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Abstract: At present, building design is faced with a need to properly manage complex geometries
and surfaces. This fact is not only driven by the increased demand for visually stunning spaces
but also stems from the rise of new design paradigms, such as “user-centred design”, that include
bespoke optimization approaches. Nevertheless, the escalating adoption of customized components
and one-off solutions raises valid concerns regarding the optimal use of energy and resources in this
production paradigm. This study focuses on the Life Cycle Assessment of a novel Cement–Textile
Composite (CTC) patented material. It combines a synthetic reinforcing textile with a customized
concrete matrix, to generate rigid elements that are able to statically preserve complex spatial arrange-
ments, particularly double-curvature surfaces. Moreover, the CTC offers a low-volume cost-effective
alternative for custom-made cladding applications. The study performed a comparative carbon
footprint assessment of the CTC production process in contrast to other technologies, such as CNC
milling and 3D printing. To facilitate meaningful comparisons among diverse construction alterna-
tives and to derive generalized data capable of characterizing their overall capacity, independent of
specific production configurations, the present study implemented a generalized parametric shape of
reference defined as a bounding box (BBOX), which encloses the volume of the target shape. Compar-
ing different production technologies of the same shape with the same BBOX results in a significant
carbon saving, up to 9/10th of the carbon footprint, when the CTC technology is adopted. The study
therefore highlights the potential environmental advantages of CTC in the fields of architectural
design and building engineering.

Keywords: LCA; low-carbon technology; complex geometries; parametric optimization; environmen-
tal impact; customized designs; concrete-based composite

1. Introduction

In recent years, building design has evolved to include complex geometries and
surfaces that are visually stunning and optimized for specific users. This transition refers to
external architectural surfaces (typically wide), and interior surfaces, but even to individual
“eye catching” components inserted within standard surfaces. The shift towards bespoke
optimization approaches has necessitated a move away from standardized systems and
components to single-use, customized, and optimized solutions. This concept has also
been supported by the European community through the “new European Bauhaus” [1],
which aspires to imagine and build a sustainable and inclusive future together that does
not exclude the esthetical aspects.

A direct consequence of this concept is also the growing alienation from standard-
ization through the production of custom, or bespoke, architectural surfaces in small
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quantities, even if it may present relevant challenges for designers and manufacturers.
With the rising demand for designs with proposed complexity, architects and designers
are increasingly seeking unique solutions that are optimized for individual projects and
user needs [2]. However, existing manufacturing processes, developed to fit the mass
production paradigm, are often unable to conveniently create complex shapes and surfaces
in small quantities, from both economic and sustainability viewpoints [3,4]. Indeed, in
the frame of reference of the building sector, one of the main limitations faced by small-
scale production for custom or bespoke architectural surfaces or claddings is choosing
an appropriate production method [5]. Depending on the specific design, certain manu-
facturing processes may not be able to achieve the intricate shapes and forms required
by architects and designers, further limiting the possibilities for customization. In such
a context—mainly relating to small-scale production—the interest in and possibility of
reusing artefacts, a sustainable process related to the principle of Design for Disassembly
and Deconstruction (DfD) [6], thus unfortunately becomes secondary.

To address these challenges, designers and manufacturers are exploring new materials
and manufacturing processes that can enable the production of complex shapes and surfaces
in small quantities. These technologies often incorporate new materials (e.g., composites or
advanced polymers) and employ digital fabrication techniques that enhance precise control
over the manufacturing process.

The increasing popularity of digital fabrication techniques has not only led to the
development of new technological applications but also brought about a paradigm shift in
production, as seen in the rise of the do-it-yourself (DIY) movement [7].

Actors within these communities actively advocate for broader applications and the
implementation of digital fabrication and bespoke alternatives, often highlighting their
potential for higher sustainability and cost-effectiveness compared to traditional production
methods. However, many of these technologies have not been comprehensively studied
from a sustainability perspective [8,9], indicating the need for further research on this topic.
Moreover, advanced customization enables the introduction of highly specific architectural
solutions related to the ability to use flexible, digitally controlled machinery and the
growing industrial capacity to change production models [10].

In the context of construction, the concept of advanced customization and new fabri-
cation techniques leads to a twofold development. On the one hand, it seeks to improve
the quality and originality of buildings using digitally controlled tools; on the other hand,
it fulfils the demand and needs for ambitious constructions.

Nevertheless, in small-scale production, the sustainability of the manufacturing pro-
cess has not yet reached its potential, or a desirable level [11]. Conventional manufacturing
techniques typically involve high levels of energy consumption, resource usage, and waste
generation, which can have a significant impact on the environment. As the demand and
need for sustainable building materials and processes continue to increase (UN Sustain-
able Development Goals number 9 and number 12) [12], there is a need for innovative
technologies that enable the sustainable and efficient production of custom or bespoke
architectural surfaces.

The successful realization of a concept from its conceptual stage to its tangible form is
fundamentally dependent on the performance of the utilized manufacturing technology.
Consequently, enhancing the capabilities of the available manufacturing technologies
broadens the spectrum of possibilities that can be incorporated into a design. This expansion
of technological scope directly influences the versatility and complexity that can be achieved
in design implementations.

This study addresses the current restraints of consolidated digital manufacturing
technologies in handling complex double-curvature geometries, focusing on the analysis of
a novel technology called Cement–Textile Composite (CTC) [13–15].

