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Abstract: This paper explorss the application of 30 printing with recycled clay for architectural building elements,
emphasizing its potental to contribute to a circular economy. The AEC industry has traditionally been associated
with high material waste and environmental impact. However, the advent of 30 printing has revolutionized
architectural design and manufacturing processes. Using recycled clay as a printing material, can address two
challenges: reducing waste and promoting sustainability. Recycded clay, obtained from constructionm and
demolition waste or other sources, offers advantages such as abundance, low cost, and a low emvironmental
footprint, making it suitable for circular economy practices. Moreover, using recycled clay in 30 printing enables
architects to create complex, customizable, and structurally efficient building elements, reducing the need for
labor-intensive, resource-consuming traditional manufacturing techniques. The principles of the circular
economy imvolve diverting collecting, processing, and transforming clay waste into printable material. Resource
extraction and energy-intensive manufacturing processes associated with conventional building materials could
be reduced by reusing and recycling cday. The paper examines case studies and ongoing research efforts in the
field of 30 printing with recycled clay, demonstrating the potential of this approach to contribute to a circular
economy in the AEC industry. This approach reduces waste, pressrves natural resources, reduces carbon
footprint, improves energy efficiency, and creates sustainable and aesthetically pleasing architectural structures.
In conclusion, imtegrating 3D printing technologies with recycled clay presents a promising way towards creating
a sustainable closed-loop circular economy system in architecture. By reimagining the comstruction process,
designers and builders can contribute to an environmentally friendly and resource-efficient future while pushing
the boundaries of architectural innovation.

Keywords: 30 printing, sustainable construction, circular economy, clay materials

1. Introduction

It has become apparent that the construction industry is responsible for a significant portion of global
environmental concems. In 2020, the architecture, engineering and construction (AEC) industry accounted for
37% of global greenhouse emissions (Renewables 2022 Global Status Report 2022). One of the major sources of
C0y is the production and use of cementitious materials, as concrete is still the most used construction material,
contributing to about 6-8% of emissions (Al-Nozimat et al. 2023; UNCCN 2017). Additionally, AEC is one of the
main solid waste generators, producing around 25% of global solid waste (Benachio et al. 2020). Another
important factor contributing to the environmental footprint of the building sector is resource consumption, and
AEC is solely responsible for consuming around 32% of natural resources used annually (UNEP 2003). All of this
shows that minimizing the carbon footprint of the construction industry is crucial in the present context. One of
the ways to achieve this is to address all phases of the building process: construction, operation, and demolition
through the use of nowel building technigues, materials, or the recyding of construction-related wastes.
Additive manufacturing, or 30 printing {3DF) technology, has recently shown great potential for improving the
sustainability and efficiency of the construction industry by reducing waste output, construction time, and
material consumption (Ming et al. 2021). From the architectural standpoint, 3DF also enables the fabrication of
geometrically complex bespoke elements that cannot be efficiently produced using traditional building methods.
Dlue to the growing need for decarbonatization, most research is currently focused on the concrete 30P in order
to reduce its consumption (Buswell et al. 2018). However, 3DF technology can be used with a variety of different
materials, including sand, metal, plastic, or day. The day and other earth-based materials can be printed using
adapted extrusion-based printers that form objects by deposting layers of paste materal. The main benefit of
the use of clay and other earth materials for printing is that they are abundant, natural materials that can be
recycled (Alonso Madrid et al. 2023). Also, clay is traditionzlly used in the construction industry for brick
manufacturing, thus attributing to construction waste. Such waste can be recycled and reused as 30F material,
creating a closed-loop consistent with the circular economy practices.

For this reason, the main goal of this study is to discuss the use of clay and other earth materials in 30P of
architectural elements and their potential for reducing the environmental footprint of the industry. To achieve
this, the m@se study methodology is used to examine ongoing research efforts in the field of 3D printing with
recycled clay, demonstrating the potential of this approach to contribute to 3 circular economy in the AEC
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industry. Finally, based on the case study results, this paper provides an overview of the challenges and potentials
for future research.

