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ARTICLE INFO ABSTRACT

Handling Editor: Yang Liu The advent of 3D printing technology in the construction field, as for many other industries, represents a
technological upgrade. It introduces a paradigm shift in the way we approach construction and architecture,
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performance construction.

While there is a growing body of literature on 3D concrete printing (3DCP), several aspects related to sus-
tainability remain unexplored. Systematic studies assessing the sustainability of various 3D printing technologies
and techniques to achieve a building envelope are missing in related literature.

The present study fills a crucial gap in the literature by focusing on the environmental impacts and thermal
properties of building envelopes achieved using three distinct emerging AM technologies and techniques. These
technologies include large gantry cranes, small gantry cranes based 3D concrete printers, and Fused Deposition
Modelling (FDM), applied in monolithic construction, prefabrication, and 3D-printed thin formwork for cast con-
crete components. The novelty of the proposed research is twofold. Firstly, it explores how different technologies
and techniques can achieve target thermal performances for building envelopes through parametric modelling
and thermal simulations. Secondly, it conducts a Life Cycle Assessment (LCA) analysis to identify the advantages
of various 3D printing technologies and techniques in the context of building envelopes.

The results showed that the investigated 3D printing technologies have low energy consumption and can
represent a sustainable alternative to traditional structures. The impacts of different technologies can vary
significantly depending on the configuration and internal infill; this is mainly due to the quantity of concrete
used, which can account for up to 95 % of the total impacts. Hence, the sustainability of envelopes can be
improved using configurations with thinner wall thickness (i.e., obtained with prefabrication or FDM-based
formwork technique).

By providing a better understanding of the sustainability aspects of these technologies, the study provides
valuable insights for future developments in the field, guiding the construction industry towards more sustain-
able and innovative practices.

1. Introduction printing technologies of escalating magnitude becomes clear through
the noticeable upsurge in investments both at the European and global

The introduction of 3D printing in the field of construction brought levels (Volpe et al., 2022). Recent reports regarding companies’ in-
about an unprecedented impact, introducing new and unexplored pos- vestments in 3D concrete printing (3DCP) indicate a remarkable trend of
sibilities in the Architecture, Engineering, and Construction sector. In exponential growth for this technology (Grandviewresearch, 2023,
this context, the imperative for the construction industry to adopt 3D Marketsandmarkets). Indeed, the utilization of 3D printing in the
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domain of construction and civil engineering can be characterized as a
disruptive technological advancement (Khan et al., 2020), as it funda-
mentally transforms the conventional constructive technique of the
construction sector (Hossain et al., 2020). This transformation is
attributed to the undeniable advantages it holds over traditional con-
struction methodologies (Sati et al., 2021; Xiao et al., 2021). Indeed,
Additive manufacturing (AM) allows precise design creation by adding
materials layer by layer through computer-controlled processes, offering
unparalleled flexibility in designing and customizing architecture
(Sangiorgio et al., 2022; Volpe et al., 2022; Souza et al., 2020).

Competitive performance and sustainability are required for these
technologies to become established in the building market. Although
there are numerous studies aimed at maximizing the performance of
different 3D printing-based technologies there are few findings
regarding a comparison of such technologies and their sustainability. In
fact, various 3D printing technologies have been experimentally applied
to the production of building components (Zhang et al., 2019). Among
these, the principal or more promising methods based on material
extrusion technologies include large-scale monolithic 3D printing in
situ, prefabrication of 3D printed components, and the FDM-based
formwork technique (Xiao et al., 2021; Burger et al., 2020) using large
gantry cranes, small gantry cranes, and Fused Deposition Modelling
(FDM) 3D printers, respectively. Moreover, several applications of 3D
technology in the building industry focus on the use of concrete mate-
rials. Examples of applications include bridges, houses, offices and fa-
cilities (Mierzwinski et al., 2023).

Considering the current emphasis on environmental concerns, the
environmental sustainability of concrete 3D printing technologies is
imperative for their widespread adoption in industry. Consequently,
numerous studies have been undertaken to evaluate the overall envi-
ronmental impacts of these innovative solutions and ascertain whether
they can serve as a more environmentally friendly alternative to tradi-
tional processes (Khan et al., 2021). The most commonly used meth-
odology for quantifying and comparing the carbon footprint of both
traditional casting and 3DCP is Life Cycle Assessment (LCA) (Balasbaneh
and Ramli, 2020).

Concrete material production typically constitutes the most signifi-
cant contributor to the overall environmental footprint of both tradi-
tional and 3D printed concrete structures, accounting for up to 97 % of
the total impacts (Motalebi et al., 2023). Consequently, efforts have
been made to enhance the sustainability of raw materials, although it
remains an ongoing challenge (Bhattacherjee et al., 2021; Hottle et al.,
2022; Salas et al., 2016). Indeed, AM offers promising advantages in
terms of geometric complexity and the potential for optimizing infill,
which can reduce material consumption and the environmental impact
of concrete structures (Gislason et al., 2022).

The majority of literature on 3DCP focuses on the evaluation of
concrete extrusion-based technologies (large-scale and prefabrication)
and their comparison to traditional concrete casting and formwork
prefabrication (Fernandez et al., 2023; Weng et al., 2020). For instance,
Alhumayani et al. compared large-scale 3D printing with conventional
construction demonstrating the sustainable potential of 3DCP (Alhu-
mayani et al., 2020). Ebrahimi et al. (2022) emphasized the importance
of raw materials material selection in thermal properties and sustain-
ability of 3DCP. Liu et al. (2022) compared 3D printed structures to
traditional precast concrete made with formwork, finding that 3D
printed concrete becomes more sustainable relative to traditional
methods as geometric complexity increases. Wu et al. assessed the use of
a simple geometry 3D printed formwork for concrete casting processes,
demonstrating the feasibility of the method and its improved sustain-
ability (Wu et al., 2023).

Despite the recent interest and the increasing body of literature,
several aspects related to the sustainability of 3D printing processes in
the construction sector remain unexplored. There is a lack of systematic
studies that assess various geometric configurations and infill patterns in
3D printed concrete structures. To the best of the authors’ knowledge,
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no study has considered or highlighted the potential impact of geometric
complexity and AM on the thermal properties and sustainability of
concrete structures. Furthermore, traditional cast concrete scenarios
have typically been compared to innovative 3D printing applications,
but there is a scarcity of sustainability comparisons among different AM
technologies. Moreover, there are recent 3D printing technologies (e.g.,
eggshell) that have yet to be investigated from an environmental sus-
tainability perspective.

In this context, the present study focuses on assessing the environ-
mental impacts and thermal properties of three distinct AM technologies
and techniques that are undergoing significant development in the
construction sector. These technologies include 3D printers based on
large gantry cranes, small gantry cranes, and FDM, applied using the
techniques of monolithic construction, prefabrication, and FDM-based
formwork to cast concrete components. Specifically, the technologies
and techniques are applied to design building envelope components
consisting of a 3D printed cementitious mixture and thermal insulation
based on cellulose fiber, with the configuration based on a sinusoidal
geometry. Various configurations have been investigated, including
variations in infill complexity and wall thickness, which were consid-
ered through thermal simulation analyses and LCA analysis.

This approach provides a comprehensive perspective on the sus-
tainability of different AM technologies, elucidating their strengths and
weaknesses. It also enhances our understanding of how geometric pa-
rameters within each technology can influence the overall environ-
mental footprint of structures. Consequently, this study serves as a
valuable decision-making tool for industrial applications and guides
future research efforts.

The novelty of the proposed research is twofold: 1) for the first time,
it has been investigated how different technologies and techniques can
achieve a building envelope with thermal performance targets using a
parametric modelling and analysis approach, and 2) an LCA analysis has
been conducted to identify the advantages of various 3D printing tech-
nologies and techniques for building envelopes, providing valuable
guidance for more sustainable future developments.

