which account for 94.9% of the total.
In contrast, the Basajaun module balances this percentage with a combination of extruded
and pultruded profiles (55.6%) and plywood (11.8%), due to the significant impact of wood
fiber insulation (31.5%). It is important to note that biogenic carbon was considered in this
graph as emitted in A1.

One can also observe the significant error bars of the insulation equipment in both
versions. The EPD of the products used in making the mock-up was used for the analysis,
and the histogram bar represents its value. However, the error indicates the result that
could have been obtained with other similar products available on the European market
whose EPD was public.
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3.2.3. Window FSM

After analyzing the three FSMs, it was observed that the Window module had a
more elevated impact compared to the other two. The data reveals an A1–A5 GWP of
1.52 × 103 kgCO2eq (3.16 × 102 kgCO2eq/m2) for the Basajaun model, whereas if it had
been designed as conventional, 1.71 × 103 kgCO2eq (3.56 × 102 kgCO2eq/m2). The detailed
results are presented in Figure 11.
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The assessments pertaining to Figure 12 mirror those of Figure 9. Nevertheless, it
is worth noting that the frame profiles exhibit a higher GWP value owing to their added
responsibility of accommodating an opening window, thereby requiring more and larger
sections. The “other materials” category also shows an increase due to the inclusion of the
window glass.
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Analogous to the other sections within the FSM, the final figure in this series illustrates
the specifics of the results for A1 GWP, as seen in Figure 13. The profiles carry a greater
weight, resulting in a more pronounced indicator for them. In contrast, the glass component
holds less weight compared to the Glazed Vision FSM, since it only covers a smaller surface
area of 1.1 m2.
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4. Discussion

This section will synthesize the key discussions about the Basajaun project objective
related to Façade System Development described in the introduction. It will explore how
the implementation of different façade typologies, industrialized manufacturing processes,
and the use of bio-composites converge to create innovative building envelope solutions
with lower emissions. The objective was to design a façade system that substitutes currently
used materials with the highest wood-based and bio-composite contents while maintaining
system performance and reducing carbon footprint.

Regarding the reduction in CO2 emissions, the Embodied Carbon Assessment (ECA)
performed for stages A1–A5, yielded results that align with the predicted carbon footprint
reductions across all three Façade System Modules (FSMs) designed. Table 3 provides
a summary of the analysis results and the corresponding percentage decrease in Global
Warming Potential (GWP) for each FSM.

Table 3. Summary of the GWP reduction thanks to the Basajaun approach in the three FSMs.

Glazed Vision FSM Opaque FSM Window FSM
kgCO2/Module kgCO2/m2 kgCO2/Module kgCO2/m2 kgCO2/Module kgCO2/m2

A1 as-conventional 1.15 × 103 2.39 × 102 8.60 × 102 1.79 × 102 1.32 × 103 2.75 × 102

A1 Basajaun 9.64 × 102 2.01 × 102 6.38 × 102 1.33 × 102 1.05 × 103 2.18 × 102

reduction: 16% reduction: 26% reduction: 21%

A1, A3, and A5
as-conventional 1.16 × 103 2.41 × 102 8.72 × 102 1.82 × 102 1.33 × 103 2.77 × 102

A1, A3, and A5
Basajaun 9.75 × 102 2.03 × 102 6.50 × 102 1.35 × 102 1.06 × 103 2.20 × 102

reduction: 16% reduction: 25% reduction: 21%

A1–A5
as-conventional 1.44 × 103 3.00 × 102 1.06 × 103 2.21 × 102 1.71 × 103 3.56 × 102

A1–A5 Basajaun 1.36 × 103 2.84 × 102 9.17 × 102 1.91 × 102 1.52 × 103 3.16 × 102

reduction: 5% reduction: 14% reduction: 11%

The results of the ECA for these Façade System Modules revealed that the materials
with the highest CO2 emissions were the frame profiles and glass due to their quantity and
characteristics, confirming the literature findings [61–63]. As a result, the modules with
larger quantities of profiles, such as the Opaque FSM (with a 26% reduction in A1 GWP)
and the window FSM (with a 21% reduction in A1 GWP), saw the greatest benefits from
substituting critical materials with those made from forest-based and bio-composite sources.
However, it is fundamental to recognize that the potential contribution of greenhouse
gas emissions to global warming does not provide a comprehensive view of the overall
environmental impact of an object, with other aspects like energy consumption, resource
depletion, toxicity, and water footprint being essential to guarantee a broader range of
environmental impact categories, giving a more holistic understanding of sustainability. To
analyze these aspects, other assessments like a complete LCA would be needed. Moreover,
the study delves into the A1–A5 life cycle stages, which encompass raw material extraction
to façade practical completion. Developing end-of-life plans for a prototypical product is
intricate, and one can only rely on assumptions based on prior knowledge.

