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EXECUTIVE SUMMARY

he construction sector is a major contributor of
T greenhouse gases globally and has a critical role to
play in meeting climate change targets. However,
lower productivity and a lack of technology adoption com-

pared to other industries are slowing its decarbonisation
path.

Danish AM Hub has conducted an analysis of the
construction industry’s biggest challenges, identifying key
focus areas based on reduction of emissions, waste and
resource consumption, the integration of sustainable ma-
terials and the level of flexibility of the system.

This report explores the transformative potential of Additive
Manufacturing (AM) in meeting these challenges, particu-
larly through the integration of bio-based materials and
the development of modular, adaptable systems.

Key Findings:

e The adoption of AM in construction is currently
hindered by regulatory barriers and a lack of standard-
ized testing protocols.

e AM enables precise material usage, minimizing
waste and resource consumption while enhancing
design flexibility and circularity.

e Low Emissions Materials with High Flexibility is the
most promising domain for leveraging AM to meet
sustainability goals.

e Integrating bio-based and recycled materials with AM
technology offers dual benefits: reducing emissions
while fostering design innovation.

e  Design for disassembly and reuse is crucial to extend-
ing material lifespan and advancing circular economy
principles.

Recommendations:

1.

Focus on bio-based and recycled materials - Develop
AM-compatible components that incorporate biogenic
and circular materials to enable sustainable, adaptable
construction.

. Lifecycle integration - Apply Life Cycle Assessments

(LCA) to ensure environmental sustainability throughout
a component’s lifecycle.

. Regulatory and standardization efforts - Advocate for

industry-wide guidelines and certification standards to
support the adoption of AM-based construction
methods.

. Collaborative development and knowledge sharing -

Build strategic partnerships between bio-based
material producers, AM technology providers, and
research institutions to overcome adoption barriers.

AM IN CONSTRUCTION
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DANISH AM HUB

Foundation, is the focal point for additive
manufacturing in Denmark. The ambition of Danish
AM is to strengthen the competitiveness of Danish
manufacturing companies by promoting the use of AM,
and to help them take the first steps towards a future with
less waste, material, transport, and CO2 emissions.

Danish AM Hub, initiated by the Danish Industry
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The AM Village concept

The goal of the AM Village is to transform construction
from a scaled, uniform, and polluting process to a flexible
system focused on sustainability and circularity, using AM
technology to realise the potential of intelligent design and
adaptive reuse.

Danish
AM Hub

To explore how AM can contribute to solving some of the
biggest challenges related to sustainability, use of
resources, production of waste, and lack of adaptability
and flexibility in the construction industry, Danish AM Hub
has funded and developed the AM Village project, a space
for knowledge creation, innovation, and dissemination.
The AM Village can serve as a means to analyse the chal-
lenges of making cities more sustainable and to identify
the gaps between the current state of the industry and the
future possibilities of using AM technology.
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A core value of the AM Village is the use of space and ma-
terial waste within the local urban environment. Additive
manufacturing allows a fast and flexible construction pro-
cess and the possibility to reuse low quality construction
waste.
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INTRODUCTION

quality of life, the economy and society. In Denmark,

it is responsible for 35 per cent of the materials
used, 37 per cent of the total waste produced, and 30 per
cent of CO2 emissions.

The built environment has a significantimpacton the

For decades, the construction sector has suffered from
significantly lower productivity and lack of technology
adoption compared to other sectors, with construction
projects often subject to cost and time overruns. More ef-
ficiency, innovation and high levels of technical and
environmental performance are therefore needed to meet
the climate change targets.

An effective approach can be found in the increased avail-
ability of digital technologies and innovative materials that
have the potential to significantly improve the quality of the
built environment.

Additive Manufacturing (AM) has already transformed the
manufacturing industry and offers an extraordinary
opportunity to explore innovative approaches to
sustainable constructions, allowing increased flexibility,
optimized supply chain and minimized waste, leading to a
potential reduction in Greenhouse Gas emissions (GHG).

Danish AM Hub has received a grant from Realdania to
conduct an analysis of the construction industry’s biggest
challenges in terms of resource consumption and sus-
tainability, and to try to formulate one or more potential
solutions that includes AM.

The first phase of the analysis, developed in this report,
aims to examine the current status of AM applications, the
challenges and opportunities, explore current and future
technologies and resources, and understand the potential
to reduce GHG emissions and material waste.

The expected outcome of the report is to generate
actionable knowledge on the use of AM, define
recommendations on how to overcome barriers to the
adoption and implementation of AM, and suggest
materials and products that can be used in the industry in
a subsequent phase of the project.

Different methods have been used to map the potential and
barriers for the use of AM in the construction industry:

>0
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o Desk research to establish state of the art and identify cases and

potential technologies, as well as their barriers and opportunities in
Denmark and internationally. The research included scientific ar-
ticles and publications, reports, and web research. Danish AM
Hub team visited relevant national and international industry con-
ferences and projects, where AM has been used, to map suc-
cessful cases and experiences (Annex A).

Expert interviews, in the format of short semi-structured
interviews with a standardised questionnaire. The team
conducted 9 interviews with architects, engineers, industry
professionals and international experts in innovation and
technology (Annex C).

Workshops. Danish AM Hub conduct a series of 6 workshops in
collaboration with ConTech Lab - a part of Molio and HD Lab,
involving participants with cross-functional competences from
the construction industry, academia, and AM technology
providers (Annex B).

The combination of the above-mentioned research

approaches provided useful insights into the definition of
the recommendations of this study, outlined in the
following sections. The lessons learnt will support the
implementation of the materials, identifying potential
issues and informing further research into improved prod-
ucts to enable short-term value creation.
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1. CHALLENGES IN THE CONSTRUCTION INDUSTRY

challenges, particularly in addressing climate
change causes and impacts.
This chapter explores critical issues facing the sector such
as the impact of building materials, climate resilience and
the need for innovative solutions to drive the industry
towards a sustainable future.

T he construction industry is at the forefront of global

1.1. Sustainability

The building sector has a significant impact on the climate.
Globally, buildings consume 30 percent of energy and
contribute 27 percent of operations-related CO2 emissions.
Counting emissions from building materials, the sector is
responsible for 37 percent of global energy and
process-related emissions (United Nations Environment
Programme, 2022).

With the world's population expected to grow by 27 per-
cent by 2050 and the building stock set to double, the
environmental, social, and economic impact of the built
environment will increase significantly (World Green Build-
ing Council, 2020).

To achieve the goals of the Paris Agreement, the building
sector will need to reach net-zero carbon by 2050, with a
98 percent reduction from 2020 levels and all new
buildings being net-zero carbon from 2030 (United
Nations Environment Programme, 2022).

Built Energy use in
environment buildings
33% 23 %

DENMARKS Construction

EMISSIONS processes

and material

production

10 %
Other
34 %

In connection with the Paris Agreement, Denmark report-
ed to the United Nations Framework Convention on
Climate Change (UNFCCC) 44.7 million tonnes of CO2
equivalent emissions in 2020.

The Danish government’s Climate Act has set atarget of a
70 per cent reduction in CO2 emissions by 2030
compared to 1990 levels. To achieve this goal, Climate
Partnerships were established in 14 sectors, to identify the
contribution of each sector. The Climate Partnership for

Buildings and Construction identified over 60 areas and
presented recommendations that could reduce CO2
emissions by 5.6 megatons per year by 2030, accounting
for almost 20 percent of Denmark’s overall reduction
target (The Danish Housing and Planning Authority, 2021).
In accordance with these efforts, the National Sustainable
Building Strategy supports the goal of reducing emissions
by 70 percent by 2030. Key strategies to limit the
environmental impact of construction include minimisation
of energy and resource consumption using renewable en-
ergy sources during construction, reduction of material
use, and implementation of circular solutions (The Danish
Housing and Planning Authority, 2021).

While these strategies represent significant progress, they
do not sufficiently consider the Planetary Boundaries, which
outline the safe operating space for human activities in nine
critical biophysical systems (Rockstrom, Steffen, Noone,
&etal, 2009).

Six of the nine boundaries, including the one for Climate
Change, have been exceeded. The planet is now operating
in a zone of increased environmental risk.

To move below the Planetary Boundary for “Climate
Change”, the Reduction Roadmap highlights the urgent
need to significantly decrease greenhouse gas (GHG)
concentrations in the atmosphere. However, the slow rate
of decay of certain GHGs underlines the urgent need for
immediate and drastic reductions in emissions (Effekt,
MOE, CEBRA, 2022). Current trajectories suggest that the
remaining carbon budget to limit warming to 1.5°C will be
consumed within five years if emissions continue at cur-
rent rates.
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For the Danish construction sector to effectively contribute
to global climate goals, the Reduction Roadmap requires a

95% reduction in emissions by 2035-2040.

This target is significantly more ambitious than the
traditional 2050 timeframe, which risks overshooting
critical thresholds and exacerbating climate impacts
(Effekt, MOE, CEBRA, 2024).

