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Abstract
In the era of technological innovation and digital revolution, inadequate working
conditions and high resource consumption are still common practice in the construction
sector, a sector that requires a deep transformation to keep up with other industries in
terms of environmental impacts and productivity. As a potential solution, the adoption of
Industry 4.0 technologies such as Additive Manufacturing (AM) in construction, promise
to enhance the sustainability of the sector, resulting from improved productivity,
efficiency, safety, collaboration, etc. In particular, the combination of computer-aided
design and automated fabrication techniques for additive construction demonstrates the
ability to produce complex architecture with optimized geometries and integrated multifunctionality. However, the contribution of digital fabrication processes to the
improvement of sustainability in construction is not well covered by current research.
The aim of this doctoral thesis is to identify the sustainability risks and opportunities
associated with the implementation of digital fabrication in construction. Given this
objective, the research focuses on the assessment of building elements constructed with
additive digital fabrication techniques to identify under which conditions digital
fabrication provides a sustainability advantage or disadvantage over conventional
construction. The main assessment method applied is the Life Cycle Assessment (LCA)
framework to characterize environmental impacts. Furthermore, the CYCLONE (CYClic
Operations NEtwork) simulation model is employed to evaluate the productivity (i.e. costs
and time). The analyses indicate that the relative sustainability of the evaluated projects
depends primarily on the manufacturing of building materials and the impact of digital
fabrication processes is negligible. Moreover, the results demonstrate that digital
fabrication becomes a feasible construction technique for non-standard building elements.
Specifically, the study highlights the opportunities of structural optimization and multifunctionality in complex structural elements to reduce environmental and economic
impacts.
The goal of the case study evaluations is to identify the design parameters that influence
the sustainable performance of digitally fabricated architecture. Based on the identified
parameters, sustainable criteria to guide the design of digitally fabricated building
elements are formulated. These guidelines aim to provide designers the basic knowledge
to implement the design strategies that are successful to improve the sustainability of
digitally fabricated architecture. Finally, a LCA-based method is developed to consider
sustainable criteria during the design of digitally fabricated architecture. Specifically, the
simplified method is integrated in parametric design software to support decision-making
from early design stages. The results provide the embodied impact of the digitally
fabricated building element compared to a benchmark set by conventional construction.
Based on the comparison, a color-based visualization allows non-LCA experts to efficiently
optimize the design based on sustainable criteria.
Finally, future research paths regarding the socio-economic implications associated with
the implementation of digital fabrication in the construction sector are discussed. As the
level of digitalization in construction projects increases, the concern about the future of
jobs will rise. While digital fabrication has the potential to improve productivity in the
building industry, it will not necessarily reduce employment in the long run. It is expected
that existing roles will evolve, mainly related to the human-robot interaction, and new
roles requiring digital skills will be created. Moreover, the digitalization suggests an
evolution of the conventional construction organization towards a platform-based
integration of planning and construction phases.
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Zusammenfassung
Im Zeitalter von technologischer Innovation und digitaler Revolution sind unzureichende
Arbeitsbedingungen und ein hoher Resourcenverbrauch immer noch gängige Praxis im
Bausektor; ein Sektor, der nach einer grundlegenden Transformation verlangt, um mit
andere Industrien bezüglich Umweltverträglichkeit und Produktivität mitzuhalten. Ein
möglicher Ansatz ist die Einführung von Technologien der Industrie 4.0, wie z.B. additive
Fertigung, welche versprechen die Nachhaltigkeit des Sektors durch verbesserte
Produktivität, Effizienz, Sicherheit und Zusammenarbeit zu steigern. Ins Besondere die
Kombination aus rechnerunterstütztem Design und automatisierten Fertigungstechniken
für additive Konstruktion demonstriert die Möglichkeiten, komplexe architektonische
Strukturen mit optimierten Geometrien und integrierte Funktionalität zu erzeugen.
Allerdings ist der Beitrag von digitalen Fabrikationsprozessen zur Verbesserung der
Nachhaltigkeit in der Baubranche bisher nur unzureichend wissenschaftlich untersucht
worden.
Das Ziel dieser Dissertation ist es, die Risiken und Möglichkeiten für die Nachhaltigkeit
von digitaler Fabrikation im Bau zu identifizieren. Daher fokussiert sich die
Forschungsarbeit auf die Beurteilung von additiv, digital gefertigten Bauelemente, um
herauszufinden, unter welchen Bedingungen digitale Fabrikation Vor- oder auch
Nachteile
im
Vergleich
zu
konventionellen
Prozessen
bietet.
Die
Hauptuntersuchungsmethodik, die zur Analyse der Umwelteinflüsse angewandt wird, ist
die Lebenszyklusanalyse (LZA). Des Weiteren wird das CYCLONE (CYClic Operations
NEtwork) Simulationsmodell angewandt, um die Produktivität, d.h. Kosten und Zeit, zu
evaluieren. Die Untersuchungen zeigen, dass die relative Nachhaltigkeit der
untersuchten Projekten hauptsächlich von der Herstellung des Baumaterials abhängt,
während der Einfluss der digitalen Fabrikationsprozessen zu vernachlässigen ist. Des
Weiteren zeigen die Resultate, dass digitale Fabrikation zu einem möglichen
Bauverfahren für Nichtstandardbauelemente wird. Insbesondere zeigt die Studie die
Möglichkeiten von struktureller Optimierung und funktionaler Hybridisierung von
komplexen Strukturelementen zur Reduzierung von Umwelt- und Wirtschaftseinflüssen
auf.
Das Ziel der Fallstudienuntersuchungen ist es, die Auslegungsparameter zu
identifizieren, welche die Nachhaltigkeit von digital gefertigter Architektur beeinflussen.
Basierend auf den identifizierten Parametern werden Nachhaltigkeitskriterien
formuliert, welche die Auslegung von digitale gefertigten Bauelementen anleiten. Diese
Richtlinien haben das Ziel, Designern Grundlagenwissen zur Verfügung zu stellen, um
Auslegungsmethoden zu entwickeln, welche die Nachhaltigkeit von digital gefertigter
Architektur zu verbessern. Schlussendlich wird eine LZA-basierte Methode entwickelt,
welche es erlaubt, die Nachhaltigkeitskriterien während des Designprozesses von digital
gefertigter Architektur zu berücksichtigen. Im Besonderen, ist die vereinfachte Methode
in parametrischer Designsoftware integriert, um die Entscheidungsprozesse von frühen
Auslegungsphasen an zu unterstützen. Die Ergebnisse zeigen den verkörperlichten
Einfluss von digital gefertigten Bauelementen im Vergleich zu einer Referenzlösung mit
konventioneller Bauweise. Basierend auf diesem Vergleich erlaubt eine farbbasierte
Visualisierung Nicht-LZA-Experten das Design bezüglich Nachhaltigkeitskriterien zu
optimieren.
Zuletzt werden zukünftige Forschungspfade zu den sozioökonomischen Implikationen,
welche sich aus der Implementierung von digitaler Fabrikation im Bausektor ableiten,
diskutiert. Mit steigender Digitalisierung von Bauprojekten nimmt die Besorgnis über die
Zukunft von Arbeitsplätzen zu. Während digitale Fabrikation das Potential hat, die
Produktivität der Bauindustrie zu steigern, führt dies langfristig nicht zwangsweise zu
Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 8

einer niedrigeren Beschäftigung. Es ist zu erwarten, dass sich existierende Rollen
entwickeln, vor allem in Bezug auf Roboter-Mensch-Interaktion, und neue Rollen mit
digitale Anforderungen entstehen. Des Weiteren deutet die Digitalisierung darauf hin,
dass sich die konventionelle Bauorganisation zu einer plattformbasierten Integration von
Plan- und Bauphasen wandeln wird.
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1 Introduction
1.1 The concept of sustainability
The term sustainability appeared in the early 1970s, when the rapid population growth
and the environmental degradation associated with increased consumption of resources
raised concerns. Finding a way for consent between environment, advancement and wellbeing of the society was discussed in the United Nation’s Conference on the Environment
held in Stockholm in 1972 (Momtaz, 1996). The World Commission on Environment and
Development defined the term sustainable development in the UN report Our Common
Future (1987) as follows:
“Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.” (Brundtland 1987)
The Brundtland Report challenged the traditional way of doing business, changed the
interpretation of the world development, and helped scientists and practitioners to
understand not only the environmental impacts but also the social and economic effects of
projects. As a result, the concept of sustainability gained much attention between
government policy makers, scientists, politicians, sociologists and economists
(Brundtland, 1987). With the United Nations Conference on Environment and
Development in Rio 1992, sustainable development became a global aspirational goal to
ensure the economic and environmental well-being of humanity (Quarrie, 1992). Since
that time, the importance of sustainability has significantly grown and has become a
primary area of concern for the society.
The concept of sustainable development, or sustainability, is described in relation to three
domains: environment, economy and society in most sustainability standards (BS EN,
2010). The representation of the three pillars of sustainability in three spheres suggests
that each dimension is equally important (Figure 1.1). However, some authors tried to
establish a hierarchy between the three domains according to their significance for a
sustainable development. For instance, Scott Cato and Kennet (2009) affirmed that
economy and society are constrained by environmental limits and can only grow to this
limit. Similarly, this doctoral thesis emphasizes the importance of the environmental
aspect of sustainability but does not neglect the social and economic aspects.

Figure 1.1 Different representations of the three pillars of sustainability (Scott Cato and Kennet, 2009).

According to Poveda (2017), the future development of sustainability will depend on
advancing in unification of criteria; common definitions for guidelines, processes and
methodologies; and adequate implementation of concepts to develop best practices.
Finding appropriate assessment instruments is critical to have successful outcomes in
improving sustainability. Existing tools, methodologies and processes for assessing
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sustainability offer useful alternatives for academics and practitioners. However, clear
answers to questions regarding what measures are important and how they can be
quantified remain to be found. Sustainable assessment will likely move towards pro-active
approaches, involving decision makers in the very early stages of the project.

1.2 Sustainability problems in the construction sector
The construction sector is a highly active industry that employs more than 111 million
construction workers worldwide (UNEP-SBCI, 2012). However, in the era of technological
innovations and digital transformation, the construction sector seems to be anchored to
the past. Inadequate working conditions and a high consumption of resources are common
practice in the industry. Consequently, society’s concern for improving environmental,
social and economic aspects in construction is increasing. Sustainability is obviously a
concept that triggers numerous governmental discussions and the ultimate objective of
recent policies (Du Plessis, 2002). However, commitments to sustainability remain weak
and fragmented (Fry, 2009) and the sector presents increasing problems that demand a
radical change.

1.2.1 Environmental impacts
Buildings are an essential part of society; they are the places where we live, socialize, learn
and work. However, the built environment is the source of a great share of global
environmental impacts. Buildings account for approximately 40% of the world’s primary
energy demand and 38% of greenhouse gas emissions (UNEP-SBCI, 2012). Furthermore,
the building sector is responsible for more than one-third of resource consumption globally,
which equates to approximately three billion tons of raw materials annually (UNEP-SBCI,
2010). The use of resources and energy derived from activities related to the construction
sector are directly linked with climate change (Dixit et al., 2010). A relevant share of global
CO2 emissions can be ascribed to the production of construction materials. Specifically,
Gutowski et al. (2013) identified cement and steel as the major contributors to industrial
CO2. Anthropogenic greenhouse gas (GHG) emissions have increased since the preindustrial era, driven by economic and population growth (Figure 1.2). The intense
human activity since the 1950s has caused severe impacts on the ecosystem, such as
atmosphere and ocean warming or increase of sea level. About half of the anthropogenic
CO2 emissions between 1750 and 2011 occurred in the last 40 years, reaching a rate of 1.0
Gigaton carbon dioxide equivalent (GtCO2 eq.) per year in the last decade (IPCC, 2014a).

Figure 1.2 Global anthropogenic CO2 emissions from burning of fossil fuel, cement production and flaring as
well as from forestry and other land use (IPCC, 2014a).
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Although the construction sector is a large contributor to GHG emissions, it has a big
potential to advance in climate change mitigation at the least cost. IPCC estimates that
global energy consumption can be reduced 29% by 2020 at zero net cost (UNEP-SBCI,
2012). Current environmental strategies focus principally on the optimization of energy
consumption in buildings. Most governments of industrialized countries have introduced
regulations on energy efficiency to lower environmental impacts during the use phase,
such as the European Directive 2010/31/EU (European Parliament and Council, 2010).
These standards have successfully reduced the operational primary energy demand of new
buildings over the last 40 years (Figure 1.3). Nevertheless, according to Passer et al.
(2012), operational energy optimization measures have reached the limit. Furthermore,
the use of energy efficient materials and building operation technologies has increased the
contribution of energy embodied in the construction and disposal of buildings. Figure 1.3
shows the shift in the ratio of embodied and operational energy demand, reaching nearly
100% of embodied energy in nearly zero-energy buildings (NZEB). Furthermore, several
studies agree that it is not possible to keep designing and constructing buildings without
evaluating the environmental impact of their materials (Ortiz et al., 2009). This clearly
shows the need for optimizing the embodied energy of buildings during design. Therefore,
energy and resource-efficient building strategies must be implemented at a global level
and research activities are therefore required in such domain.

Figure 1.3 The proportion of operational and embodied energy in the primary energy demand of residential
buildings in different German energy standards for a reference study period of 50 years (Hollberg and Ruth,
2016).

1.2.2 Stagnant productivity
With annual revenues of nearly $10 trillion, or about 6% of global GDP, the building
industry is a sector of high strategic importance for the world’s economy (Gerbert et al.,
2016). However, studies show that productivity in the construction sector has been
stagnating in recent decades worldwide and that it has not been able to keep pace with
other economic sectors such as the manufacturing industry (Figure 1.4). The causes of
the low productivity are numerous and include factors such as the economic environment
characterized by large boom and bust cycles, low industrialization, a fragmented supply
chain and poor collaboration, and a traditional culture resistance to changes (Teicholz,
2013). According to Oesterreich and Teuteberg (2016), a main reason is the slow adoption
of technology innovations to digitize and automate the construction process. The
complexity of the projects, long life-cycle, diversity of dimensions and building materials,
as well as the fixed-site nature of construction are some of the causes of low R&D budgets
and reluctance to adopt new technologies (Bock 2015).
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Figure 1.4 Labor productivity in industry generally, manufacturing industry and construction industry
(Bock, 2015).

Furthermore, other problems such as low interest of the young generation in the
construction industry, low capital investments, tremendous consumption of raw materials
and energy, defect rates, cost overruns, as well as inefficient efforts put into management
strategies, suggest that conventional construction has reached its technological
performance limit (Bock and Linner, 2015). On top of that, the natural aging process will
aggravate the situation by reducing human capital. United Nations (2013) estimates that
by 2050, 21% of the global population will be 60 years old or older, and this trend will be
more notable in developed countries where 32% of people will be aged 60 or older.
Consequently, labor costs will raise, reducing the ability to boost economic growth in the
sector. These issues require new ways of designing and constructing. Hence, as suggested
by Bock (2015), the construction sector needs a deep digital transformation to keep up with
other industries in terms of productivity.

1.3 Digital fabrication in construction
Today’s increasing concern about sustainability aspects is inducing the emergence of
digital technologies and processes in many industrial sectors. Digital fabrication
technologies are broadly used in the manufacturing industry and they have become an
essential component of modern product development. Technologies such as Additive
Manufacturing (AM) are seen as a solution to achieve environmental improvements and
to overcome the productivity decline (Chen et al., 2015). Consequently, the interest of
digitalizing the building industry has rapidly grown in recent years. This section aims to
describe the context, the concept and the history of digital fabrication in construction and
provide a classification of existing processes and technologies.

1.3.1 Industry 4.0
The manufacturing industry has entered in a new age of production. The notion of
“Industry 4.0” is encouraging the integration of advanced information technologies and
intelligent production systems in the design and manufacture of goods. The increasing use
of digital information and automation technologies supposes a shift towards innovative
manufacturing processes that are fast, open, collaborative and responsive. The
technologies associated with virtual environment comprise Internet of Things (IoT), Big
Data, Cloud Computing etc., whereas the physical realm includes Autonomous Robots and
Additive Manufacturing (AM) (Dilberoglu et al., 2017) (Figure 1.5). The “digitalization”
of the manufacturing industry has direct influence on factors such as climate change and
market demands. Consequently, published studies such as Bock (2015) and Oesterreich
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and Teuteberg (2016) agree on the potential to implement strategies coming from
manufacturing to improve current sustainability problems in the construction sector. The
adoption of Industry 4.0 technologies in the construction sector, such as Building
Information Modelling (BIM) or Additive Manufacturing (AM), enable the digitization,
automation and integration of the construction process at all stages. Beside the economic
benefits from improving productivity, efficiency, quality and collaboration, their adoption
can help to enhance safety and sustainability.

Figure 1.5 Technologies included in the concept of “Industry 4.0” or digital transformation (i-SCOOP, 2016).

1.3.1.1 Additive Manufacturing (AM)
As part of the concept “Industry 4.0”, Additive manufacturing (AM) is becoming an
essential part of modern production, and it is associated with a strong sustainability
potential (Ford and Despeisse, 2016; Gebler et al., 2014). The first additive manufacturing
technologies arrived during the 1980s to more efficiently fabricate prototypes in the
product manufacturing industry (Gershenfeld, 2012). Contrary to conventional
manufacturing, AM processes create three-dimensional objects by adding consecutive
layers of material. Specifically, the ISO/ASTM (2015) standard divides AM into seven
different processes (Figure 1.6): Material Extrusion (ME), Vat Photopolymerization (VP),
Material Jetting (MJ), Binder Jetting (BJ), Powder Bed Fusion (PBF), Direct Energy
Deposition (DED) and Sheet Lamination (SL). In terms of materials, a variety of polymers,
metals, ceramics and composites are currently printable (Hopkinson et al., 2006).
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Figure 1.6 Categorization of AM processes in the current standards (ISO/ASTM, 2015).