Moving forward with the considerations of the results, a point should be made on
the insulation equipment. Even though wood fiber insulation is often considered to have
lower embodied carbon than mineral wool insulation [64], this analysis revealed a rise in
CO2eq emissions due to the implementation of wood fiber insulation equipment when
compared to the alternative due to considering its biogenic carbon as actual emissions in
A1. This could be attributed to the EPDs referenced in the analysis, which exhibited a
significant variance in values based on the chosen product used as a reference. Nonetheless,
when the biogenic carbon within the material is taken into account as compensation, the
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overall GWP of this technological system could be considered significantly reduced. It
is pertinent to note that the biogenic carbon, as discussed in this study, was reported as
having been emitted to the atmosphere in A1 instead of C3. This approach, if not specified,
could potentially lead to misunderstandings.

The benefits of factory-based manufacturing are widely recognized, including cost effi-
ciency, quality control, scalability, and advanced automation technologies [65,66]. Through
economies of scale, factories can produce goods in large quantities, distributing fixed costs
across a greater number of units and reducing the cost per module [67]. Standardized
processes and automated machinery ensure consistent product quality, while scalability al-
lows manufacturers to quickly respond to changes in demand. Incorporating prefabricated
modules assembled in line is a crucial element for product sustainability. Nevertheless, in
order to achieve a sustainable transition, the utmost consideration must be given to limiting
the production of new materials only to cases where other, more virtuous principles of the
circular economy can no longer be applied. This approach will significantly contribute
to the preservation of our natural resources and help mitigate the negative impacts of
industrial activities on the environment.

When it comes to pultrusion and extrusion technologies, extrusion is known for its
ability to create intricate shapes and lighter profiles. This process operates within the
thermoplastic domain, while pultrusion works with thermosetting materials. Extruded
profiles are generally lighter, allowing for the production of more profiles from the same
amount of raw material. Though pultrusion has some advantages in energy consumption
per unit weight (kW/kg), with the bio-composite profile reducing energy consumption
by about 70% compared to aluminum profile extrusion, it is difficult to make a direct
comparison due to the fundamental differences in technology, output characteristics, and
material properties. It is important to take into account that a Basajaun pultruded profile
measuring one meter in length weighs nearly twice as much as an equivalent aluminum
profile with comparable structural properties. Extrusion is versatile in creating complex
shapes and lighter products [68], while pultrusion excels in producing stiffer and more
durable profiles [35].

The considerable weight of bio-composite profiles also affects negative aspects con-
cerning atmospheric emissions resulting from their use. Their more significant weight and
cross-sections compared to conventional structures increase the impact of transporting
FSMs of this type, because the mass of the load transported is directly proportional to the
emissions of the transporting vehicle. Moreover, it might happen that due to its slightly
larger volume, the system design causes fewer modules that can be loaded on a single
truck, resulting in more trips. However, this last specific condition did not happen during
the Basajaun project. Also, during the construction phase, these features require greater
amounts of consumed energy and could also adversely affect the timing of the on-site
installation process. The use and maintenance phase of the life cycle is also outside the
domain of analysis presented in this research; however, it could have highlighted how
the developed bio-composite profiles seem to require lower maintenance than metal or
aluminum profiles. Despite these drawbacks, the results describe them as a lower-emission
solution than a corresponding conventional profile. However, another crucial concern
regarding the profiles that is not within the scope of this analysis pertains to the building’s
structural system. With their increased mass, these profiles may necessitate an oversizing
of the load-bearing structure supporting the façade system. As the structure is a major
contributor to the embodied carbon of a building [69,70], these factors could have signif-
icant implications for the GWP of the building, particularly in the case of tall structures.
However, this was not evaluated in this particular presented analysis.