2. Materials and methods

This section outlines the methodological approach adopted in the
current research work. Specifically, it begins by detailing the selected 3D
printing technologies and related applications to achieve different
configurations of the building envelope. Subsequently, the thermal
performance analysis methodology to characterise the different walls is
described. Finally, the LCA approach employed to assess the environ-
mental impact of the technologies and related applications is elucidated.
Fig. 1 summarises the proposed three-step methodological approach.

2.1. 3D printing technologies

In this section, various technologies and techniques of 3D printing
for building envelopes are selected and discussed. The emphasis is
placed on explaining the reasoning behind the choice of specific tech-
nologies and techniques. Finally, the different building envelope
achievable are stated for each selected 3D printing approach.

The investigated techniques are selected based on the prevailing
approaches in the literature (Xiao et al., 2021), which include: i)
large-scale monolithic 3D printing in situ, ii) prefabrication of 3D
printed components, iii) prefabricated 3D printing formwork, which,
when produced with ultra-thin shells, is referred to as the “Eggshell”
technique (Burger et al., 2020a,b). Consequently, the study focuses on
these three aforementioned 3D printing techniques in the architecture,
engineering, and construction (AEC) sector, briefly labelled as: i)
Monolithic, ii) Prefabrication, and iii) FDM-based formwork. These distinct
techniques leverage various 3D printing technologies. Among the
available options, for the proposed work, the large gantry crane, small
gantry crane 3D printing, and FDM 3D printers have been respectively
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Fig. 1. The proposed three-step methodological approach.

chosen. Fig. 2 depicts the combination of technologies and techniques
chosen for the analyses.

In the subsequent subsections, the rationale for the selection of
specific technologies and usage techniques is justified in relation to
market prevalence or potential capabilities. In addition, each technology
and specific usage is described in detail. In the last one of these sub-
sections, the potential building envelope configurations attainable with
these techniques are presented.

2.1.1. Monolithic 3D printing with gantry system

The production process of monolithic construction takes place
directly in situ. In this case, the building envelope is printed in situ as a
single structure. This has the advantage of not needing to create and
assemble multiple components. Every building storey is achieved in a
single 3D printing session. Currently, there are three main technologies
used to achieve large monolithic 3DCP: gantry system, cable-suspended
solution and robotic arm (Parisi et al., 2023). Among these, the most
widely used system (that has gained significant traction in the market) is
the gantry system (Puzatova et al., 2022). The gantry system relies on a
frame structure to provide support for the printer’s extruder and its
actuator, facilitating movements in various directions along the Carte-
sian coordinates X, Y, and Z (Labonnote et al., 2016). Notable companies

Large Gantry-Crane 3D Printer

Monolithic 3D printing

Small Gantry-Crane 3D Printer

employing this system for achieving 3D printing of monolithic con-
structions include COBOD, Contour Crafting Corporation, and PERI
Construction (Parisi et al., 2023).

In the proposed study, a COBOD 3D printing technology (model
BOD2), specifically engineered for in situ concrete printing of large 3D
structures, has been chosen for analysis (COBOD, 2023). This is a large
machine with a print volume that can extend to approximately 15 m in
width, 15 m in length, and 8 m in height. The printing speed can reach
up to 1 m/s, and the layer thickness can go up to 300 mm. It requires a
team of 3-4 people to operate. The materials used by the BOD2 are
principally cementitious mixtures, which are blended with super-
plasticizers to attain the necessary fluidity for extrusion and a specific
viscosity that prevents deformation after printing (Sangiorgio et al.,
2022). The printer, for in situ production, requires support from addi-
tional machinery such as the Silo, Mini Batch, and a Concrete Piston
Pump in immediate proximity to the construction site.

The Silo is used in the production of concrete as storage for dry
cement which is used to produce 3D printable concrete. The Mini Batch
is designed specifically to meet the needs of using a customized concrete
mix, even utilizing locally available concrete if feasible for 3D printing.
The device consists of an agitator pan mixer supported by three load
cells, a two-compartment hopper for sand and aggregates, V-shaped feed

FDM 3D Printer

FDM-based Formwork

Prefabrication

Fig. 2. Combination of technologies (3D printers in the upper part) and techniques (related applications in the lower part) chosen for the analyses. Image generated
with the software Draw.io (2023) starting from figures of Gramaziokohler (2023), Peri (2023), Cobod (2023), Wasp (2023), Bemore3D (2023) and 3dadept (2023).
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belts, a water tank, dosing equipment for two chemicals, and a control
unit with a batching computer. The Concrete Piston Pump delivers the
concrete material using a hydraulic piston pump with two cylinders.
Specifically, the concrete pump receives the material from the COBOD
Mini Batch Plant, which readies each material batch and then delivers it
through the discharge gate to the pump’s hopper.

2.1.2. 3D printing prefabrication with gantry system

The production process of 3D printing for prefabricated construction
is adaptable for both in situ production and dedicated laboratories. By
employing this technique, the building envelope is printed in distinct
components that are subsequently assembled in situ (Volpe et al., 2021,
2023). The most commonly wused machinery consists of
gantry-crane-based 3D printers and robotic arms for 3D printing pre-
fabrication. On the other hand, in prefabrication, the machines are
medium or small-sized with printing volumes of about 3m x 3mx 3 m.
In the market, there are various machines with similar performance and
consumption that don’t present significant differences in energy usage
or printing speed (Puzatova et al., 2022). In the proposed research, the
reference machinery is the “SMART 2500 model, a granty-crane 3D
printer from the company Be More 3D (Bemore3D SMART, 2023). Un-
like large-scale printers, those designed for prefabrication can achieve
thinner layer thicknesses, up to 60 mm, and speeds of up to 0.150 m/s.
This allows for greater precision and the ability to achieve complex
shapes. On the other hand, when the complexity of the geometry in-
creases, it is necessary to reduce the printing speed, resulting in the
disadvantage of longer printing times. Also, 3D printing for prefabrica-
tion requires support from additional machinery such as concrete mixers
and concrete pumps. In this case, the dimensions of these additional
machines are reduced since the amount of required cement is lower for
each print compared to monolithic 3D printing applications.

2.1.3. The formwork with fused deposition modelling

The FDM-based formwork technique (Burger et al., 2020a,b) repre-
sents an innovative concrete structure fabrication process employing
FDM 3D printing. It is centred on achieving thin formworks for concrete
components, enabling greater geometric flexibility compared to con-
ventional construction formworks. In accordance with Gebhard et al.
(2020), the FDM-based formwork is a fabrication process where a thin
mould is 3D printed, employing the on-demand processing strategy.
Hence, the structure is produced by casting concrete within the 3D
printed formwork. Several 3D printing technologies can be used to
create formworks, but in the case of thin mould, FDM 3D printing
emerges as a particularly suitable approach (Gebhard et al., 2022). The
FDM-based formwork technique is still relatively uncommon on a global
scale, but there are research works (Gebhard et al., 2022; Burger et al.,
2023) and some companies demonstrating its potential (RepRep, 2023).
Indeed, several industrial applications of this technique are currently
being developed, proving its feasibility and possible advantages for
building envelopes and components (FreeFAB; Aectual, 2023; Euro-
news, 2023).

The production process with the FDM-based formwork technique is
adaptable for both in situ production and dedicated laboratories thanks
to the utilization of small and easily transportable 3D printers.
Furthermore, this approach offers an exceptionally high degree of design
freedom, surpassing even that of prefabrication with gantry systems.
Offering a wide scope of design freedom, it provides the chance to create
building envelope assemblies with precise interlocking among different
components. Consequently, it has been chosen among the technologies
and applications worthy of investigation to explore its potential for
achieving sustainable building envelopes.