In particular, a comparative analysis is performed on the carbon footprint via Life
Cycle Assessment (LCA) analysis between CTC, computerized numerical control (CNC)
milling, and 3D printing. The focus of the present study is to estimate the potential of CTC
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technology in reducing carbon emissions during the production of complex surfaces for
building envelope cladding solutions. It aims to strengthen the role of CTC in increasing
designers’ capabilities to handle complex geometries while also considering the overall
sustainability of the applicable design process. A parametric approach is used to assess
these digital manufacturing processes and compare them within a generalized framework
of analysis.

2. State of the Art—Review of the Main Processes

The contemporary design industry is witnessing a consolidation in the transformative
shift towards parametric design practices. This approach, characterized by the use of
algorithms and computational models, enables the creation and manipulation of complex
geometries, and starting from the 2000s it revolutionized traditional design methods. The
language of parametric design gained relevance in past years, and the resulting practice
is rising in popularity among both professionals and customers [16]. Parametric design
has also served as the conceptual foundation for an entire architectural and design style
known as ‘Parametricism’ [17] and, although the definition is not without criticism [18], this
fact can serve as important proof in understanding the overall influence of the parametric
design paradigm in the contemporary design landscape [19].

Parametric design is often associated with the implementation of complex geometries,
which may ultimately overflow in the manipulation of non-Euclidean geometries, such
as elliptic, hyperbolic, and fractal geometry [20], or other complex forms of geometrical
shape definition based on organic and non-standard configurations [21]. In this regard, the
parametric design approach is enabled by the use of specific digital technologies, which
allows for the effective modelling of the designers’ intentions.

Michael J. Ostwald outlined the overall historical development of architecture as a
form of parallel evolution between the design process and enabling technologies. From
this perspective, an enabling technology (ET) is any set of tools, techniques, or protocols
necessary to support a given design process [22]. Accessibility to suitable technology is,
therefore, a critical factor in assessing the feasibility of a design process; sometimes, the
infrequent implementation of specific design features is not due to a lack of appreciation or
demand, but rather due to the limitations of the available technology, the high production
costs, the scarcity of machinery, or a shortage of skilled professionals. These ultimately
hinder the overall feasibility of that specific choice.

Pertaining to this, double-curved surfaces could be accounted for alongside the design
features that are infrequently addressed in design practices; these are widely appreci-
ated and have been successfully implemented within a variety of successful high-budget
designs, most notably as the basis for the building envelope design [23]. This paradox-
ical situation can be attributed to ETs. While the double-curvature design can enhance
the overall aesthetic and functional aspects of a project, its practical realization requires
access to sophisticated machinery and a highly skilled workforce. Consequently, this
design strategy necessitates significant financial investment, which may render it less
viable for smaller-scale projects where resources are more limited [24]. To solve this gap in
the research, in recent years, ETs have been thoroughly researched in the form of digital
manufacturing technologies.

In the framework of building envelope design, the outer appearance of a building is
often achieved via the implementation of a cladding system. A cladding system allows
the application of one material over another to provide a skin, or layer, over the building
to define both its outer shape and finishing material [25]. In addition, non-loadbearing
claddings can be implemented as a system where outer lightweight panels are used in
conjunction with an inner structural framework [25]. This setup allows one to freely define,
up to a certain extent, the overall shape and material of the non-structural panels, where
the typical materials of choice may range among the following alternatives: brick, stone,
metal (aluminium or steel), timber (wood), glass, concrete, ceramic tiles, vinyl siding, fibre
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cement, and different composite materials (aluminium composite panels, fibre-reinforced
plastic) [16,25,26].

Multiple manufacturing processes have been developed to enable the production
of cladding panels with different geometries either planar or three-dimensional. In the
case of three-dimensional shapes, these can include various types of geometries such as
meshes of planar polygons, or curved surfaces with both single and double curvature. A
building design that implements complex cladding geometries is generally referred to as a
“free-form” construction.

As previously implied, free-form construction often stands on the liminal edges of
current technological capabilities, resulting in highly complex manufacturing needs. In
particular, due to the complexity involved, the overall sustainability of free-form construc-
tion is often questioned [27]. Kavuma et al. noted that free-form projects can easily run
behind schedule and over budget, suggesting that the fabrication of free-form components
has a large impact on the timely completion; instead, over-costing issues are dependent on
factors related to the personnel involved [28]. Essentially, because free-form buildings are
achieved via extremely complex manufacturing processes, the whole production displays
less flexibility in overcoming different kinds of contingencies, such as client decisions,
delays, or project changes. Any form of such uncertainty can easily result in cost and
time overruns.

The manufacturing process for free-form building envelopes usually focuses on the
outer panels, which are designed in a process that has been named “panelization” [29].

Panelization aims to simplify free-form geometries into a finite series of sections
(panels), which can be individually manufactured and assembled on site. The panel
geometry is usually planar, and it is achieved via different techniques (e.g., triangulation,
primitive approximation, fitted rotational surfaces, principal curvature meshes, developable
strip model [29]) deriving from an overall approximation of the proposed design.

However, the manufacturing of panels with a true free-form three-dimensional ge-
ometry (e.g., double curvature geometry) can also be achieved via a limited number of
manufacturing technologies, particularly digital manufacturing technologies that imple-
ment CNC production machinery.