In recent years, developments in AM have influenced many design and production
disciplines, as they allow the designer to control the entire process from concept to final
product (Dunn, 2012). Computer-controlled manufacturing methods are fundamentally
transforming many sectors (medicine, aerospace, art, etc.), like the mechanization of the
textile industry or the introduction of the assembly line. The high flexibility and reduced
production costs introduce a new era towards the mass customization of products
(Berman, 2012). Especially, technology have experienced a rapid development and more
materials can now be used in AM processes. The size of these technologies has also rapidly
increased, showing the potential to print large and complex-shaped structures. As interest
in additive manufacturing grows, research into large-scale processes has begun to reveal
potential applications in construction (Labonnote et al., 2016). For instance, one of the
pioneer projects was “Contour Crafting” at the University of Southern California, which
showed the possible application of layered extrusion technologies for large-scale concrete
construction (Khoshnevis et al., 2006).

1.3.2 Definition of digital fabrication
Digital fabrication in construction is a relatively recent phenomenon, emerging over the
last 15 years. According to Dunn (2012), the development of digital fabrication in
architecture started from specific projects, in which design aspirations and technological
innovations led to the development of fabrication processes beyond conventional
boundaries. Gershenfeld (2012) used the term “Digital Fabrication” to define the processes
that use computer-controlled tools descendants of MIT’s first numerically controlled mill.
Digital fabrication processes combine computational design, automated fabrication, and
material processes with a constructive purpose (Figure 1.7). Approaches to digital
fabrication are typically categorized as subtractive, formative and additive. Subtractive
fabrication involves the removal of material using electro-, chemically- or mechanicallyreductive processes (e.g. milling, cutting, and eroding). In formative fabrication,
mechanical forces, restricting forms, heat or steam are applied to reshape or deform a
material. Finally, additive fabrication consists of material aggregation layer-by-layer
through diverse techniques such as assembly and extrusion (Kolarevic, 2003). Specifically,
the research developed in this doctoral thesis is focused on additive digital fabrication. In
contrast to subtractive processes, which are often the source of construction waste, recent
developments in additive construction show a big potential to create complex architecture
efficient in material use (Gramazio et al., 2014).
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Figure 1.7 Disciplines combined in digital fabrication (NCCR Digital Fabrication, 2014).

Digital fabrication supposes a radical change in architecture and construction. In a
conventional design process, digital media are mainly used as design and drawing tools to
develop a previous project idea. In contrast, digital fabrication media are used to design,
assess and optimize the project and they determine its final characteristics. Digitally
fabricated architecture is computationally designed based on the definition of material,
functional, structural, etc. parameters and fabrication constraints. Each building model
incorporates algorithms with the knowledge of its construction, understanding
construction as an integral part of the design process (Gramazio and Kohler, 2008). Based
on design models, building construction is automated through digital technologies, such
as industrial robots and 3D printers, which translate the digital information into 1:1
physical elements (Keating and Oxman, 2013). The digital design and construction process
facilitates a greater integration between design, development, and construction than
traditional staged approaches (Gramazio and Kohler, 2014). Moreover, it may lead to a
significant time saving to produce complex designs, which is associated with an increase
of productivity rates.
Finally, it is important to distinguish automation and robotics from the concept of digital
fabrication in construction discussed in this thesis. A building is a complex system that
cannot be conceived as a serial product, such as an automobile for example. Therefore, its
production cannot be carried out effectively according to the same criteria. In construction,
design and construction conditions as well as stakeholder’s decisions change constantly
and influence the building process. Recent developments in digital fabrication show an
increase of customization, a generic fabrication technology such as an industrial robotic
arm is custom programmed to produce structures that are highly complex or impossible to
construct manually. In contrast to traditional construction automation, digital fabrication
leads to the mass-customization of building elements instead of their standard massproduction (Gramazio et al., 2014b).

1.3.3 History
The introduction of the Internet into the public domain and the mass consumption of
personal computers during the 1980s and 1990s, led to an increasing presence of
computers in everyday lives. Nevertheless, in the early 1990s only few architectural firms
used computers. The design process was carried out using traditional methods, such as
freehand sketching and physical model making. At the same time, there was an ongoing
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investigation into the capacity of computers to assist architectural design. This led
architecture to the contemporary situation, frequently defined as “Digital Architecture”
(Picon, 2010). The design process shifted from drawings to digital using Computer-Aided
Design (CAD) modelling software. Over the last 15 years, the advances in CAD have
enabled the conception of innovative geometries and high complex structures. Architects
such as Frank O. Gehry & Associates or Zaha Hadid have demonstrated the potential of
employing digital technologies for architectural design (Dunn, 2012). However,
contemporary “Digital Architecture” goes further than the generation of 2D or 3D
drawings. Approaches such as Building Information Modelling (BIM) are based on virtual
3D models that contain all relevant information of the project, allowing an integrated
design and construction process (Eleftheriadis et al., 2017). This increased complexity in
architecture demands the transformation of traditional construction techniques.
Computer-controlled machines and robotic systems have started to be used in
construction. However, while automation has radically penetrated many industrial
sectors, the dissemination of digital fabrication technologies in the building industry has
remained a marginal phenomenon until now (Gramazio et al., 2014b). First attempts to
introduce robot-based processes in the construction industry took place in Japan during
the 1990s. The implementation of robots in construction at that time focused on the
development of specialized automated devices. These machines were designed to improve
productivity by automating a conventional construction process, such as bricklaying
masonry, welding, concrete slab finishing, or paint spraying (Skibniewski and
Hendrickson, 1988). To date over 200 different prototypes of robotic solutions have been
developed in the construction industry and tested on building sites. One common factor of
these semi-autonomous machines was that they were either remotely controlled or
programmed to perform a defined task on site. Since conditions on construction sites vary
for each project, the process had to be well defined in order to be robotized (Bock, 2008).
Some examples of Japanese single-task machines were mobile light-weight concrete
smoothing robots, manufactured by Kajima or Shimizu Corporations (Figure 1.8a) and
excavation robots for automated soil removal from Tokyu Construction (Figure 1.8b)
(Bock and Linner, 2017).

Figure 1.8 (a) Concrete finishing robot from Kajima Corporation and (b) Excavation robot from Tokyu
Construction (Block and Linner, 2017).

In parallel, industry driven research projects investigated the fully or semi-automated
construction of high-rise buildings. The system consisted of a complete platform containing
a factory-like environment for the automatic construction of entire floors directly on the
construction site. This on-site factory featured a temporarily covered working platform
that automatically moved at the speed of construction progress. In the construction areas,
fully or semi-automated cranes and various single-task robots performed construction
works (Bock, 2015). An example for such a system was the automated building
construction system (ABCS) of Obayashi Corporation, termed Project O, which led to the
super construction factory (SCF) (Figure 1.9a). The Shimizu Manufacturing system by
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Advanced Robotics Technology (SMART) was another fully automated construction
system for high-rise buildings (Figure 1.9b) (Chu et al., 2013). However, the development
of robots in construction at that time failed economically and architecturally because the
control systems and machine technologies led exclusively to highly specialized, very
expensive and inflexible construction robots or robot-based building factories Moreover,
the dimensions and characteristics of the robotic systems constrained the freedom of the
architectural design. In the end, no truly sustainable value was generated with the
implementation of these robotic systems in construction at that time (Gramazio, Kohler et
al. 2014).

Figure 1.9 (a) Inside view of SCF from Obayashi Corporation and (b) SMART-System developed by Shimizu
Corporation (Chu et al., 2013).

More advanced examples of robotic applications in construction were not seen until 2005,
when Gramazio Kohler Research at ETH Zurich started to investigate the use of industrial
robots for additive fabrication of non-standard architecture. Among the fundamental
properties of an industrial robot is its versatility, suitable for the most differentiated tasks.
Like the computer, an industrial robot is “generic” and it can be adapted to a given
constructive application by attaching different tool heads (end effectors). Precisely this
characteristic allows a high degree of freedom in architecture, which distinguishes digital
fabrication from previous robot-based construction automation (Gramazio et al., 2014b).
Initial attempts have been made to apply industrial robots in real practice. A pioneering
example is the façade of the Gantenbein Vineyard (Gramazio Kohler Research, ETH
Zürich), which showed the possibilities of digital fabrication for the prefabrication of
complex multi-functional brick structures (Figure 1.10a). Another pioneer of digital
prefabrication was the project Contour Crafting (CC), developed at the University of
Southern California. CC is a layer-extrusion fabrication process suitable for large-scale
construction (Figure 1.10b). This process can be implemented to replace conventional
‘cast-in-place’ methods for the construction of free-form concrete geometries (Khoshnevis
et al., 2006).

Figure 1.10 (a) Prefabrication of the Gantenbein Façade (Gramazio Kohler Research, ETH Zürich) and (b)
project Contour Crafting (Khoshnevis et al., 2006).
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Over time, the ability of robot systems has grown, allowing them to work on unstructured
environments. If the robotic system is made transportable, the robot can be used for onsite construction, which expands the common association of robots with prefabrication. An
early example of mobile robot was the Robotic Fabrication Unit (R-O-B) (Figure 1.11a).
Housed in a modified freight container, this robot combined the advantages of
prefabrication (precision and high quality) with the flexibility of on-site construction
(Gramazio and Kohler, 2008). However, this robot had movement limitations associated
with the need to transport and stabilize the container to be able to build in different
locations of the construction site. In contrast to off-site construction, on-site robots must
deal with an unpredictable and unstructured terrain and the spatial relationship between
the fixed element being built and the moving robot, which has to localize itself in the
construction environment (Feng et al., 2015a). To give a response to these challenges,
Gramazio Kohler Research and the Agile & Dexterous Robotics Lab (ETH Zurich)
developed the In situ fabricator (IF) (Figure 1.11b). This autonomous mobile robot
intended for on-site digital fabrication consists of an industrial robotic arm electrically
powered mounted on a base driven by hydraulic tracks. The IF is equipped with a sensing
system that scans the environment, localizes the position of the robot with respect to a
fixed reference frame and aligns it with the CAD model of the structure being built
(Giftthaler et al., 2017).

Figure 1.11 (a) R-O-B and (a) In situ Fabricator, Gramazio Kohler Research.

1.3.4 Classification of processes and technologies
In recent years, digital fabrication has experimented a rapid development in architecture.
Additive fabrication processes, such as 3D printing, show strong potential to be
successfully applied to large-scale construction. Following, we classify existing additive
digital fabrication techniques in two categories: processes and technologies.

1.3.4.1 Digital fabrication processes
Up to date, some publications have tried to establish a classification of additive fabrication
processes in construction. For instance, Labonnote et al. (2016) classified AM processes
according to the state of the material before deposition and its relevance for additive
construction in: solid-like, viscous-like, powder-like, and liquid-like processes. Delgado
Camacho et al. (2017) classified recent digital fabrication projects according to the AM
process applied (section 1.3.1.1) and material used (aggregate based, polymer and
metallic). This study highlighted material extrusion as the process more extended in
construction and the absence of research in vat photopolymerization, material jetting, and
sheet lamination processes. On the other hand, Wangler et al. (2016) classified digital
concrete processes in four categories: mold production (i.e. CNC milling, binder jetting and
steel welding), layer extrusion, binder jetting and slipforming. Finally, Keating et al.
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(2017) established that most additive fabrication processes can be grouped into material
extrusion and assembly processes. Based on previous classifications, Table 1.1 shows the
four categories established in this dissertation to classify current additive fabrication
processes in construction. As observed in related literature and existing projects, each
digital fabrication process can be applied with a wide range of materials. Consequently, a
classification based on the material state instead of the material type is considered more
appropriate.
Table 1.1 Classification of additive digital fabrication processes.
Scheme

Process

Material state

Binder jetting

Powder based

Material extrusion

Viscous based

Material assembly

Solid based

Direct material fusion

Phase-change based

Binder jetting
Selective dispensing of liquid binder by a printing head to bond predefined areas on a
powder bed and build an element layer by layer. Both inorganic and organic binders can
be used. Until now, this process has been used to produce casting molds for metal parts
but has recently been investigated to produce architectural elements. This printing
process allows the production of structures with an unrestricted geometric freedom.
However, their element size is limited by the size of the printer. Another challenge of this
process is the placement of reinforcement in the structure, although steel fiber reinforced
concrete can be infilled, or channels to allow reinforcement through post tensioning can be
printed (Wangler et al., 2016). The project D-Shape developed by Enrico Dini (Figure
1.12) is an application example of this layered powder deposition process for the
construction of 3D printed sand structures (Cesaretti et al., 2014).

Figure 1.12 Binder jetting process, D-Shape (Cesaretti et al., 2014).

Material extrusion
Deposition of material in a viscous liquid form through a printing nozzle that precisely
prints it layer by layer. Following extrusion, the material is cured to achieve solidification.
The process can be used with multiple materials such as polyurethane foam, ceramics or
concrete. Several institutions and companies have researched this process extensively over
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the last decade, especially for the extrusion of concrete. One of the biggest challenges of
extruding concrete has to do with vertical building rate. The concrete rheology must be
optimized to be stiff enough to be extruded. Moreover, a significant yield stress is needed
to temporarily provide enough stiffness and ensure shape stability of an individual layer,
while an adequate thixotropic behavior ensures the shape stability of the subsequent
layers during the process of additive manufacturing (Wangler et al., 2016). Material
extrusion processes offer the possibility to construct complex forms without laborintensive molding, which supposes an important reduction of time and costs. Figure 1.13
shows the application of this process to print a concrete house in 24 hours, carried out by
the company Apis Cor (Apis Cor, 2017).

Figure 1.13 Material extrusion process (Apis Cor, 2017).

Material assembly
Automated fabrication process to precisely place solid material elements in construction.
Structures composed of bonded individual units (e.g. masonry) have been traditionally
constrained to standardized elements and regular joints. While robotic material assembly
is well established for repetitive tasks in assembly lines, its application in non-standard
architecture is less common, derived from the structural complexity. The implementation
of digital fabrication in the building process offers a new approach for the construction of
complex customized structures, since the robot can precisely move, position, and hold a
building element in space (Willmann et al., 2016). Moreover, this additive process can be
carried out with collaborative robotic systems and multiple materials, such as wood, steel,
and brick. Figure 1.14 shows an application example of this process, the project Spatial
Timber Assemblies, developed by Gramazio Kohler Research at ETH Zurich and ERNE
AG Holzbau. The project focuses on the bespoke robotic prefabrication of timber
construction elements (Gramazio Kohler Research, 2018).

Figure 1.14 Spatial Timber Assemblies, Gramazio Kohler Research and ERNE AG Holzbau.

Direct material fusion
This additive process consists of transforming a material from a solid to liquid state by
melting it, enabled by an energy source (usually a laser or electron beam). In construction,
this additive process has been used mostly for the fusion of metals with focused thermal
energy to fabricate structures by deposition strategies. The MX3D project is an application
example of this process for the construction of a stainless steel bridge (
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Figure 1.15). MX3D makes use of a gas metal arc welding (GMAW) end effector attached
to a robotic arm. By welding small parts of metal along paths generated from CAD data,
self-supporting 3D grids can be fabricated, which can be used to construct a stiff structural
system. Due to the dexterity and versatility of the robot, complex geometries can be
fabricated at a high speed without increasing costs. Moreover, the increased freedom of
form results in the possibility of printing structures that are optimized for weight and
strength (Bekker and Verlinden, 2018).

Figure 1.15 Metal welding process of a bridge, MX3D (MX3D, 2018).

1.3.4.2 Digital fabrication technologies
According to Labonnote et al. (2016), there are different AM technologies that are
currently applicable to construction. Between the existing robotic solutions, we find gantry
solutions, cable-suspended platforms, swarm approaches, multi-purpose robotics and selfassembly solutions. Given these and other available additive construction technologies,
we can classify them in two big clusters: off-site and on-site digital fabrication.
Off-site digital fabrication
Aims to custom-design and prefabricate large-scale complex architectural elements offsite.
Among existing digital prefabrication technologies, the most common include gantry
robots, fixed robotic arms, and 3D printers.


Gantry robots: A gantry solution consists of a manipulator mounted onto an overhead
system that allows movement along the X, Y and Z axes (Labonnote et al., 2016). For
instance, an application of this technology to full-scale construction of building
components is the “Concrete Printing” project from Loughborough University (Figure
1.16). This system, adhered to the same principle as Contour Crafting (Khoshnevis,
2004), comprises a printing head digitally controlled to move in three directions along
chain-driven tubular steel beams. A material container is mounted on top of the
printing head to pump the cement mortar to the printing nozzle (Lim et al., 2012).

Figure 1.16 Gantry robot for Concrete Printing, Loughborough University (Lim et al., 2012).



Robotic arms: Industrial robots typically used in the manufacturing industry can be
used for additive construction of building elements. Some of the advantages of using
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these technologies is the speed, freedom of form and reduction of material usage and
waste. We can find several examples of off-site digital fabrication with a robotic arm,
for instance the projects developed by XtreeE (Figure 1.17). Specifically, their focus is
the construction of optimized complex structural elements with the use of ultra-high
performance concrete (UHPC) (Gosselin et al., 2016).

Figure 1.17 (a) Industrial robotic arm and (b) Post in Aix-en-Provence (XtreeE, 2017).