To achieve emission reduction goals and promote climate
resilient development, urban systems have a crucial role
to play. Cities need to integrate essential elements of
adaptation and mitigation into their planning processes,
including efficient design, construction, retrofitting, and
use of buildings. Successful mitigation involves different
stages of construction, including low-emission building

AM IN CONSTRUCTION



materials, efficient building envelope, renewable energy,
and recycling practices (Core Writing Team, H. Lee and J.
Romero (eds.), 2023).

Multiple barriers, as limited financial resources, the lack of
institutional capacity and appropriate governance struc-
tures are holding back the decarbonisation of buildings.
Energy consumptions and costs for building operation
and GHG emissions are affected by building types and
their composition. Near zero energy (NZE) or low energy
buildings are achievable for both new and retrofitted build-
ings (Cabeza, et al., 2022).

Most decisions that affect emissions are made before
construction begins, in the design phase. The early stages
of a project thus offer the greatest potential to influence
the emissions over the lifetime of a building (Blanco, Engel,
Imhorst, Ribeirinho, & Sjodin, 2021).

Key decisions at the design stage, including whether to
retrofit or build new, the size of the building, the level of in-
sulation and the flexibility of the space, can have a
significant impact on emissions for decades to come. The
transition from low to medium insulation levels often pro-
vides a positive cost-benefit ratio. However, a large pro-
portion of Europe’s existing buildings are not adequately
insulated, and a significant number still use fossil fuels for
heating. In EU, almost all buildings constructed before
2010 need to be renovated in order to meet long-term
strategic goals (Blanco, Engel, Imhorst, Ribeirinho, & Sjo-
din, 2021).

1.2. Building process

The construction industry accounts for an estimated 13
per cent of global GDP and has grown at a rate of 6 per
cent over the past five years. Due to its massive size, even
a small improvement in efficiency and productivity can
have a significant impact on the global economy.
Whereas various areas of human life have been
transformed by  digitalisation and  productivity
improvements over the past 30 years, the construction
industry has lagged behind most other modern industries
(Khajavi, et al., 2021).

A McKinsey study estimates that 98 percent of large con-
struction projects experience cost overruns of more than
30 percent. These are often the result of poor cost esti-
mating during the design phase, design change
requirements, and payment delays, and can lead to
reduced profit margins, material shortages due to
insufficient residual budget, and reputation damage for
the contractor. In addition, 77 percent of construction proj-
ects are delayed by at least 40 percent.

Digital technologies, modularisation, and innovative
approaches can play an important role inimproving  the
efficiency of construction processes, and have demon-
strated the potential for significant cost savings, shorter
project timescales, and reduced environmental impact
(McKinsey Productivity Sciences Center, 2015).

Digitisation also plays an important role in cost reduction:
utilizing digital Building Information Models (BIM) can
streamline project planning and result in durable, long-life
cycle buildings (The Danish Housing and Planning
Authority, 2021).

Digitalising the building process can allow for wider use of
prefabrication and modular construction, resulting in a re-
duction of material waste by 23-100 percent (United Na-
tions Environment Programme, 2022).

According to the Danish Housing and Planning Authority
(2021), prefabricated modular construction offers several
advantages that contribute to the rapid, sustainable, and
cost-effective development of buildings:
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o Ensure quality and consistency through greater management of

both the construction and manufacturing processes.

o Reduction of waste and resource consumption by optimising the

use of building materials.

o [ncreased potential for recycling and reuse of components.

¢ Increased safety and efficiency in the construction process,

improving working conditions.

o Flexibility in terms of project schedules and cost effectiveness.

In Denmark, the construction sector is facing three major
challenges: late payments, a shortage of skilled workers,
and a low level of innovation activity, with approximately 72
percent of companies in 2020 indicating that they were
least likely to innovate, significantly higher than other eco-
nomic sectors such as manufacturing (42 percent) and
infrastructure (59 percent).

In 2021, the Danish government introduced the National
Strategy for Sustainable Construction, which aims for
more  climate-friendly, durable and high-quality,
resource-efficient and healthy buildings, as well as digitally
enabled construction (European Commission, 2021). The
strategy requires the integration of Life Cycle Assessment
(LCA) into the building code by 2023. This can provide an
example for other countries, highlighting the need to move
away from energy efficiency alone to consider the full life

AM IN CONSTRUCTION



cycle emissions of buildings, considering operational as
well as embodied carbon (Effekt, MOE, CEBRA, 2022).

Digitalization shouldn’t then be seen only as a productivity
tool, but there is a need to unlock its potential to integrate
sustainable practices, such as embedding LCA into BIM
workflows and prefabrication systems for real-time
tracking of emissions reductions.

As the impact of climate change on buildings may lead to
increased maintenance requirements and associated en-
vironmental impacts related to the production, transport,
and lifetime of materials, it is necessary to develop multi-
functional solutions, technologies, and materials that re-
duce GHG emissions from the operation of buildings and
embodied emissions from the production and processing
of building materials (Cabeza, et al., 2022).

1.3. Building materials

Building materials account for a significant proportion of the
building sector’s climate impact, contributing around 10
percent of global energy-related GHG emissions. The
emissions primarily derive from the processing of raw ma-
terials for buildings and infrastructure (@bout 30 percent of
total annual construction emissions, mainly from cement
and steel) and building operations (@bout 70 percent) (PEEB
Programme for energy efficiency In buildings, 2021).

Once a building is constructed, the emissions associated
with building materials are largely irreversible. Considering
the typical lifespan of a building (30-130 years), waiting un-
til the end of a product’s life cycle to replace it will not be
consistent with the 2050 mitigation targets. Therefore,
there is considerable opportunity and need to retrofit
existing assets (Blanco, Engel, Imhorst, Ribeirinho, &
Sjodin, 2021).

The lack of openly accessible repositories of materials
production data limits the estimation of emissions (United
Nations Environment Programme, 2022). Concrete in par-
ticular is the most consumed material in the sector, with its
carbon-intensive nature largely due to the use of cement,
projected to increase by 12-23 percent by 2050, while
steel production is expected to increase by 30 percent
over the same period (Langmaack, Scheibstock,
Schmuck, & Kraubitz, 2021).

Material re-use has been identified as one of the most
promising solutions for reducing GHG in the EU
construction sector. An assessment of the environmental
savings associated with the re-use of building components
has shown that it can reduce the initial embodied carbon
emissions by up to 90 percent (Hartwell, Macmillan, &
Overend, 2021).

The five main building frames used in construction are:
concrete, wood, masonry, steel, and composite. An
overview of the cradle-to-gate coefficients for embodied
energy and carbon shows that earth materials and wood
have the lowest embodied carbon, whereas the highest
embodied carbon is found in steel (Cabeza, et al., 2022).

Embodied emissions from the materials production
processes account for a significant share of emissions from
the buildings sector. Measures to reduce these emissions
include improving material efficiency, optimising building de-
sign, replacing materials with lower carbon options, improving
manufacturing efficiency, recycling waste during the manu-
facturing process, and reusing or extending the life of build-
ing components (Cabeza, et al., 2022).
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MATERIALS DEGRADATION:

Climate change, including extreme
rainfall events, rising temperatures,
and fluctuating heating and cooling
demands, has significant impacts on
buildings and can affect the durability
of construction materials and energy
efficiency. The external surfaces of
buildings will be exposed to more ex-
treme climatic conditions for longer
periods of time, increasing the risk of
premature degradation of building
components such as roof, wall, and
window systems, as well as the risk of
water infiltration, leading to mois-
ture-related  problems (Lacasse,
Gaur, & Moore, 2020).

Concrete is a vital building material
and as such it is subject to
degradation processes that can be
exacerbated by variations in the
concentration of CO2, as well as tem-
perature  and  humidity,  with
consequences on the safety,
performance and durability of con-
crete structures (Lacasse, Gaur, &
Moore, 2020).

The degradation of materials such as
plastics, rubber and wood can be ac-
celerated by increased solar
ultraviolet (UV) radiation resulting
from factors such as stratospheric
ozone depletion and land use pat-
terns, expected to increase with the
rise in global temperatures.

In coastal and near-coastal areas,
corrosion of metals (carbon steel and
zinc) is influenced by the effects of
chloride deposition. In Europe, due to
future predicted atmospheric condi-
tions, corrosion of exposed metals is
expected to increase in coastal areas
and decrease inland.

In several European locations, the
increasing warming and humidity
associated with climate change is
predicted to reduce the service life of
timber  building  components.  Of
particular concern is the increased risk
of moisture-related damage to the fa-
cades of buildings, as well as the poten-
tial forincreased vulnerability and dete-
rioration of timber-framed structures

(Lacasse, Gaur, & Moore, 2020).
Increasing the resilience of long-
lived structures to the impacts of cli-
mate change is therefore critical. Life
cycle design should address a long-
term perspective and consider adap-
tation to climate change by applying
the principles of durability, adaptabil-
ity, and circularity. The preservation
of existing buildings can provide a
solution with less environmental im-
pact than replacing them with new
constructions, whilst contributing to
the preservation and valorisation of
the built heritage (European Com-
mission, Directorate- General for Cli-
mate Action, 2023).