Materials suitable for panel production include plastic, glass, metal [30], and different
groups of specialized materials, such as a fibre-reinforced polymers (FRPs) [31]. Metal
panels are generally produced via bending, die forming, single-point forming, dieless
forming, and other similar processes [30]. However, cold bending methods cannot produce
precise double-curvature geometries above a certain degree of complexity [32]. On the other
hand, advanced materials like glass and fibre-reinforced materials such as fibre-reinforced
plastic (FRP) and glass-fibre-reinforced concrete (GFRC) require production processes that
involve the use of moulds [30]. In such cases, moulds are required to shape raw materials
into their final forms. However, this necessitates a shift in focus towards the production,
utilization, and waste generated by the mould implementation [33]. Free-form moulds are
generally produced via digital manufacturing machinery implementing both subtractive
and additive methods. In this context, the novel research approach based on the proposal
of no-mould processes aims at lowering costs and increasing the sustainability of free-form
panel production by reducing assembly wastes [34].

2.1. Traditional Production Processes

Multiple production processes enable the realization of complex shapes and are typi-
cally related to factors previously described. Within this context, the macro-processes most
relevant to the construction sector have been selected: forming, casting, CNC milling, and
3D printing.

Table 1 provides a schematic overview of the multiple variables’ respective ratings.
Specific technologies have been presented for each macro-process category.
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Table 1. Comparison of standard production processes for complex panels. • = low; •• = medium;
••• = high.
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Vacuum infusion
process (VIP) Composite materials Y • • •• •• •• ••• • ••

Autoclave moulding Composite materials Y • • ••• • •• ••• • ••
Thermoforming Thermoplastic Y •• •• •• •• • ••• ••• ••

Forming with mould Metal, wood, plastic Y •/•• •• •/•• ••• •• ••/••• ••/••• ••
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ng Mould casting Fluid materials Y •• •• • • •• • ••/••• ••

Casting on flexible
adjustable mould Fluid materials N •• • • •• • • ••/••• •••

M
il

li
ng
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Fused deposition
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3D
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ng

Selective laser
sintering (SLS) Nylon, polyamide N •• • •• • ••• •• ••• •••

The comparison enabled via this synthetic comparative review highlights FDM and
CNC milling as the technologies that exhibit a higher degree of overlap with CTC across
various analytical dimensions, suggesting that the three technologies may share similar
applications.

The initial CNC milling process employs a computer to mill, cut, and shape materials
like plastic, metal, stone, and expanded polystyrene (EPS). CNC milling has also been uti-
lized to produce moulds for free-form panels and large-scale components [34]. The material
used for producing the mould may vary, with reported cases of application of rigid foams,
polymers, metals, wood, and clay. It is important to note that more sustainable solutions,
like clay, may pose specific limitations. For instance, the material’s low strength permits
only a limited number of reuses for the same mould [31], leading to a higher frequency
of replacement, and consequently fabrication. In this regard, more stable alternatives like
PVC, PUR, and XPS provide a wider range of applications but, overall, display poorer
environmental sustainability. The fabrication process is possible both in the factory and on
site [35]. This process typically consists of three main steps:

1. Digital modelling: the digital model is converted in the format required by the CNC
machine using specific software.

2. CNC milling: the foam is milled initially by coarse milling and then through fine milling.
3. Surface treatment: the surface is manually treated with the coating and then sanded

to obtain a smooth surface.

The 3D printing FDM method is part of the “additive manufacturing approach” and is
increasingly common for the creation of customized elements. It manipulates an object in
its digital format by adding several layers back-to-back and the fabrication of components
can be performed either on-site or in the factory [36,37]. It is based on the extrusion of a
molten material that hardens immediately after the deposition. This technology is unique
in its ability to produce very thin shells geometrically precise on a large scale [36,37].

Within the presented frame, additive manufacturing technologies can also be im-
plemented both to directly produce free-form architectural panelization or the necessary
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moulds. However, it is very complex to discern the technology with the lower environmen-
tal impact. Faludi et al. developed a comparative LCA assessment about the use of two
specific machines for subtractive and additive production. While it is not possible to draw
a clear line to define the most sustainable solution, it is instead possible to broadly outline
a series of trends [38]. Considering the machines as frequently utilized (which is a basic
premise to balance the embodied impacts of each machine), the impact of 3D printers is
generally dominated by energy use, while CNC material waste becomes more dominant
with increased use.

Overall, the main phases of the process are:

1. Design modelling: the element is digitalized with a specific software.
2. Transmission of the script from the software to the machine.
3. 3D print: layer-by-layer deposition of the material.
4. Surface treatment: the rough area of the print due to the deposition is smoothed [35].

The primer is applied and a painting process follows.

2.2. Innovative Production Processes: Cement–Textile Composite (CTC)

The Cement–Textile Composite is a low-cost and expeditious system to produce
complex customized façades with the possibility of having personalized finishes (surface
texture, colour, transparency, grass, etc.), and programmable performance (structural
resistance, transparency, etc.). Thanks to CTC, it becomes possible to build custom façades
with double curvatures, exploiting the properties of the material; additionally, thanks to
the integrated custom-developed configurator that allows designers to create complex
shapes and geometries, the material has potential to fulfil precise functions. The patented
technology [13–15] is based on a cement matrix (cement, water, and polymer fluid) coupled
with three-dimensional deformable fabric. The surface fabrication does not require ad
hoc formwork or moulds for forming (standard concrete formworks comprise around
40% of the construction cost [39] but a simple tensioning frame, meaning a fast and cost-
effective forming process. The technology enables the preservation of the utilized fabric
finishes. Moreover, various types of cement can be employed in the construction process,
including white, traditional, coloured, high-strength, or environmentally friendly variants.
The envisaged production treatments and processes encompass the capability to retain
the visible geometric texture, colour, or pattern of the fabric. Additionally, if needed, it is
feasible to ensure the tactile perception of the material, such as softness, soft touch, or a
velvet/talc-like effect, without necessitating subsequent post-installation treatments. In
one of the production variants, is it possible to locally remove the cement matrix to create
discontinuous or semipermeable (i.e., to air and/or light) surfaces.