In the proposed work, the chosen FDM machine is the Wasp WASP 3
MT HDP which has a printed volume of approximately 1 m x 1 mx 1 m
(Wasp, 2023). This type of machine employs polylactic acid (PLA) pel-
lets as the printing material. Thanks to recent research and technological
advancements, PLA can now be sourced as recycled material
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(Zero-Waste-Lab, ). The printed layer diameter is extremely thin,
reaching a maximum of 5 mm. Although, for the FDM-based formwork
technique, a thickness of 1.5 mm suffices (Burger et al., 2020a,b). This
facilitates the creation of exceptionally thin formworks, allowing for
greater precision and intricate designs. On the other hand, one downside
is the considerably extended production times.

2.1.4. The walls configurations

Once the combination of technologies and techniques has been
chosen, different building envelope types (external walls) are specified
for the subsequent analysis (thermal and LCA). For each technology, the
goal is to achieve diverse configurations in order to comprehend how
different technologies can improve the efficiency and sustainability of
the building envelope. The selected internal infill has been defined a
priori, incorporating a sinusoidal geometry, as it is widely recognized as
the most common practice (Suntharalingam et al., 2021). Indeed, such
geometry is effective both for lengthening the heat flow path between
the internal and external shell of the wall and for avoiding collapses of
the walls during the printing. In addition, the sinusoidal geometry is
well suited to be refined or not depending on the printing resolution
achievable by the production technology. The cavities formed by the
sinusoidal geometry are to be filled with cellulose fiber-based insulation
material.

In order to conduct analyses on different configurations, a para-
metric model of the component has been created using Rhino and
Grasshopper software. By parameterizing the number of sinusoids (NS),
wall thickness (T), wall length (X) and wall width (Y) this parametric
model enables the attainment of all desired configurations. Fig. 3 dis-
plays the geometrical parameters.

In the following, the configurations for each technology are defined
based on the limitations of the technology such as wall thickness and
resolution (Sangiorgio et al., 2022).

i) Monolithic 3D printing typically prints walls of considerable
thicknesses, and they are constructed without pattern infill or
with a simple one. As a consequence, the defined configurations
to be printed with this technology include a wall thickness of 6 cm
or 10 cm and a type without pattern infill or with a single internal
sinusoid. To achieve the desired wall thickness, the nozzle size is
selected accordingly (6 cm or 10 cm respectively). In turn, the
layer height is selected to be compatible with the nozzle, with the
choice being consistent with the limits declared in the COBOD
technical specifications (Cobod, 2023). In particular, layer height
is set at 3 cm when the nozzle is 6 cm and 4 cm when the nozzle is
10 cm. Monolithic printing by constructing elements directly in
situ can realize elements of considerable length. Accordingly, the
length of the corresponding configurations has been assumed to
be 2.5 m.

Prefabricated concrete components can be printed with lower
wall thicknesses. Consequently, a thickness of 4 cm or 6 cm has
been defined. Also in this case, the nozzle size is selected

B2

X

-

ii

Fig. 3. Geometrical parameters: wall thickness (T), length (X) and width (Y).
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accordingly (4 cm and 6 cm respectively). The layer height is set
at 2 cm when the nozzle is 4 cm and 3 cm when the nozzle is 6 cm.
Thanks to the greater precision of this technique and technology,
the envelope can contain up to 4 internal sinusoids. The length of
prefabricated elements must be consistent with the possibility of
handling them, so it has been defined as 1 m.

iii) The FDM-based formwork technique is particularly versatile, as it
involves printing an ultra-thin formwork, enabling wall thick-
nesses to vary from 6 cm to even more diminutive dimensions,
such as 2 cm (used for the proposed formwork). The internal
structure can encompass from 0 up to 6 sinusoids. In this case, a
nozzle of 0.5 cm is used, consequently, the layer height is set at
0.25 cm. The length of the elements must take into account the
common dimensions of the printers used for this type of tech-
nology (smaller than the previous ones). Consequently, a length
of 0.6 m has been defined for the configurations associated with
the FDM-based formwork production.

Fig. 4 shows a complete overview of the defined 3D printed envelope
configuration classified according to the three types of printing tech-
nology. For each technology, as mentioned above, the length of the el-
ements is kept constant while the wall thickness and number of sinusoids

Large-Scale 3D printing
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vary. Specifically, Fig. 4 displays all wall configurations defined for
subsequent thermal and LCA analyses. Different element lengths have
been considered consistent with the manufacturing technology. There-
fore, elements of lengths of 250 cm, 100 cm and 60 cm were respectively
considered for the monolithic, prefabrication and the FDM-based
formwork technology production. In order to compare elements of
different sizes, the LCA for the production of unit sizes of 1 square metre
were subsequently considered.

2.2. Thermal analysis

The different configurations defined and their production technolo-
gies can be compared from the point of view of environmental impact
under the same thermal performance. Thermal performance and the
environmental impact of envelope production are related. Indeed,
depending on the 3D printing technique used, it is possible to achieve
target transmittance performance with different wall thicknesses and
levels of geometric complexity. In turn, these thicknesses and com-
plexities are linked to material quantity and printing times, influencing
the LCA. In this study it has been opted to carry out an LCA analysis on
envelope components with the same thermal transmittance. This anal-
ysis complies with the LCA ISO standard 14,040-44, which specifies that

M3
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3D printing for precast
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Fig. 4. The defined 3D printed envelope configurations.
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it is essential to define structures with the same quantified performance
to compare different scenarios. For this purpose, once the geometric
parameters were defined, an iterative thermal analysis has been oper-
ated keeping the independent variables constant and varying the Y
parameter in order to reach the same defined thermal transmittance
value. The analysis was conducted using the Grassopper software. In
particular, Grasshopper is a visual programming language that works as
an extension of the 3D computer-aided design (CAD) application Rhi-
noceros. The analysis was conducted by developing an algorithm to
create configurations based on the provided parameters. By adjusting
these parameters, the geometry can vary accordingly. Additionally,
another algorithm (connecting the THERM software and grasshopper)
calculates the thermal transmittance of a given geometric section. This
integration allows for an iterative modification of geometric parameters
along with the evaluation of thermal transmittance. More in detail the
software THERM uses two-dimensional (2D) conduction and radiation
heat-transfer analysis based on the finite-element method, which can
model the complicated geometries of building envelope. This method
requires the division of the investigated model into a mesh made up of
non-overlapping elements. This process is performed automatically by
THERM using the Finite Quadtree method (THERM, 2023).

In particular, the thermal analysis has been performed according to
the following three steps.

1. Geometry parametrization, as above described. Wall sinusoids
number, wall thickness T and length X represent the independent
variables as they have been defined for the different configurations,
on the other hand, width Y constitutes the dependent variable as it is
supposed to vary during the iterative thermal analysis until the
thermal transmittance reaches the defined value.

2. Defining the thermal parameters. The constituent materials of the
envelope components common to all configurations have been
defined. Specifically, a cementitious mixture with a thermal con-
ductivity of 0.28 W/(mK) has been chosen as the printing material. In
addition, a cellulose fiber-based insulation material with a thermal
conductivity of 0.04 W/(mK) has been defined as the cell-filling
material. Finally, an overall target thermal transmittance common
to all configurations has been established. The target thermal
transmittance U value of 0.29 W/(m?K) refers to Italian Ministerial
Decree No. 162 of 26 June 2015 (DM, 2015) and particularly cor-
responds to climatic zone D.

3. Performing the iterative thermal analysis of each defined configu-
ration. The thermal analysis has been carried out with the parametric
model directly connected to a thermal analysis algorithm using
Grasshopper based on THERM software. Once the geometry to be
analyzed is connected, data on geometric areas, materials and rela-
tive thermal conductivity are entered into the program. The input
data consist of the independent geometric parameters of the different
defined configurations while the output data consists of the width Y
obtained once the desired thermal transmittance value is achieved.
Fig. 5 depicts a schematic representation of the iterative approach
used to attain the target performance.