AM IN CONSTRUCTION



FACADES

Among the building elements, the
design and construction of the fagade
system has a significant impact on a
building’s operational energy efficiency,
accounting for 10 to 30 percent of a
building’s total embodied carbon
emissions, despite its low weight com-
pared to other building components. Im-
provements in operational performance,
indoor comfort and well-being have re-
sulted in the adoption of multi-functional
composite fagade systems designed to
perform well over the lifetime of a build-
ing. However, due to the multi-compo-
nent character and levels of environ-
mental exposure of fagade systems,
Some components experience shorter
life spans, resulting in higher turnover
rates and embodied carbon emissions
(Hartwell, Macmillan, & Overend, 2021).

Limited consideration has been given to
the impact of integrating multiple layers
and more glued joints on the ability to
disassemble and reuse facade
components, making it difficult to
recover and reuse the elements,
impeding design-for-dismantling efforts
(Hartwell, Macmillan, & Overend, 2021).

On the contrary, designing modular con-
struction can extend lifespan, allowing
disassembly for material recovery at the
end of the building’s life to maximise the
value and reuse potential of the compo-
nents (United Nations Environment Pro-
gramme, 2022). Adaptability should be
thus supported at the component level
to enhance the re-use of components
and materials and to facilitate mainte-
nance and refurbishment, and at the
building level to accommodate changes
in use according to evolving needs (Eu-
ropean Commission, 2020).

To increase the sustainability —of
construction, design decisions should
therefore be guided by life cycle analysis
based on local data, favouring building
materials with performance characteris-
tics appropriate for the local climatic
conditions (PEEB Programme for energy
efficiency In buildings, 2021).

Low-carbon and low-manufacturing ma-
terials should be preferred, rather than
CO2-intensive materials such as alumin-
ium or steel, as these require fewer re-
sources for production and are easier to
recycle. Choose durable materials that
last longer and require less replacement
or maintenance and prioritise the reuse
of products rather than manufacturing
new ones. Local value chains should be
encouraged to lower transport emis-
sions and strengthen local economies
(PEEB Programme for energy efficiency
In buildings, 2021).

1.4. Resources and waste

According to Statistics Denmark, in 2019 the Danish
construction sector accounted for 5.0 million tonnes of
waste, more than a third of the total waste produced in
Denmark. Nearly half of the domestic material use
comprises non-metallic minerals, such as stone, gravel
and sand extracted for construction activities (European
Commission, 2021).

The global consumption of raw materials is expected to al-
most double by 2060, in particular for minerals and
construction materials. Most construction materials
depend on energy-intensive extraction processes, leading
1o negative environmental impacts over their entire life
cycle, from loss of biodiversity and water scarcity to
increasing carbon emissions. In addition, a significant
amount of construction, renovation, and demolition waste is
generated globally, around 100 billion tonnes per year, of
which 35 percent is landfilled rather than recovered and re-
used (United Nations Environment Programme, 2022).

The adoption of a circular economy model has the potential
to reduce GHG emissions by maximising the useful life of
building materials and extending the life cycle of buildings
(United Nations Environment Programme, 2022).

The circular economy framework has multiple benefits in
terms of both economic returns and environmental

10

sustainability. It focuses on the need to eliminate waste
and pollution, increase the life of products and materials,
and regenerate rather than degrade natural systems.
When applied to the construction industry, such principles
offer an effective strategy for achieving global climate
goals (The Ellen MacArthur Foundation, 2015).

Circular approaches to construction
enable buildings to serve as
repositories of valuable materials that
can be reused, decreasing the need
for new materials (PEEB Programme
for energy efficiency In buildings,
2021). Additionally, the use of local, low carbon materials
such as wood, bamboo, clay, stone, and agricultural waste
can have a major impact on lowering the construction’s
embodied carbon emissions. Plant-based biomaterials
can act as carbon sinks, capturing carbon over their life-
time, as the living plants absorb carbon from the atmo-
sphere and continue to store it in the building until the ma-
terials are biodegraded or incinerated at the end of their
life (United Nations Environment Programme, 2022).

Theintegration of bio-based materials into the construction
industry marks a significant step towards sustainability,
offering both environmental and functional advantages.
Sourced from renewable materials such as plants, algae,
and microorganisms, bio-based materials provide alter-
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The global consumption of
raw materials is expected
to almost double by 2060

AM IN CONSTRUCTION



natives to conventional materials that are often re-
source-intensive and emit high levels of carbon dioxide
during production. These materials are often
biodegradable or recyclable, and can enhance indoor air
quality, contributing to healthier building environments.

The use of biogenic materials such as wood, straw,
eelgrass, and hemp represents an essential strategy to
align construction practices with Planetary Boundaries,
reducing GHG-emissions while regenerating natural
systems. This regenerative approach aligns with the “safe
operating space” concept, essential for maintaining cli-
mate stability and biodiversity (Effekt, MOE, CEBRA, 2022)
(Effekt, MOE, CEBRA, 2024).

A new systems approach is then needed, based on:

o Designing more efficiently to build with less.

o Using alternative building materials and
decarbonising conventional ones.

e Renovating existing buildings rather than
developing new ones.

o Mixing and optimising uses and designing
components for disassembly and reuse.

e Choosing locations which require less materials,
foundations, and transport.

(PEEB Programme for energy efficiency In buildings, 2021)

An in-depth analysis of the environmental impact of
innovative construction methods in the context of circular
economy principles can be performed using Life Cycle
Assessment (LCA). Designed to measure the environmental
footprint of buildings, LCA evaluates processes, materials
and energy use over the entire life cycle of a structure. This
approach is crucial in examining the environmental impact of
different construction techniques, energy strategies, compo-
nents and products. The scope of LCA covers both new con-
struction and renovation projects, providing insight into mini-
mising resource consumption and limiting air, water and soil
pollution at every stage of a building’s life. To integrate LCA
into construction practice seamlessly, it is essential to em-
bed LCA databases and analysis routines into widely used
simulation tools such as energy performance simulation and
Building Information Modelling (BIM). This integration has a
significant influence on the design efficiency and climate im-
pact reduction of the construction industry in the context of
the circular economy. Adopting a life-cycle approach pro-
vides building owners and designers with comprehensive
information that enables them to make environmentally con-

1l

scious decisions. This method facilitates the optimisation of
solutions with respect to different environmental concerns,
geographical locations, and temporal aspects of environ-
mental impacts. In addition, the use of a consistent method-
ology ensures accurate reporting of critical environmental
indicators, such as CO2 emissions and energy demand,
throughout a building’s lifecycle.

Adopting circular principles in construction is thus an
effective strategy for aligning with global climate goals, of-
fering economic returns while promoting environmental
sustainability.

1.5. Conclusion

There is an undeniable imperative to change the path of the
construction industry as both a major contributor to climate
change and a key player in developing solutions for a sus-
tainable and resilient future. From the urgent need for sus-
tainable practices to the critical role of digitalisation and in-
novative materials, the path to a net-zero carbon future
requires a systemic transformation.

Decisions made in the early stages of a project, particularly
during the design phase, have an unparalleled impact on
building’s life cycle emissions.

Adopting modularity, digitalisation, and adaptability at
different levels can extend the life of components, promote
sustainability, and reduce material waste, offering benefits
such as enhanced quality, resource optimisation, recycling
potential, and improved construction efficiency.

To address the challenges posed by climate-induced
degradation of materials, particularly concrete, and
building components, a strategic focus on life cycle
design, adaptation principles and the use of sustainable,
locally appropriate materials is
crucial  for the long-term
sustainability and resilience of
structures. Potential synergies
between modular construction,
biogenic materials, and circular
economy principles need to be
explored to achieve regenera-
tive outcomes.

With the aim of addressing the challenges described
above, the next chapter explores the potential of additive
manufacturing, introducing and analysing its role in
transforming  construction  practices and  further
contributing to ongoing efforts towards sustainable,
resilient, and low-carbon building solutions.
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Potential synergies between
modular construction, biogenic
materials, and circular economy
principles need to be explored
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2. AM IN CONSTRUCTION

1980s as a polymer prototyping technique,

revolutionised  traditional ~ manufacturing by
introducing a layer-by-layer approach that adds material
rather than subtracting it. Unlike conventional
manufacturing, AM is tool-independent, making the
process much faster, especially in the early stages of pro-
duction, and offers unparalleled design flexibility,
automation, digitisation benefits and high precision.
Large-scale 3D printing has been shown to efficiently pro-
duce new geometries, opening new horizons for
construction applications (Khajavi, et al., 2021).

Q dditive Manufacturing (AM), which emerged in the

The market for 3D printing in construction is forecast to grow
from around USD 3.5 billion in 2022 to around USD 523.3
billion in 2030, with a compound annual growth rate (CAGR)
of around 87 per cent (Zion Market Research, 2023). For
comparison, the global construction market reached a value
of around USD 13.57 trillion in 2023, and it is estimated that
will continue to grow at a CAGR of 6.5 per cent between
2024 and 2032, to reach a value of approximately USD 23.92
trillion (Expert Market Research, 2023).