2. Circularity potential of clay 3D printing

Traditionally, construction industry is based on a linear economic model (i.e., make-use-dispose) that is dosely
associated with growing environmental concemns, especially with growing respurce consumption and waste
generation. For this reason, another economic model has gained significant attention in recent years {Hossain et
al. 2020). The circular economy model aims to preserve and enhance natural resources by creating a closed-loop
system through maintenance, long-lasting design, repair, reuse, or recycling (Geissdeerfer et al. 2017). The
application of circular economy principles in AEC can help the industry mitigate some of the negative
environmental impacts and become more sustzinable by improving the use of sustainable materials, recycling
and reusing construction materials, and avoiding unnecessary waste generation and disposal. Based on the study
by Benachie et al {2020), this can be achieved through the implementation of several main principles of circularity,
including:

*  Reuse of materials - 5alvaging and reusing materials from demolished buildings can significantly reduce
the demand for new resources. Previous can be achieved by allowing the manufacturers to reuse the
materials after the end of the life of the first building for new construction, reusing secondary materials
in the new production cycle, reducing the neaed for virgin materials.

*  Prefabrication and modular construction - Prefabrication involees assembling building components ina
factory before they are transported to the construction site. This approach can reducs construction
waste, improve guality control, and speed up construction, all of which align with circular economy
principles.

*  Circular economy in the project design — Implementing BIM and other digital tools at the early stages of
a project can help optimize construction processes, reduce errors, and enhance resource efficiency. It
also allows simulations of disassembly processes and material reusability.

*  Life Cycle Assessment (LCA) - Conducting an LCA anzlysis of construction materials and techniques helps
identify their environmental impact throughout the entire life cycle. Also, including practices such as
design for disassembly can help guide decisions to choose more sustainable options and reduce
embodied carbon and energy in buildings.

The use of 3DP in the construction industry can have a significant impact on promoting all of these principles.
First, 3DF enables the customization of building elements and allows for the creation of complex and optimized
geometries, reducing material consumption and improving cost-effectivensss. Most research on 3DP in the
construction industry focuses on 3D printing concrete (3DPC) as an alternative to standard in-situ concrete
casting. Traditionally, concrete casting requires formworks, which can account for about 50% of total fabrication
time and cost, as well a5 considerable amounts of waste if non-reusable formworks are used (Hurd 2005). As an
answer to this problem, 30PC can be used as 3 structural material for printing architectural elements, as explored
in a study by Anton et al. (2021} er more commenly for printing fermworks {Hack et al. 2020). Using 30P
technology coupled with optimized design strategies for prefabricated construction can lead to a significant
reduction in material consumption [Mata-Falcon et al. 2022). For example, when comparing a 3DP prefabricated
bathroom element with a traditionally fabricated one, Weng et al. (2020) found that a digitally fabricated one
had 85.9% lower C0; emissions during construction, mostly due to the reduced need for material and formworks.
Additionally, 30P can help reduce production chains by loclizing preduction and, therefore, reducing the need
for long-distance transportation of construction materials and components, leading to lower carbon emissions
and reduced environmental impact (Khan et al. 2023).

Although 3DP shows considerable potential in terms of circular practices, there are still some concerns regarding
3DP in AEC. Printable cement-based materials tend to be more expensive and have higher levels of cement
content and additives harmful to the environment compared to regular concrete mixes in order to achisve the
necessary structural properties for large-scale construction [Faleschini et al. 2023). As a response, there is a
considerable amount of research focusing on improving material properties for 30P either by formulating new
mixes (Bedarf et al. 2021) or by replacing their parts with recycled materials {Pasupathy et al. 2023; Sangiorgio et
al. 2023). As construction and demolition waste (CDW) is an impertant envirenmental factor in the building
industry, its use for 30F can contribute to increased sustainability of construction and the creation of a closed-
loop system (Ponis et al. 2021). Masonry waste consisting of brick, tile, and other clay-based waste represents a
significant portion of COW. These materials are often researched for their natural composition and recyclability,
which makes them suitable partial substitution for cement (Pasupathy et al. 2023). There are multiple examples
of research imto more sustzinable material mixes for 3DP using brick, ceramic, and porcelzin waste that
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demonstrate the potential of recycled geopolymer mixes for construction (Christen et al. 2022; Faleschini et al.
2023). However, even though this approach can reduce the use of virgin resources, the production processes of
these mixes tend to be energy-intensive, and it is still unclear how they compare to traditional methods regarding
sustainability (Khan et al. 2023).