Geometry Thermal Target
parametrization analysis Performances
=== ()]
Ss=a ==
Parameter Adjustment

Fig. 5. The thermal analysis iterative procedure.
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Table 1 resumes the different configurations investigated related to
the printing technology and their parameters. In addition, the thermal
transmittance value achieved by varying the geometric parameters is
given for each configuration. Specifically, the transmittance is close to
the target thermal transmittance value of 0.29 W/(m3K) agreed for the
case study. Each configuration has been subsequently analyzed with
LCA to compare the environmental impact of printing technology at the
same thermal performance conditions.

2.3. Life cycle assessment

The environmental impact analysis is performed according to the
Life Cycle Assessment standardized methodology (Organization for
standarization, 2004). This widely recognized framework consists of
four iterative phases:

i) Goal and scope definition;

ii) Life Cycle Inventory (LCI);
iii) Life Cycle Impact Assessment (LCIA);
iv) Results and discussion.

The LCA analysis was carried out using the dedicated software
SimaPro 9.4. The analysis phases are detailed in the following
subsections.

2.3.1. Goal, scope and scenarios definition

Given the growing interest and potential of 3D printing within the
AEC sector, the present LCA analysis aims to evaluate the environmental
impacts of different AM technologies and provide an in-depth compar-
ison among them. Moreover, this study investigates the advantages and
limitations of each technology, providing a better understanding of their
effects on the environment and valuable insight for industries and
researchers.

Three scenarios representing the aforementioned different 3D
printing technologies and techniques were considered within the sus-
tainability assessment:

- Monolithic 3D printing with a large gantry system (Scenario 1);

- Prefabrication of concrete 3D printing with a small gantry system
(Scenario 2);

- Formwork with Fuse Deposition Modelling (Scenario 3).

All the wall configurations described in Section 2.1.4 and covered by
the thermal analysis (Section 2.2) were investigated. Considering vari-
able wall thickness and infill geometry to achieve the same thermal
performance allows for the examination of the footprint of the scenarios
based on the type and complexity of the structures, further highlighting
potential advantages and challenges.

The functional unit is defined as the production of a section of an
external wall of a single storey house with a standing area of 1 m? and an
average thermal transmittance ranging between 0.28 W/m? K and 0.29
W/m? K. According to the literature, the unitary value of the standing
area was chosen to guarantee the generality of the results and allow
comparison with other analyses (Abdalla et al., 2021; Alhumayani et al.,
2020). The transmittance value was chosen in accordance with the
regulatory limit for buildings in Climate Zone D in Italy; this was
adopted as a benchmark to ensure uniform thermal performance for the
3D printed walls across all scenarios. To meet this criterion, the 3D
printed walls must vary in depth (and material use) depending on the
scenario and the wall thickness and infill configuration. The necessary
depth for each configuration is determined by the thermal analyses
presented earlier. This enabled the attainment of configurations with
equivalent quantified performance, specifically the thermal trans-
mittance, serving as the reference unit for comparison among various
scenarios. Given that the considered 3D printed envelopes are
non-structural components of the building envelope (non-load-bearing),
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Table 1
Configuration parameters and iterative thermal analysis results.
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3D printing technology Configuration number Configuration Name Wall thickness Sinusoids number X Y Thermal transmittance
[em] [em] [em] [W/m?K]
Large-Scale 3D printing M1 Monolithic 6-0 6 0 250 25 0.2906
M2 Monolithic 6-1 6 1 250 49 0.2919
M3 Monolithic 10-0 10 0 250 33 0.2832
M4 Monolithic 10-1 10 1 250 67 0.2915
3D printing for precast P1 Prefabrication 4-0 4 0 100 24 0.2878
P2 Prefabrication 4-1 4 1 100 40 0.2896
P3 Prefabrication 4-2 4 2 100 40 0.2866
P4 Prefabrication 4-4 4 4 100 41 0.2852
P5 Prefabrication 6-0 6 0 100 29 0.2887
P6 Prefabrication 6-1 6 1 100 51 0.2890
pP7 Prefabrication 6-2 6 2 100 51 0.2900
P8 Prefabrication 6-4 6 4 100 53 0.2853
FDM-based formwork F1 FDM Formwork 2-0 2 0 60 20 0.2941
F2 FDM Formwork 2-1 2 1 60 28 0.2935
F3 FDM Formwork 2-2 2 2 60 28 0.2890
F4 FDM Formwork 2-4 2 4 60 29 0.2831
F5 FDM Formwork 2-6 2 6 60 30 0.2866
F6 FDM Formwork 4-0 4 0 60 27 0.2935
F7 FDM Formwork 4-1 4 1 60 43 0.2896
F8 FDM Formwork 4-2 4 2 60 43 0.2870
Fo FDM Formwork 4-4 4 4 60 44 0.2849
F10 FDM Formwork 6-0 6 0 60 34 0.2900
F11 FDM Formwork 6-1 6 1 60 55 0.2918
F12 FDM Formwork 6-2 6 2 60 55 0.2928
F13 FDM Formwork 6-4 6 4 60 57 0.2868

the analysis did not consider the structural performance of different
configurations.

2.3.2. System boundaries

The present LCA can be classified as “from cradle to gate” as it in-
cludes all phases from the extraction of raw materials to the wall con-
struction phases. More specifically, it includes:

- Concrete raw materials extraction and transport; this phase takes
into account the extraction, processing and transport of the raw
materials required in the concrete mixture, including additives such
as superplasticizer (i.e. polylactide) and reinforcement poly-
propylene (PP) fibers. Quantities and production processes of the
different constituents are detailed in Section 2.3.3. The same con-
crete mixture was considered in all the 3D printing scenarios. By
considering the transport phase, the direct transport of concrete
constituents to the construction site was taken into account for the
monolithic 3D printing case. In Scenarios 2 and 3, transport to the
production facilities of the involved companies was considered as it
was assumed that the precast and FDM-based formwork walls were
produced in a site away from the construction one;

- PLA pellets production, pelletizing and transport for the FDM process
were modelled (Scenario 3);

- Insulation material (cellulose fiber) production and transport (all
scenarios);

- Materials mixing and pumping. This phase includes the electric en-

ergy consumption of the concrete mixing and pumping machines.

Pumps with different powers were used in the three scenarios;

3D printing process for both concrete (Scenario 1 and 2) and PLA

(Scenario 3). For the latter, in addition to electric energy consump-

tion, compressed air use is also included (Wasp, 2023);

Monolithic 3D printer, silos, concrete mixer and concrete pump

transport to the building site for Scenario 1;

Concrete wall transport from the company facilities to the building

site for Scenarios 2 and 3;

- Prefabricated wall assembly in the construction site with the use of
gantry cranes (Scenarios 2 and 3).

The machine production phases were excluded from the analysis (e.
g. 3D printers, cranes, pumps). This is a common practice in LCA as the
machines service life is typically much longer with respect to the
considered system boundaries and their production would lead to
negligible impacts (Bianchi et al., 2023).

The service life (Use phase) and end of life (EoL) of the walls was
considered outside the system boundaries. It can be assumed that the
impact of building service life is primarily related to ambient heating
and cooling (Khalili Tari et al., 2023; Zabalza Bribian et al., 2009).
Therefore, given that the functional unit (FU) was defined based on the
thermal properties of the structures, the service life of the walls would
not have a significant influence on the comparative analysis. Since the
goal of the study is mainly focused on production processes, the EoL was
not included in the analysis; in addition, at present there is not enough
information to carry out a complete EoL modelling of the 3D printed
structures, so it was considered out of the system boundaries.