3D printers: The use of binder-jet 3D printers for prefabrication of architectural
elements is a novel technique currently being investigated. An example of the use of
this technology is the Smart Slab project developed at ETH Zurich. This hybrid
structure is composed of a 3D-printed permanent formwork filled with ultra-high
performance, fiber-reinforced concrete (UHPFRC). The complex design of the
formwork was printed in sand using a binder jetting Ex-One S-MAX 3D printer
(Figure 1.18). This additive construction technology allowed the construction of a
high-resolution and complex structure with optimized material use (Jipa et al., 2016).

Figure 1.18 (a) EX-One S-Max 3D printer (ExOne, 2015) and (b) Smart Slab prototype (Jipa et al., 2016).

On-site digital fabrication
Aims to bring robotic construction processes on construction sites. Sousa et al. (2016)
classified on-site technologies in three main categories: large-scale robotic structures,
mobile robotic arms, and flying robotic vehicles.


Large-scale robotic structures: Existing robotic setups at a scale 1:1 can be assembled
and disassembled for on-site construction. An example of these technologies is the
World’s Advanced Saving Project (WASP), which solution consists of a delta robot with
similarities to a cable-suspended platform (Figure 1.19). This robotic structure uses
clay and fluid-dense materials to print moderately sized structures. The goal of the
project is the low-cost additive construction of sustainable housing with the use of local
and natural materials (Labonnote et al., 2016).

39 | Introduction

Figure 1.19 Robotic structure from WASP project (World's Advanced Saving Project, 2015).



Mobile robotic arms: The main limitation of industrial robots is their mobility on
construction sites. Consequently, some research projects have studied the possibility
to place industrial robots over mobile platforms for on-site building construction. For
instance, the MIT Media Lab has developed a Digital Construction Platform (DCP)
suitable for additive or subtractive on-site fabrication of customized structures
(Figure 1.20). This automated construction system consists of a compound system
composed of a hydraulic and electric robotic arm carried on a tracked mobile platform.
This mobile system provides multiple benefits including easy transportation, short
setup time, and freedom of movement (Keating et al., 2017).

Figure 1.20 Digital Construction Platform (DCP), MIT Media Lab (Keating et al., 2017).



Flying robotic vehicles: The use of flying robots in construction is a novel technique
developed to avoid mobility constraints and the need for cranes on construction sites.
Gramazio and Kohler in collaboration with Raffaello D’Andrea at ETH Zurich
developed an application of aerial robotic units to manipulate building components
(Figure 1.21). One of the projects developed was the assembly of a 6-meter tall tower
out of 1500 lightweight bricks by four coordinated quadcopters (Willmann et al., 2012).

Figure 1.21 Brick tower assembled by quadcopters, ETH Zurich (Willmann et al., 2012).
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1.4 Aim of the doctoral thesis
1.4.1 Research context: NCCR Digital Fabrication
This research project was planned and funded as part of The National Centre of
Competence in Research (NCCR) Digital Fabrication. National Centers of Competence in
Research (NCCRs) are cross-disciplinary research networks funded by the Swiss National
Science Foundation (SNSF) to support research in areas of strategic importance for the
future of Swiss science, economy and society. Initiated in 2014, the NCCR Digital
Fabrication aims to revolutionize architecture through the combination of digital
technologies and physical building processes and their integration in the construction
field. The common objective of the research group is the development and establishment
of new methods and technologies of design and construction through the collaboration
between an interdisciplinary research team. Over 60 researchers from the academic
disciplines of architecture, structural engineering, materials and computer science,
robotics and sustainable construction collaborate to develop groundbreaking technologies
for tomorrow’s construction. Research activities focus on additive construction processes
and are categorized into three core sections: Computational Design and Process
Innovation, Material and Constructive Systems, and Robotic Control and Fabrication. The
NCCR fosters synergies within and between these three research sections with the
common objective of developing new processes, materials, and technologies that will have
long-term relevance for the sustainable development of a new digital building culture.
Specifically, the project “Sustainability Assessment” was originally part of the section 1B:
Building Process Innovation. The objective of the 1B section of the NCCR was to develop
technologies and procedures to bring integrated efficiencies to planning and building
processes, but also to investigate their impact and the need to reconcile productivity with
the environmental, economic and creative potentials of digital fabrication. Moreover, the
section also aimed to investigate the potential socio-economic consequences of digital
fabrication, such as changes in the supply chain and the role of the different stakeholders.
Due to the experimental state of digital fabrication in construction, the evaluation of socioeconomic aspects was limited within the NCCR Digital Fabrication and the group strategy
prioritized the environmental sustainability. This required the alignment of the research
objectives of this project with the collaborative goals of the research group. Consequently,
the main part of this research work focused on the environmental evaluation of
experimental projects developed within the research group to re-inform early design
decisions. Specifically, the research within the NCCR focused on the design and
construction of complex architectural projects developed with additive digital fabrication
techniques. This limited the research conducted in this dissertation, which focus was the
evaluation of the construction phase of this type of projects. Consequently, other issues
that are relevant for the sustainability of digitally fabricated projects (e.g. design for
disassembly) remained unaddressed and should be the focus of future research work.

1.4.2 Problem statement
Digital fabrication processes and technologies have demonstrated the ability to create
complex and expressive architecture, but their potential contribution to the improvement
of sustainability in construction is not clear. Publications such as Dunn (2012), Gramazio
et al. (2014a), Menges et al. (2017) have presented architectural demonstrators in which
research has focused on the development of formal, structural or technological aspects.
Developments at a large scale have shown the potential of digital fabrication processes to
construct complex geometries with optimized topologies and integrated multifunctionality. For instance, Block et al. (2017) achieved an important weight reduction in
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complex floor systems through the application of computational methods for structural
optimization. Other studies such as Lloret et al. (2014) and Hack et al. (2017) presented
robotic processes for the construction of complex structures without a need for
conventional formwork. Moreover, Gosselin et al. (2016) established the interest of digital
fabrication to induce multi-functionality in building elements by enabling geometrical
complexity. However, scarce scientific assessments have quantified the environmental or
socio-economic impacts of large-scale digital fabrication processes.
Most publications that have studied the potential sustainability benefits of additive
manufacturing focused on small-scale processes (Kohtala, 2015). For instance, Kreiger and
Pearce (2013) showed that additive manufacturing has potentially lower environmental
impacts and energy demand than conventional manufacturing. Similar results were
gathered by Faludi et al. (2015), who highlighted the waste reduction and energy savings
of 3D printing compared to traditional CNC milling. Finally, Gebler et al. (2014) and Chen
et al. (2015) assessed 3D printing from a global sustainability perspective. This research
associated 3D printing technologies with a strong lowering of costs and energy use,
decreasing resource demands and environmental emissions over the life cycle of a product.
However, very few of these studies were quantitative, and according to Ford and Despeisse
(2016), more applied research is required on the sustainability advantages and challenges
of AM in different sectors. Given the recent developments in construction, research that
quantifies the sustainability benefits and risks of digital fabrication over conventional
construction is missing from the literature. The study of the environmental and economic
benefits of digital fabrication is highly relevant for a full implementation of digital
fabrication in the construction sector.
The assessment of the environmental dimension of sustainability is usually performed
following the Life Cycle Assessment (LCA) framework (ISO, 2006a, b). According to
Labonnote et al. (2016), full Life Cycle Assessments (LCA) of digital fabrication must be
performed to achieve recognizably environmentally-friendly construction processes. In the
construction sector, LCA has become a widely accepted method to assess construction
materials and buildings (Ortiz et al., 2009), but it is rarely applied during architectural
design. Building regulations require the evaluation of the operational energy demand, but
do not consider the energy and resources needed for the production, refurbishment and
dismantling of buildings (Szalay, 2007). In the few cases that LCA is conducted in practice,
is usually in late stages of design for sustainable building certification. However, according
to Hollberg and Ruth (2016), LCA is only effective for project optimization if it is applied
in early design stages (Figure 1.22). The problem is that the detailed information
required for a LCA is not available or accurate enough at the beginning of the project.
Consequently, once the necessary information is available at later stages, changes to the
design induce high costs and LCA results are impractical to implement (Baitz et al., 2013).
Moreover, the complexity of the method prevents its integration during the design process
due to the lack of knowledge and time (Zabalza Bribián et al., 2009).
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Figure 1.22 Stages in the architectural design process, based on Paulson Jr (1976).

Digitally fabricated architecture is planned, assessed, and optimized during the design
phase. Consequently, sustainable criteria are only relevant for project optimization if they
are considered from the beginning of the design process. In the field of digital fabrication,
architects need simplified approaches to incorporate the knowledge of sustainability
experts together with formal and technical aspects since early design stages. With this
objective, two possible approaches can be applied: sustainable guidelines to be considered
during design and design-integrated evaluation methods.

1.4.3 Research objective
Digital design and robotic fabrication developments facilitate the design and construction
of complex architecture, whether they do it in a sustainable way or not is critical for a full
implementation of these novel processes and technologies in the construction sector. The
aim of this doctoral thesis is to identify the sustainability risks and opportunities derived
from the implementation of digital fabrication processes and technologies in the
construction sector. Based on the parameters identified, the ultimate goal of this research
is to develop simplified approaches to incorporate sustainable criteria in the design of
digitally fabricated architecture. Given these objectives, the research is focused on the
assessment of building elements constructed with additive digital fabrication techniques
and their comparison with conventional construction to identify when digital fabrication
provides sustainability benefits. Specifically, the evaluation consists of the
characterization of environmental emissions and economic costs associated with materials
and technologies production, construction processes and waste. Based on the evaluation
results, simplified sustainable criteria to guide the design of digitally fabricated
architecture are formulated. These sustainable criteria are redirected to support the
evaluation and optimization of digital fabrication projects from early design stages.
Finally, some of the potential socio-economic consequences derived from the
implementation of these novel technologies and processes in the construction industry are
discussed.

1.4.4 Relevance for science and economy
During more than 50 years, the same conventional construction methods and processes
have been employed in building construction. Digital fabrication is an emerging field in
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construction that attracts industry with the development of innovative products, which
could potentially increase productivity. However, innovation cannot divert the building
sector from the biggest challenge of our society: climate change and environmental
collapse. This research tries to change the way of thinking by developing various aspects
of sustainability and showing the potential benefits of innovative technologies such as
digital fabrication respect current construction processes. Sustainability has been
established as a concept and as framework for construction and development during the
last few years and digital fabrication have a high potential to sustainably transform the
built environment. Research into the sustainability of digital fabrication at the
construction scale needs to be conducted now that it is still an experimental technology,
so adjustments can be made at an early stage.
This research is of high importance within the NCCR Digital Fabrication, as the goal is to
develop a clear context and recommendations to help other researchers make betterinformed and more sustainable choices when developing digital fabrication processes and
technologies for construction. Furthermore, sustainability assessments are essential to
show in which conditions digital fabrication can offer both opportunities and challenges
for the economy and the society. The integration of principles and technologies of Industry
4.0 in the construction industry has a direct influence on factors such as climate change
and market demands. By integrating all building information in the digital design, the
construction process can be evaluated in advance, focusing on aspects such as resource
consumption, construction time or economic costs. Through this research, we aim to define
sustainable criteria to consider during this early-design evaluation and optimization of
the construction project. In this way, we aim to show how digitalization can be a potential
solution to the current sustainability problems of the construction industry.

1.5 Methodology
1.5.1 Research approach
The research approach followed to achieve the objectives of this doctoral thesis is divided
in three main steps represented in Figure 1.23: sustainability assessment of case studies,
formulation of sustainable design guidelines and integration in computational methods
for early-design evaluation.

Figure 1.23 Research approach followed in this doctoral thesis.
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Assessment: The first step begins with a detailed analysis of existing digitally
fabricated architectural demonstrators. Due to the novel character of additive digital
fabrication in construction, a comprehensive understanding of these novel technologies
and processes is required. Based on the literature review and collaboration with the
NCCR Digital Fabrication (NCCR Digital Fabrication, 2014), relevant data related to
materials and processes are identified. This preliminary analysis of digital fabrication
projects is used to select representative building elements to be assessed. The
assessment consists of the evaluation of digitally fabricated projects to identify the
main processes responsible for environmental and economic impacts. Moreover, each
case study is compared with conventional construction to provide a quantitative
evidence of the sustainability advantage or disadvantage of digital fabrication. The
methods used for the sustainability evaluation are the Life Cycle Assessment (LCA)
framework to quantify the environmental impacts (ISO, 2006a, b) and the CYCLONE
(CYClic Operations NEtwork) dynamic simulation model to evaluate the productivity
of digital fabrication processes.



Guidelines: Based on the assessment results, sustainable criteria to improve the
sustainable performance of digital fabrication are identified. These sustainable criteria
are formulated as guidelines to help architects make more sustainable choices during
the digital fabrication design process. Architects are usually one of the first involved
in digital fabrication and have the greatest influence in early design stages. Therefore,
they have the greatest opportunity to significantly reduce the impact of buildings
throughout their life cycle. Hence, the guidelines aim to provide architects the basic
knowledge to implement the design strategies (e.g. structural optimization) that are
successful to improve the sustainability of digitally fabricated architecture.



Integration: The last research step is the integration of the sustainable criteria in
computational design to achieve a higher influence in the early-design evaluation and
optimization of digital fabrication projects. Specifically, a simplified design-integrated
method for LCA of digital fabrication is developed. This method is developed in
parametric design software to integrate the environmental assessment of the project
in early stages of design. The evaluation method considers characteristic aspects of
digital fabrication such as multi-functionality in the input data required for the LCA.
Moreover, the method allows the comparison with conventional construction solutions,
which serve as a benchmark of the project’s environmental performance. The results
of the analyses are used to support designers during project optimization, and to raise
awareness of sustainability issues from the design phase.

1.5.2 Life Cycle Assessment (LCA)
LCA is a widely applied methodology that enables to study the environmental impacts of
processes and products throughout their life cycle, from raw material acquisition to
production, use, maintenance and final disposal (Ortiz et al., 2009). The description of the
LCA methodology is based on the International standards ISO 14040-44 (ISO, 2006a, b)
and consists of four distinct analytical steps: defining the goal and scope, creating the
inventory, assessing the impact and finally interpreting the results (Figure 1.24). In the
building sector, LCA represents a comprehensive and systemic methodology for
environmental evaluation and optimization of construction products and processes
(Cabeza et al., 2014). Currently, LCA is mostly applied to compare building designs or
materials, which is called attributional LCA. In contrast, consequential LCA aims to
assess the whole building sector, or the influence of a policy on it (Wittstock et al., 2012).
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Measuring the environmental sustainability of new technologies such as digital
fabrication requires a well-defined and consistent evaluation method to ensure a solid base
for decision-making. The objective of this research is to identify under which design
conditions digital fabrication provides sustainability advantages or disadvantages
requires comparisons with conventional construction to identify the processes that largely
contribute to the impacts. Moreover, the development of simplified guidelines and tools to
facilitate a sustainable design in digital fabrication requires assessment methods that
express the impacts in a comprehensive way to support designers. Consequently, an
attributional LCA is chosen as a main methodology for the present research because it is
a comprehensive and established assessment method that provides solid results as a base
for the formulation of guidelines, etc.

Figure 1.24 LCA Framework according to ISO 14040 (2006).