Another altemative to cement-based 3DP is using other more sustainable materials, such as clay and earth-based
mixes, as they naturally have high adaptability to different climates, a low carbon footprint, and renswability.
Earth-based materials have a long history in the construction industry, but the traditional method of building
using earth, such as cob [earth, water, and straw mizx], usually lacks the structural properties needed for large-
scale construction. As a wet building technigque, cob is actually similar in logic to 3DP — the object is created by
depositing material paste. Howewver, the mixture has to be reformulated to fit 3DP technology requirements and
to improve structural properties. Several research projects are exploring the potential of 3DP with earth-based
materials for both in-situ fabrication and prefabrication of architectural elements, such as customized building
blocks {Faleschini et al. 2023).

Aside from earth-based mixtures, clay is another natural raw material suitable for 3DP. One of the main potentials
associated with it is that clay can be used for 30P in its mw state without any additives, and it can also be reused
even after drying just by adding water to achieve printable consistency. This reusability was tested on 2 small
scale in @ study by Alonso Madrid et al. (2023) and, it was concluded that this property could reduce waste
generation during the production process stemming from failed or inadequate prints. The main challenge of clay
3DP is the lack of structural properties, making it difficult to scale up the application of this methed. For this
reason, clay is mostly suitable for fabricating discrete building elements such as building blocks, as demonstrated
by Peters {2013) or Kontovourkis [2020). Another challenge regarding clay 3DF is material afterlife, as clay needs
to be fired in order to gain structural properties. Baked clay cannot be directly reused but needs to be recycled
the same way as any other clay-based COW. However, despite challenges, clay and =arth-based 3DP shows great
alignment with circular economy principles addressing some of the most pressing issues in AEC industry, such as
wiaste management and resource protection.

3. 3D printed clay architecture

The case study approach is used to examine built prototypes and existing research areas addressing the issues
and opportunities associated with the given technology, building on the subjects mentioned in the previous
section. The envirenmental impact of the technology was studied, along with the technical difficulties
encountered during the construction process. The first case shows a dwelling prototype constructed as a large-
scale building suitable for passive building function inspired by nature. The second example focuses on the
phenomenon of 3DP earth architecture in scales ranging from pavilion-type structures, which test out different
configurations of the 30P earth elements, to 30P prefabricated construction of urban furniture building blocks.
The |ast subsection presents several cases of novel techniques and methods from recent studies, showcasing
different areas of interest for future research.

3.1 3D printed TECLA house

Technelogy and Clay {TECLA} house by the Mario Cucinella Architects is the first full-scale 3D printed dwelling
prototype built from raw earth material, which reinstitutes low-carbon building concepts [Figure 1). The
sustainability-related value of the project is seen in several of its characteristics:

*  Optimized maossing and self-supporting shape — in the initial design phase, the authors identified
challenges related to the chosen earth material, such as its null bending resistance. The final dome-like
shape of the building was produced through a from-finding process, resulting in a structure that
withstands compression forces, therefore resisting loads through its geometry. Mo additional support
or formwork was needed, bearing in mind that the limitations of the 3DP process have also been
considered.