23.9 trillion

13.6 trillion

523.3 billion

3.5 billion

2022 2030 2023 2030

3D printing in construction value Global construction market value
By analysing the key benefits and challenges associated
with the use of AM, the barriers to adoption, and the
reasons for the primary focus on concrete, this chapter at-
tempts to provide viable solutions to the construction in-
dustry challenges presented in section 1.

—— Danish
—— AMHub
2.1. Sustainability
Existing literature on AM in construction tends to focus on
environmental impacts, while economic and social
considerations are  often  neglected. Research
encompassing all three pillars of
sustainability -  environmental, .
economic, and social -isnecessary Research encompassing all
for a comprehensive understand-  three pillars of sustainability
ing of sustainable practices (lbra- .
him, Eltarabishi, Abdalla, & Abdal- - 1S NECessary

lah, 2022).

This section presents a combined assessment to provide
a holistic understanding of the impact of 3D printing in
construction.

ENVIRONMENTAL SUSTAINABILITY
AM can contribute to a significant reduction of GHG emissions through:

o Material efficiency: Precise and targeted material usage,
optimising materials and resource efficiency, reduced material
consumption and demand for raw materials.

o Waste reduction: Recycled materials, materials derived from
construction and demolition waste, and application in renovation
minimizes the need for new construction extending the lifespan
of buildings and reducing waste generation.

o Sustainable materials: Use of bio-based or recycled materials.

e Energy savings: Reduced material extraction, on-site 3D printing
reduce transport emissions by producing parts directly at the
construction site, the layer-by-layer deposition process
eliminates the need for complex formwork.

o Production efficiency: Enabled design complexity allows for
more resource-efficient structures and systems.

o Lower carbon emissions: Improved material efficiency and
reduced energy consumption, reduced transportation-related
emissions.

o Water conservation: Materials that require less water for
construction.

(Ibrahim, Eltarabishi, Abdalla, & Abdallah, 2022)
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IAM MSHRM

A project developed by Danish AM Hub
and Bjarke Ingels Group (BIG), is an
example of how the combination of 3D
printing and bio-based materials can pro-
mote environmental sustainability. The
building consists of 3D- printed frames
made of recycled plastic and baked
mycelium. The frames can be easily pro-
duced, assembled, disassembled,
reassembled or recycled after use.

Figure 2/3 - | AM MSHRM, Danish AM Hub &
Bjarke Ingels Group (BIG) - Annex A, Case study
001, Image: Bjarke Ingels Group (BIG)

ECONOMIC SUSTAINABILITY

Thanks to robotic technology capable of
continuous operation, AM reduces
construction time and increases pro-
ductivity, resulting in significant cost
savings. The use of diverse materials
and reduced waste also contribute to the
economic benefits. However, chal-
lenges such as the cost of trans-
porting and installing printers and
limited suppliers of compatible ma-
terials can affect overall cost- ef-
fectiveness (lbrahim, Eltarabishi,
Abdalla, & Abdallah, 2022).

The economic sustainability of the
use of AM in construction is high-
lighted by several key drivers.
During the workshop series, it has
been discussed the role of design

optimisation: the implementation of
complex and intricate designs leads to
the creation of resource-efficient
structures and systems, promoting a
more sustainable use of materials. In ad-
dition, the ability to manufacture
customised components on-site in
renovation and retrofit projects could

Figure 4 - reMARBL3D, ETH, Digital Building Technologies
- Annex A, Case study 002

improve economic performance by
minimising waste and streamlining
construction processes. The increased
productivity and flexibility offered by AM
further contributes to economic sustain-
ability, as faster construction times, lo-

cal production, reduced inventory

requirements, less rework and adapt-

ll JrE

able schedules all contribute
to the cost-effectiveness of
the project.

As highlighted in one of the
expert interviews, 3D printing
offers  sustainable  and
cost-effective advantages as
its additive nature minimises
material waste, making it a
more resource-efficient
alternative.

AM IN CONSTRUCTION



SOCIAL SUSTAINABILITY

The construction industry is notorious for
its high rate of workplace injuries. The po-
tential of AM to automate construction
processes, reducing manual labour and
improving workplace safety, aligns with
the industry’s shift towards safer, more
efficient practices (Paolini, Kollmannsberger,
& Rank, 2019). Workers trained to operate
3D printers can perform their tasks more
efficiently, reducing the likelihood of
injuries on site (Ghaffar, Corker, & Fana,
2018).

AM ability to offer customised products
strengthens the relationship between
designers and customers, increasing
satisfaction. AM can provide sustainable
homes and cities at a reasonable cost,

This technology not only improves
construction efficiency but also offers de-
signflexibility, signalling the transformative
potential for automation and socio-eco-
nomic benefits in the ongoing digital
transformation of industry (Khajavi, et al.,
2021).

3D printing offers transformative potential
for achieving sustainability and circularity
in construction. According to some of the
experts interviewed, integrating nature-
based solutions into building designs,
such as embedding air and water flow sys-
tems, demonstrates a holistic approach to
sustainable architecture. In addition, they
underlined the importance of engaging
with local cultures and architectural tradi-
tions in 3D printing projects.

nacular design principles can inform digi-
tal fabrication to create culturally respon-
sive structures. This approach not only
digitises traditional techniques, but also
fosters collaboration between research-
ers, industry and local communities. By
embedding social and environmental val-
ues into their designs, it could be possible
to create an inclusive building ecosystem
that seamlessly integrates new technolo-
gies with cultural and environmental con-
texts.

with a smaller environmental footprint and
a positive social impact, in alignment with
the  United  Nations  Sustainable
Development Goals (SDGs) (Ibrahim,
Eltarabishi, Abdalla, & Abdallah, 2022).

2.2. Building process

INNOVATION

In the face of global challenges, innovation and technology
are key to delivering cost-effective solutions (Chamley, 2019).
The use of AM in the construction industry represents a sig-
nificant innovation, using robotics and process automation
to improve productivity, quality control and working condi-
tions, while addressing skills shortages. AM is in line with
the principles of Industry 4.0, offering benefits such as
customisation, flexibility, design complexity and reduced
transport costs (Ghaffar, Cork-

er, & Fana, 2018).

...democratise
One of the interviewees grchitecture by
highlighted the potential of . .
online platforms and 3D dlrectlyconnectlng
printing  to  democratise  communities with
architecture by directly L.

fabrication tools

connecting communities with
fabrication tools.

Whilst architects and designers often seek circular and
tailored solutions, AM not only facilitates these goals, but
also enables designers to commercialise innovative prod-
ucts. This approach promotes revenue-sharing
opportunities  and  encourages  cross-disciplinary
collaboration in the design process.

For example, the work of
the Institute for Advanced
Architecture of Catalonia
(IAAC) explores how ver-
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Figure 5 Tova, 3d-printed Earth Architecture, IAAC
- Annex A, Case study 003, image: Gregori Civera

DIGITAL TECHNOLOGIES

The 3D printing digital workflow begins with the creation of
a 3D model using computer-aided design (CAD) software.
This model can be developed manually or through highly
automated processes such as topology optimisation. Fol-
lowing the design phase, the CAD model is converted into
a format suitable for 3D printing. During process planning,
the geometric model is positioned in the build space, sup-
port structures are added as required and the model is
sliced into layers. The toolpath is then generated, and pro-
cess parameters selected before being translated into
machine language for the numerical control of the 3D
printer (Paolini, Kollmannsberger, & Rank, 2019).
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Digital technologies such as Building Information Modelling
(BIM), robots, drones, 3D scanning, sensors and the Inter-
net of Things (loT) are reshaping the construction land-
scape. BIM supports decision-making in the early design
phase and evaluates design options, considering embod-
ied emissions. Combining 3D printing with robotics through
automated prefabricated buildings increases productivity.
Drones facilitate real-time monitoring and inspection of
construction projects, while sensors and loT enable contin-
uous data collection, monitoring, and preventive mainte-
nance (Cabeza, et al.,, 2022).

In the design phase, AM can contribute significantly to the
digitisation of construction processes by creating a da-
ta-sharing platform that integrates printing software, BIM
and collaboration between clients and designers, en-
abling the production of customised components with low
production costs and high efficiency for personalised de-
signs.

While BIM provides critical data support for AM by
providing accurate spatial positioning information,
enabling high-precision printing of buildings and the
automation of design processes, AM contributes to
optimising topology and maximising functionality with
minimal material use by modifying shapes and structures
(Xie, Xin, Wang, & Xiao, 2023). However, the integration of
AM parts into BIM requires careful consideration of
geometric and material representation to avoid design
limitations (Paolini, Kollmannsberger, & Rank, 2019).

The significant potential of AM in construction lies in its
seamless integration within the digital design framework.
As articulated in an expert interview, the connection
between AM and digital tools facilitates a cohesive
transition from design to fabrication, providing a more
efficient and consistent approach to construction
processes. The link between AM and digital tools
enhances the synergy within the unique design-to-
manufacture format, demonstrating the promise of
efficient and integrated construction processes.
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Figure 6 HIVE Project, Ye Sul E. Cho, Ji Shi, Meghan Taylor, James Clarke-Hicks,
Isabel Ochoa and David Correa, University of Waterloo and SDI Design
- Annex A, Case study 004, Image: Shabaan Khokhar

Interviewees also agreed that knowledge sharing and
collaboration between computation and engineering can
bring new perspectives to AM and its applications, pushing
the boundaries of traditional practices. New technologies
can also play a key role in reshaping industry norms. As
more people gain access to technology, there could be an
increase in innovative shapes and materials that are not
bound by past knowledge.