1.5.2.1 Goal and scope definition
In the first stage, the goal of an LCA states the intended application and the reasons for
carrying out the study. The scope of the LCA further defines the level of detail, and should
include the functional unit, system boundaries, impact categories, characterization
models, and assumptions (ISO, 2006a). ISO 14044 defines the functional unit as the
“quantified performance of a product system for use as a reference unit” (ISO, 2006b). A
correct definition of the functional unit is crucial when comparing different products or
processes, as it defines which functions should be compared. Finally, the system
boundaries define the unit processes to be included in the system. We can distinguish
between cradle-to-gate and cradle-to-grave system boundaries. On the one hand, cradleto-gate includes all processes until the factory’s gate, i.e. raw material extraction,
transportation, and production are included. On the other hand, cradle-to-grave includes
all inputs and outputs from production to end of life.
The LCA framework is applied in this research for the comparison of environmental
impacts associated with digitally fabricated and conventional building elements with
equivalent building function. Therefore, the LCA comparison requires the definition of a
functional unit to be compared. Defining the functional unit for digital fabrication is
especially critical. Many digitally fabricated projects present additional functions, such as
lighting or thermal effects hybridized within the structure. The difficulty of assessing this
kind of projects consists of finding a conventional construction system that concentrates
the different functions. In each LCA comparison carried out in this dissertation, the
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functions assessed are performance aspects, such as acoustics, thermal and lighting, which
can be achieved in conventional construction through the addition of materials or
components that provide the same function. However, aesthetic aspects are not strictly
considered in the functional unit definition because they rely on subjective criteria.
Nevertheless, efforts are made to keep similar materials in both building elements to be
compared. The functional unit chosen in most case studies is one m2 of area, which allows
the comparison of building elements independently of their geometry complexity.
The system boundaries from this research vary depending on the case study and the
objective of the evaluation. In most of the assessments carried out, the environmental
impacts associated with raw material extraction, digital technologies and building
materials production, and robotic construction (EN 15978 modules: A1-A3, A5) are
included. The system boundaries are extended to a cradle-to-grave evaluation for the
analysis of environmental aspects related to hybridization in digital fabrication. In this
case, the use and end-of-life stages are considered (EN 15978 modules: B4, C3-C4, D).
1.5.2.2 Inventory analysis
The Life Cycle Inventory (LCI) analysis “involves data collection and calculation
procedures to quantify relevant inputs and outputs of a product system” (ISO, 2006a).
Data for each unit process within the system boundaries are collected, including raw
resources or materials, energy, water, emissions to air, discharges to water and land
(Lotteau et al., 2015). Most industrial processes have more than one product as output,
then inputs and outputs must be allocated between the different products. According to
ISO 14044:2006, the inputs and outputs can be allocated according to the physical or
economic relation of the products. The LCI is based on foreground data, namely data from
the specific product or process object of the analysis, and background data extracted from
generic databases, such as Ecoinvent or Gabi.
A challenge within this research was the accumulation of knowledge and data on
materials, technology, and construction processes within the digital fabrication context.
The absence of energy and emissions data related to digital fabrication in generic
databases required an extensive literature review and an interdisciplinary collaboration,
including discussions with experts in digital fabrication. Specifically, the selection of the
foreground data related to digital fabrication processes and technologies was collected
from real demonstrators in collaboration with the NCCR Digital Fabrication (NCCR
Digital Fabrication, 2014). For instance, the material composition of the robot “In-Situ
Fabricator” was obtained from the ADRL Robotics Lab, who built this construction robot.
Moreover, the rest of LCI data was collected from publications related the field of digital
fabrication, material science, environmental engineering, robotics, etc. The introduction
of the LCI data in the software SimaPro allowed the calculation of environmental impacts
based on the background data from Ecoinvent database (Weidema B. P., 2013). Finally,
most of the data related to conventional building elements were extracted from the
Bauteilkatalog (Holliger Consult GmbH, 2017).
1.5.2.3 Impact assessment
The Life Cycle Impact Assessment (LCIA) summarizes the results of the LCI according to
their impact on the environment. At this stage, the environmental impacts of material and
energy flows are assigned to different environmental impact categories according to their
ability to contribute to different environmental problems (classification). Midpoint impact
categories follow a problem-oriented approach because they relate to a specific
environmental problem (e.g. climate change). In contrast, damage-oriented approaches or
endpoint impact categories translate environmental impacts into issues of concern, such
as human health, natural environment, and natural resources. After classification, the
emissions and resources assigned to the impact categories are converted to category
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indicators based on impact assessment models (characterization). Additionally, this phase
may also include a normalization process, where the significance of the impact category
results is compared to a reference, as well as grouping and weighting of the impact
categories. Grouping sorts and ranks the impact categories by their significance, while
weighting multiplies the indicator results by numerical factors and aggregates them
across impact categories. The expression of results in midpoint or endpoint indicators
depends on the impact assessment method chosen for LCA (ISO, 2006a). For instance,
ReCiPe (Goedkoop et al., 2009) uses both 18 midpoint and 3 endpoint categories (Figure
1.25). The three endpoint categories can be further aggregated into a single score. The
aggregation into one single indicator might facilitate the communication of results to nonLCA-experts. Other impact methods provide directly a single-score result, such as the
Swiss Ecological Scarcity Method (Hischier et al., 2010). This method measures the impact
of pollutant emissions or resource extraction activities in eco-points (UBP).

Figure 1.25 Relationship between LCI parameters (left), midpoint indicator (middle) and endpoint indicator
(right) in ReCiPe 2008 (Goedkoop et al., 2009).

Most of the case studies presented in this dissertation are evaluated with the impact
assessment method Recipe Midpoint (H). The impact categories often considered are
climate change (kg CO2 eq.), ozone depletion (kg CFC-11 eq.), human toxicity (kg 1.4-DB
eq.), terrestrial acidification (kg SO2 eq.), freshwater eutrophication (kg P eq.), terrestrial
ecotoxicity (kg 1.4-DB eq.), freshwater ecotoxicity (kg 1.4-DB eq.), water depletion (m3),
metal depletion (kg Fe eq.) and fossil depletion (kg oil eq.). Recipe Midpoint is considered
appropriate for this study as it tackles in detail the problem of resources depletion, which
is divided in water, metal and fossil depletion. The study of metal depletion is relevant for
digital fabrication due to the consumption of different metals in the production of digital
technologies and the large use of steel in the construction sector. Moreover, this method
considers ecotoxicity indicators, which is fundamental to identify the potential problems
induced using a new technology. Finally, IPCC impact method is used to simplify the
results of some case studies to one indicator to facilitate the comparison between digital
fabrication and conventional construction. The method focuses on the estimation of Global
Warming Potential emissions (kg CO2 eq.), which is an indicator commonly employed in
other sectors and understandable by non-LCA experts such as designers.
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1.5.2.4 Interpretation
Finally, the Life Cycle Interpretation is intended “to provide a readily understandable,
complete and consistent presentation of the results of a LCA, in accordance with the goal
and scope definition of the study” (ISO, 2006a). According to ISO 14044 (ISO, 2006b), an
evaluation that considers completeness, sensitivity, and consistency checks should be
added. Finally, conclusions and recommendations for decision-makers should be
formulated and limitations made clear.

1.5.3 Productivity Assessment
Novel automated construction processes and technologies in construction projects can
yield substantial savings in time and costs. A common way to measure the performance of
conventional construction projects is the evaluation of labour productivity. However, there
is no standard definition of productivity, which can lead to confusion when trying to
compare different values. Shehata and El-Gohary (2011) give an overview on the different
labor productivity measures in the construction industry. The labor productivity as
denoted is an activity-based measure, so the unit of measurement depends on the specific
construction activity. The productivity evaluation in terms of cost and time provides a
quantitative measure of the advantages or disadvantages of implementing novel digital
fabrication processes in construction. Moreover, the comparison with conventional
construction allows the establishment of benchmarks that help to improve the overall
performance of digitally fabricated construction projects. Therefore, for the purposes of
this study, the productivity is measured in terms of cost and time per unit of building
element constructed, according to Equation 1.1.
P

I
Q

Equation 1.1

Where P is productivity, I is the total cost (i.e., labor, material and equipment) or total
workhours used, and Q is the installed quantity (e.g., cubic meters of concrete). Therefore,
a decrease in the cost or time per unit of installed quantity indicates an increase in
productivity. Based on the Equation 1.1 a methodology was developed to conduct the
productivity assessment of digital fabrication case studies. The main steps are
summarized in Figure 1.26 and described in the following subsections.
Define
construction
process

Collect data

Run simulations
and get results

Analyze data and
calculate
productivity

Figure 1.26 Method to determine productivity.

1.5.3.1 Definition of construction process
The first step of the method to determine productivity consists of the definition of the
functional unit of each construction process to be evaluated. Following the research
approach of this dissertation, a digitally fabricated building element is compared with a
conventional one. Specifically, the unit of quantity installed considered for the evaluation
is one cubic meter for both building elements. This functional unit based on the volume
allows a fair comparison between building elements with different complexity levels,
dimensions, etc. The system boundaries of both construction processes include the
production of the building element on the construction site, excluding planning and design.
Therefore, it is assumed that all the material and equipment needed is on-site before
construction begins.
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1.5.3.2 Data collection
There are different methods to measure the labor productivity. Following, we give a short
overview on the different techniques explained in Dozzi and AbouRizk (1993). Next to the
work hours, also the conducted work is recorded through:


Field rating: categorization of the observed worker as either "working" or "nonworking". The "working" fraction is used as a measure of effectiveness.



Work sampling: observation samples are recorded and analyzed to estimate the
percentage of time that workers are productive or unproductive during a work period.
The data collected are extrapolated to cover the entire work period to estimate the
overall percentage of time that workers are actively engaged in productive work
activities.



Recording jobsite observations: observation and analysis of construction activities
through project records (e.g. examining schedules and budgets), photography, timelapse photography and video.

For the productivity assessment performed in this research, data was collected from
different sources, including recording on-site activities using time-lapse photography,
video recording, as well as conducting interviews with different participants from the
NCCR Digital Fabrication (NCCR Digital Fabrication, 2014). When information was not
available, production rates (e.g., daily output and production hours) were taken from
RSMeans (Plotner, 2016) and confirmed by industry experts.
1.5.3.3 Simulation and analysis
After data collection, there are different techniques to develop a work-process analysis and
improve the processes. Below the most important ones are listed based on Yates (2014):


Work process flow charts: charts used to monitor and record how materials are being
transported and used by workers.



Work process flow diagrams: sketches of how equipment, materials, and workers
traverse jobsites.



Crew balance charts: histograms used to record how each member of a work crew is
expending time on each activity.



Computer modelling and simulations: simulation models of complex situations related
to workers, material, equipment, which can be linked to both cost and time.

Due to the complexity and uncertainty of the digital construction process, a computer
simulation technique is chosen for conducting the simulation of the total time and cost.
Simulation models are often used as means to plan and optimize the productivity of a
system because they account for uncertainty. AbouRizk et al. (2016) define simulation as
“the use of computer software to represent the dynamic responses of a construction system
by the behavior of a model made to represent it. A simulation uses mathematical
descriptions, graphical constructs, computer algorithms (as well as other means) that are
generally encapsulated in a simulation software model to represent the real system”.
Specifically, the software Simphony.NET with the CYCLONE simulation technique is
chosen for conducting the simulation of the different construction processes.
Simphony.NET is a discrete event simulation (DES) system that provides the user a
graphical interface to develop simulation models. Simphony is designed to support Monte
Carlo simulation experiments by providing modelers with the ability to define different
scenarios and to specify the number of iterations that each scenario must run.
Furthermore, it provides some simple statistical tools to fit distributions to data (AbouRizk
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et al., 2016). The software is extensible for different purposes through specific templates.
The CYCLONE (CYClic Operations Network) template is a discrete event simulation
model, which is a particular type of dynamic simulation model. The computer simulates a
process in discrete time steps based on important events that take place in the model. In
CYCLONE, the construction process is abstracted and represented in the form of
operations and processes that are composed of tasks and queues, using a set of graphical
modelling elements and directional arrows (Figure 1.27). Then, virtual entities (input)
that represent resources are used to follow their journeys in the model.

Figure 1.27 Example of flow chart process developed in CYCLONE.

The basic steps are the following:


Define the process that should be modelled and understand the system.



Use the available elements to model the system.



Model the input by assigning times or time distributions to the elements.



Verify and validate the model.



Assess the output.



Optimize the system.

1.5.3.4 Productivity calculation
Based on the cost and time data measured during the simulation process, the productivity
of each construction system is calculated at the activity level according to Equation 1.1.
The productivity results allow a quantitative assessment and comparative analysis of
building elements with different level of complexity and constructed with digital
fabrication and conventional techniques.

1.5.4 Limitations of the evaluation methods
One of the methods used in this doctoral thesis for the environmental assessment of
digitally fabricated case studies is the Life Cycle Assessment (LCA) framework. Even
though LCA is a science-based method for environmental assessment of products/services,
the method present in the ISO 14040-44 standards has some limitations (De Benedetto
and Klemeš, 2009). On the one hand, the use of impact assessment methods such as Recipe
or CML with multiple impact categories adds high complexity to the LCA methodology,
which hinders decision-making and comparison between products/services. Moreover, the
great amount of detailed data required in completing a full LCA, can discourage
practitioners from using it as a support tool for project optimization. As a result, studies
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such as Lasvaux et al. (2016) have studied the possibility to simplify the LCIA by reducing
the number of impact categories. Recent improvements of databases and LCA software
make simplified LCAs feasible. On the other hand, the LCA methodology is limited to the
assessment of the environmental pillar of sustainability. The study of the impacts
associated with the implementation of digital technologies in construction requires the
consideration of other aspects such as economic costs or the impact on labour. For a
complete evaluation with the same methodology, LCA should be expanded to a life-cycle
based sustainability assessment that considers also economic and social aspects (Klöpffer,
2014). Many research efforts aim at an extension of life‐cycle assessment (LCA) to increase
its spatial or temporal detail or to enlarge its scope to include social issues. However,
creating a method or tool with too many data and resource requirements is a risk.
Moreover, a number of social issues are not easily modelled in relation to a functional unit
(de Haes et al., 2004).
Finally, process-based LCA has also limitations regarding the methodological approach.
Especially data quality and uncertainty influence the results significantly. In most LCA
studies, assumptions are made and system boundaries are modified to leave out some
elements or phases due to the lack of technical data (De Benedetto and Klemeš, 2009). In
digital fabrication processes, contributions to environmental impacts of sectors such as
robotics or architectural design are difficult to determine in a LCA. Hybrid analysis thus
has the potential to combine the strong points of process‐LCA and input‐output‐LCA to
mitigate uncertainty in compiling life cycle inventories (Deng et al., 2011). It allows the
evaluation of processes such as materials manufacturing with a process-based LCA and
the assessment of complex processes such as architectural design with an I-O LCA.
However, hybrid LCA is a more complex system that demands further data collection on
the project evaluated. It requires both, process inventory and economic inventory data
collection for the process-based LCA and economic input-output LCA models respectively.
A second method used in this doctoral thesis to evaluate the productivity of digital
fabrication processes is the CYCLONE (CYClic Operations NEtwork) dynamic simulation
model. However, measuring labor productivity can be a demanding task with several
limitations. On the one hand, there are changes over time in the supply-demand balance
of resources and their price that affect the productivity assessment. Furthermore, labor
productivity is highly influenced by external factors and it is difficult to fully account for
them. Some of these factors are industry related factors such as building codes or
construction technology; management related factors such as planning and scheduling and
labor related factors such as labor availability (Shehata and El-Gohary, 2011). On the
other hand, methods to measure the productivity are not able to reveal the causes of
potential inefficiencies. Additional field surveys and questionnaires must be conducted to
specify potential process optimization options.
Measuring the productivity of new digital fabrication processes requires reliable data to
have a trustworthy result to assess if the new technology provides benefits compared to
the established conventional process. Due to the lack of specific data for digital fabrication,
data collection needs to be conducted on the construction site. However, because the new
process is likely to be only at the beginning of its commercial availability or even still in a
research state, the measured data has a high uncertainty and cannot be used directly for
comparison. Therefore, it is important to critically assess the probabilistic output of the
simulation, as it might make sense to use only an optimal digital fabrication case to ensure
a fair comparison. When there is a large variability in the outcome of the CYCLONE
simulation, a sensitivity analysis should be conducted to study which parameters largely
contribute to what extent towards it. Nevertheless, this is not always obvious in a complex
simulation with multiple activity loops only based on input distributions.

Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 52

1.6 Outline
The present cumulative doctoral thesis is organized in an introductory chapter, four main
chapters, a discussion and a concluding chapter. Following the research objectives,
chapters 2-4 focus on the assessment and identification of design guidelines from general
to specific and chapter 5 presents a preliminary approach for the integration of
environmental criteria in early design. Each main chapter contains an introductory
section with the research highlights and a section at the end of the chapter to further
discuss the findings.


Chapter 1 introduces the concept of sustainability, the current sustainability-related
problems in the construction sector and an overview of digital fabrication, as a possible
answer to them. Finally, the chapter sets the objectives of the thesis and describes the
research approach and main methodologies applied in this dissertation. Specifically,
the basics of Life Cycle Assessment (LCA) and Productivity Assessment are described.



Chapter 2 establishes general design guidelines to help designers make betterinformed and more sustainable choices in digital fabrication. With this objective, the
research focuses on the LCA assessment and comparison of three case studies of digital
fabrication in construction with conventional construction. Specifically, the evaluation
of a self-shading wall, the “Rib-stiffened funicular floor” and “The Sequential Roof”
allows the identification of criteria that influence the environmental sustainability of
digitally fabricated architecture and the formulation of design guidelines. The content
of the chapter is based on the publication: Agustí-Juan and Habert (2017).



Chapter 3 evaluates for which level of shape complexity digital fabrication provides
sustainability benefits and establishes design guidelines for complex architecture. The
research is divided in an environmental assessment and productivity assessment to
quantify the benefits of digital fabrication compared to conventional construction,
depending on the complexity of the building element. Both sections are focused on the
evaluation of the “Mesh Mould” case study, a robotic fabrication process for the
construction of freeform concrete walls. The content of the chapter is based on the
publications: Agustí-Juan et al. (2017a) and García de Soto et al. (2018a)



Chapter 4 evaluates the influence of multi-functionality on the sustainable
performance of digitally fabricated building elements and identifies design guidelines
for multi-functional architecture. Specifically, the case studies “The Sequential Roof”
and “Concrete-Sandstone Composite (CSC) Slab” are evaluated with a LCA-based
method that compares the environmental performance of multi-functional building
elements with conventional construction. Finally, the evaluation of the “CSC Slab” is
extended to the end of life to assess further environmental implications associated with
hybrid materials. The content of the chapter is based on the publication: Agustí-Juan
and Habert (2018)



Chapter 5 aims the integration of the sustainable criteria in early design stages of
digital fabrication through the development of a simplified LCA method. The method
is integrated in parametric design software for a real-time environmental assessment
and optimization of digitally fabricated building elements. Finally, the “Mesh Mould”
case study is evaluated to prove the applicability of the method and highlight the
environmental benefits that digital fabrication can provide. The content of the chapter
is based on the publication: Agustí-Juan et al. (2018)



Chapter 6 presents a statement for further research on the consequences of
implementing digital fabrication for the traditional construction organization and
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roles. The ideas exposed in this chapter are extracted from the planning and
construction of the “DFAB HOUSE”, a real demonstrator of digital fabrication
techniques in construction.


Chapter 7 contains the conclusions, which summarize the main findings of the
dissertation and their relevance. Finally, some insights into possible future research
paths are presented.