*  Adaptive and performative building envelope — the innovative approach is also seen in the design of
the building envelope as an active contributor to the building's low carbon footprint. In its two-layer
clay configuration, thermal mass, sufficient insulation, as well as, shading and infill ventilation hawe
been included. Depending on the climate parameters, such as air temperature and relative humidity,
the envelope design is reconfigured to present the optimal results in line with the specific location.
Since earth-based materials cannot resist prolonged water exposure, the wave-like envelope was also
created to effectively evacuate it.

*  [ife cycle gssessment — the building is biodegradable, using natural materials, with a small percent of
artificial materials such as additives (less than 5%), frames, plumbing, shelves, and sanitary ware, which
need to fulfill various safety, mechanical, and hygienic requirements not suited for clay. The life phases
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that can be measured include the printing period {about two weeks with two printers for 250 m?), the
use phaze [estimated at 75 years), and the disazsembly znd biodegradation of the house (estmated at
50 years). The building allows for recycling and reuse of the dismantled material, which greatly reduces
the amount of energy needed to excavate it from the beginning. The specific design for the disassembly
method is used to reduce the waste to a5 low as 5% [Cucinella 2022).

Figure 1 TECLA built prototype (source: https://static.dezeen.com/uploads/2021/04/recla-3d-printed-home-
mario-cucinella-architects_dezeen_2364_hero_7 jpg, accessed: 18.03.2023)

The building process was multidisciplinary and invelved several stakeholders. An Italian firm, World's Advanced
Saving Project {WASFP) managed the printing process through a system of hexagenally distributed printing heads
held by cranes and metal braces, which allowed more movement freedem for the printers (Figure 2). The
structure was fully printed on-site, reducing transportation needs and CO; emissions gensrated that way. Miture
design represents another important aspect in which the firm Mapsi was involved. The engineering team from
the firm tested out different mictures, settling on the one with the optimal buildability and best mechanical
properties. One of the issues that was encountered included the question of non-existent regulations when it
comes to the use of natural materials such as clay for large-scale printing. The project was developed in the hopes
of showcasing a new building paradigm for the housing of people seeking shelter all over the world. The building
possesses adaptability, where concepts for temperate dimate, cold climate, hot and humid, and hot and arid
climiate vary in the building skin design and the distribution of openings (Morett 2023). In conclusion, this project
demonstrates the potential of clay 3DP by implementing several circular economy practices such as waste
reduction, optimized use of natural materials, and use of LCA analysis combined with optimization of the entire
design process.

Figure 2 WASP technology printing process [source: https:/fwww. 3dwasp.com/en/3d-printed-house-teda/,
accessed: 15.09.2023)

3.2 Scales of 3D printed earth architecture

One of the advanced laboratories for earth-based architecture explorations is situated in Barcelona. The Institute
for Advanced Architecture of Catalonia (LAAC) recently added 2 new prototype pavilion to its resume, created
with large-sc@le printing WASP technology. The TOVA pavilion is Spain’s first 3DP earth-based prototype, built
from local materials, also aiming at nearly zero carbon emissions (Figure 3). All the material was collected within
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@ 50m radius of the building site, not generating any transportation-induced environmental pollution. The
bwilding's wolume responds to the local climate charmcteristics: it is compact, protecting the users from cold
winter weather, while perforations allow natural airflow through its interior, providing sufficient passive
ventilation, which helps during the humid and hot weather cycles. The walls are injected with cavities for heat
loss prevention and solar mdiation protection, providing the needed insulating capacity. The structure's material
mix was injected with organic compounds such as aloe and =gg whites, which serve as surface protection from
external weather conditions. The overall construction time was reduced to seven weeks which could place this
prototype among the solutions to the emerging housing crisis. The follow-up pavilion built after the TOVA was
created on the same site, using the same material (IAAC 2022). The VOLTA pavilion is characterized by 2 more
complex and curved shape, resembling 2 rugged shell-type structure, demonstrating the possibility of using a
single material for the whele project, unlike TOVA, which had a wooden roof structure (IAAC 2023). The project
was 3@ multidisciplinary collaboration between several industrial partners and research groups, CITA from the
Royal Danish Academy in Copenhagen and the Institute of Building Structures and Structural Design (ITKE) at the
University of Stuttgart. These projects were built showcasing circular economy principles in practice, most notably
by redirecting and localizing supply chains, thus considerably reducing energy consumption during construction.