It was claimed already that bio-based wall panels are a first step in integrating a
circular economy approach in the construction sector, using renewable resources, carbon
sequestration potential, and high-quality suitability for reuse and recycling [71]. However,
regarding aspects related to the circular economy, further analysis of the FSMs developed in
Basajaun is necessary. While prefabrication of the modules in the factory offers advantages
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such as easier disassembly at the end of life, it is not yet possible to confidently state that
the Basajaun’s façade system is more circular than a conventional system. By examining
alternative technological systems individually, it becomes clear that specific insights are
required to test the recyclability of bio-composite profiles. While reuse could be evaluated
only at its disposal, the fibrous materials from which it is composed would likely require at
least surface treatment and may not guarantee adequate characteristics for reuse with the
same function, necessitating a downcycle. Chemical recycling methods, such as conven-
tional pyrolysis, solvent, and dissolution recycling, are viable options that aim to transform
plastic waste into its original components or beneficial products [72]. These methods can
be considered feasible alternatives for recycling the bio-composite profiles. Conventional
pyrolysis emerges as a widespread thermal process operating in the absence of oxygen,
thermally degrading the resin matrix into oil, gases, and solid products [73]. This method,
typically executed between 400 ◦C and 700 ◦C, yields fibers, char on the fibers, and fillers
from the solid products, offering a promising route for recycling. However, challenges
include the need for high temperatures and the potential for energy-intensive processes [74].
Moreover, solvolysis, a prevalent chemical recycling process, involves dissolving the poly-
mer matrix with chemicals like acids, bases, and solvents. While mechanically shredding
and grounding solid fiber-reinforced plastic waste, solvolysis provides uniformity and
higher fiber lengths without imposing high mechanical and thermal forces. However, the
use of chemicals and solvent recovery steps pose challenges, environmental concerns, and
process complexities. Lastly, the dissolution process introduces an innovative concept
where a carefully chosen solvent selectively dissolves the polymer matrix, allowing for
polymer recovery. This process, classified into superheated solvent dissolution, enables
the separation of polymers from composite waste, offering energy-efficient precipitation
of the polymer through flash evaporation. Each of these recycling techniques presents
opportunities for the recycling of the bio-composite components, contributing to a broader
approach to circular materials’ management. However, the trade-offs involve chemical use,
solvent recovery, and energy considerations. A careful evaluation of these methods shall
contribute to a comprehensive approach to construction. Wood fiber insulation, being of
organic origin, can be considered a circular material. It can be biodegradable and it can
come from the recycling of waste wood from sawmills [64], but its end-of-life use options
are still the subject of much scientific research. Mineral wool insulation, provided as an
alternative in the proposed conventional module, can be recycled or reused, making it a
sustainable alternative to current mortars made from composite materials [75]. Lastly, the
sheathing and taping provided to ensure seals are composed of several layers that cannot
be separated and are therefore unable to be recycled.

5. Conclusions

The presented prefabricated Façade System Modules (FSMs) developed within the
Basajaun H2020 project represent a pioneering venture into incorporating bio-based ma-
terials into sustainable and operational building envelope systems, aiming to reduce the
environmental impact of façade systems through innovative design, material choices, and
manufacturing processes.

The comprehensive Embodied Carbon Assessment (ECA) conducted from cradle to
practical completion (stages A1–A5), provided valuable insights into the environmental
performance of the FSMs. Another ECA was conducted by replicating the assessment as
per the same FSMs but designed as-conventional prefabricated façade modules to estab-
lish a benchmark reference for analysis. This approach provided a more comprehensive
understanding of the unique design characteristics.

While some EPDs are available for certain components used in the facade modules
analyzed, obtaining primary data for assessing environmental impact categories has proven
difficult or even impossible. Moving forward, it is essential for the construction industry
to increase the amount of data available to properly evaluate the environmental impacts
of materials and components. Suppliers play a crucial role in this endeavor by raising
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awareness among manufacturers and purchasers, paving the way for virtuous networks in
the construction industry. This approach encourages sustainable practices and promotes
demand for eco-friendly materials.

The results demonstrated that substituting critical materials with forest-based and bio-
composite sources can reduce CO2 emissions. The frame profiles, identified as the primary
contributors to emissions, showed significant GHG emission reductions when replaced
with the pultruded bio-composite profiles developed within the project. Consequently, the
Opaque FSM and Window FSM, with larger quantities of profiles, exhibited substantial
reductions in A1 GWP, witnessing reductions of 26% and 21% in A1 GWP, respectively, and
highlighting the potential for impactful carbon footprint reduction in façade systems.

While the benefits of reducing emissions in frame profiles were apparent, challenges
arose with wood fiber insulation. The analysis revealed a rise in CO2eq emissions compared
to the mineral wool alternative, underscoring the relevance of considering biogenic carbon
in the evaluation.

Factory-based manufacturing processes proved advantageous, aligning with industry-
recognized benefits such as quality control and scalability. The comparison between
pultrusion and extrusion technologies highlighted the need to consider each method’s
strengths and limitations carefully. Extrusion’s versatility in creating intricate shapes and
lighter profiles demonstrates advantages in specific contexts. Pultrusion proved valuable
for bio-composite applications thanks to its reduced energy consumption per kg of profile
(9.77 × 10−2 kWh/kg). However, the considerable weight of bio-composite profiles can
introduce challenges during transportation and installation on-site. While the analysis
confirmed a lower overall environmental impact than conventional alternatives, the weight
considerations necessitate careful planning to mitigate potential structural implications.
While further analysis is required to assess bio-composite profiles’ recyclability and deter-
mine their end-of-life, there are various methods of chemical recycling, such as pyrolysis,
solvent, and dissolution recycling, which have the potential to convert bio-composite
material waste into its original elements or useful products.
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