COMPARATIVE LIFE CYCLE ASSESSMENT (LCA) OF 3D
PRINTED AND CONVENTIONAL CONSTRUCTION

This subsection offers a focused analysis of the
environmental and material efficiencies achieved through
3D printing, tying directly to the broader discussion of
building processes and their
technology.

optimization via AM

Figure 7 Hexastone, Design for
disassembly, Technische
Hochschule Liibeck, Vertico,
Sika — Annex A, Case study 005,
Image courtesy of Technische
Hochschule Liibeck
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An example of LCA of 3D printed houses, based on a 60
m? terraced house as a functional unit, shows a significant
reduction in environmental impacts compared to
conventional construction methods. In most impact
categories, 3D printing shows superior performance. In
particular, the study shows reduced material use, which
contributes to a 75-80% lower environmental impact in
categories such as human health, ecosystem quality,
climate change and resource depletion. However, specific
materials - wood floorboards, window frames, and Port-
land cement, contribute significantly to the climate impact
of 3D printing. In contrast, conventional buildings use larg-
er quantities of materials and generate higher GHG emis-
sions, demonstrating the material efficiency and environ-
mental benefits of AM (Ali, 2019).

A study focused on the LCA of 3D printed bio-based
homes using wood flour-filled polylactic acid (PLA) and
wood fibre insulation shows significant environmental
advantages over traditional wood frame houses: 3D
printed homes produce approximately half the global
warming potential compared to conventional stick-built
homes for an 84 m? structure with a 50-year lifespan.
These savings are attributed to reduced material use,
waste minimisation and the use of bio-based,
biodegradable materials, and improved energy efficiency
(Liedtka, 2022).

DESIGN

Traditional construction methods often struggle to
accommodate design changes, causing delays and com-
plications. AM optimises production and assembly
processes, introducing new aesthetics, materials and
complex shapes that were previously difficult to achieve
(Cabeza, et al, 2022). Compared to traditional
manufacturing methods, AM offers unique features,
including increased geometric freedom, reduced material
waste, less reliance on human labour, and lower
manufacturing costs and times (Xie, Xin, Wang, & Xiao,
2023).

Figure 8 Ecoalf store, Nagami - Annex A, Case study 006,
Image: Alfonso Quiroga

This flexibility allows architects and construction teams to
adjust seamlessly, reducing the problems associated with
design changes, and increasing the overall efficiency of
construction projects (Ghaffar, Corker, & Fana, 2018). Nu-
merical methods, including size and shape optimisation,
play a crucial role at this stage to ensure that the final
design meets the functional and structural requirements
(Paolini, Kollmannsberger, & Rank, 2019).

Biopolymer composites offer an interesting case for
bio-based circular design in construction. They consist of
a binder mixed in a solvent and
reinforced with fibres and fillers to form
a composite that is  100%
biodegradable and can be produced
onallarge scale. This offers new unique
opportunities for material design and control that are not
feasible with conventional materials (Nicholas, et al,
2023).

An example of the use of a biopolymer composite material
reinforced with different types of cellulose from agricultural
and other waste streams is Radicant, a customised interior
wall panelling system.

With an average lifespan of less than 10 years and only
20-30% of elements recycled or reused, interior finishing
is a short-lived construct. This 3D-printed biopolymer
composite instead shows continuous behaviour
throughout the manufacturing process and usage,
reacting to changes in heat and humidity in the exhibition
environment, and it is easy to repair thanks to the
biopolymer’'s adhesive properties. The panelling system
can be divided into smaller pieces and recycled at the end
of its life, 3D printing a new object (Nicholas, et al., 2023).

Figure 9 Radicant, Royal Danish Academy, CITA, DTU - Annex A, Case study 007,
Image courtesy of Centre for Information Technology and Architecture (CITA)
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and assembly processes
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In the field of interior design, the transformative impact of
AM is demonstrated by its ability to address significant
challenges. Expert feedback highlighted that the traditional
approach of tailoring designs to specific locations often
results in significant material waste, with approximately
25% of construction materials being discarded due to
customisation requirements. By adopting a customised,
on- demand 3D printing model, the waste can be signifi-
cantly reduced by eliminating the need for excess stock
and enabling efficient use of materials. In addition, the
technology allows materials to be recycled and reused,
providing an environmentally friendly solution for trans-
forming waste into new and tailored interior design ele-
ments. This paradigm shift in design and production not
only minimises environmental impact, but also offers op-
portunities for collaborative development and market ex-
ploration, demonstrating the multiple benefits of AM in in-
terior design.

Figure 10 3D printed film studio, Casinos Austria & Austrian Lotteries Group -
Annex A, Case study 008, Image courtesy of Philipp Aduatz

SPECIAL ELEMENTS

The design freedom offered by AM goes beyond
geometric complexity. By manipulating and varying the
raw materials during the printing process, functionally
graded materials can be achieved, increasing strength in
specific areas that are subject to higher loads. Further
testing, standardisation and the development of reliable
simulation models are essential to fully realise the potential
of AM in construction and to derive product properties
based on feedstock, printing process and parameters
(Paolini, Kollmannsberger, & Rank, 2019).

A transformative technique within AM is the modification
of material properties, such as the incorporation of
lightweight aggregates into the AM material. This not only
improves structural properties, but also enables the
creation of intricate internal patterns, demonstrating its
flexibility in meeting diverse design requirements (Briels,
et al,, 2023).
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Figure 11 InNoFa-Demonstrator, Individual
node facades, FLEX Research Group, HTWK
Leipzig - Annex A, Case study 009

According to one of the experts
interviewed, the general
advantage of AM is that complex
geometries can be achieved very
quickly, a process that is labour-
intensive and challenging with tra-
ditional methods such as casting,
especially in the context of con-
crete structures. AM allows great-
er control over inhomogeneous
materials, enabling the
incorporation of different property
gradients or mechanical proper-
ties within a single part, with great potential to create
unique and specialised structures. This capability has sig-
nificant implications for the creation of innovative, func-
tional designs tailored to specific architectural needs.

SUPPLY CHAIN

AM can impact supply chains reducing the number of
suppliers by eliminating the need for assembly operations,
leading to improved logistics efficiency and reduced de-
mand for semi-finished goods and inventory. Furthermore,
it may reduce product delivery times and reform traditional
warehousing and transportation models. Finally, AM can
increase production and distribution flexibility, enabling
customer participation in design and production, and
product customisation. The technology’s production flexi-
bility allows components to be manufactured on demand,
reducing the need for large inventories and associated
costs (Xie, Xin, Wang, & Xiao, 2023). Components can be
produced in a factory, transported to the construction site,
and then assembled and finished on site (Khajavi, et al.,
2021). AM allows also decentralised supply chain for con-
struction with on-site 3D printing, where the printer is
transported to the site and manoeuvred as needed until
construction is complete (Khajavi, et al., 2021).

Efficient and flexible manufacturing and supply chain
management has therefore become an integral part of 3D
printing production processes. AM management process
involves the coordination of various elements, including
the robotic platform, a power distribution substation, de-
sign software and the print nozzle (Guaman-Rivera, et al.,
2022).
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BARRIERS TO ADOPTION

Expert interviews identified a significant resistance to
change within the industry, often attributed to an older
generation of professionals who lack familiarity with
computer-aided design (CAD) methods. Re-skilling the
workforce to operate advanced technologies, such as 3D
printing, remains a considerable obstacle. One expert in
3D printing emphasized the prohibitive costs of initial
equipment investments, coupled with the absence of
standardized training programs in university curricula.
Smaller architectural firms were also noted as being
particularly disadvantaged, often lacking the financial
resources to invest in computational design tools. As a re-
sult, graduates equipped with advanced digital design
skills face underutilization in a sector that struggles to
integrate these capabilities effectively.

A further challenge lies in the absence of industry-wide
standards for 3D printing, which complicates its adoption
into established workflows. Experts stressed the
importance of aligning AM innovations with regulatory
frameworks to ensure compliance and facilitate broader
acceptance. Progress in achieving certifications, such as
fire retardancy for 3D-printed components, demonstrates
the ability of AM technologies to meet performance and
safety standards without compromising their innovative
potential. Nevertheless, regulatory approval processes
and lingering doubts regarding the reliability of 3D printing
as a legitimate construction method continue to hinder its
scalability.

Additionally, resistance to fully 3D-printed housing
persists, driven by aesthetic preferences and
environmental concerns over material sustainability. One
expert highlighted the importance of addressing these
perceptions through education, standardization, and
collaboration across industry stakeholders.

Despite these barriers, experts recognize the significant
opportunities  AM  presents for creating bespoke
architectural components, particularly those featuring
intricate  geometries and complex details that are
challenging to achieve using conventional methods.