Figure 3 TOVA pavilien in Spain (source: hitps://prizes new-european-bauhaus eufapplication /9773, accessed:

18.09.2023)

3DP technology using clay is also effectively ressarched in the domain of smaller-scale elements used for the
apgregative assembly of larger structures. One novel sxmmple is a project done by the IAAC and their partners,
CO-MIDA [IAAC 2020]), which resulted from the competition launched by the BIT Habitat Barcelona Municipal
Foundation. The restricted horizontal surfaces in densely populated metropolitan areas that could be used as
gardens for growing food plants can be considered as the project's context. As a potential solution, a vertical
modular garden was designed (Figure 4].

The sustainability values of the intelligent garden prototype are seen through:

*  The use of notural materials — clay as a material itself has a low carbon footprint. The 3D-printed clay
elements wers additionally exposed to low temperaturss to transform them into ceramic.

* nstallation on existing building walls — the fact that building facades could be covered with additional
layers of the vertical garden, which could enhance the thermal inertia of the building, leading to less
energy being used for the heating.

*  Bip-Photovoltoic concept — the soil used for growing plants is inhabited by various bacteria that
transform the nutrients from the plants to hydrogen protons and electrons. These free electrons ars
transferred from the anode to the cathode situated in the clay elements, creating electricity that powers
the vertical garden's built-in sensors.

This project demonstrates the potential of clay 3DP on a smaller-scale, enabling medular construction of

elements that can be applied to further enhance the energy performance of buildings. The production process
of the smaller scale elements also has fewer technical challenges, as opposed to full-scale printing logistics. The
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elements are produced in 2 controlled environment, with the ability to adjust the printing parameters according
to the design intent.

Figure 4 CO-MIDA vertical garden prototype | source: https://isac.net/project/co-mida/, accessed: 18.09.2023)

3.3 Clay 3D printing research domains

To further explore the many challenges and potentials in the topic of clay 3DP in architecture, relevant recent
studies and applications have been discussed. The goal was to scope the research field and inform future ressarch
in the 30P of clay and earth materials.

One of the main advantages of 30P technology is its ability to print out complex geometries created in the
modeling software and directly transferred into slicing software to adjust the printing parameters. An example is
the research of 3DP artficial ceramic marine habitats using eco-friendly materials and imitating the morphology
of the nature-found reefs [Berman et al. 2023). The printing of complex internal geometries has been assessed
regarding the challenges faced by 3D clay printing technology. The mentioned challenges include the long printing
time, geometries collapsing without added supports, and the question of control of the material extrusion
(Sangiorgio et al. 2022). Similar topics are explored in the contest of free-form ceramic vault systems, which relate
to material mechanical behavior in the drying and firing stages, purposely for use in printing large-scale structures
(Figure 5]. The main constraint of the paste-like printing materials is seen in their retraction in the printing
process, as well as the appearance of surface cracks (Carvalho et al. 2013). Precision in the 3DP process is s=en
as a large contributor to the guality of the product, as highlighted in the study exploring different morphologies
enabled by paste-based 3DP [Seibold et al. 2018). A parametric-integrated design methed is explored in the
design domain, which highly relates to the geometrical and morphological characteristics of the 3DP structures
(Komtovourkis and Tryfonos 2020).

Figure 5 Ceramic 3D printed shading vault prototype (source: [Carvalho et al. 2015)
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The main identified research areas in the fizld at the moment with the prospect for further development include:
*  Material properties research - Research by (Faleschini et al. 2023) aims to explore different components
in the material mix, their role in the final material compressive strength, and embodied carbon to analyze
the environmental impact. Materizls such as cob have been researched in the domain of their 3DP
parameters adjustment, such as extrusion rate, continuity, consistency, and mobility (Gomaa etal. 2021).
Ancother paper deals with the application of mycelial growth within 30F day structures, with the goal of
enabling fiber connections on a microscopic scale, increasing the material’s tensile strength [lauk et al.
20022). Different sets of additions to the earth-based mortar have also been considered, such as natural

textile material for reinforcement purposes (Tarhan and Perrot 2023).