Fig. 6 shows a schematic representation of the system boundaries
and the phases included within the analysis.

2.3.3. Life Cycle Inventory

The Life Cycle Inventory (LCI) phase was performed using primary
data measured by industrial partners during the 3D printing processes
and secondary data obtained from literature research, mathematical
formulae, and the Ecoinvent 3.1 database, included by default in
SimaPro.

To model all the scenario configurations that vary in terms of wall
thickness and infill, impacts per unit of different items (e.g. per kg of
concrete produced or kWh used) were calculated in SimaPro and
multiplied by the actual use of that resource for each production
configuration. In this way, it was possible to quantify the impacts of
several configurations by means of a spreadsheet.

Data concerning the percentage composition of the concrete mixture
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were provided by an industrial partner operating in 3DCP. Raw mate-
rials were then modelled in SimaPro using datasets available in Ecoin-
vent. As well known in the literature (Hottle et al., 2022), concrete mix is
mainly composed by:

- Cement and fly ash (modelled as Cement, alternative constituent
6-20 %);

- Micro silica fume (modelled as Silica sand);

- Fine aggregate (modelled as Sand);

- Water (modelled as Tap water).

In line with prior literature on 3DCP (Chen et al., 2021; Roux et al.,
2023), the concrete utilized comprises approximately 25 % by weight of
cement and fly ash, 10 % by weight of water, with the remaining portion
primarily composed of micro silica fume and fine aggregate.

According to the commercial database, the models used for the
selected materials also account for impacts associated with average
transport distances to the building site. In addition to the standard
components, small quantities of additives are introduced into the con-
crete mixture to adjust material viscosity, workability, and mechanical
strength (Blazy and Blazy, 2021; Kubissa et al., 2022; Liu et al., 2021).
Specifically, superplasticizer, Viscosity Modifying Admixture (VMA),
and PP fibers were considered to be added in the concrete mixture. In
accordance with previous literature studies, additives constitute less
than 1.5 % of the total mixture weight, with each material accounting
for about 0.5 % of the total weight (Hou et al., 2021; Ozbulut et al.,
2020; Yin et al., 2015). Due to confidentiality reasons, the exact weight
percentage of each constituent cannot be disclosed. The impacts of
superplasticizer and VMA were obtained from the Ecoinvent database.

Among the available VMA materials, polylactide was selected
(Ortiz-Alvarez et al., 2021). The production of PP fibers from PP gran-
ulates was modelled according to Yina et al. (2016), taking into account
extrusion and hot stretching processes. According to this study, 1445

kW h of electric energy are required to produce 1 ton of PP fibers from
raw PP, with waste accounting for 5 % of the initial material. This
mixture results in a concrete density of approximately 2300 kg/m®. The
insulation material (cellulose fiber) was modelled in SimaPro using the
Ecoinvent dataset.

The weights of concrete and insulation material for each configura-
tion were computed based on the results of the thermal simulations.
Utilizing the CAD model of the wall cross-section, which enables the
determination of the specified thermal transmittance, it became feasible
to determine the volume of concrete and cellulose fibers employed in
each configuration. Consequently, factoring in the material densities,
the weight of each material was determined. The overall material im-
pacts were assessed by multiplying their weight by the unitary impact
value quantified in SimaPro. The amount of concrete and insulation
material used in each scenario configuration is reported in Appendix A.

As reported in the thermal analysis section, the different technolo-
gies lead to the production of concrete panels with different values of
depth, length and height. Specifically, panels with length and height
equal to 250 x 250 cm, 100 x 100 cm and 60 x 60 cm were considered
for the monolithic, prefabrication and FDM-based formwork 3D printing
techniques respectively. Hence, comparisons between the envelopes and
the FU dimensions (1 x 1 m) were made to calculate the use of raw
material in each scenario.

Similar to the assessment of concrete and insulation material
weights, the weight of PLA pellets used in Scenario 3 (FDM-based
formwork) was calculated based on the thermal simulation results.
Starting from the CAD models of the wall, the formwork geometry was
defined, taking into account a PLA wall thickness of 5 mm (equivalent to
the nozzle diameter of the FDM printer used in this study). Conse-
quently, the total material consumption for formwork production was
determined by considering its volume and the density of PLA (1240 kg/
m3) as reported by Barrasa et al. (2021). It’s important to note that the
formwork wall thickness, which matches the nozzle diameter of the FDM
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3D printer, was kept consistent across all configurations in Scenario 3.
Specifically, a 5 mm nozzle was chosen in accordance with the literature
(Burger et al., 2023a,b).

For Scenario 3, different concrete wall thicknesses and shapes can be
obtained just by changing the formwork geometry. This can be done
using the same nozzle in the FDM process. On the other hand, in
monolithic and prefabrication 3D printing, the wall thickness depends
on the nozzle diameter; hence, in order to obtain different wall thick-
nesses, different nozzles must be used.

For each machine, a constant average printing speed was assumed,
regardless of the nozzle diameter. This means that the printer’s flow rate
varies depending on the nozzle size, impacting the total printing time
and electric energy consumption. Specifically, the unitary energy con-
sumption (measured in kWh/kg of extruded material) decreases as the
nozzle diameter increases. This enabled the quantification of the electric
energy consumption of the machines per kilogram of extruded material.
Therefore, considering the required amount of concrete or plastic in the
selected configurations, the total energy demand was calculated. Similar
considerations were applied to evaluate the energy consumption of
concrete mixers and pumps, with the same mixing and pumping system
being used for Scenarios 2 and 3. Data regarding the rated power and
productivity of the machines were provided by the respective com-
panies. Impacts associated with energy consumption, as modelled in the
Ecoinvent database, were derived using the average Italian mix for low-
voltage electric energy.

The FDM 3D printer requires 8 bars of compressed air for the
vacuum-controlled build plate (‘Large scale 3D printer | WASP 3 MT
HDP,’ n. d.). The calculation of the compressed air requirement took into
account the necessary air flow rate (100 1/min) and the machine’s
productivity.

As far as the assembly phase for Scenarios 2 and 3 is concerned, the
electric energy consumption of the tower crane was considered. A uni-
tary energy requirement equal to 20 kW h/m?® of concrete was taken
from the literature (Pinky Devi and Palaniappan, 2014).

It was assumed that the construction company’s site is located in
Central Italy. Transport distances for raw materials to the company and
the building site were assessed based on the geographical locations of
suppliers and the routes recommended by Google Maps (Gradin and
Astrom, 2020). A transport distance of 500 km was adopted for all
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Scenarios 2 and 3 concrete walls, encompassing potential building sites
in most cities across Italy. A more detailed discussion of transport dis-
tances is provided in the sensitivity analysis (section 3.1).

Since in Scenario 1, the wall was built directly in situ, no additional
concrete transport was required. The transport weights of the used
machines (monolithic 3D printer, silos, concrete mixer, and pump) were
provided by the involved company. The transport impacts of the ma-
chines were allocated to the functional unit by taking into account the
standing area of the FU (1 m2) and that of the entire building (a single-
story house, approximately 80 m2, 10 x 8 x 4 = 144 m? of external wall
standing area). Transport-related impacts were obtained from the
Ecoinvent database, considering Euro 5 freight lorries. Table 2 reports
LCI data related to the energy consumption of the machines and trans-
port distances.

2.3.4. Life Cycle Impact Assessment

According to prior literature studies addressing the sustainability
assessment of concrete structures, two impact categories were chosen to
measure the potential environmental effects of the scenarios (Huang
et al., 2019; Wong and Loo, 2022). In particular, the results of the Life
Cycle Impact Assessment (LCIA) phase were expressed in terms of:

- Global Warming Potential (GWP), measured in kilograms of CO,
equivalent (kg CO3 eq) quantifies greenhouse gas emissions and their
impact on climate change. The methodology of the International
Panel on Climate Change (IPCC) was followed.