Appendices A, B, C gather supplementary information related to the Life Cycle
Inventory (LCI) and Life Cycle Impact Assessment (LCIA) of the case studies
evaluated in Chapters 2, 3, 4.
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2 General guidelines for digital
fabrication
2.1 Research highlights
Innovation cannot divert the construction sector from the biggest challenge of our society:
climate change and environmental collapse. Consequently, the objective of this chapter is
to identify general sustainable criteria to guide the design of digitally fabricated
architecture. These guidelines aim to show in which conditions digital fabrication provides
an environmental benefit for the construction sector. With this objective, the chapter
presents the environmental assessment of three classic building elements (wall, floor, and
roof), which are designed and built with novel digital fabrication techniques. The case
studies are assessed and compared with conventional construction with equivalent
functions. The first project is a self-shading brick wall based on the research developed by
Andreani and Bechthold (2014), which is compared with a conventional brick wall with
the same structural and thermal performance. The second project is the “Rib-stiffened
funicular floor system” (Liew et al., 2017), which is compared with a conventional
reinforced concrete slab with the same structural performance. Finally, “The Sequential
Roof” (Apolinarska et al., 2017) is compared with a conventional wooden roof with the
same structural and acoustic performance. The LCA comparison applied to the three case
studies is focused on the production stage to evaluate the impact of digital fabrication
processes and technologies. Exceptionally, the first case study includes the impact of the
wall during operation, as the design characteristics of the wall influence its energy
performance.
The results of the LCA evaluations indicate that the material optimization is fundamental
to achieve environmental benefits in a project. Furthermore, the results show that energy
and resource consumption of robotic fabrication processes contribute minimally in terms
of energy and environmental impacts. Based on the conclusions from the case studies, the
main environmental opportunities of digital fabrication are identified. These opportunities
are translated into general guidelines to be considered for a sustainable design of digitally
fabricated architecture:


Environmental impact of digital fabrication is negligible: digital fabrication processes
contribute minimally to the overall environmental impact of the project. In particular,
additive construction processes and technologies are responsible for a low relative
environmental impact with respect to the production of building materials. Therefore,
digital fabrication in architecture must focus on a sustainable design oriented towards
material efficiency.



Digital fabrication facilitates complexity in construction: by integrating developments
in digital technologies and material science, conventional techniques are modified to
create digital fabrication processes that facilitate the construction of complex
geometries. Digitally fabricated architecture is usually associated with an efficient
material use compared to conventional construction when its shape complexity is the
result of two design strategies: structural optimization and functional hybridization.



Structural optimization for material reduction: computational approaches for digital
fabrication integrate structural optimization in form-finding design. These novel
design strategies offer new possibilities of shape complexity and address resource
efficiency, only using material where is structurally needed (Figure 2.1). As a result,
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digital fabrication techniques reduce the use of industrialized materials such as highperformance concrete, which are associated with high environmental impacts.

Figure 2.1 Complexity-related material optimization through computational structural analysis.



Functional hybridization for material reduction: digital fabrication techniques enable
the production of complex structures that provide additional performance (e.g.
acoustic, thermal) through its geometry, avoiding an additional building component
(Figure 2.2). However, functional hybridization can increase the requirement of
material in the structure, which may be disadvantageous from an environmental
perspective. Consequently, only the hybridization of building functions with high
environmental impact provides environmental benefits.

Figure 2.2 Complexity-related material optimization through functional hybridization.

2.2 Environmental design guidelines for digital fabrication
Article published in Journal of Cleaner Production
Reproduced with permission from I. Agustí-Juan and G. Habert “Environmental design
guidelines for digital fabrication” Journal of Cleaner Production 2017, 142(4): 2780-2791.
https://doi.org/10.1016/j.jclepro.2016.10.190
Contributions: I.AJ and G.H conceived the idea of the research. I.AJ performed data
collection and carried out the analyses. The results were interpreted by I.AJ and G.H.
Finally, the manuscript was written by I.AJ.
Supplementary data related to the data collection, Life Cycle Inventory and results of the
case studies can be found in Appendix A.
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2.2.1 Abstract
Digital fabrication represents an innovative technology with the potential of expanding
the boundaries of architecture. The potential to fabricate elements directly from design
information is transforming many design and production disciplines. In particular, 3D
printing has become the key of modern product development. As the use of additive
manufacturing grows, research into large-scale processes is beginning to reveal potential
applications in construction.
The combined methods of computational design and robotic fabrication have the welldemonstrated potential to create formal and structural advances in architecture.
However, their potential contribution to the improvement of sustainability in construction
must be evaluated. In this study, we identified environmental guidelines to be considered
during the design of digitally fabricated architecture. The key parameters were extracted
from the Life Cycle Assessment (LCA) of three case studies.
The environmental assessment performed indicated that the relative sustainability of the
projects depended primarily on the building material production. Specifically, the impact
of digital fabrication processes was negligible compared to the materials manufacturing
process. Furthermore, the study highlighted the opportunities of integrating additional
functions in structural elements with digital fabrication to reduce the overall
environmental impact of these multi-functional elements. Finally, the analysis proved the
potential of digital fabrication to reduce the amount of highly industrialized materials in
a project, which are associated with high environmental impacts.
Keywords. Digital fabrication, LCA, environment, construction, sustainability.

2.2.2 Introduction
The construction sector is a highly active industry, responsible for 40% of global energy
consumption, 38% of global greenhouse gas emissions, 12% of global potable water use,
and 40% of solid waste generation in developed countries. Although it is a large contributor
to environmental impacts, the buildings sector has a high potential to reduce emission
(UNEP-SBCI, 2012). Today’s increasing concerns about sustainability aspects in
construction are inducing the emergence of innovative technologies and processes as a
solution to achieve environmental improvements and to overcome the inefficiency and lack
of interoperability present in the sector. Digital fabrication processes have the potential
to expand the boundaries of architectural design and construction.
Gershenfeld (2012) introduced the term “Digital Fabrication” for processes that use
computer-controlled tools that are the descendants of MIT’s first numerically controlled
mill. However, the current digital tools have a broad range of applications, extending well
beyond aiding the generation of planar drawings and 3D models. The potential to fabricate
elements directly from design information has transformed many design and production
disciplines (Dunn, 2012). Approaches to digital fabrication are typically categorized as
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either reductive fabrication (milling, cutting, and eroding) or additive fabrication
(automated assembly, lamination, extrusions, and other forms of 3D printing). Additive
manufacturing is becoming an integral part of modern product development (Hague et al.,
2003), and 3D printers are currently affordable for home use (Pearce et al., 2010). As interest
in additive manufacturing grows, research into large-scale processes is beginning to reveal
the potential applications in construction and architecture.
The evolution of digital technologies is inseparable from the transformation of
conventional building techniques. The use of digital fabrication in architecture allows
mass-production of customized complex structures, which can be developed on-site
(Gramazio et al., 2014a). Recent developments in 3D printing of concrete elements at
large-scale have shown the potential of these innovative processes to reduce the amount
of material, time, waste and need for formwork in the project, which is not feasible with
conventional methods of construction (Lim et al., 2012). Studies such as Lloret et al. (2014)
and Hack and Lauer (2014) presented efficient robotic construction methods for the
development of complex concrete structures. Other projects were related to the research
on computational methods for structural optimization of complex structures, which
allowed an important reduction of material (López López et al., 2014; Rippmann and
Block, 2013). Moreover, approaches such as King et al. (2014) and Andreani et al. (2012)
focused on the development of customized robotic methods for the assembly of material
systems, in this case ceramics. Finally, a new research path is being developed, exploring
additive manufacturing with the use of unconventional and locally available materials for
the application in architecture (Malé-Alemany and Portell, 2014).
The combined methods of computational design and robotic fabrication have demonstrated
potential to create expressive architecture, but their potential contribution to the
improvement of sustainability in construction has not been the focus of previous works.
Scarce conclusive environmental assessments of large-scale digital fabrication processes
are present in literature. Most published studies related to sustainability aspects of digital
fabrication are focusing on small-scale additive processes (Kohtala and Hyysalo, 2015).
For instance, Kreiger and Pearce (2013) and Faludi et al. (2015) focused on the life cycle
assessment comparison of conventional, large-scale production with additive
manufacturing or 3D printing. Both papers agreed that additive manufacturing produced
less environmental impact than conventional manufacturing and resulted in a reduction
of waste and the possibility of recycling. In contrast, Gebler et al. (2014) and Chen et al.
(2015) assessed 3D printing from a global sustainability perspective. This research
associated 3D printing technologies with a strong lowering of costs and energy use,
decreasing resource demands and environmental emissions over the life cycle of a product.
The challenge of full-scale architectural additive fabrication is that it is inefficient and
illogical to simply “scale up” 3D printing.
Research into the environmental benefits of digital fabrication in architecture and
construction needs to be performed while it is still an experimental technology, so
adjustments can be made at an early stage. In the last few years, several published studies
have addressed sustainability aspects in construction. Specifically, the Life cycle
assessment (LCA) framework has become an important method to assess the potential
environmental impacts over the life cycle of construction materials and buildings (Ortiz et
al., 2009). Furthermore, LCA methodology is nowadays an important decision support tool
to select appropriate technical solutions and materials to reduce environmental impacts
(Ingrao et al., 2016). Energy regulations focus principally on the optimization of the energy
performance in buildings during the operation phase (European Parliament and Council,
2010). As a consequence, the use of energy efficient materials and building operation
technologies has increased the contribution of embodied energy in buildings (Passer et al.,
2012). A solution may be the application of LCA during early stages of the project, to
consider environmental impacts together with formal and technical aspects during the
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architectural design. Nevertheless, LCA is usually applied after the design process due to
the complexity of the method and the need of detailed information. But by then, the results
are difficult to implement because of the elevate costs associated (Hollberg and Ruth,
2016).
Digitally fabricated architecture is planned, assessed, and optimized during the design
phase, understanding construction as an integral part of design (Gramazio and Kohler,
2008). Consequently, the integration of environmental criteria needs to be done during
design. With this objective, two possible approaches can be applied: simplified LCA
integrated in parametric design tools and environmental guidelines based on LCA results.
This study follows the second approach with the aim of establishing environmental
guidelines to help designers make better-informed and more sustainable choices during
the digital fabrication design process. Three case studies of additive fabrication at
architectural scale are presented and evaluated with the LCA method. The research
focuses on the comparison of environmental impacts associated with digitally fabricated
architecture and conventional construction. The results from the case studies are analyzed
and the key criteria to be considered during design are extracted.

2.2.3 Methodology: Life Cycle Assessment (LCA)
Nowadays, a great number of tools are available for environmental assessment of the built
environment. The most accepted ones are using a life cycle approach for assessing
environmental impacts associated with buildings and building materials (Ding, 2014). Life
Cycle Assessment (LCA) is a methodology based on the international standards ISO
14040-44 for evaluating the environmental load of processes and products during their life
cycle, from cradle to grave (ISO, 2006a, b). The main objectives of LCA are to help decision
makers choose among different alternatives considering their environmental performance
and to provide a basis for the design and improvement of a system from an environmental
point of view. LCA has been used in the building sector since 1990 (Fava, 2006), and it is
now a widely used methodology (Chen et al., 2010; Damineli et al., 2010b; Purnell and
Black, 2012).
Different tools based on the LCA method have been developed for the environmental
assessment of the construction materials and buildings. According to Ortiz et al. (2009),
and Cabeza et al. (2014), LCA tools can be divided in 3 levels. Level 1 includes product
comparison tools such as Gabi, SimaPro, TEAM, EDIP and LCAiT. A second level includes
whole building design decision support tools like ATHENA, BEE, LISA, Ecoquantum and
Envest. Finally, level 3 includes environmental rating systems for the whole building
assessment, some of the most well-known in Europe are LEED, BREEAM and DGNB.
Additionally, Ortiz et al. (2009) established a second classification based the application
of LCA methodology in the construction sector. A first category for building material and
component combinations, and a second category of tools applied to the full building life
cycle. For instance, the first category includes environmental product declarations (EPD),
which are largely used in the construction field. EPDs provide quantitative environmental
data based on the LCA of the products, which can be used to make reliable comparisons
between building materials (Bovea et al., 2014).
In the last few years, the development of Building Information Modelling (BIM) in the
construction sector has led to the development of solutions for the integration of
environmental evaluations in building design (Azhar and Brown, 2009; Wong and Fan,
2013). BIM is based on a virtual 3D model of the building as a shared database containing
all information related to the project (Czmoch and Pękala, 2014). BIM plugins such as
Tally (Bates et al., 2013) have been developed for a faster LCA of a complete construction
project. Simultaneously, the evolution of modern architecture towards an increased formal
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complexity has incremented the use of Computer Aided Architecture Design (CAAD) tools,
such as Rhino and Grasshopper. Parametric design tools, which are used in digital
fabrication, have a high formal flexibility and data uncertainty during design, therefore,
they require alternative LCA approaches. As a result, initial studies have developed
design-integrated LCA parametric tools (Hollberg and Ruth, 2016). Alternatively, a second
approach consists in the elaboration of design guidelines based on LCA results. The
European Commission’s report “Environmental Improvement Potentials of Residential
Buildings” (Nemry and Uihlein, 2008) and the Spanish guidelines on eco-design in
building materials (IHOBE, 2010) are some examples of this approach. This paper focuses
on this last LCA method to establish basic design guidelines applied to digital fabrication
in architecture.
In the application of the LCA framework to digital fabrication, defining the functional unit
is the most critical aspect. Many digitally fabricated projects present additional functions
to their structural function that add difficulty to their evaluation. For instance, an
emblematic project, such as the Gantenbein Vineyard Façade made by Gramazio and
Kohler (Gramazio and Kohler, 2008), is not only a façade with structural properties. It
interacts with the surroundings and provides additional functions, such as light, thermal
and visual effects that give added value to the architecture (Moussavi and Kubo, 2006).
The difficulty of assessing these types of projects consists of finding a conventional
construction system that concentrates the different functions. Therefore, for each project,
a detailed study to tailor the functional unit is needed. In this study, the functions that
are assessed are the performance functions, such as acoustics, insulation and lighting,
which can be achieved in conventional construction through the addition of a material or
component that will provide the specific function. The most difficult additional function,
i.e., the aesthetics and the additional benefits of an aesthetic design, such as longer service
life, will not be considered in this study because it relies on too much approximation.
Nevertheless, all efforts will be made to keep a similar aspect between functional units, as
recent studies have highlighted the potential environmental benefits of aesthetics (Nielsen
and Wenzel, 2002).
From different digital fabrication projects studied, three representative digitally
fabricated building elements were selected for the present study. Specifically, classic
building elements constructed with innovative additive processes were included: a wall, a
roof and a slab floor. The projects were assessed and compared with three conventional
construction systems with equivalent functions. The selection of the relevant data for the
life cycle inventory (LCI) was collected from different case studies, digital fabrication
literature and environmental data present in publications related to the field.
Additionally, most of the data related to digital fabrication processes and technologies was
collected in collaboration with the NCCR Digital Fabrication research group. The life cycle
impact assessment (LCIA) was performed in the software SimaPro 7.3 using the Ecoinvent
database v2.2 (Hischier et al., 2010). The method Recipe Midpoint (H) V1.06 (Goedkoop et
al., 2009) was used for the assessment. Table 2.1 shows the selected midpoint impact
categories.
Table 2.1 Selected midpoint impact categories from the method Recipe Midpoint (H).
LCIA method Recipe Midpoint (H)
Impact category

Units

Climate change

kg CO2 eq.

Ozone depletion

kg CFC-11 eq.

Human toxicity

kg 1.4-DB eq.

Terrestrial acidification

kg SO2 eq.

Freshwater eutrophication

kg P eq.
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Terrestrial ecotoxicity

kg 1.4-DB eq.

Freshwater ecotoxicity

kg 1.4-DB eq.

Water depletion

m3

Metal depletion

kg Fe eq.

Fossil depletion

kg oil eq.

2.2.4 Case studies
The three case studies presented below establish a comparison between three digital
fabrication projects and three classic building elements with the same function. The
assessment of the projects includes the production of materials and construction phase,
moreover, the first case study includes the use phase. The end of life is not considered, but
it is discussed in the last section of the paper.

2.2.4.1 Wall
The digital fabrication project selected for the assessment was a self-shading brick wall
modelled by computational design and constructed by an in-situ robotic arm. Research in
geometry and performance innovation in ceramic building systems through design robotics
performed by S. Andreani and M. Bechthold from Harvard University was taken as a
reference. The study investigates mass-customization methods for the creation of dynamic
ornamental effects and the reduction of thermal gain on façades with brick cladding.
Computational design methods and robotic fabrication technologies are integrated with
traditional methods of masonry. Custom brick shapes are used to optimize assembly
configuration, creating shading on the wall surface that contributes to the improved
thermal performance of the façade (Andreani and Bechthold, 2014).
System boundaries
In this case study, we assessed the environmental impacts associated with raw material
extraction, digital technologies and building materials production, robotic assembly and
operation energy of the wall (EN 15978 modules: A1-A3, A5, B6). The self-shading project
studies the potential of digitally fabricated geometric articulations to reduce the heat gain
of a façade during operation; therefore, the use phase was included in the assessment. The
location of the project is the United States, hence the LCI includes US data from Ecoinvent
database.
Functional unit
The functional unit of the case study was 1 m2 brick façade with a specific structural and
thermal performance. In the current evaluation, two systems were compared: a 1 m2 selfshading brick wall constructed with digital fabrication techniques and 1 m2 of a wall
system with a similar brick masonry aspect and the same structural and thermal
performance. For the functional unit definition, the physical performance (structural and
thermal) and the building materials of the wall systems were considered.
Data collection
The basic material composition of the self-shading wall was plain clay bricks with 5x11x14
cm dimensions assembled leaving 1 cm of cement mortar joints. In total, 111 bricks were
included in 1 m2 of the wall, with an average density of 2,300 kg/m3. Additionally, 10% of
the mass of brick was included for the creation of the self-shading effect. The remaining
volume corresponded to the cement mortar, including 53 kg of cement with a density of
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2,162 kg/m3. In the conventional wall, the same type of brick was considered, with an
additional insulation in the interior (Figure 2.3). The calculation of the insulation
thickness showed that approximately 1.5 cm of EPS was required to achieve the same
thermal performance as the self-shading function during the use phase.