*  Clay recycling — This type of research mostly focuses on mixing concrete 3DP technologies and recycled
clay materials to create a more sustainable system with better mechanical properties (Chen et al. 2021;
Christen et al. 2022; Faldessai et al. 2023; Zhao et al. 2023). A comparative analysis of the environmental
impact of different circular materizls and construction techniques showoases that the CDW-based
geopolymer materials for 3DP have the lowest global warming potential compared to ordinary Portland
cement-based 3DP comstruction processes or conventional masonry construction of the equivalent
structure. The only downside to this type of material production is the amount of electrical energy
ne=eded for the mechanical processing of waste materials (Khan et al. 2023). Another experimentz| study
concludes that the eco-friendly geopolymer containing brick waste could reduce embodied energy and
carben emissions by up to B0-80% compared te regular Portland cement concrete (Pasupathy et al.
2023). The use of recycled clay for 3DF material mixes is @ current topic but it is only in the beginning
stages of research with extensive potential for further development.

*  Sustainability assessment — Despite the emerging research concerning the circularity potentials of
earth-based 30F, there is a notable lack of systematized research focusing on the sustainability aspects
of this construction process. For example, presented case studies have demonstrated how different
aspects of clay 3DP can promote sustainable practices in the construction industry, mainly through the
reduction of the carbon footprint and changing the production chains. There was even an LCA conducted
for TECLA house highlighting significant sustainability improvements compared to the industry standard
{Cucinella 2022). However, these findings are still project-specific and often derived from small-scale
prototyping as this type of construction is still in the early phases of development. Construction 30F in
general faces the overall lack of regulations and building codes relating to this novel construction
method. This challenge is also present in the sustainability asseszsment of 3DP buildings. This technology
demonstrates significant potential in terms of material recyclability, reduced materizl consumption, and
waste generation, but on the other hand, it comes with additional challenges and risks that need to be
addressed (El-Sayegh et al. 2020). To better understand the sustainability potentials of 3DFP structures it
would be beneficial to conduct more comprehensive sustainability assessments based on the building
specifications of certification institutions as no such research was identified.

4. Conclusion

This paper examines the opportunities of 30 printing with clay and other sarth-based materials in relation to
circular economy practices. As one of the sectors with the highest environmental impact, the construction
industry must reconsider traditional processes and practices. For this reason, implementation of the circular
economy principles can lead to more envirenmentzlly friendly and sustzinable construction. Using 3DP
technology proved to be a promising way of reducing labor costs, construction time, and material consumption.
However, printing materials must also be reconsidered as the most commonly used cement materials still have
considerable environmental impact. To answer this problem, this study focuses on 3DP of clay and earth
materials, which c@an be locally sourced and are renswable natural materials. Through the analysis of cumrent
research trends and industry examples, some of the main advantages of the clay 30P are lower CO2 emission,
low waste peneration, and recyclability of the material. Clay can even be directly reused during printing,
eliminating production waste. Another important circularity potential of clay 30P is the localization of production,
helping to create closed-loop resource paths. From the circular economy standpoint, clay 3DP has a strong
potential to further circular practices in the construction industry through the recycling and reuse of materials,
construction localization, and the design of modular optimized architectural elements. While 3DP offers many
advantages for the circular economy, it is essential to consider its environmental impact, partcularly in terms of
the energy required for printing. Sustainable material choices and energy-efficient printing processes are critical
to maximizing the circular economy benefits of 3DP. Additionally, issues related to imtellectual property, quality
contral, and regulatory compliance need to be addressed in the future as the technology becomes mors
widespread in the industry.
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