The manufacturing process of CTC (fully described in patents IT102019000005300A,
IT102016000128119, and EP3990720A1 [13–15]) is designed to address the main potential
environmental benefits of digital manufacturing technology [8], such as improved resource
efficiency and shorter supply chains. It also aims to mitigate production issues that could
negatively affect the implementation of complex geometries in design, such as the cost
overruns typically associated with their production [24]. Agusti-Juan et al. proposed that
digital fabrication maximizes its potential environmental benefits when the technology
is applied to pursue resource efficiency and functional optimization [10]. Functional
optimization is defined as the integration of additional functions within the realised object,
such as increased performance (e.g., thermal or acoustic) or simultaneous uses of the same
object for multiple purposes (e.g., structural elements which may double as furniture). In
this regard, the shell-type objects developed via CTC inherently minimize the material
use for the finished product. Also, CTC effectively avoids the use of moulds in favour of
support frames, which can be designed for optimized material consumption, while also
allowing effective reuse at the end of its operational implementation. Additionally, the
hollow interior of CTC products can easily be implemented to fit additional functions,
either by housing extraneous applications (e.g., machinery or sensors), or masking and
covering existing elements in the environment which may need concealment.



Buildings 2023, 13, 2989 7 of 21

Furthermore, CTC seeks to improve social impact by envisioning more localized
production, introducing innovative distribution models, and fostering new collaborations
through seamless integration into existing production landscapes.

3. Method

The Life Cycle Assessment (LCA) method was used to quantitatively estimate the
potential carbon saving resulting from the generation of complex surfaces, allowing us to
identify the main driving parameters of the production processes and compare the results
for different domains, as explained later. The adopted method for the carbon footprint
assessment is based on International Standards ISO 14067 and EN 15804 [40,41].

The method adopted for the climate change evaluation is the Global Warming Potential
(GWP) assessment, according to the IPCC-2013 method [42]. All the GWP values will be
expressed on an equivalence basis concerning CO2, in kg or tons of CO2 equivalent.

In this study, digital manufacturing processes, namely CNC milling, FDM 3D printing,
and CTC, are compared for their expected environmental performance in producing similar
target geometries with double-curvature properties.

The boundaries of the system for the LCA are shown in Figure 1. The analysis
implemented is a “Cradle to Gate” analysis, so the initial stages of the element production
process are assessed starting from the sourcing of raw materials to the completion of the
production stage in the factory.
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Figure 1. System boundaries adopted in the study.

As shown in Figure 1, the analysis takes into account the raw material used, the pre-
and post-processing transportation methods, and the energy used. On the other hand,
the infrastructures, the materials used for cleaning, and the relative impact of the labour
employed were not considered.

For each screened scenario, it is assumed that the main campus of “Politecnico di
Milano” is the final destination for the product to be installed and utilized. Data from
Ecoinvent v.3.9.1 were used to model the processes and SimaPro 9.5 was adopted as a tool
for the analysis (based on the considerations that follow). Whenever possible, country-
specific processes and processes relevant to Europe were selected. Each process involves
inputs which concern materials, transportation, and infrastructure and, consequently,
the outputs in which waste is included as well as the final product. Figure 2 shows the
assumptions for each production process detailed described in the following sections. As
shown in the results section, all the quantities (materials and energy) will be different on
the basis of the domains of the area considered for the various technologies.
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In order to ensure that the analysis would be parametric, it was decided to identify do-
mains (described in detail in the subchapter “Parameterization and domains”) to compare
the carbon footprint of the three pre-described selected production processes in such a way
that the analysis carried out is not tied to one or more case studies but applies to multiple
forming requirements. Further attention was given to the three production processes, as
they are based on very different principles:

1. CNC milling is based on material subtraction.
2. Three-dimensional printing FDM is based on material addition.
3. CTC is based on morphing a membrane, considering material relaxation under the

minimum curvature hypothesis.

The inherent distinctions among production processes have underscored the need for
establishing a methodology that facilitates a practical and dependable comparison. This is
particularly crucial within a field where the primary aim is not to confine the analysis to a
specific case study but to develop equivalent nomograms for expeditiously ascertaining the
most advantageous process from a Life Cycle Assessment (LCA) perspective, applicable
across various domains.

The methodology identified starts from the target shape, which is treated differently
for each of the processes, namely the following:
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• CNC milling: In the case of CNC milling, which is a subtractive process, the initial
step involves the creation of a bounding box (BBOX) encompassing the entire target
surface, as presented in Figure 3. This BBOX serves to determine the total volume of
material needed for the machining process. For the paper, we considered a polystyrene
(EPS) block as the material to be milled. Subsequently, a portion of this material is
removed during milling, and considered as waste, while the remaining portion shapes
the final required form. The resulting volume and its surface are later coated with
an acrylic enamel hardened through a catalyst. Then, a gypsum-based plaster and
a painting are applied for finishing. The ratio of the remaining volume to the total
volume is referred to as the underlying volume (UV) expressed as a percentage filling
of the BBOX. This percentage value allows for the comparison of different potential
surfaces, which, from a process perspective, have an equivalent impact. Consequently,
the surface dimensions are scaled down accordingly.