Cumulative Energy Demand (CED), measured in megajoules (MJ)
quantifies all direct and indirect energy usage from renewable and
non-renewable sources throughout the phases included within the
system boundaries. In addition, from a sustainability standpoint, 3D
printing technologies exhibit different unitary impacts compared to
traditional techniques, primarily due to machine energy consump-
tion. Therefore, particular attention has been given to this environ-
mental issue.

The dedicated LCA software SimaPro, with the Ecoinvent database,
was employed to carry out the LCIA phase to translate the LCI data into
possible environmental impacts.

Table 2
Relevant LCI data for machine use and transport for the three considered scenarios.

Scenario 1 Scenario 2 Scenario 3
3D printer Monolithic Prefabrication FDM formwork
Nozzle diameter [mm] 100 or 60 60 or 40 5

60 40
Absorbed power [kW] 1 5 1.5
Printing speed [mm/s] 100 85 40
Energy consumption [Wh/kg] 0.60 or 1.67 5.65 or 2.51 428.57

1.67 2.51
Compressed air [1/min] / / 100
Weight [kg] 5390 1000 250
Concrete mixer
Absorbed power [kW] 7.5 2 2
Energy consumption [Wh/kg] 0.83 2.26 2.26
Weight [kg] 900 133 133
Pump
Absorbed power [kW] 22 4 4
Energy consumption [Wh/kg] 13.22 4.52 4.52
Weight [kg] 1700 80 80
Tower crane
Energy consumption [Wh/kg] / 8.7 8.7
Transport, freight lorry
Wall transport [km] 500

PLA pellets [km] 180
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Fig. 7. LCIA results in terms of GWP (a) and CED (b) for all the considered configurations of the three scenarios.

3. Results and discussion

This section presents and discusses the results of the LCIA for both
GWP and CED. Consequently, the impact of the three technologies and
techniques (represented by the three scenarios) is analyzed. The results
help to identify the advantages and disadvantages of the various tech-
niques, along with valuable insights for improving the various processes
from an environmental sustainability perspective.

Fig. 7 displays the results of the LCIA phase for all configurations in
the three scenarios, presenting Global Warming Potential (Fig. 7a) and
Cumulative Energy Demand (Fig. 7b).

It is noteworthy that both impact categories exhibit similar trends
and percentage contributions. Appendix A also provides numerical re-
sults for LCIA and all data related to concrete, insulation material, and
PLA weights for each scenario configuration. The envelope impacts are
significantly influenced by the building technology used and the specific
configuration, ranging from 88.26 kg CO5 eq and 1257.72 MJ to 588.89
kg CO; eq and 9170.67 MJ.
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Fig. 8. Percentage contribution of the raw material impacts in terms of GWP
used for concrete production.
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3.1. The impact of large gantry system for monolithic construction

The impacts associated with monolithic 3D printing using a gantry
system (Scenario 1) are primarily linked to concrete production,
contributing as much as 95 % to the total impacts. This is attributed to
the substantial amount of material utilized in constructing the envelope
and the unitary impacts of concrete (approximately 660 kg CO, eq per
m>). This trend aligns with previous studies on both traditional and
innovative 3D-printed concrete buildings (Khalili Tari et al., 2023; Liu
et al., 2022).

The impacts of raw materials increase as the nozzle diameter and the
number of sinusoids for the infill (i.e., the geometric complexity of the
structure) increase. This is consistent with the simulation results, in
which, as the nozzle diameter and the number of sinusoids increases, the
wall depth required to achieve the defined thermal transmittance also
increases. As a result, envelope weights and material impacts rise.
Therefore, from an environmental perspective, thinner walls with
simpler geometry represent a more sustainable solution.

Given the significance of raw materials in all the examined scenarios,
the impacts of the concrete constituents were analyzed in detail in Fig. 8.
As reported in the literature (Park et al., 2012), most of the impacts are
associated with the production of type II Portland cement. The other
traditional constituents, despite being present in large quantities, do not
have significant impacts. Although the mass fraction of PP fibers is less
than 1 %, it contributes to approximately 4 % of the total Global
Warming Potential (GWP) value. This is primarily due to the poly-
propylene virgin material and, to a lesser extent, the energy consump-
tion required. To enhance the sustainability of concrete mixes,
sustainable alternatives to Portland cement can be employed, such as
geopolymer concrete (Yao et al., 2020). Additionally, PP fibers made
from recycled materials could be utilized, which would become more
relevant if, in future developments, concrete mixes with higher rein-
forcement mass fractions are used for 3D printing applications (Demont
et al., 2021).

The electric energy consumption related to the COBOD 2 3D printer
and the mixing and pumping system is almost negligible, accounting for
only about 1 % of the total impacts. In fact, the monolithic 3D printer has
low energy consumption (1 kW) and high productivity, capable of
extruding even more than 1500 kg of concrete per hour. These charac-
teristics could encourage the widespread adoption of this technology on
an industrial scale. The benefits of AM in terms of geometric complexity
can be applied to the construction sector without a significant increase
in energy usage. Hence, in line with previous literature, 3D printing
technologies have the potential to reduce both the environmental and
economic impacts of concrete constructions (Munir and Karki, 2021;
Weng et al., 2020).

The impacts of the insulation material (cellulose fibers) are consid-
erably lower than those of concrete, typically ranging from 2 % to 7 % of
the total GWP in Scenario 1. Cellulose fibers have a low density (50 kg/
m3 (Brischke and Humar, 2017)) and low unitary GWP impacts (1.05 kg
CO3 eq). Therefore, even though the volume of insulation material used
is comparable to that of concrete, it results in significantly lower im-
pacts. On the other hand, regarding CED results, cellulose fibers account
for up to 40 % of the total impacts. According to the Ecoinvent model,
this is attributed to the energy required for their production (CED equal
to 87.11 MJ per kg). However, since nuclear and renewable energy
sources are primarily used, the associated CO, emissions remain low.

The impacts of machine transport (i.e., the monolithic printer, and
the mixing and pumping machines) amount to 4.6 kg CO5 eq and 75 MJ,
contributing between 1 and 5 % of the total impact. Given the consid-
erable distance of transport (500 km) and the substantial weight of the
machines (almost 8000 kg in total), these values are relatively low. The
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reason is that the impacts of machine transport are distributed across the
entire construction process, and overall, they are not considered critical.
Furthermore, in situ construction eliminates the need to transport pre-
cast envelopes, offering environmental benefits. As the development and
adoption of monolithic construction through 3D printing grow, it is
expected that a greater number of companies will embrace this tech-
nology, leading to reduced average transport distances.

3.2. The impact of 3D printing prefabrication with gantry system

Similarly to Scenario 1, in Scenario 2 (prefabrication 3D printing),
the impacts are primarily associated with the production and trans-
portation of concrete raw materials, constituting 70-75 % of the total
impacts. Indeed, the usage and impact of concrete are influenced by
factors such as wall depth, geometric complexity, and printing nozzle
diameter. Greater wall depth results in higher impact.

On the other hand, unlike the previous scenario, transportation plays
a significant role in both GWP and CED in 3D printing prefabrication. In
this case, freight lorries are necessary to transport the prefabricated
envelopes to the construction site. In contrast, in Scenario 1 (monolithic
construction), raw materials are shipped directly to the construction
site, eliminating the need for additional transportation. The semi-
finished products can weigh over 800 kg, and their transport is fully
allocated to the functional unit, resulting in a contribution to impacts
ranging from 5 % to 20 % of the GWP of Scenario 2. Therefore, in situ
production for prefabrication technology could improve the sustain-
ability of 3D printed buildings. In this additional scenario, the impacts
related to machine transport will be lower than those in monolithic
construction due to the reduced dimensions and weight of the required
3D printer (SMART 2500 printer). In that case, however, aspects such as
time, labour and costs required to assemble and disassemble the ma-
chine should be considered for industrial applications also from an
economic perspective.