AM offers a compelling approach to customization, facili-
tating the design and production of unique components
that not only enrich architectural expression but also un-
derscore the transformative potential of personalized
solutions within the construction industry.
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2.3. Building materials and elements

The pursuit of net-zero carbon buildings requires a re-
evaluation of fundamental principles and the reduction of
emissions in the materials production process. This in-
cludes optimising design and materials (Blanco, Engel,
Imhorst, Ribeirinho, & Sjodin, 2021).

Digital buildings are designed, validated, and optimised in
the design phase, where construction becomes an
integral part of the design. Therefore, environmental
criteria need to be integrated into the design phase
(Agusti-duan & Habert, 2017). The material efficiency
achieved through 3D printing can significantly reduce
GHG emissions (C40 Cities, ARUP, University of Leeds,
2019).

CEMENTITIOUS MATERIALS

e 3D printed concrete: Fundamental material for 3D print-
ing in construction, it is optimised for extrudability,
buildability and open time, essential concepts in 3D
printing. To meet rheological requirements, coarse
aggregates are often replaced by fine aggregates such
as sand, clay, fly ash and silica fume. However, the ab-
sence of coarse aggregates makes the concrete sus-
ceptible to shrinkage, prompting research into solu-
tions such as glass fibre or shrinkage-reducing
additives.

o 3D printed geopolymer: Innovative material that offers an
alternative to traditional cement concrete, and shows
potential in terms of sustainability and durability.

e Fibre-reinforced 3D printed concrete: Incorporating fi-
bres into 3D printed concrete improves its mechanical
properties, contributing to increased strength and
crack resistance.

e Fast curing 3D printed material: Responding to the
need for rapid construction, focuses on achieving fast
setting and early strength development, although care-
ful consideration is required to manage heat generation
during hydration.

e FEarth-based 3D printed material: Environmentally
friendly option for 3D printing, in line with sustainable
construction practices.

(Puzatova, Shakor, Laghi, & Dmitrieva, 2022)

CONCRETE

Compared to the traditional cast-in-place methods, 3D
printing eliminates the need for formwork, allowing
complex structures to be built faster and with less on-site
labour (Han, Yang, Ding, & Xiao, 2021). Two major
construction strategies have been identified in the context
of concrete 3D printing, mass and reinforced concrete.
Mass concrete walls, designed primarily for compression
resistance in low-risk areas, feature superimposed cords
with occasional curves and parallel lines, often filled with
different materials. The wall thickness is increased for
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lateral stability and thermal or acoustic insulation. It should
be noted that there are no general strategies for adaptabil-
ity or compliance with building codes. The second strate-
gy uses steel reinforcements to achieve higher perfor-
mance and larger structures. Examples include horizontal
meshes, vertical reinforcing bars and the use of mixtures
on steel meshes. The size of the printing system, which
limits the dimensions of the elements to be built and the
capacity to print a complete building or to execute it in
parts, is another important factor in the construction strat-
egy. The printing speed affects the mechanical resistance
of the components to be printed, which means that con-
structing and assembling them in smaller pieces may be
the most optimal method (Guaman-Rivera, et al., 2022).

Figure 12: The Wave House Data Center — The first and globally largest

/

|
F

industrial building made with 3D construction printing technology, built by PERI
3D Construction using COBOD technology - Annex A, Case study 010, Image
courtesy of COBOD

The use of geopolymer/alkali-activated materials, known

for their ecological benefits and ability to incorporate solid
waste with minimal environmental impact, could provide a
potential environmental benefit as a replacement for con-
ventional Portland cement (PC) in 3D printing. A LCA of the
environmental impact of 3D printed structures using new-
ly developed construction and demolition waste (CDW)-
based geopolymer materials shows a reduction in waste
and improved environmental performance, particularly in
terms of global warming potential and fossil fuel deposi-
tion, for the geopolymer-based 3D printed structures. The
incorporation of renewable energy sources in the produc-
tion of CDW-based geopolymer systems could further en-
hance their environmental sustainability (Khan, et al,
2023).

During the expert interviews, particular emphasis was
placed on the potential for optimising structures, leading
10 a reduction in the amount of material used while achiev-
ing more stable and stronger structures. A common prac-
tice in the construction industry is to oversize structures
for safety reasons, resulting in the use of more material
than necessary, and AM can be a way to address this is-
sue by introducing concepts such as topology optimised
structures and generative design.

THE ENVELOPE - FACADES

As the critical barrier between the indoor and outdoor
environments, the building envelope has primary
responsibility for managing a range of building physics re-
quirements, including heat, moisture, airtightness, sound,
and light. Traditional approaches to the construction of
building envelopes include solid constructions, which in-
tegrate all requirements into a single element, and layered

Figure 13 3DLightBeam-+ robotic 3D Concrete Printing - Stress-based design for 3D concrete printed horizontal structures, Luca Breseghello, CREATE SDU
- Annex A, Case study 011
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constructions, where different layers address individual re-
quirements. While solid structures, such as hollow bricks
or lightweight concrete, offer simplicity in meeting multiple
requirements, they are limited in optimising individual
functions or adaptability. On the other hand, multi-layered
facades, such as ventilated facades, allow functional opti-
misation but introduce complexity, potential for failure and
poor recyclability, particularly in the case of external ther-
mal insulation composite systems. In response to these
challenges, there is a growing desire to integrate, hybridise
and optimise building functions into building components
without the drawbacks associated with traditional meth-
ods. AM is emerging as an important solution in this con-
text (Briels, et al., 2023).

With its innovative design approach, AM offers significant
potential, particularly for facade elements, excluding the
requirement for multiple layers and materials, promoting
recyclability, and significantly reducing the number of
steps and interdependencies between different
construction disciplines on site (Briels, et al., 2023).

The critical role of the building envelope in maintaining in-
door environmental quality (IEQ), particularly through ther-
mal regulation, emphasises the importance of improving
the thermal performance of facade elements. While the
facade contributes approximately 20 per cent of the trans-
mission heat losses responsible for the heating energy
demand of buildings, the use of AM in this context can
lead to significant energy savings and reductions in oper-
ational carbon emissions. Despite the growing interest in
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Figure 14 Tiffany facade, MVRDV, Aectual, BUROMILAN
- Annex A, Case study 012, Image: MVRDV

AM, empirical studies of the thermal performance of AM
elements require further investigation, particularly in the
design and evaluation of the thermal characteristics of
monolithic AM facade elements. Existing research reveals
a notable gap in the comparative analysis of different AM
processes, materials, and strategies to improve the ther-
mal performance of these elements (Briels, et al., 2023).

Figure 15 Ceramic House, Studio Rap - Annex A, Case study 013, Image: Riccardo De Vecchi
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2.4. Resources and waste

The incorporation of AM technology into the construction
industry can have a significant impact by using
waste-based materials, particularly those derived from
construction and demolition waste (CDW). This not only
helps to reduce the environmental impact of construction
but is also in line with the principles of a circular economy,
where waste materials are reused rather than discarded
(Khan, et al., 2023).

3D printing’s accuracy in material usage can lead to a sig-
nificant reduction in waste on construction sites and to the
optimisation of resource utilization. In addition, the elimi-
nation of the need to purchase excess materials leads to
cost savings in both procurement and storage (Ghaffar,
Corker, & Fana, 2018).

Figure 16 Wohn Homes - Annex A, Case study 014, Image courtesy of Wohn
Homes

The environmental benefits of the technology were a com-
mon theme in interviews with experts in architecture and
3D printing: For example, accurate 3D modelling can re-
duce the amount of concrete used in construction.

3D printing uses less material overall, while allowing more
complex structures to be built with less skill. Experts also
highlighted the role of clay and novel composites in
reducing CO2 emissions and achieving cost efficiencies
in both new construction and renovation. Taken together,
these findings underline the role of AM in optimising
material use and supporting sustainable practices.

BIOMATERIALS

In response to increasing efforts within the architecture
and construction industry to move towards a circular
bio-economy, there is growing interest in regenerative
bio-based materials. They could replace more carbon-
intensive materials and offer the opportunity to diversify
conventional building materials by introducing innovative
and distinctive functionalities.

As the biodegradability feature does not make them as
durable as conventional fossil-based materials,
embedding self-adaptation and maintenance capabilities
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into biopolymer composites and 3D printed bio-based ar-
chitectural elements would significantly increase their ap-
plication possibilities in architecture. This would reduce
maintenance and repair costs, particularly in facades and
panel elements, while maintaining the fundamental
benefits of a fully biodegradable material.

3D printed architectural elements manufactured from bio-
based materials can adapt to environmental changes and
perform better overtime, according to theirlocal orientation
and exposure (Hoenerloh, Nicholas, & Sonne, 2024).

3D printing thus provides a complementary technology for
increasing use of biobased materials by optimizing mate-
rial efficiency and enabling complex construction that can
significantly reduce emissions over a building'’s lifetime.
According to the experts interviewed, 3D printing’s ability
to produce complex geometries also supports the cre-
ation of ecologically sensitive designs, enabling the cre-
ation of hyper-specialised forms that are beneficial to bio-
diversity and biophilic design, for example.