• Three-dimensional printing FDM: For the sake of comparison and similar to CNC
milling, the process of 3D printing FDM involves defining a BBOX and the same UV as
a percentage filling of the BBOX as presented in Figure 3. However, since 3D printing
is an additive process, the saturation percentage is determined by the volume enclosed
by the final surface (essential for generating the surface), equivalent to the volume
not removed during CNC milling. The final volume generated is then finished with a
primer and a painting process.

• CTC: In the case of CTC, the focus is on the surface itself, without employing a volu-
metric analysis approach. Dimensioning and determining parameters in this context
are more intricate, as the outcome is directly related to the surface itself. Additionally,
the generation of a surface with double minimum curvature, starting from a planar fab-
ric, involves stretching, making the calculation more complex. Consequently, a genetic
algorithm was developed to generate surfaces with double minimum curvature for
three different type-generation families. This approach facilitated the determination
of area values for the CTC system across various dimensional domains. To enable
comparison with the other two processes, the obtained results were then correlated
with the initial area, aligning them with the concept of BBOX and underlying volume
(UV), as presented in Figure 3. In this case, the CTC membrane follows the external
shape of the UV, with a low thickness.

3.1. Parameterization and Domains

The analysis presented is a preliminary stage that identifies the most appropriate
process for different domains. Hence, a decision was made to incorporate the notion of
the “domain of relevance” to appropriately scale the evaluation. Consequently, this ap-
proach ensures that the analysis remains applicable beyond a specific case study, effectively
extending its validity. The reference volume is a BBOX, which can identify a variety of
final product shapes. Unlike a static shape, this reference volume is dynamic and can be
modified through the adjustment of specified geometric variables. This approach enables
the parametric compilation of Life Cycle Assessment (LCA) computations for a diverse
range of production scenarios. This type of assumption is made since the study aims
to analyse generic cases for the sake of a comparison between several ranges for small
customizable objects. The X and Y directions are constant for each case scenario.

For the third direction (Z), three distinct BBOX heights are considered in each scenario,
with values of 20 cm, 40 cm, and 80 cm, respectively. The GWP trend for each process is
then defined.

In the end, all the cases are compared with several percentages of saturation to evaluate
the net value of the percentage volume fill of a BBOX, encompassing a general element with
general shapes. As it is possible to see in the following sections, the analyzed percentages
have a constant increment of 20%, from 0% (empty) to 80%. The total fill of the BBOX
(100%) was calculated but it is not recorded in the results since it represents the maximum
limit of the volume. The implementation methods of the three selected processes turned
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out to be very different from each other, so it was necessary to determine realistic methods
of simulating each step: area, height, and filling.
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unformed CTC system, (C2) CTC system formed in final position.

The following analysis will compare three different shaping process alternatives. This
choice stems from the fact that the other two technologies, 3D printing and CTC, have the
printer area and the height of the fabric roll as constraints, respectively. It follows that, since
the EPS block is the element with the smallest dimension, it was selected as the reference
for defining the domains. The BBOX incremental step sizing process is considered as an
EPS block of 255 × 100 × 100 cm (L × D × W) that is cut or glued to other complete or
partial blocks to arrange the following geometries of the base plan.

The domains studied are as follows:

• BASE STEP: 1.0 m × 1.0 m. This option was selected because it is the standard area in
the construction sector.

• STEP 00: 1.60 m × 0.80 m. This option was selected because it has a side ratio of 1:2,
with a longer side length greater than half of the length of the reference EPS block.

• STEP 01: 1.60 m × 0.90 m. This option was selected as variation of step 00, almost
at the width saturation limit; this can demonstrate how a small change can impact
the result.

• STEP 02: 1.60 m × 1.40 m. This option was selected with its width greater than the
block; consequently, a junction is required.
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• STEP 03: 3.00 m × 1.40 m. This option was selected with width and length greater
than the reference block; as a result, junctions are required on both sides.

3.2. LCA Assumptions for CNC Milling

The assumptions originate from the need to find a proper method of dealing with the
partitioning of an EPS block in such a way as to allocate proper importance to both the
material used and the material recycled or discarded so considered in the “waste” section
of the various processes. We have decided to evaluate, as an alternative for our analysis,
only the EPS panel as an example of a standard material suitable for the purpose. It can
provide excellent workability and suitable support for various finishes while ensuring
lightness, cost-effectiveness, material availability, and easy composability of the basic units
to create samples, even at a high volume. However, we have also analyzed wood and cork
as alternatives; despite being natural and renewable materials, these often yield comparable
or worse results as the size of the workpiece increases. This is primarily due to the materials’
density and the resulting transportation impacts at the same volume; additionally, the
increasing number of glue joints required to ensure adequate processing volume is too
great. The assumptions made for calculating the quantities of the material used have been
schematically collated in Table 2.

Table 2. Description of the hypothesis considered in the computer numeric control (CNC) method.