The energy consumption associated with the SMART 2500 3D printer
and the concrete preparation system is low and has minimal influence on
the Life Cycle Impact Assessment (LCIA) results. Similarly, the tower
crane required for the assembly phase results in negligible impacts.

If the same wall configuration is compared between Scenario 1 and
Scenario 2 (e.g. monolithic 6-1 and Prefabrication 6-1, i.e. 6 cm of wall
thickness and 1 internal Sinusoid), impacts of the prefabrication are
higher than the monolithic construction. This is attributed to the addi-
tional transport phase required for the concrete envelopes. However, in
the event of in situ production of the prefabricated components in Sce-
nario 2, this disparity would be eliminated, resulting in comparable
impacts. The advantage of 3D printing prefabrication lies in the ability
to create more intricate shapes with thinner walls compared to the
monolithic alternative. For example, the Prefabrication 4-0 configura-
tion in Scenario 2 is more sustainable than any configuration in Scenario
1 due to its reduced wall depth and concrete usage. In addition, when
printing in situ, the process is highly dependent on weather conditions,
such as wind and rain. On the other hand, with prefabrication, it is
feasible to conduct printing operations practically at any time.

3.3. The impact of FDM-based formwork for prefabrication techniques

Since FDM-based formwork construction is also a prefabrication
technique, the same considerations regarding the transportation of
components and machinery for in situ production apply in this case as
well. However, in Scenario 3, the main contributor to the total CED and
GWP values 3 is represented by PLA pellet production (33-60 % of the
total, depending on the configuration and impact category), leading to
total impacts generally higher than those of Scenarios 1 and 2.
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PLA is well-known for its sustainability and biodegradability as a
thermoplastic material (Batdowska-Witos et al., 2020), with emissions
of 3.05 kg CO- eq per kg of virgin material. This is significantly lower
than other synthetic alternatives currently utilized for FDM processes,
such as ABS (4.54 kg CO, eq/kg) and polyamide (8.24 kg CO, eq).
However, the production of 3D printed formworks requires a substantial
amount of material (31.4-63.1 kg). Specifically, the quantity of PLA
increases with the number of sinusoids in the infill pattern, while it is
less dependent on the concrete wall thickness (Appendix A). Regardless
of the final concrete layer thickness, the FDM printing nozzle and PLA
wall thickness remain constant at 5 mm. In general, a more complex
infill pattern results in increased usage of both PLA and concrete, which
reduces the overall sustainability of the produced part. Consequently,
FDM-based formwork configurations with high wall thickness and
complex infills are the alternatives that exhibit the highest impacts
among those considered in this study.

On the other hand, FDM-based formwork technique has the potential
to produce extremely thin concrete walls, which would be challenging to
achieve using other methods. This approach has the potential to reduce
the consumption of raw materials. In fact, configurations like FDM
formwork 2-0 and 2-1 exhibit the lowest concrete usage (and impacts)
among all available options. Plastic FDM printers, however, have
significantly lower productivity compared to concrete extrusion ma-
chines, with a maximum output of only 3.5 kg/h. This lower produc-
tivity is primarily due to the much smaller nozzle dimensions (0.5 cm).
Consequently, the FDM printer requires much more energy per kilogram
of extruded material and contributes to 6-10 % of the total impacts in
the given scenario. For the future advancement of this technology, en-
hancements in the FDM process and material utilization could

Table 3
Variation range of input data and item impacts used in the sensitivity analysis.

Variation range Unit Data source
Min Max
PLA 0.112 6.16 kg COz Min: recycled PLA production (
eq/kg Maga et al., 2019)
Insulation 0 2.1 kg CO2 Max: foam glass (Ecoinvent)
material eq/kg
Electric 0.0199 0.212 kg CO: Min: photovoltaic source for
energy eq/kWh electric energy (Ecoinvent)
Concrete 89 1320 kg CO2 Min: sustainable geopolymer
eq/ton concrete (Yao et al., 2020)
Wall transport 0 1000 km Min: printing on construction

site
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potentially make Scenario 3 the most sustainable alternative. Envelope
transport and assembly exhibited impacts similar to those observed in
Scenario 2.

3.4. The importance of saving concrete

From the conducted analysis, it becomes evident from an environ-
mental standpoint the importance of reducing cement usage at the
expense of printing and production speed. To emphasize this aspect,
Fig. 9 illustrates the LCIA results in terms of GWP as a function of con-
crete weight.

More specifically, Fig. 9 displays the LCIA results in terms of GWP
relative to concrete weight. Across all scenarios, a heavier configuration
corresponds to higher environmental impacts, displaying an almost
linear relationship between total GWP and concrete weight. Among
configurations with the same concrete weight, Scenario 1 emerges as the
most sustainable alternative. When compared to Scenario 2, it exhibits
lower impacts because the building is 3D printed in situ and doesn’t
require envelope transport. This gap can be eliminated by directly
implementing prefabrication technology at the construction site. Sce-
nario 3 incurs higher impacts due to transport and the use of the FDM
printer. Future improvements in FDM-based technology are expected,
driven by the adoption of more renewable energy sources and recycled
polymers.

It’s also worth noting that Scenario 1 results in the heaviest buildings
due to the wider nozzle diameter. In contrast, Scenarios 2 and 3 offer
weight reduction due to thinner walls, leading to sustainability
improvements.

3.5. Sensitivity analysis

In order to further investigate the analyses and assess how the results
can change with varying inputs, a sensitivity analysis was conducted.
Specifically, for this analysis, Scenario 3 was chosen, and in particular,
the most critical configuration of FDM formwork 4-2. As mentioned
earlier, this technology is the most recent and has the potential for
significant improvement in the years ahead. The total GWP was calcu-
lated by varying relevant input data one at a time. The impact range of
different items in terms of kg of CO; eq was assessed by considering
alternatives characterized by varying degrees of sustainability (Table 3).
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Literature research and Ecoinvent 3.1 were utilized to define possible
alternatives and to establish the range of impacts. For example, foam
glass was selected as a possible alternative to cellulose fibers as it is a
widely used insulation material in the construction sector and it is
characterized by higher unitary impacts with respect to the baseline
material (Rodrigues et al., 2023). A maximum variation range of +100
% was defined (Bianchi et al., 2022).

Fig. 10 illustrates the results of the sensitivity analysis. The impact
values (y-axis) were obtained as a function of the input data percentage
variation (x-axis). Among all factors, the impacts of concrete and PLA
have the most significant influence on the overall environmental im-
pacts. The utilization of sustainable concrete (with impacts up to 85 %
lower than traditional mixtures) could potentially decrease the total
environmental impacts of Scenario 3 by approximately 27 %. Regarding
the other scenarios, this impact reduction could be even greater than in
Scenario 3 due to the contributions of raw materials to the overall car-
bon footprint. This improvement can be applied to traditional cast
concrete buildings as well. Moreover, the use of recycled PLA (or blends
of recycled and virgin polymers) and the printed formwork recycling
could offer substantial sustainability benefits. In fact, the impacts of
recycled PLA are nearly negligible compared to the baseline scenario
and can reduce the impacts of the walls by 43 %. This would bring the
impacts of Scenario 3 close to those of Scenarios 1 and 2, even with the
same envelope configurations. This improvement is currently under
investigation and a recent study proved that the used formwork can be
recycled after concrete casting (Burger et al., 2023b).