Despite these advantages, several challenges hinder the
large-scale adoption of bio-based materials and 3D printing
in construction. For instance, current building regulations
often do not account for the unique properties of bio-based
materials, creating a need for updated standards that en-
sure safety and performance compliance. Similarly, scal-
ability remains a concern as the production and sourcing of
bio-based inputs need to expand sustainably without neg-
atively impacting food security or natural ecosystems (Effekt,
MOE, CEBRA, 2024).

Figure 17 The eggshell project, Manufactura - Annex A, Case study 015, Image:
Arturo Arrieta

The adoption of bio-based materials must be accompanied
by broader systemic changes to reduce the building
industry’s overall environmental footprint. These include
shifting from net-zero targets to regenerative models that
not only mitigate harm but actively restore ecosystems.
The focus should shift to maximising the efficiency of
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available resources and incorporating “deep circularity”,
which addresses consumption without further resource
depletion, as the building industry implements new
technologies (Effekt, MOE, CEBRA, 2024).

In this context, the integration of bio-based materials and
AM could serve as a cornerstone for creating buildings
that operate within the Earth’s biophysical limits, meeting
both climate goals and societal needs for sustainable
housing and infrastructure.

By leveraging the inherent synergy between bio-based
materials and AM, the construction industry can pioneer a
transformative shift towards a regenerative future,
balancing functionality, sustainability, and ecological
integrity.

Over the next decade, one expert interviewed foresees a
shift in design language driven by AM, as decision-makers
more familiar with the technology come forward. This evo-
lution could drive sustainable innovation, with 3D printing
supporting the integration of living materials and biode-
sign.

Figure 18 3SDNATURDRUCK, Biocomposite Reciprocal Canopy,
BioMat Department, University of Stuttgart - Annex A, Case study 016

LOCAL MATERIALS AND EARTH-BASED MATERIALS

Figure 20 Tecla,
WASP + Mario Cuci-
nella Architects -
Annex A, Case study
018, Image WASP
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Figure 19 ‘To Grow a Building’ - Annex A, Case study 017,
Image: Nof Nathansohn

The use of local materials, particularly clay, in construction
presents both challenges and opportunities. Interviewees
highlighted the potential of clay 3D printing, which not only
has environmental bengfits, with potential CO2 savings of
around 90% compared to a conventional construction,
but also offers the prospect of economic viability as the
technology develops.

The dynamic nature of local materials, influenced by
factors such as moisture and composition, requires
innovative solutions in material development and machine
adaptation.

In addition, earth-based materials offer considerable
transportation and sustainability benefits, as they can be
extracted and processed on site. The materials were used
in traditional architectural methods that allow for the con-
struction of sustainable, healthy and thermally efficient
buildings, but involved a significant amount of skill and
manual labour - challenges that 3D printing technology
could address (Chadha, et al., 2024).
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Figure 21 ReefKasse system, Reef Circular - Annex A, Case study 019,
Image: Anemo Robotics

precision. Experts interviewed explained that using earth
as a print material introduces variability due to factors
such as humidity and soil composition, which can vary
significantly even within the same site. Overcoming these
challenges involves human-machine collaboration and
the integration of Al and sensors to dynamically adapt ma-
chines to changing material conditions. In addition, the
construction industry’s demand for large-scale, low-cost
materials presents barriers for 3D printing to overcome in
order to become economically viable.
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FUTURE OPPORTUNITIES

The interviews highlighted that the transition from
experimental research to industrial application involves
not only technological refinement, but also the adaptation
of design processes to the unique constraints and
opportunities of 3D printing. This ongoing evolution
underscores the need for an ecosystem in which AM
innovations are integrated into broader construction work-
flows and markets.

Looking to the future, interviewed professionals expect
that the integration of Al with 3D printing will streamline de-
sign processes and allow for more complex geometries
and materials. Al and AM can work together to create opti-
mised, sustainable structures. Other experts suggested
that open-sourcing of 3D printing technology could accel-
erate innovation, particularly in regions where labour costs
and resource scarcity differ significantly. These for-
ward-looking perspectives highlight the transformative
potential of 3D printing to reshape global construction
practices.

Figure 22Airlements, Insulated Walls with Sustainable Mineral Foam, FenX,
ETH Ziirich - Annex A, Case Study 020, Image: Patrick Bedarf, Digital
Building Technologies, ETH Zurich
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2.5. ANALYSIS

workshop results and 20 case studies, representative
of different materials, system flexibility and building
typologies, has revealed both challenges and significant

The comprehensive analysis of expert interviews,

potential for sustainable improvements: tices.

Danish
AM Hub

These learning points highlight the critical importance of
continued research, technological development and knowl-
edge dissemination to bridge the existing gaps and fully
utilise the potential of AM for sustainable construction prac-

¢ Thereis aninterest in AM for construction, but limited knowledge
of technology, potential and use.

e AMis mainly known as a structural onsite concrete solution or for
experimental designs and small scale.

¢ The documentation and sustainability aspects of AM need to be
further explored to be able to scale AM in construction.

Key challenges in the construction sector have been identified in:

_ CHALLENGES POSSIBLE AM BENEFITS

MATERIALS EMISSION

MATERIALS DEGRADATION

MAINTENANCE

LAYERED CONSTRUCTIONS

THERMAL INSULATION

LACK OF FLEXIBILITY

TRANSPORT EMISSIONS

DESIGN

Production and waste
Use of raw materials
Lack of materials repositories

Climate change (extreme weather conditions)
Durability, adaptability
External surfaces

New buildings VS retrofitting
Lifespan
Lack of digitalisation

Poor recyclability
Lifespan components
Mechanical properties

Buildings are not adequately insulated
Need for renovation

Limited opportunities for reuse materials
Demolition

Materials extraction and transport
Value chain

Difficult to make changes during the process

Control of materials

24

Reduction waste and resource consumption
Sustainable materials
Circularity

Resource-efficient structures and systems
Retrofitting

Integration with digitalisation — BIM
Integration LCA in the design phase

Design for disassembling
Modular construction
Adaptability

Improve efficiency

Adapt to local climate conditions - climate change

Modularity and prefab
Design for disassembling
Customisation

Local materials and production
Reduced number of suppliers

Design optimisation
Digitalisation - BIM
Functionally graded materials
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Main barriers for AM adoption in construction have been identified in:

CAPACITY

KNOWLEDGE @

TECH STACK
v

74
e rs

A

INVESTMENTS 'C,‘@
Y
‘-a‘

o,

LOGISTICS

REGULATIONS

Inadequate AM capacity: Lack of providers and skills. Existing AM capacity remains
inadequate, with the majority of projects requiring manual finishing.

Limited choice of materials: AM practice is currently focused on concrete building shells.
Limitations are seen in the range of materials compatible with 3D printing, comprehensive
building material databases and innovation in materials development. The incorporation of
waste-based materials is limited and there are concerns about the mechanical properties
and performance of bio-materials.

Skill shortage - Lack of trained professionals to operate 3D printers
Aesthetic concerns - concerns from clients and architects about the appearance
Lack of knowledge sharing

Software and tools - Printing technology and software are well developed from other
industries

No practised design for AM - Lack of methodologies and tool support
Disconnection between technicians and designers
Industry reluctance to embrace new technologies and lack of systems engineering

Traditional and complex value chain
Providers and suppliers - lack of innovation
Logistic for AM on-site or off-site

Lack of additive manufacturing (AM) regulations and safety standards

Regulations, standards: often used in combination with concrete or timber structures,
or approved using brick regulations

Lack of experimental data

Lack of standardised approaches and documentation for the long-term performance
of 3D printing technology

Concerns about durability
Lack of “first movers”

High initial investment, maintenance costs, and low profit margins for construction
companies, often reluctant to invest in innovation
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3. IDENTIFIED AREAS OF INTEREST

eas Wwhere Additve Manufacturing (AM) can

significantly impact the construction industry:
Sustainability and Flexibility. By addressing these areas, AM
has the potential to align construction practices with global
climate goals while enabling innovative, adaptive designs.

The comprehensive analysis highlights two primary ar-

Sustainability (GHG Emissions)

e Reduction in waste and resource consumption through
precise material usage.

e Adoption of sustainable and biogenic materials, such
as wood, hemp, and algae-based inputs.

e Creation of resource-efficient structures and systems
that optimize design while minimizing emissions.

e |Integration of Life Cycle Assessment (LCA) during the
design phase to evaluate and mitigate environmental
impacts.

e Promotion of local materials and production to reduce
transport-related emissions.

By focusing on these two fields, a strategic framework can
be developed to drive the wider adoption of AM technolo-
gy. Four main areas can be identified to describe the use
and development of AM in construction.

Flexibility

e Support for modular construction, enabling reuse and
adaptability of building components.

e Design for disassembly to enhance circularity and
reduce waste at the end of a building’s lifecycle.

e Customization and design optimization for specific
applications, including retrofitting.

e Seamless on-site versus off-site production methods
for better logistics and efficiency.