CNC Milling

Name Hypothesis

EPS

The volume of material used has been calculated assuming the use of
single piece or multiple joint standard material elements (Figure 4).
If the volume considered does not coincide with the standard material
size, then the volume considered refers to multiple standard pieces
joined together.
Density: 25 kg/m3, [IPCC GWP 100a kg CO2 eq: 3.96]

Acrylic Enamel

The amount of material is calculated by considering the yield of the
acrylic enamel and the different surfaces for each filling percentage.
The finishing is made up of a quarter of acrylic enamel.
Density: 1.05 kg/m3, [IPCC GWP 100a kg CO2 eq: 2.25]

Catalyst

The amount of material is calculated considering the yield of the catalyst
and the different surfaces for each filling percentage.
The finishing is composed of three quarters by the catalyst.
Density: 1.05 kg/m3, [IPCC GWP 100a kg CO2 eq: 2.25]

Plaster
Gypsum has a yield of 1.75 kg/m2.
It is calculated considering that the latter is applied superficially.
[IPCC GWP 100a kg CO2 eq: 0.04]

Primer + Water

The primer is applied superficially; then, the total area and its yield are
considered for the calculation (25 kg/m2).
The primer must be accompanied by a water solution; the ratio is
one-eighth. [IPCC GWP 100a kg CO2 eq: 2.25 (Primer), 0.00002 (Water)]

Painting
Considering the total surface, concerning the filling percentage and the
yield of the paint (12 m2/L), the necessary quantity was calculated.
Density: 1.1 kg/m3, [IPCC GWP 100a kg CO2 eq: 2.25]

Materials Transport

The distance from each semi-finished product manufacturer to the
installation and realization location has been considered, which, for the
paper, has been hypothesized to be Milan.
[IPCC GWP 100a: 0.51 kgCO2-eq/km (Lorry 3.5–7.5 metric ton)]

Energy
Consumption values for the milling machine and the mixing machine are,
respectively, 5 W/h and 0.33 W/h.
[IPCC GWP 100a kg CO2 eq: 0.12]
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Table 2. Cont.

CNC Milling

Name Hypothesis

Waste

For all materials, except for EPS, waste was calculated by taking the
quantity rounded up minus the actual quantities used.
For EPS, the waste material was calculated considering the excess part
taken to follow the cutting lines, and the material discarded during
modelling (different for each SV of the BBOX).
The remaining part of the volume purchased (1 × 1 × 2.55 m) and the
cutting line considered for each geometry are not considered scrap
(Figure 3).
[IPCC GWP 100a kg CO2 eq: depends on the material]
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3.3. LCA Assumptions for FDM 3D Printing

This type of technology is related to digital manufacturing and among a multitude
of 3D printing types. The Fuse Deposition Method (FDM) is considered; here, a printing
nozzle deposits the melted and extruded thermoplastic filament layer by layer in the
print area.

Overall, the process works with a unique primary material (polylactic acid—PLA)
which is fused in the required quantity; therefore, waste sections are limited to a small
quantity of PLA material and packaging of materials. Furthermore, the procedure also
involves a cooling system which is not in the calculation of GWP. The whole calculation
hypothesis used in the process is shown below in Table 3.

3.4. LCA Assumptions for Cement–Textile Composite (CTC)

The quantification of CTC materials consumption presents a specific challenge within
the context of the BBOX hypothesis in comparison to other manufacturing technologies.
This arises from the inherent hollowness of CTC products, determined by the fact that
materials consumption is predominantly concentrated within the thin shell of the product
and the tensioning frames incorporated in the forming process. In this context, the frame
assumes a pivotal role in facilitating the precise tensioning and shaping of textiles. The
frame is assembled from planar wooden components.

As previously mentioned, CTC is a production technology that leverages morphing
membrane principles (Figure 5), signifying a surface-based modelling approach, in contrast
to the volume-based methodologies employed by CNC and FDM 3D-printing technologies.
For this reason, the concept of infill percentage, a common metric in other manufacturing
technologies, does not apply to CTC in the same way.
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Table 3. Description of the hypothesis considered in the Fuse Deposition Method (FDM) 3D printing
process.

FDM 3D Printing

Name Hypothesis

Polylactic acid
(PLA)

The volume of material used has been calculated through 3D printing software
OctoPrint 1.9.3 in which the testing shape was inserted.
A baseline BBOX with different percentages of filling was considered for the
sake of the comparison.
Density: 1300 kg/m3, [IPCC GWP 100a kg CO2 eq: 3.39]

Primer + Water

The primer is applied superficially, then the total area and its yield are
considered for the calculation (25 L/m2).
The primer must be accompanied by a water solution, the ratio is one-eighth.
Density: 1.00 kg/m3, [IPCC GWP 100a kg CO2 eq: 2.25 (Primer), 0.00002 (Water)]

Painting
Considering the total surface, the filling percentage, and the yield of the paint
(13 g/m2), the necessary quantity was calculated.
[IPCC GWP 100a kg CO2 eq: 2.25]

Materials
Transport

The distance from each semi-finished product manufacturer to the installation
and realization location has been considered, which, for the paper, has been
hypothesized to be Milan.
[IPCC GWP 100a kg CO2 eq: 0.16 (Lorry 16–32 metric ton)]

Energy

Through 3D printing software, it was calculated the time on the base of shape
and percentage of filling. Then, it was multiplied by the average power
required (125 W/h).
[IPCC GWP 100a kg CO2 eq: 0.12]

Waste

For all materials, except for plastic, waste was calculated by taking the quantity
rounded up minus the actual quantities used.
Plastic waste is the sum of the materials’ packaging.
[IPCC GWP 100a kg CO2 eq: depends on the material]
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An iterative algorithm able to rapidly produce different design alternatives of viable
shapes to be produced with the CTC technology was developed for the purpose.

Each BBOX volume resulting from the permutation of the different base dimensions
and the respective z-height measures have been implemented within an optimization
function set with the goal to produce a valid CTC design with the highest value of textile
consumption based on the final mesh area. This parameter enables the identification of the
maximum material consumption for each BBOX permutation.