Figure 2.3 Self-shading brick and conventional brick with insulation wall sections.

The life cycle inventory (LCI) of the self-shading system included the embodied energy of
the digital fabrication technologies (construction robot, laptop computer and sawing tool).
The production data of the construction robot were obtained from the prototype “In-Situ
Fabricator” in collaboration with the NCCR Digital Fabrication research group. The
impacts of the robot production process were studied via the mass of the composition
materials, presented in Table 2.2. Due to the uncertainty in the service life of the
construction robot, the data of 10 years was based on the service life of a mini-excavator.
Table 2.2 Material composition and ecoinvent processes used for the construction robot (kg/unit)
Flow

Category

Unit

Amount

Steel, low-alloyed, at plant

Material

kg

570.6

Steel, electric, un- and low-alloyed, at plant

Material

kg

120.6

Cast iron, at plant

Material

kg

119.5

Copper, primary, at refinery

Material

kg

35.55

Aluminum, production mix, at plant

Material

kg

37.70

Alkyd paint, white, 60% in H2O, at plant

Material

kg

1.65

Epoxy resin, liquid, at plant

Material

kg

4.35

Polyvinylchloride, suspension polymerized, at plant

Material

kg

16.41

Polyurethane, flexible foam, at plant

Material

kg

0.31

Tin, at regional storage

Material

kg

0.14

Lead, primary, at plant

Material

kg

0.08

Nickel, 99,5%, at plant

Material

kg

0.05

Silver, at regional storage

Material

kg

0.004

Gold, primary, at refinery

Material

kg

0.001

Synthetic rubber, at plant

Material

kg

40.0

Lubricating oil

Material

kg

40.0

Battery, LiIo, rechargeable, prismatic, at plant

Material

kg

50.0
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For the data inventory of the laptop computer required, the process of a laptop computer
production from the Ecoinvent database (Weidema B. P., 2013) was included. Additionally,
the production of mass-customized bricks required a saw tool that attached to the robot to
cut the bricks into the desired shape. For the production process of the diamond wire
cutting tool, data from the composition of a 500 mm saw collected in literature were taken
as a reference (Ioannidou et al., 2014).
The energy consumption of the robot and laptop computer (Deng et al., 2011) during
construction required the addition of US electricity data from the Ecoinvent database to
the LCI. The power supply of the robot was two Li-ion rechargeable batteries with a
capacity of 5.12 kWh. The construction time was calculated based on two seconds of cutting
and 30 seconds of assembling per brick. Additionally, two minutes were added every 50
bricks for robot positioning. The construction of the conventional wall system involves
manual labor. However, energy requirements and emissions related to human life
typically are not included in environmental analysis (Zhang and Dornfeld, 2007). Table
2.3 presents the processes included in the LCI of the digitally fabricated system
production.
Table 2.3 Life cycle inventory of the self-shading wall construction process (1 m2)
Flow

Unit

Amount

Construction robot (see Table 1)

p

2.26 10-5

Laptop computer, at plant

p

7.54 10-5

Diamond cutting tool (see Appendix A)

p

1.40 10-6

Brick, at plant

kg

216.4

Cement mortar, at plant

kg

52.8

Electricity, medium voltage, at grid

MJ

36.6

The operation energy of the systems was calculated based on the residential cooling
consumption system present in Shah et al. (2008). The house model taken as a reference
is located in Texas (US) due to the high effectiveness of self-shading systems in hot
climates. For the energy consumption calculation, a house with 230 m2 of opaque façade
and 4240 kWh of cooling electricity consumption per year during 50 years of use was
considered. From the total energy demand, only 20%, corresponding to the walls heat gain,
was included (Government of South Australia, 2015). Additionally, a 16% reduction of the
cooling energy demand was considered in both wall systems due to the thermal effect of
shading and insulation (Andreani and Bechthold, 2014). Therefore, a total operation
energy of approximately 559 MJ was added to the LCI.

2.2.4.2 Floor
The second digital fabrication project selected was a fiber-reinforced concrete slab floor
designed by integrating computational design and new insights from material science.
Innovative computational approaches integrate structural form-finding in design, offering
new possibilities for formal expression and material-reducing approaches for the
construction of complex structures (Rippmann and Block, 2013). The “Rib-stiffened
funicular floor system” (BLOCK research group, ETH Zurich, 2014) consists of a thin
funicular vault stiffened by a system of rib walls on its extrados. The structural prototype
rests on four supports completed with tension ties, which link the supports and absorb the
horizontal thrusts of the funicular shell. The structural system is implemented and
constructed in high-performance, self-compacting, fiber-reinforced concrete (SCFRC),
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designed to work in high compression strength. SCFRC enables the casting of a 2 cm tick
vault and ribs to resist asymmetrical loading (López López et al., 2014).
System boundaries
In this case study, we assessed the environmental impacts from the extraction of raw
materials up to the construction site (EN 15978 modules: A1-A3). The concrete vault
focuses on structural form-finding for resource-efficient construction. Therefore, the
evaluation of this floor system was specifically focused on the design phase and material
usage. The location of the project is Switzerland, hence the LCI includes CH data from
Ecoinvent database.
Functional unit
The functional unit of the case study was 1 m2 of a concrete floor structure with a specific
structural performance. Two systems were compared: 1 m2 of the fiber-reinforced concrete
vault designed by computational design and 1 m2 of conventional reinforced concrete slab
used both as the building floor structure. In the definition of the functional unit, functional
and material factors were considered.
Data collection
The rib-stiffened funicular floor system has a total area of approximately 2.7 m2 and a
maximum span of 2.8 m (Figure 2.4). Four high performance steel tension ties of ø5 mm
are needed to counteract the vault forces on the four supports. The main composition of
the vault is self-compacting, fiber-reinforced concrete (SCFRC) with a density of 2,427
kg/m3, designed to exhibit high compression strength. The total volume of concrete
employed in the structure is 0.13 m3 (López López et al., 2014). Table 2.4 shows the recipe
for 1 m3 of the SCFRC compared to 1 m3 of standard concrete:
Table 2.4 Recipe SCFRC concrete adapted from López López et al. (2014) and “normal concrete, at plant”
from Ecoinvent database (1 m3).
Flow

Unit

SCFRC

Standard concrete

Portland cement, strength class Z 52.5, at plant

kg

923.2

Portland cement, strength class Z 42.5, at plant

kg

Microsilica (see Appendix A)

kg

64.6

Gravel round, at mine

kg

1,135.5

1890

Tap water, at user

kg

230.8

186

Plasticizer (see Appendix A)

kg

21.2

Steel, low-alloyed, at plant (microfibers 12 mm)

kg

78.5

300

We compared the previous project with a bidirectional reinforced concrete slab. The
conventional floor assessed had 5.5 meters of span and a total area of approximately 30
m2. The basic material composition was B500B steel reinforcement coated and C25
concrete. Considering 1 m2 of the structure, 18.5 kg of “steel, low-alloyed, at plant” and
0.218 m3 of “concrete, normal, at plant” were included in the LCI (see Appendix A).
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Figure 2.4 Perspective section of the structural prototype of the “Rib-stiffened funicular floor system”
(López López et al., 2014).

2.2.4.3 Roof
The third digital fabrication project selected was the wooden roof of the future
Arch_Tec_Lab of the Institute of Technology in Architecture (ITA). “The Sequential Roof”
(Gramazio Kohler Research, ETH Zürich, 2010-2016) consists of 168 single trusses, which
are woven into a 2,308 square meter freeform roof design. The structure has been
constructed using digital fabrication methods, and 48624 timber slats of approximately
100-150 cm in length have been robotically assembled to create the large-scale load
bearing structures. The project demonstrates the potential of combining digital fabrication
technology applied at full architectural scale with timber as a local and natural building
material. The mechanized assembly of the wood structures allows for a reduction in the
construction time from manual assembly and has potential interest with regard to the use
of recycling waste wood (Willmann et al., 2016).
System boundaries
In this case study we assessed the environmental impacts associated with the extraction
of raw material, digital technologies manufacturing, building materials production and
the prefabrication process of the roof elements (EN 15978 modules: A1-A3, A5). The
Sequential Roof project focuses on the efficiency of the construction process. Furthermore,
the structure is endowed with additional functions (finishing and acoustic performance)
to their main structural function, allowing the elimination of additional elements, such as
hanging ceilings. For those reasons, the assessment was focused on the production phase.
The location of the project is Switzerland, hence the LCI includes CH data from Ecoinvent
database.
Functional unit
The functional unit of the case study was 1 m2 of the roof structure. Two systems were
compared: 1 m2 of computationally designed and robotically assembled wood roof and 1 m2
of conventional wood roof structure with hanging ceiling. In the definition of the
conventional functional unit, structural and functional factors (e.g., acoustic performance)
as well as building materials were taken into consideration.
Data collection
“The Sequential Roof” is composed of trusses of C24 fir/spruce wood (Figure 2.5). The roof
has a total wood volume of 384 m3, including 70 kg of wood per m2. The wood sticks were
robotically assembled using 815,984 nails with 90 mm length and ø3.4 mm steel nails. The
digital manufacturing process of the 168 trusses was performed by a custom six-axis
overhead gantry robot in the manufacturer’s factory (Willmann et al., 2016). The life cycle
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inventory (LCI) of the digitally fabricated roof includes the embodied energy of the robotic
infrastructure in factory. The material composition of two robotic arms and data from a
desktop computer (Williams and Sasaki, 2003) were included in the assessment. The
lifespans considered for both technologies were 10 and 5 years. Finally, the energy
consumption of both technologies during 12 hours of production was included in the data
inventory. The electricity data were taken from the Ecoinvent database (Weidema B. P.,
2013).
The conventional roof system was composed by different elements. The basic wood
structure was formed by 0.3x1x15 m Glulam spruce beams and 0.1x0.22x4 m joists. The
beams were positioned with an interspace of 4 meters, and the joists were placed every 0.8
meters. The joists were connected to the beams with galvanized steel hangers with
dimensions 0.1x0.16x0.16 m. The wood structure was covered by 19 mm of water-proof
particle board. This panel was attached to the structure with steel nails of 90 mm length
and ø3.4 mm. In addition, a hanging ceiling finished the structure and protects the
acoustics. The ceiling was composed of 0.6x1.2 m laminated wood boards and a structure
of galvanized steel profiles hanging from ø8 mm steel bars. Additionally, the interior face
of the ceiling contained 5 cm of rockwool acoustic insulation. Details of the LCI are
available in Appendix A.

Figure 2.5 Section of the structural prototype of “The Sequential Roof” (Gramazio Kohler Research, ETH
Zürich).

2.2.5 Results
The results from the analysis of the digital fabrication process and their comparison with
conventional construction are detailed below. Furthermore, the optimized case studies
present additional results.

2.2.5.1 Wall
Environmental impact of the digital fabrication project
The environmental assessment of the self-shading wall was divided into four processes:
brick production, cement mortar production, digital fabrication technologies production,
and electricity consumption during construction. Figure 2.6 graphically depicts the
relative contribution of each process to the overall environmental impact of the
construction of 1 m2 of self-shading wall. The highest impact of the robotically fabricated
façade is attributed to brick production. The electricity consumption during the robotic
construction process remains relatively high; however, this factor varies considerably
depending on the method of electricity generation. Nevertheless, the relative impact of the
production of digital fabrication technologies is very low in all midpoint indicators. This
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impact is almost 5% higher in human toxicity due to the use of lithium batteries, and it
represents 10% metal depletion due to the steel composition of robots. In conclusion, the
environmental assessment indicated that the relative sustainability of a self-shading
façade depended primarily on the brick production process.
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Figure 2.6 Relative contributions to the total environmental impact of the production of 1 m2 of self-shading
wall.

Comparative LCA with conventional construction
In this section, we compared the environmental impact of digital fabrication with
conventional construction. Specifically, the comparison was related to the impact of the
production and operation of the two façade systems applied to a familiar house situated in
Texas (US). Figure 2.7a shows that the self-shading façade has higher environmental
impact than a conventional façade with equal structural and thermal performance. In
particular, the 10% extra brick needed for the self-shading function is the largest
contributor to the difference in impacts. Similarly, after 50 years of operation, the selfshading façade continues having higher contributions. However, in this case, the
difference between the relative impacts of the two walls decreases (Figure 2.7b). The
results confirmed the high influence of the production phase in the global impact of a
building element.
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Figure 2.7 Comparison of the environmental impacts of 1 m2 of the self-shading wall and a conventional
brick wall, considering (a) the production process and (b) the production and operation phases.

Sensitivity analysis
Given the previous results, a sensitivity analysis of the environmental performance in
relation to material usage was essential to study the possibilities of achieving lower
environmental impacts than conventional construction. The high impact of the brick
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production process on the life cycle of the digital fabrication façade highlighted the need
for a reduction in the additional amount of brick used to create the self-shading effect.
Figure 2.8 graphically depicts how the CO2 emissions during production and operation
decrease proportionally to the reduction of brick used for self-shading. The study of the
production process presented by S. Andreani and M. Bechthold indicated that the
minimum cutting angle to create shading effect on the bricks was 8° (Gramazio et al.,
2014a). At this angle, only 3% additional brick was required for the digitally fabricated
façade. Therefore, an optimized design would bring an improvement on the environmental
performance of the self-shading brick façade. However, even reducing the structural
capacity of the self-shading wall to achieve the same amount of brick as in the conventional
system, the CO2 emissions are still higher (194.73 kg CO2 eq.).
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Figure 2.8 Climate change impacts of the wall systems during production and operation, depending on the
% of extra brick considered for the self-shading façade.

Despite the preceding material sensitivity analysis, we conducted a further study on the
production process of both walls to determine if possible environmental benefits could be
achieved with the optimization of the digital fabrication process. For this assessment, we
considered that the self-shading wall had a minimum 3% additional brick to create the
thermal function and conserve the same structural performance as the conventional wall.
Figure 2.9 shows the results of the comparison of CO2 emissions associated with the
production of the digitally fabricated and the conventional wall. We observe that the
digital fabrication process is responsible for 7.92 kg CO2 eq. and the additional 3% brick
for 1.4 kg CO2 eq. Simultaneously, the graph shows that the environmental impact of the
EPS insulation is only 0.83 kg CO2 eq. Therefore, the thermal function in the conventional
system has a low environmental impact that cannot compensate the impact of the selfshading production. As a result, in this case study digital fabrication did not provide
environmental benefits.
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Figure 2.9 Relative contribution of each process involved in the self-shading and conventional system
production to climate change impact.
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2.2.5.2 Floor
Environmental impact of the digital fabrication project
The ultra-thin concrete structure without reinforcing bars is composed of highperformance, self-compacting, fiber-reinforced concrete (SCFRC) with special properties.
Figure 2.10 graphically depicts the comparison of CO2 emissions derived from the
production of 1 m3 of SCFRC and the same volume of a ready-mix concrete with CEM I
42.5. The graph shows that the impact of high-performance concrete production is greater
than conventional concrete. This impact can be attributed to the use of approximately
three times the standard amount of cement per m3 in the composition of the SCFRC (see
Table 3). Simultaneously, Figure 2.11 shows the comparison of climate change emissions
related to the functional unit of the case study (1 m2 of both floor systems). This analysis
establishes that the CO2 emissions of the computationally designed vault are 50% lower
than the conventional floor. Published literature related to the environmental analysis of
ultra-high performance fiber-reinforced concrete presented similar results. Due to the
difference between the two solutions at the cubic meter scale, a much lower volume is
needed in the project with SCFRC. Moreover, high-performance concrete has a higher
durability than traditional concrete (Habert et al., 2013). Therefore, the results
highlighted the environmental benefits of concrete optimization in architecture.
1000

Concrete, normal

900
kg CO2 eq.

800
Self-compacting fiberreinforced concrete
(SCFRC)

700
600
500
400
300
200
100
0

kg CO2 eq.

Figure 2.10 Relative contribution to the climate change category of 1 m3 of SCFRC and 1 m3 of concrete,
normal, at plant.
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Figure 2.11 Relative contribution to the climate change category of 1 m2 of the “Rib-stiffened funicular floor
system” and 1 m2 of a conventional reinforced concrete floor.

Comparative LCA with conventional construction
The results of the comparison indicated that the concrete vaulted floor system had
approximately 75% less self-weight than a 22 cm bidirectional concrete slab floor. The
concrete vaulting within the slab system reduced concrete consumption by 32% per m2 and
steel consumption by 76% per m2. Furthermore, the use of lightweight vaults as floor
structures may considerably reduce the load and material requirements in building
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supports and foundations. Figure 2.12 shows the environmental comparison of the “Ribstiffened funicular floor system” and a conventional concrete slab. The analysis shows that
the relative contribution of the ultra-thin vaulted structure to the environmental impacts
is approximately 50% lower than the reinforced slab. Particularly, the impact of the
vaulted floor to metal depletion is less than 25% due to the elimination of steel
reinforcement and its replacement by steel fibers in the concrete.
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Figure 2.12 Comparison of the environmental impacts of 1 m2 of the “Rib-stiffened funicular floor system”
and a conventional reinforced concrete slab.