Regardless of the scenario under consideration, additional impact
reduction can be achieved by using more sustainable energy sources and
minimizing transport distances. Specifically, for the analyzed configu-
ration, the use of renewable energy and the reduction of transport dis-
tances can reduce the total scenario footprint by 7 % and 9 %,
respectively.

A potential enhancement for these scenarios is represented by the use
of robotic arms instead of traditional 3D printers. The focus on this topic
is significant due to the growing interest in the use of robots for 3D
printing in the construction sector. Owing to their high efficiency, robots
can exhibit low energy absorption, making them a sustainable alterna-
tive to traditional systems (Mohammad et al., 2020). Additionally, in the
case of FDM formwork printing, they can eliminate the need for com-
pressed air usage during printing. From a sustainability perspective, the
results showed that the 3D printer’s energy consumptions are not the
most relevant contributors. Therefore, even if the robotic system were
capable of reducing printing energy absorption by 50 %, the overall
reduction in impacts in Scenario 2 (prefabrication) would be at most 2.5
%, depending on the configuration. Thus, the results of this study would
have been very similar if robotic arms were considered as moving sys-
tems for the investigated scenarios. A slightly higher reduction would be
obtained for the FDM-printed formwork since, in that scenario, the
printer’s energy consumption is more impactful.

4. Conclusions

The introduction of 3D printing technology into the construction
sector represents not merely an evolution but a revolution in construc-
tion methods. It offers unprecedented possibilities, redefines design,
enhances performance, and fosters sustainability in building and ar-
chitecture. In this context, for the first time, the proposed research in-
vestigates the thermal properties and environmental impacts of three
emerging AM technologies to achieve building envelopes. In particular,
3D printing based on large gantry cranes, small gantry cranes, and FDM
technologies are investigated in the application of monolithic con-
struction (scenario 1), prefabrication (scenario 2), and FDM-based
formwork techniques (scenario 3), respectively.

For the first time, an investigation has been conducted on how these
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three approaches can be used to achieve different configurations of
building envelopes with specific target performances. An LCA has been
conducted to delve into the potential sustainable use of these technol-
ogies and techniques. As a result, this comprehensive study yielded the
following valuable insights into the sustainability and performance of
the above mentioned technologies and techniques.

e In all the scenarios, concrete production represents one of the most
impactful phases, accounting for up to 95 % of the total environ-
mental impacts.

In general, as the number of sinusoids in the infill and wall thickness
increase, an increment in material use and impacts is observed.
Hence, thin walls produced using prefabrication and FDM-based
formwork techniques could enhance envelopes’ sustainability by
reducing raw concrete impacts while maintaining the same thermal
performance.

The use of 3D printers for monolithic constructions and prefabrica-
tion has low energy consumption and high productivity. Hence, the
utilization of energy and resources to maintain operative the 3D
printing process is low (about 1 % of the total footprint). In addition,
such printers appear to be the most sustainable options if the same
geometrical configurations are compared.

Formwork production in FDM-based formwork technique strongly
increases the scenario impacts due to raw PLA production and ma-
chine energy consumption. On the other hand, this technology is
relatively new, and sensitivity analysis indicates significant
improvement potential. Indeed, FDM-based formwork technique
impacts could be reduced using recycled material and sustainable
electric energy sources; this would make Scenario 3 impacts close to
the other two.

These findings provide valuable insights for both researchers and
construction companies utilizing 3DCP to enhance the sustainability of
their construction processes.

Future work will focus on different infill configurations and possible
improvements. Life Cycle Costing analyses will be carried out to provide
a comprehensive view of the economic impacts of the scenarios. These
results, along with the LCA study, will provide a complete decision-
making tool for the use of 3D printing technologies in the construction
sector.
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Appendinx A.
Weight [kg] Global Warming Potential [kg CO, eq]
Scenario Total Concrete Insulation PLA Total Pump Mixing 3D printer Tower crane Concrete Insulation PLA Machines transport Wall transport EoL
Monolithic 6-0 283.92 277.73 6.19 95.47 1.06 0.09 0.18 83.06 6.50 4.58 0.00 0.00
Monolithic 6-1 620.45 609.81 10.64 201.04 2.33 0.19 0.39 182.37 11.18 4.58 0.00 0.00
Monolithic 10-0 468.86 462.88 5.98 151.31 1.77 0.15 0.11 138.43 6.28 4.58 0.00 0.00
Monolithic 10-1 1119.37 1111.13 8.25 350.39 4.24 0.35 0.25 332.29 8.66 4.58 0.00 0.00
Prefabricationt 4-0 211.52 204.16 7.36 87.06 0.23 0.06 0.44 0.68 61.06 7.73 16.87 0.00
Prefabricationt 4-1 416.92 406.16 10.77 169.13 0.45 0.13 0.88 1.35 121.46 11.31 33.55 0.00
Prefabricationt 4-2 441.79 431.60 10.19 178.41 0.48 0.14 0.93 1.43 129.07 10.70 35.65 0.00
Prefabricationt 4-4 526.02 517.28 8.74 210.18 0.57 0.16 1.12 1.72 154.70 9.18 42.73 0.00
Prefabrication 6-0 316.36 308.88 7.48 127.51 0.34 0.10 0.30 1.03 92.37 7.86 25.52 0.00
Prefabrication 6-1 664.59 653.95 10.64 264.50 0.72 0.21 0.63 2.17 195.57 11.17 54.02 0.00
Prefabrication 6-2 688.11 678.02 10.09 273.24 0.75 0.21 0.65 2.25 202.77 10.60 56.01 0.00
Prefabrication 6-4 790.85 782.13 8.72 312.14 0.86 0.25 0.75 2.60 233.90 9.16 64.61 0.00
FDM formwork 2-0 118.93 111.47 7.47 31.41 171.57 0.12 0.00 17.74 0.37 33.34 7.84 96.75 9.21 6.20
FDM formwork 2-1 201.66 192.03 9.64 49.85 275.79 0.21 0.00 28.16 0.64 57.43 10.12 153.53 15.86 9.83
FDM formwork 2-2 221.65 212.48 9.17 53.81 298.40 0.23 0.00 30.39 0.71 63.54 9.63 165.72 17.55 10.62
FDM formwork 2-4 273.63 265.16 8.47 62.93 353.03 0.29 0.00 35.54 0.88 79.30 8.90 193.80 21.90 12.41
FDM formwork 2-6 326.84 319.09 7.75 71.62 406.50 0.35 0.00 40.45 1.06 95.43 8.14 220.58 26.36 14.13
FDM formwork 4-0 239.97 231.73 8.23 32.65 223.57 0.26 0.00 18.44 0.77 69.30 8.65 100.57 19.14 6.44
FDM formwork 4-1 468.21 457.10 11.11 57.79 410.17 0.50 0.00 32.64 1.52 136.70 11.67 177.97 37.76 11.40
FDM formwork 4-2 493.39 482.87 10.53 59.84 427.39 0.53 0.00 33.80 1.60 144.41 11.06 184.30 39.89 11.81
FDM formwork 4-4 571.05 561.81 9.23 63.84 471.86 0.62 0.00 36.06 1.87 168.02 9.70 196.60 46.41 12.59
FDM formwork 6-0 369.60 360.80 8.80 33.89 278.76 0.40 0.00 19.14 1.20 107.90 9.24 104.38 29.81 6.69
FDM formwork 6-1 761.28 750.85 10.44 60.24 532.30 0.83 0.00 34.03 2.49 224.55 10.96 185.54 62.03 11.88
FDM formwork 6-2 790.27 780.51 9.76 61.09 546.29 0.86 0.00 34.50 2.59 233.42 10.25 188.13 64.48 12.05
FDM formwork 6-4 882.05 873.40 8.65 63.14 588.89 0.96 0.00 35.66 2.90 261.20 9.09 194.47 72.15 12.46
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