Furthermore, considering that CTC can be utilized to create various design geometries,
three main configurations were selected to be developed into the optimization process.
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Each of these design geometries, henceforth referred to as “scenarios”, was chosen due to
its particular representation of the design capabilities inherent in the CTC process.

The three scenarios (Figure 6) can be essentially derived from the main design topolo-
gies which can be achieved by maximizing the use of the BBOX volume. Each scenario is
built as a loft surface using inputs from different sketch profiles [43].
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• Scenario 1 uses the base at the bottom of the BBOX as a fixed sketch profile, while the
top of the BBOX can vary following an internal offset.

• Scenario 2 uses the base at the bottom of the BBOX as a fixed sketch profile, while the
top side of the BBOX is used to place two circular frames which may vary in radius
and positioning.

• Scenario 3 creates two different sketch profile on the shorter vertical sides of the BBOX.
Each profile is generated as a spline interpolating six points which can individually
vary in positioning.

After a loft surface is established on the generated frames, it is then converted into a
polygonal mesh with a triangular base to be finally optimized as a minimal surface via a
simulation workflow scripted via Kangaroo [44].

Each iteration of the optimization algorithm served not only to produce the instance
with the widest textile area but also a large number of intermediate steps. The resulting
models were further categorized based on two additional variables: the equivalent infill
percentage (calculated as the ratio between the underlying volume and the overall volume
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of the BBOX) and the actual textile consumption. The latter was determined by flattening
each design onto a standard textile roll measuring 210 cm in width.

The data obtained from the analysis allowed us to quantify a range of material con-
sumption for each scenario, detailing the follwoing: the minimal textile consumption;
the maximum textile consumption; the average textile consumption; the average wood
consumption for the frame production. Additionally, data regarding the equivalent in-
fill volume allowed us to clusterize and map the results into an adequate system for the
comparative analysis with the other selected technologies.

Based on the quantities obtained by applying the previous methodology, Table 4
describes all the assumptions used for the LCA analysis.

Table 4. Description of the hypothesis considered in CTC process.

CTC

Name Hypothesis

Wood Panels

- This material was quantified after a parametric analysis of different case
studies (+50% BBOX height/+80% CTC used).

- Thickness: 0.018 m2

- Width: 0.05 m
- [IPCC GWP 100a kg CO2 eq: 370.20]

PE Textile
- It has been considered an average area obtained from a series of different

random cases.
- [IPCC GWP 100a kg CO2 eq: 2.19]

Latex + H2O +
Cement

- The amount of material is calculated considering the yield of the latex
and the cement, but also the different surfaces for each filling percentage.

- The finishing is composed of a fifth latex, a fifth water and the remaining
part is cement.

- [IPCC GWP 100a kg CO2 eq: 2.68 (Latex), 0.00002 (Water), 0.87 (Cement)]

Materials
Transport

- The distance from each semi-finished product manufacturer to the
installation and realization location has been considered, which, for the
paper, has been hypothesized to be Milan.

- [IPCC GWP 100a kg CO2 eq: 0.51 (Lorry 3.5–7.5 metric ton),
0.011(Transoceanic ship)]

Energy

- The consumption value considers only the amount of energy required by
the pantograph to cut CTC panels (18 kW/h).

- All other procedures are performed by hand.
- [IPCC GWP 100a kg CO2 eq: 0.11]

Waste

- All materials waste, except PE fabric, was calculated by taking the
quantity rounded up minus the actual quantities used.

- For the fabric, the waste was calculated by taking the useful area to be
used for the desired shape minus the area used. This last factor was
multiplied by 10% in order to consider the minimum elongation due to
the applied tension.

- [IPCC GWP 100a kg CO2 eq: depends on the material]

4. Results

A total of 180 cases were analysed to screen the five defined steps of area (BASE and
Steps 00–03) for each of the production processes to produce a unitized complex surface
(combination of BBOX height and percentage of filling). The most relevant results have
been included in the following discussion, and for a more complete view of the values
obtained, summary tables of each area step are shown in the annexe.

Initially, GWPs for each production process were analysed to understand the potential
variations driven by the resultant percentage of filling and BBOX height of the desired
unitized complex shape. Such progressions and differences have been documented in
Figure 7. As expected, the higher the step of the area and BBOX height, the higher the GWPs,
as more material and machine use is foreseen. Nevertheless, the significant difference at
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extremes found in GWPs was surprisingly high (approximately x10 between CNC milling
and CTC).
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Moreover, each technology displayed a relatively different GWP increase rate due to
steps of area and BBOX height variations, and a completely different trend at the same
BBOX height with different percentages of filling. That is, for CNC milling, under the
same BBOX height and step of area, the percentage of filling did not generate any relevant
GWP variations, while a change on BBOX generated a ×2 GWP (Figure 7a). Thus, one
could conclude that for CNC milling processes the embodied carbon of a complex surface
is further driven by the offset in height (i.e., z-axis) of the complex surface, rather than its
projected area, and is independent of the percentage of filling of its BBOX. On the other
hand, although 3D printing’s GWPs resulted similarly impacted by the offset in height
of the complex surface compared to CNC milling (~×2 change with BBOX increase), the
impact of the percentage of filling under the same step of the area and BBOX height is
much more relevant (Figure 7b). This becomes even more significant at a higher BBOX and
larger step of area (~×3.5 from 20 to 80% of filling at BBOX 80). This can be related to the
fact that with CNC milling the amount of raw material needed for a 20–80% percentage
of filling is the same, while 3D printing augments proportionally with the percentage of
filling (linked to the inherent characteristics of additive manufacturing processes).