This case study demonstrated the advantages of a performative computational design for
efficient material consumption in high-performance structural applications. Through
computational structural optimization, digital fabrication can reduce the amount of highly
industrialized materials such as steel or concrete, gaining significant environmental
benefits.

2.2.5.3 Roof
Environmental impact of the digital fabrication project
The results from the environmental assessment were broken down into four processes:
spruce timber production, low-alloyed steel production, digital fabrication production and
electricity consumed during construction. Figure 2.13 describes the relative contribution
of each process to the overall environmental impact of “The Sequential Roof” construction.
The results indicate that more than 95% of the environmental impacts associated with the
robotically fabricated roof are caused by materials production. Specifically, timber
production has a relative contribution of approximately 70% in most of the midpoint
categories. However, in metal depletion, steel production has the largest contribution.
Simultaneously, the graph shows that the energy consumption during construction has a
relative impact lower than 10% in all the indicators. The direct impacts of the electricity
use are low because the production process in Switzerland, where the electricity
generation mix is made by 55% hydropower, 40% nuclear, 4% biofuels and waste and only
2% natural gas (International Energy Agency, 2012). Similarly, the relative impact of the
production of digital fabrication technologies is less than 2% in all midpoint categories. In
conclusion, the analysis proved that the impact of digital fabrication is negligible
compared to the impact of the timber and steel manufacturing processes.
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Figure 2.13 Relative contribution of each process to the total environmental impact of the production of 1
m2 of “The Sequential Roof”.

Comparative LCA with conventional construction
We compared the life cycle of the digitally fabricated roof structure with a conventional
wood system composed of a roof structure and hanging ceiling. Figure 2.14 graphically
depicts the environmental impacts of both production processes. “The Sequential Roof”
production shows clear environmental benefits. Specifically, the difference between the
environmental impacts of the construction systems is between 30 and 40% in all
categories. For example, in climate change, the CO2 emissions of “The Sequential Roof”
are more than 40% lower than the conventional roof.
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Conventional
roof
The Sequential
Roof

Figure 2.14 Comparison of the environmental impacts of 1 m2 of “The Sequential Roof” and a conventional
roof structure.

This case study demonstrated the advantages of a computational design and robotic
assembly of small elements for the creation of structural elements. Additionally, the
combination of different functions in a single element allowed for a more efficient and
material-efficient construction process. Through digital fabrication, significant
performance, economic and environmental benefits were gained.
Sensitivity analysis
During the definition of the functional unit, a hanging ceiling with insulation was added
to the conventional roof structure to achieve the acoustic and finishing functions
integrated in the structure of “The Sequential Roof”. Figure 2.15 classifies the overall
environmental impact of the conventional roof in the two production processes.
Specifically, we observe that the hanging ceiling panel has high contributions to most of
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the environmental impact categories. Therefore, the variability of its composition may
alter the comparative results.
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Figure 2.15 Relative contribution of each process to the total environmental impact of the production of 1
m2 of conventional wood roof.

To evaluate the variability of the results depending on the constructive solution, the
projects were compared by adopting different hanging ceiling solutions in the conventional
roof. Originally, the ceiling typology was composed of a steel structure, rock wool
insulation and laminated wood. We introduced a variation on the building materials and
thickness of the last two. For the indoor layer, two solutions were assessed: 16 mm
laminated wood and 12 mm plywood. The type of the insulation layer varied between rock
wool, glass wool and cellulose fiber in 4 different thicknesses between 40 and 100 mm. In
total, 24 additional solutions were considered for the conventional roof and were compared
with the environmental impact of “The Sequential Roof” (see Appendix A).
The impacts of “The Sequential Roof” were lower in all midpoint categories. Figure 2.16
shows the variability of the environmental impacts of the conventional roof and their
difference with the digitally fabricated roof. Most of the impacts of the conventional roof
are approximately 50% higher than “The Sequential Roof”. However, in fossil depletion,
the impact of the conventional roof duplicates the digitally fabricated roof due to the larger
use of resources during materials production. Simultaneously, the variability of the
impacts depending on the hanging ceiling solution has a small influence on the results. In
terrestrial ecotoxicity, the standard deviation is 43% due to the higher impact of the
plywood panel solution. However, even considering the worst hanging ceiling solution, the
environmental impacts of the conventional roof are larger. Therefore, the variability of the
hanging ceiling composition has a negligible effect on the comparison.
250%
200%
150%
100%
50%
0%

73 | General guidelines for digital fabrication

Conventional
roof
The Sequential
Roof

Figure 2.16 Comparison between “The Sequential Roof” and conventional roof for different environmental
impact categories. Error bars represent the standard deviation of the impacts, depending on the hanging
ceiling solution considered.

2.2.6 Synthesis and Guidelines
Following the key parameters identified from the previous results are presented and
discussed.
Environmental impact of digital fabrication process is negligible
The results of the evaluation indicated that the energy and resource consumption of the
robotic fabrication processes contributed minimally in terms of energy and environmental
impacts. The first and third case studies highlighted the low relative impact of digital
fabrication compared with materials production. Specifically, the production of digital
fabrication technologies had a negligible impact on all midpoint categories from both case
studies. Additionally, the relative contribution to environmental impacts of the robotic
construction process was low, especially in the roof analysis, because of the Swiss
electricity mix. As several studies have proven, the construction phase (including the use
of temporary materials and equipment on-site) has a very small contribution to the life
cycle impacts of a building. For example, Hong et al. (2014) stated that direct emissions
derived from on-site construction were small (2.42%) compared to the indirect emissions
embedded in the production of building materials (97.58%). Junnila et al. (2006) presented
similar results, where the materials production accounted for 10% of the energy
consumption and CO2 emissions, whereas the construction phase had an environmental
impact of approximately 1.5% compared to the overall life cycle emissions. Moreover,
related literature, such as Mao et al. (2013) and Wen et al. (2015), demonstrated that GHG
emissions derived from the construction phase were even more reduced in prefabricated
processes.
In this research, we focused on the additional impacts induced using digital fabrication
and we showed that these additional impacts were also negligible. The environmental
impact of the construction phase was reduced to the electricity consumption by a robot and
a computer during construction. The case studies were simplified assuming that the
impacts of conventional use of temporary materials and equipment on-site were equal and
negligible in both architectural elements compared, and therefore, were excluded from the
LCA comparison. Generally, the use of digital fabrication technologies does not exclude
on-site construction processes, such as equipment or transport, which are typically used
in conventional construction. Robotic fabrication processes are used additionally to avoid
manual construction of specific customized structures, which would require long
construction times and specialized labor due to their high formal complexity. A common
argument against the use of digital fabrication is the increase of energy consumption in
construction, which derives in environmental emissions. However, this study
demonstrated that material optimization should be the focus of designers to achieve
environmental benefits in digital fabrication.
Digital fabrication allows the integration of additional functions in the
structure
We observed that in many projects, digital fabrication allows the integration of additional
functions in the structure. This integrated performance provides added value to
architecture and potential material savings. However, in some architectural projects,
additional functions can increase the requirement of material for the primary function,
which might be disadvantageous from an environmental point of view. The first case study
showed environmental disadvantages in the use of the digital fabrication processes during
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the production of brick façades. An important factor in the comparison was the additional
thermal function represented by the self-shading effect and compared with the insulation
in the conventional system. The analysis showed that the EPS insulation had a small
influence on the global environmental impact of the wall compared to the additional brick
and digital fabrication process needed for the creation of a self-shading effect. Therefore,
the integration of an additional thermal function in the structure did not provide
environmental benefits because the equivalent function in the conventional wall had a low
environmental impact.
In contrast, the third case study demonstrated the advantages of integrating additional
functions with high environmental impact in the structure. Specifically, the results
showed that the hanging ceiling was responsible for approximately 40% of the impact.
Therefore, the integration of finishing and acoustic functions in the roof structure allowed
a material-reductive construction process, beneficial from an environmental point of view.
In conclusion, the integration of additional functions in digitally fabricated structures only
provided environmental benefits when the equivalent function in the conventional system
had a high environmental impact. Consequently, in digitally fabricated projects, the
integration of additional functions in the structure can compensate a higher material
requirement for the structural performance of the building element.
Digital fabrication allows the optimization of material use
The manufacture of building materials represents 5-10% of the global CO2 emissions
(Habert et al., 2012). Within this sector, cement and steel are the main contributors to
high primary energy demands and CO2 emissions (Zabalza Bribián et al., 2011). The
environmental impact of a project depends greatly on the choice of materials and adequate
optimization of material usage during design. By integrating digital technologies and new
insights from material science, conventional techniques are modified to create materialreducing approaches that contribute to the reduction of environmental impacts.
Innovative computational approaches integrate structural form-finding in design, offering
new possibilities of formal expression and addressing resource efficiency in architecture
(Rippmann and Block, 2013). The second case study demonstrated the advantages of
performative computational design to control material consumption in high performance
structural applications. Through computational structural optimization and by using high
performance fiber reinforced concrete, a significant reduction of material was achieved.
This reduction of concrete and reinforcing steel, compared to a conventional structure with
the same function, reduced considerably the environmental impact. Therefore, digital
fabrication can reduce the amount of highly industrialized materials (high environmental
impact) through form finding optimization.
Environmental consideration of the end of life
The end of life of structures is rarely the phase that contributes the most to environmental
impacts (Blengini and Di Carlo, 2010), except when a waste impact category is used in the
method, which is not the majority of the impact calculation methods (Lasvaux et al., 2016).
Furthermore, digital fabrication will provide similar results as conventional fabrication
because it uses the same materials, therefore, the demolition process and recycling will
not be different. However, there might still be pollution transfer between impact
categories. For instance, considering the brick wall, the additional inert waste generated
at the end of life of the shaded wall must be balanced with the energy (electricity) reduction
that occurred during the operation of the building. Those two processes are affecting
different impact categories, and therefore, a decision will have to be made by selecting
which impact category is the most important. Note that it could also be assessed through
a land use impact category balancing the square meters of landfill used by the brick
compared to the square meters saved in terms of renewable energy (Hertwich et al., 2015).
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Considering “The Sequential Roof”, the additional wood used for the structure could
improve the existing comparison between the digitally fabricated and conventional
structure. Actually, if the avoided impact linked with the use of wood as a heating source
to avoid electricity or fossil fuel is considered, the digitally fabricated roof will be even
better than a conventional wooden roof using glue laminated beams, which cannot be
easily burnt. As a conclusion, for the three specific cases studied, considering the end of
life will not drastically change the results, but it would increase the level of the hypothesis,
which is already quite high due to the difficulty of the definition of the functional unit. The
end of life scenario will be added to the uncertainty without being sure (at least for those
three case study) that it has a strong influence.
Finally, the consideration of the end of life cannot be reduced to the end of life of the built
structure; the end of life of the infrastructure must be considered. A substantial difference
between the two constructive techniques is the addition of robots and computers on the
construction site. These innovative building technologies increase the demand of metal
consumption, leading to a concern about resources depletion and supply risks (Robinson,
2009). For instance, the replacement of CRT monitors with LCD displays reduces lead
demand but increases the use of mercury, indium, tin and zinc (ITU, 2012). The use of
rare earth elements in electronics has grown rapidly in recent years. These metals are
sometimes mined in a limited number of countries (e.g., China or Japan) at long distances
from the main importers. Consequently, metals become vulnerable to potential supply
restrictions resulting from natural disasters, regulation and trade issues, leading to
concerns about supply risks and economic consequences (Nansai et al., 2014). However,
other industrial sectors consume more rare materials than digital fabrication, for instance
the manufacturing of low carbon technologies. Therefore, technologies employed in the
construction sector, such as solar panels, have higher criticality risk than digital
fabrication technologies (Roelich et al., 2014). The potential consequences of this extra
metal requirement should be evaluated considering the full socio-economic system without
reducing the study to the project level. Other methods could be used, such as hybrid LCA
and criticality assessment, but this analysis is beyond the scope of this study.

2.2.7 Conclusion
In this study, we analyzed three different case studies using digital fabrication as an
innovative construction process. The case studies represented three typical construction
elements, and each was compared to the conventional building element with a similar
function. From the LCA results, criteria to consider during design were identified and
discussed. The goal of these criteria is to develop a better understanding of digital
processes at the building scale, establishing the knowledge base for the development of
environmental guidelines to help designers make better-informed and more sustainable
choices in the implementation of digital fabrication.
One of the main conclusions extracted from the analysis was that the impact of digital
fabrication processes was negligible compared to the materials manufacturing process.
This means that any digital fabrication project that can save materials compared to
conventional construction will allow for reduction of environmental impacts. Furthermore,
the study highlighted the opportunities for integrating additional functions in digitally
fabricated structures to reduce the overall environmental impact of these multi-functional
elements. However, the integration of multiple functions allowed great savings only when
these functions had a large environmental impact. This is the case for two out three of the
studied projects. Finally, the second case study demonstrated that digital fabrication can
reduce the amount of highly industrialized materials. An important reduction on
environmental impacts was achieved through computational structural optimization.
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2.3 Discussion
This section aims to discuss two of the main findings of this chapter in relation to related
publications. On the one hand, the impact of digital fabrication processes compared to the
impact of materials is discussed and the importance of material efficiency is highlighted.
On the other hand, the environmental potential and implications of digitally fabricated
architecture that is structurally optimized are discussed. The structural optimization
usually implies an increase of architectural complexity, which sustainability opportunities
are further investigated in chapter 3.

2.3.1 Impact of construction vs Impact of material production
The research presented in this chapter confirms that the production of digital technologies
(e.g. robotic arms) as well as the electricity used during construction contribute marginally
to the overall environmental impact of digitally fabricated building elements and that
most of the impacts come from the quantity and type of building materials used. Recent
publications regarding the evaluation of environmental impacts in additive
manufacturing processes have shown similar conclusions. For instance, Le Bourhis et al.
(2014) proposes a predictive model for environmental assessment of additive
manufacturing (AM) during design. The application of the methodology to evaluate a case
study demonstrates that the environmental impact caused by electrical consumption is
not the most impacting compared to material consumption. Similarly, Priarone et al.
(2017) shows that the impacts related to material usage are usually dominant in AM with
electron beam melting (EBM). The life cycle-based evaluation performed in this study
confirms that AM can be the best strategy from an environmental perspective when
complex geometries are manufactured. AM enables larger amount of material savings
during manufacturing compared to conventional machining.
However, Priarone et al. (2017) also specify that when a small amount of material is
processed, the energy intensity of AM may have a negative effect on the environmental
performance. As an example, the LCA carried out in Faludi et al. (2017) for the evaluation
of a small 3D printed specimen concludes that the process electricity consumption
dominate the environmental impacts. Nevertheless, this conclusion rarely applies to
digital fabrication in construction because construction processes require large amounts
of material with high environmental impact (e.g. concrete). Published studies related to
conventional construction have shown that the construction phase has usually very small
contribution to the life-cycle impact of buildings. For instance, Hong et al. (2014) and
Junnila et al. (2006) show that direct emissions derived from on-site construction account
for approximately 2% of the overall life cycle emissions. A common argument against the
use of digital fabrication in construction is the increase of energy consumption due to
robotic and high-tech construction techniques. However, current studies allow to rule out
this argument and push designers and material scientists to focus much more intensively
on material optimization within additive construction.