LOW EMISSIONS MATERIALS

ALNIEIX3TH MO
ALMIGIX3Td HOIH

HIGH EMISSIONS MATERIALS

FOCUS AREA DESCRIPTION KEY BENEFITS

1
2
3
4

LOW EMISSIONS MATERIALS
- LOW FLEXIBILITY

HIGH EMISSIONS MATERIALS
- LOW FLEXIBILITY

LOW EMISSIONS MATERIALS
- HIGH FLEXIBILITY

HIGH EMISSIONS MATERIALS
- HIGH FLEXIBILITY

Building large structures using
recycled or innovative materials;
emphasis on material efficiency.

Use of conventional materials for large
structures, with reduced emissions
compared to traditional methods.

Modular and component-level systems
using biogenic or recycled materials for
adaptability and circularity.

Systems-level design for components
using conventional materials, focusing
on modularity and adaptability.
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Waste reduction, resource
minimization, on-site
production options.

Increased productivity,
on-site CO, reductions,
elimination of formwork.

GHG reduction, circularity,
high design flexibility,
biomaterial adoption.

Enhanced efficiency,
lightweight materials,
reduced CO, emissions.
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LOW EMISSIONS MATERIALS
- LOW FLEXIBILITY

Focus Area 1 addresses the theme of building large
structures using recycled or innovative materials, applying
technologies capable of 3D printing entire buildings
on-site. Currently, the level of adoption is low and limited to
research projects and prototypes.

There are several barriers to widespread adoption,
including the uncertainty of durability based solely on sim-
ulations, transport emissions associated with off-site pro-
duction, and the need for specialised labour. In
addition, there is a lack of a comprehensive building mate-
rials database, a limited range of materials and insufficient
experimental data.

HIGH EMISSIONS MATERIALS
- LOW FLEXIBILITY

Focus Area 2 focuses on building at the scale of large
structures using conventional materials, leveraging 3D
printing technology to reduce emissions compared to tra-
ditional construction methods. Currently, the level of adop-
tion is high, and 3D printed buildings are becoming a real-
ity worldwide. The largest development of the 3D printing
technology is seen in this area.

Despite this success, there are several barriers to further
widespread adoption. These include the high cost and
transportation challenges associated with printers, dura-
bility concerns, low integration of other components, lack
of knowledge sharing, building codes, aesthetic concerns,
and building size limitations due to material constraints.

27

The main gatekeepers in this area can be identified with
contractors, who require proven solutions and long-term
performance, and legislators, due to a lack of standards
and building codes. However, the adoption of Additive
Manufacturing could offer significant benefits, such as the
use of recycled materials, waste reduction, minimised re-
source consumption, on-site/off-site production flexibility
and increased safety.

To overcome the barriers, potential strategies include
integrating life cycle considerations into the design phase,
incorporating MEP (Mechanical, Electrical, Plumbing)
aspects, analysing material performance, establishing
partnerships with local material suppliers, promoting
disassembly opportunities, encouraging automation/BIM
integration and developing standardised components.

The key gatekeepers in this area are contractors, because
of questions about durability, sustainability and mechani-
cal properties, and clients and architects, who are con-
cerned about aesthetics and often reluctant to share
knowledge.

The benefits of additive manufacturing (AM) in this context
include on-site production with reduced CO, emissions,
increased productivity compared to traditional concrete
structures, elimination of formwork, and improved site safe-
ty. To overcome existing barriers, potential strategies in-
clude advocating for the development of a regulatory
framework, implementing the use of local materials, hew
materials and additives, integrating life-cycle consider-
ations into the design phase, incorporating building com-
ponents through Building Information Modelling (BIM), and
adopting a standardised approach to 3D printing in
construction.
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LOW EMISSIONS MATERIALS
- HIGH FLEXIBILITY

Focus Area 3 is focused on working at the component lev-
el with a systems thinking approach, emphasising
recycled, biogenic or innovative materials and off-site pro-
duction. This approach allows for tailor-made elements to
be designed to meet the specific needs of a construction
project, offering greater compliance compared to the con-
struction of entire buildings. Incorporating bio or recycled
materials not only facilitates compliance, but also results
in significant reductions in GHG emissions and provides
greater design flexibility.

Currently, the level of adoption is low, mainly limited to
research projects and prototypes, with a focus on interior
design. Barriers to widespread adoption include concerns
about the durability of bio- and living materials, lack of
education and skills among designers and manufacturers,
lack of standards for bio- and innovative materials,
difficulties in testing materials and components for
different performances (thermal, structural, fire, etc.), and
uncertainties in identifying possible applications and
redesigns for printing.

HIGH EMISSIONS MATERIALS
- HIGH FLEXIBILITY

Focus Area 4 addresses systems thinking at the
component level with a focus on conventional materials.
This approach involves designing components for defined
areas of buildings, promoting design for disassembly and
modularity, while using traditional building materials. De-
spite its potential, adoption is currently low and mainly lim-
ited to research projects and prototypes.

There are several barriers to widespread adoption,
including a lack of knowledge about structural properties,
the need for further testing, sustainability concerns and
existing building regulations. Key gatekeepers in this area
include end-users and clients, due to a lack of knowledge
on the opportunities offered by AM, and contractors, due
10 a lack of tested solutions, long-term performance and
safety considerations.
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Key gatekeepers in this area include contractors, due to
lack of knowledge and scepticism about new materials,
and manufacturers, due to challenges related to printing
and using new materials. The benefits of additive
manufacturing (AM) in this context include sustainability
with reduction of greenhouse gas emissions, circularity,
the ability to work with biomaterials and living materials for
new geometries, increased design complexity coupled
with resource efficiency, and the incorporation of design
for disassembly and modularity.

To overcome the identified barriers, potential strategies
include a focus on the component level, the development
of customised components in situ (retrofitting), design and
material optimisation, the integration of LCA and BIM in
the design phase, and the establishment of partnerships
with material suppliers.

The benefits of AM in this context include the incorporation
of functionally graded materials, the use of lightweight ag-
gregates, parameterisation and seamless integration into
the design process.

To overcome the identified barriers, potential strategies
include increasing modularity, demonstrating increased
efficiency and reduced CO2 emissions, seamless
integration of these structures into buildings, incorporating
LCA at the design stage, and advocating for the
development of a regulatory framework. These strategies
aim to pave the way for wider adoption of AM at the
component level with a systems thinking approach using
conventional materials.

One of the key objectives of this analysis is to identify
potential applications of Additive Manufacturing in
construction and to test them in practice.
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4. CONCLUSIONS AND RECOMMENDATIONS

Focus Area 3: Low Emission Materials - High Flexibility
emerges as the most strategic area for exploration and
development, given its alignment with the SDGs and the
need for adaptive construction solutions.

Additive Manufacturing (AM) in addressing the envi-
ronmental and efficiency challenges of the con-
struction sector.

T he findings of this report underline the critical role of

Key conclusions:

Innovation at component level:
AM offers scalable opportunities
to develop modular, low-emission
components that are resource
efficient and readily compliant
with building regulations.

Synergy with bio-based materials:
The use of biogenic materials
alongside AM technology
reduces GHG emissions while
enabling innovative and functional
designs.

Circularity and adaptability:
Emphasising design for
disassembly and modularity is
critical to minimising waste and
extending the life cycle of
materials and components.

In order to promote the integration of AM and bio-based materials in architecture
and construction, the following strategic actions are proposed.

Recommendations and Future Actions

1. STRATEGIC PARTNERSHIPS:
Collaboration is essential to
accelerate innovation and
overcome barriers.

3. LIFECYCLE INTEGRATION AND
STANDARDS:
Integrating Life Cycle Assessment

5. KNOWLEDGE SHARING AND
CAPACITY BUILDING:
Knowledge sharing initiatives are

. MATERIAL AND

existing
Partnerships between bio-based
material producers, AM technology
providers and research
institutions can drive the co-
development  of  innovative
components. By addressing
challenges related to scalability,
durability and testing, these
collaborations will ensure that
bio-based and recycled materials
achieve commercial viability.

DESIGN
INNOVATION:

Emphasis should be placed on
the development of multi-
functional  components  that
combine structural, insulating
and aesthetic properties.
Materials and processes must
prioritise circularity, incorporating
strategies such as design for dis-
assembly and reuse. This ap-
proachisinline with the principles
of the circular economy, while
promoting performance-oriented
material solutions.

(LCA) into early design workflows
will enable the assessment of
emissions, durability and
recyclability, ensuring that AM
processes meet sustainability
goals. In addition, advocacy for
regulatory  frameworks  and
standardised testing protocols is
critical to facilitate wider adoption
of AM technologies in the
construction industry.

. PILOT AND DEMONSTRATION

PROJECTS:

Pilot projects are an important
mechanism for demonstrating
the potential of AM, particularly in
retrofitting and modular
construction. By using bio-based
materials, these projects can
generate valuable data, refine
fabrication methods and
demonstrate feasibility to key
stakeholders, thereby fostering
wider industry confidence in AM
solutions.
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needed to address knowledge
gaps and skills shortages.
Workshops, open access
databases and training
programmes on AM technologies
and biomaterials can enhance
capacity building and ensure that
both emerging and established
professionals are prepared to in-
tegrate these innovations effec-
tively.
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