On the other hand, CTC reported fewer variations in GWPs due to steps of area,
percentage of filling and BBOX height. In fact, by altering only one of the domains, changes
on GWPs are approximately ×1.5 or less. This can be attributed to the fact that, with CTC,
the raw material required for producing the complex surface is like the total amount of
an equivalent surface area in a plane. Also, CTC supports to reach the offset in height of
the complex shape are less dense. Thus, CTC has a much lower raw material use than
CNC milling and 3D printing and less machine time. Therefore, one could conclude that a
complex surface manufactured with a CTC process is more likely to have lower embodied
carbon, regardless of the complexity of its shape, compared to the CNC milling and 3D
printing processes.

To make the comparison more direct, the results were grouped in Figure 8 to help
designers, architects, and manufacturers to select the most sustainable process in accordance
with the type of complex surface that they hope to realize. The areas were drawn to
represent the existence of the intervals of the different processes at more granular steps of
each area, defined by taking the resulting highest and lowest GWPs.

For example, considering a BBOX 20 and a percentage of filling of 40 percent, it is
evident that, for any base size (step of area), the least impactful process is CTC. Also, it
is likely that only at a BBOX 20 and 20% filling a process like 3D printing could be more
sustainable than CTC.

In brief, CNC milling has a higher embodied carbon than the other two processes.
Nonetheless, all processes have a higher GWP at a higher raw material use (translated into
steps of area), but the rate at which GWPs grow depends highly on the manufacturing
process. Moreover, a linear behaviour can be established between GWPs and either BBOX
or the percentage of filling. While CNC milling and 3D printing have a similar relationship
with BBOX height, CTC has a slowing growth rate. Also, 3D printing has a steep growth in
GWP due to the percentage of filling.

The trend in CNC milling is attributed to the fact that the quantity purchased is
the same for each case and what changes are only the scraps which, however, affect
the calculated GWP value by a minimum percentage. Thus, by increasing the height
of the modules (BBOX height), the required volume of EPS increases, and the line will
consequently always be flat but will stabilize on higher values. A peculiarity highlighted is
that in the case in which the base area increases to 1.60 m × 0.90 m the amount of GWP is
reduced. This phenomenon can be explained by taking into consideration the quantity of
EPS needed the latter is equal to that of the previous step, but the waste is reduced, lowering
the carbon emissions. For the subsequent steps, however, the value always increases, given
that the number of modules is always greater.
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On the contrary, in the 3D printing process, the filling percentage growth slope is more
critical as its inherent characteristics of an additive manufacturing process require a denser
internal structure on the volumes that represent the filled percentage of the bounding box
while maintaining the same material at the base (similarly to CNC milling).

The CTC process, on the other hand, turns out to be less regular; the values for different
filling percentages at a constant height are very similar to each other. But, if the height
varies, then the value of emitted CO2 increases. Although this is not at the same rate as the
other two production processes.

Finally, utilizing the proposed methodology of normalizing complex surfaces for a
better comparison and by looking at the selected areas of the three analysed processes
(Figure 8), it is possible to note that, in any case, it is convenient to use the CTC process.
This is mainly because this type of process uses much less material than the previous ones.

5. Limitations

The results obtained in this work have been produced for the realization of a double
curvature complex surface under specific geometrical variation domains. Therefore, the re-
sults that another complex surface could have could deviate from what has been presented.
Nevertheless, the authors expect that the normalization of BBOX height and percentage of
filling will permit a comparison with any other complex surface construction.

Additionally, a further potential limitation is related to the scale of the analysis con-
ducted. In fact, in the analyses carried out, we focused on a ‘single piece’ or ‘small-scale’
production rather than mass production. This decision, linked to the relevant market
(custom product), can lead to an overestimation of input data (materials and energy) in
certain configurations. However, it should be emphasized that the selected processes are in-
herently linked to the production scale, and any change in scale will require a re-evaluation
of whether additional processes can be reconsidered.
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6. Conclusions

Building design evolution includes the materialization of complex geometries and
surfaces that are visually stunning, optimized for specific performances and/or customized
for user’s preferences. This shift necessitated a move away from standardized systems
and components to single-use, customized, and optimized solutions. A shift has been
successfully achieved in design with computational tools for modelling, while efficient and
sustainable manufacturing methods have been left behind.

Production methods such as CNC milling and 3D printing have been identified and
widely used to respond to the abovementioned shift. Nevertheless, their carbon-saving
potential is questionable due to the raw material use, type, and quantity, and the energy
needed for their production.

The proposed method was proven to allow a normalized embodied carbon comparison
(in terms of GWP) of the processing methods for the realization of a complex surface
translated into steps of BBOX base area, BBOX height, and percentage of filling of the given
BBOX. Moreover, such a process allowed us to test the carbon saving of CTC, which arises
as an alternative for complex surfaces of a certain scale, with approximately 1/10th of the
carbon footprint for their production.

Finally, the work presented provides an easy-to-use guideline for the selection of a
production method for a complex surface that would render the manufacturing methods of
complex building design shapes greener. In fact, the proposed work allows designers and
architects to identify—accounting for different volumes of relevance—which process can
improve the impact of their proposed solution. In addition, the utilized methodology and
normalization could ease the comparison of the panel’s production cost and durability by
establishing a more accurate functional unit.

Future works are foreseen to complement the elaborated database with intermediate,
smaller, and bigger iterations of the tested complex surfaces. Additionally, such databases
will become enriched with information on the potential costs of the studied manufacturing
processes.
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