2.3.2 Environmental potential through structural optimization
The research conducted in this chapter demonstrates that digital fabrication techniques
enable the production of complex architectural geometries efficient in material use. Novel
computational approaches integrate structural optimization in form-finding design,
placing material only where is structurally needed (Liew et al., 2017). Several publications
have pointed out the potential of digital fabrication to reduce material consumption
through structural optimization. For instance, Díaz Lantada et al. (2017) highlights the
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eco-efficiency benefits of 3D printed complex geometries to optimize mechanical
performance and quantity of material. Also Labonnote et al. (2016) specifies the potential
of structurally optimized non-standard geometries to bring material savings and weight
reduction in load bearing applications. Finally, Wangler et al. (2016) expects high
sustainability benefits in concrete construction, derived from an efficient design with
digital fabrication techniques. Nevertheless, the production and optimization of complex
concrete structures through digital fabrication techniques often relies on high cement
content.
High-performance concrete ensures early strength and buildability without the need for
coarse aggregates, which use is usually restricted due to limitations in 3D printing
technologies. Given that the environmental impact of concrete increases by augmenting
cement content per cubic meter, the volume reduction has to be more effective to achieve
sustainability benefits (Habert et al., 2012). For digitally fabricated structures, the
combination of high performance concrete and volume reduction through structural
optimization proves to be effective. For instance, the evaluation of the “Rib-stiffened
funicular floor system” shows that digitally fabricated concrete structures can achieve
approximately 50% reductions in environmental impacts compared to conventional
construction. This optimization strategy to reduce the impact of digitally fabricated
concrete structures differs from the approach usually employed in conventional
construction. Conventional concrete structures rely on the substitution of Portland cement
by supplementary cementitious materials (SCM) to reduce their environmental impact.
However, current developments in digital concrete demand high strength and fast setting,
which is usually achieved with pure ordinary Portland cement (OPC). Both approaches
seem divergent, but appropriate SCM cement with the right admixture to achieve fast
setting could be developed. For instance, Marchon et al. (2013) showed that alkali
activators can be used in combination with a plasticizer compatible with alkali
environment to achieve early strength without losing the rheology control possibilities
offered by plasticizers.
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3 Complexity in digital fabrication
3.1 Research highlights
Recent developments in computer-aided design demonstrate strong potential to create
complex geometries in architecture. However, a gap has emerged between the possibilities
offered by architectural design and the reality of the building industry. Non-standard
architecture, especially concrete construction, requires the planning and fabrication of
complex and labor-intensive rebar geometries and formwork that are not easy to fabricate
with current construction techniques. As a result, buildings are often constrained to
standard geometries to reduce costs and enable the reuse of formwork, especially in
concrete construction (Hurd, 2005). By integrating digital technologies and developments
in material science, conventional construction techniques evolve into digital fabrication
approaches that facilitate the construction of complex structures (Khoshnevis, 2004). An
increase of shape complexity is traditionally associated with an increase of environmental
and economic costs. However, the sustainable implications of complex building elements
constructed with digital fabrication techniques should be analyzed.
The aim of this chapter is to evaluate for which level of shape complexity, digital
fabrication provides environmental and economic benefits for the construction sector.
Based on this evaluation, sustainable criteria to guide the design of complex architecture
are identified. With this objective, the research is divided in section 3.2 focused on an
environmental assessment and a section 3.3 that comprises a productivity assessment
based on cost and time analyses. Both sections include the evaluation of the “Mesh Mould”
case study (Hack et al., 2017), a robotic fabrication process for the construction of
reinforced concrete walls. This additive digital fabrication process combines concrete
formwork and reinforcement in a freeform steel mesh fabricated on-site. As a result, the
structure can be adapted from planar to complex geometries without the need for
conventional formwork. Specifically, the evaluation consists of the comparative
assessment of concrete walls with different complexity levels (from straight to doublecurved), which are constructed either with digital fabrication or conventional construction
techniques. This approach enables the quantification of the potential benefits of digital
fabrication compared to conventional construction, depending on the shape complexity of
the building element.
The evaluation results demonstrate that the environmental and economic costs of digitally
fabricated architecture do not increase with a higher shape complexity in the building
element. As shown in Figure 3.1, a wall constructed with the Mesh Mould process can
achieve high complexity without additional impacts, attributed to the avoidance of
resource-consuming and labor-intensive formwork. In contrast, at a lower level of
complexity (i.e. straight wall), conventional construction outperforms the sustainable
performance of digitally fabricated building elements. Therefore, the analyses confirm the
sustainable potential of digital fabrication for the construction of structures with a high
degree of shape complexity. However, this conclusion does not mean that non-standard
geometries have always a sustainability advantage. The research conducted in this
chapter demonstrates that when comparing complex building elements, the digitally
fabricated one has higher sustainability performance than the conventionally constructed
one. Nevertheless, it is essential to differentiate whether the shape complexity is needed
and used to reduce material or whether it has only an aesthetic purpose, which would
increase material consumption.
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Figure 3.1 Complexity-related environmental advantage of digital fabrication vs. conventional building
construction. The results are expressed in percentage of Global Warming Potential (%).

Based on the research presented in this chapter, the following sustainable guidelines for
the design of digitally fabricated architecture can be highlighted:


The sustainability benefit of digital fabrication increases proportionally to the shape
complexity: digital fabrication techniques perform better in sustainability terms than
conventional techniques for the construction of high complex structures, but less
effective for structures with standard shape.



The impact of digital fabrication is constant, independently on the shape complexity: in
contrast to conventional construction, digital fabrication techniques do not suppose
additional environmental and economic costs derived from an increase of shape
complexity in the building element.



Shape complexity must be the result of material reduction strategies: digitally
fabricated architecture does not bring sustainability benefits if the complexity of its
geometry has a purely aesthetic purpose, which could increase material use. Shape
complexity must be the result of an intention to reduce material in the structure, which
can be achieved through structural optimization or multi-functionality.



Digital fabrication reduces construction complexity without additional costs: digital
fabrication techniques can help construction companies to reduce complexity and
uncertainty in construction processes. The implementation of information and
automation technologies in the construction sector has several benefits associated,
such as cost and time savings.
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3.2 Environmental assessment of a robotically fabricated
complex wall
Article published in Journal of Cleaner Production
Reproduced with permission from I. Agustí-Juan, F. Müller, N. Hack, T. Wangler and G.
Habert “Potential benefits of digital fabrication for complex structures: Environmental
assessment of a robotically fabricated concrete wall” Journal of Cleaner Production 2017,
154: 330-340. https://doi.org/10.1016/j.jclepro.2017.04.002
This section is based on the Master Thesis performed by Florian Müller under the
supervision of Isolda Agustí Juan and Guillaume Habert:
Müller, F. 2016. LCA of Digital Fabrication Applied to Concrete Structures.
Contributions: I.AJ and G.H conceived the idea of the research. F.M performed data
collection and carried out initial analyses. I.AJ refined and extended the analyses. The
results were interpreted by I.AJ and G.H. Finally, the manuscript was written by I.AJ.
Supplementary data related to the data collection, Life Cycle Inventory and results of the
case studies can be found in Appendix B.
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3.2.1 Abstract
Digital fabrication represents innovative, computer-controlled processes and technologies
with the potential to expand the boundaries of conventional construction. Their use in
construction is currently restricted to complex and iconic structures, but the growth
potential is large. This paper aims to investigate the environmental opportunities of
digital fabrication methods, particularly when applied to complex concrete geometries. A
case study of a novel robotic additive process that is applied to a wall structure is evaluated
with the Life Cycle Assessment (LCA) method. The results of the assessment demonstrate
that digital fabrication provides environmental benefits when applied to complex
structures. The results also confirm that additional complexity is achieved through digital
fabrication without additional environmental costs. This study provides a quantitative
argument to position digital fabrication at the beginning of a new era, which is often called
the Digital Age in many other disciplines.
Keywords. Digital fabrication, LCA, complexity, concrete, robotic construction,
sustainability.

3.2.2 Introduction
The construction sector is responsible for significant environmental impacts, such as 40%
of the energy consumption and greenhouse gas emissions worldwide (UNEP-SBCI, 2012).
But these extremely large impacts represent also opportunities for improvement, and
buildings are seen by the main international agencies (UNEP, IPCC) as a key player for
carbon mitigation actions (IPCC, 2014b). This potential is foreseen as occurring through
the implementation of new technologies, such as digital technologies (Agarwal et al.,
2016). Digital technologies are broadly used in the manufacturing industry and the direct
production of elements from design information (e.g., 3D printing) has become an essential
component of modern product development (Chen et al., 2015). However, digital
fabrication in construction is still in its early stage, probably because the construction
industry is a highly fragmented, risk-averse sector (Arora et al., 2014). Most construction
firms are small, so few of them have the ability to exploit new technologies, which rely on
specific knowledge. Learning is done on a project-to-project basis with professionals to
develop perceptions and skills from their individual experiences (Giesekam et al., 2016).
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This unsystematic process of building up knowledge leads to a reluctance to use unfamiliar
technologies and materials (Pinkse and Dommisse, 2009).
Finally, the benefits that digital technologies can provide are not clear. Recent
publications have highlighted the potential sustainability benefits of additive
manufacturing (Ford and Despeisse, 2016; Kohtala, 2015). However, most of these studies
focused on small-scale processes. For instance, Kreiger and Pearce (2013) showed that
distributed manufacturing through 3D printing has potentially fewer environmental
impacts and lower energy demand than conventional manufacturing. Similar results were
gathered by Faludi et al. (2015), who highlighted a reduction in waste and energy savings
from a smaller machining effort with 3D printing compared to traditional CNC milling.
Finally, Gebler et al. (2014) provided a general perspective on 3D printing technologies
from an environmental, economic and social perspective. However, very few of these
studies were quantitative, and Ford and Despeisse (2016) are pushing for more applied
research on the environmental implications of digital fabrication. In particular, its
implementation in the construction sector requires quantitative assessments that consider
aspects such as the design freedom that is facilitated by additive techniques.
The objective of this study is to quantify the environmental benefits that digital fabrication
can provide to the construction sector and define for which processes these construction
techniques have a clear interest. Digital design and robotic fabrication developments
which increase complexity in architecture yet should provide a cost-effective method to
deal with this structural complexity. Consequently, this study focuses on the
environmental assessment of a building element that can be produced with different levels
of complexity and a comparison between an additive robotic fabrication technique and
traditional building construction techniques. This approach enables us to evaluate the
potential environmental benefits of digital fabrication for each level of complexity.
Specifically, we perform a comparative assessment of two construction processes (digital
fabrication and conventional construction) for different types of concrete walls, from the
simplest to the most complex.

3.2.3 From 3D printing to digital fabrication in architecture
The first three-dimensional printing (3DP) technologies arrived during the 1980s to more
efficiently fabricate prototypes in the product manufacturing industry. 3DP employs
additive manufacturing (AM) processes to create three-dimensional objects by adding
consecutive layers of material. These systems can now manufacture end products with the
development of new materials and improvements in speed and accuracy based on superior
hardware and computer technology (Lipson and Kurman, 2013). Nowadays, AM is used
across various industries (medicine, aerospace, art, etc.), mainly for prototypes but
increasingly for final products (implants, lightweight structures, jewelry, etc.). Computercontrolled manufacturing methods are fundamentally transforming many design and
production disciplines, like the mechanization of the textile industry or the introduction of
the assembly line. The high flexibility and reduced production costs of digital technologies
introduced a new era towards the mass customization of products (Berman, 2012).
3DP has experienced rapid development in recent years, and more materials can now be
used in these processes. The size of these technologies has also rapidly increased, showing
the potential to build large and complex-shaped structures by printing. As interest in
additive manufacturing has grown, research into large-scale processes has begun to reveal
potential applications in construction (Feng et al., 2015b). The development of digital
fabrication in architecture starts from specific projects, in which design aspirations and
technological innovations lead to the development of fabrication processes beyond
conventional boundaries (Dunn, 2012). Digital fabrication processes at the architectural
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scale are based on computational design methods and robotic construction processes,
which are typically categorized as subtractive or additive fabrication. Specifically,
architecture is typically built through material aggregation (assembly, lamination,
extrusion, and other forms of 3D printing) in additive fabrication processes, frequently
with an industrial robot, which enables the implementation of the additive principle at a
large scale (Gramazio and Kohler, 2008).
Recent developments in digital technologies and the introduction of computer-controlled
additive fabrication in architecture demonstrate strong potential to construct customized
complex structures (Gramazio et al., 2014a). In particular, the optimization of concrete
structures through digital fabrication is currently being broadly investigated because of
the large use of concrete in building construction and the labor costs from formwork
preparation (Wangler et al., 2016). For example, the research project “Contour Crafting”
at the University of Southern California showed the possible application of layered
extrusion technologies for large-scale concrete construction (Khoshnevis et al., 2006).
Similarly, Loughborough University applied 3D concrete printing to non-standard
geometries to reduce the amount of material, time, waste and need for formwork (Lim et
al., 2012). However, some of these technologies have limitations regarding the
incorporation of reinforcement during the production process. The project Smart Dynamic
Casting (SDC) at ETH Zürich overcame this problem with a novel digital fabrication
process for complex concrete structures that enables the implementation of reinforcement
during production. SDC uses dynamic slip-forming techniques to fabricate customized,
vertically oriented shapes, which would conventionally require custom-made formwork
(Lloret et al., 2014).

3.2.4 Methodology
The selected method for the evaluation of the case study is the Life Cycle Assessment
(LCA) framework present in the ISO 14040-44: 2006 standards (ISO, 2006a, b). LCA has
been commonly used in many industrial sectors to evaluate the environmental load of
processes and products during their life cycle. This method presents a comprehensive,
systemic approach for the environmental evaluation, comparison and optimization of
processes (Cabeza et al., 2014). LCA has become a widely used methodology over the past
20 years to evaluate the impacts of materials, construction elements and buildings (Hoxha
et al., 2017).
European regulations for the promotion of a sustainable built environment highly stress
the reduction of energy during the use phase. However, the proportional percentage of
embodied energy is increasing as the operational energy demand is further optimized.
Recent studies such as Passer et al. (2012) agree that the operational energy is reaching
the limit of reduction measures. Further optimization of the life-cycle impacts of buildings
may only occur by lowering the embodied energy of materials (Pacheco-Torgal, 2014).
Consequently, we performed a cradle-to-gate analysis, including data from raw material
extraction and transport, building materials and digital technologies production, and
robotic fabrication (EN 15978 modules: A1-A3, A5). The operation and end-of-life stages
were excluded from this case study evaluation.
The LCA method was applied in this paper to compare the differences in the
environmental impacts between digital fabrication and conventional construction and to
understand for which type of projects digital fabrication produces environmental benefits.
This case study compared two functional units of reinforced concrete wall with equal
functionality and structural performance, including 1 m2 of wall that was constructed with
digital fabrication techniques and 1 m2 of a conventional reinforced concrete wall.
Specifically, the LCA comparison was applied to different types of walls, including
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straight, single-curved and double-curved, to illustrate the possible levels of complexity.
Finally, we tested the variability regarding the volume of concrete and steel in the
structure in a sensitivity analysis to evaluate the additional benefits of digital fabrication
if the process is optimized. The LCA method was implemented in the software SimaPro 8.
Because of the Swiss context of this project, Ecoinvent v3.1 was used as a database
(Weidema B. P., 2013). The Recipe Midpoint (H) v1.12 impact method (Goedkoop et al.,
2009) was used. The selected impact categories were climate change (kg CO2 eq.), ozone
depletion (kg CFC-11 eq.), human toxicity (kg 1.4-DB eq.), terrestrial acidification (kg SO2
eq.), freshwater eutrophication (kg P eq.), terrestrial ecotoxicity (kg 1.4-DB eq.),
freshwater ecotoxicity (kg 1.4-DB eq.), water depletion (m3), metal depletion (kg Fe eq.)
and fossil depletion (kg oil eq.).

3.2.5 Description of the Mesh Mould construction technique
Contemporary architecture has evolved towards a new culture based on the integration of
design, structure and material to create complex non-standard surfaces (Rippmann et al.,
2012). However, non-standard architecture requires the planning and fabrication of
complex and labor-intensive rebar geometries and formwork that are not easy to fabricate
with current construction techniques. The research project Mesh Mould from Gramazio
Kohler Research at ETH Zürich is a novel construction system that is based on the
combination of formwork and reinforcement into one single element that is fabricated onsite. This element is a three-dimensional mesh that is robotically fabricated through
bending, cutting and welding steel wires. The mesh acts as the formwork during concrete
pouring and as structural reinforcement after the concrete is cured (Hack et al., 2015).
The structure is no longer restricted to planarity or single curvature and can be
geometrically complex and individually adapted to the forces that act on the mesh (Hack
et al., 2013). Figure 3.2 shows one of the recent prototypes of the Mesh Mould project.

Figure 3.2 Prototypes of the Mesh Mould structure (Gramazio Kohler Research, ETH Zurich).

3.2.6 Case study
The Mesh Mould construction technique was selected as a case study for the following LCA
evaluation because of its formal and functional flexibility, which is adaptable from
conventional to highly complex architectural forms. The Life Cycle Inventory (LCI) of a
wall that is fabricated with the Mesh Mould technique and the LCI of different
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conventionally constructed reinforced concrete walls are summarized in this section. We
considered a section of 1 m2 with a thickness of 20 cm for both types of walls.

3.2.6.1 Digitally fabricated wall
Concrete
The concrete in the Mesh Mould wall is more demanding than that from the conventional
technique. The properties of the concrete influence the protrusion rate through the mesh
and the roughness of the surface. In response to the requirements of the Mesh Mould
technique, the Institute of Building Materials (IFB, ETH Zürich) developed a special
concrete mixture that could be optimized for the filling and troweling processes (Hack et
al., 2015). This mix is described and compared with an ordinary C25/30 concrete in Table
3.1. The ETHZ IFB concrete was modelled in the LCI using Ecoinvent processes. The silica
fume was considered a by-product from the production of ferrosilicon alloy, and the
allocation of environmental impacts was performed according to an economic distribution
(Chen et al., 2010). Hypothesis on costs and production scheme were taken from Grist et
al. (2015). For modelling the superplasticizer, we used data from different concrete
production processes in Ecoinvent database. An average from different superplasticizers
was included due to the unavailability of LCA data from the superplasticizer developed
for the ETHZ IFB concrete (for details, see Appendix B). The volume of concrete contained
= 0.2 m3.
in 1 m2 of wall was 𝑉 ,
Table 3.1 ETHZ IFB concrete and C25/30 concrete mix composition.
Flow

ETHZ IFB

C 25/30

Ordinary Portland cement

500 kg/m3

300 kg/m3

Undensified silica fume

43.5 kg/m

-

Water

3

169 kg/m

190 kg/m3

Aggregates of grain size 0-4 mm

705 kg/m3

790 kg/m3

Aggregates of grain size 4-8 mm

1,008 kg/m3

1,100 kg/m3

Polycarboxylate ether superplasticizer

4.32 kg/m

-

3

3

The difference in environmental impacts between an ordinary C25/30 concrete and the
ETHZ IFB high-performance concrete mix was investigated in the LCA comparison, which
is shown in Figure 3.3. The graph shows that the difference between the contribution to
climate change of 1 cubic meter (m3) of the two concrete mixtures is significant. The
customized mixture contributes approximately 40% more CO2 emissions than the
conventional concrete. The increased amount of Portland cement (500 kg/m3) is the main
cause of this discrepancy, which nearly duplicates the amount within 1 cubic meter (m3)
of C25/30 concrete. In contrast, the analysis through the cement efficiency concept
developed by Damineli et al. (2010a), where the environmental impact is expressed in kg
CO2.m-3.MPa-1, indicates a higher CO2 intensity in the ordinary concrete (Figure 3.4). The
ETHZ IFB mix presents a compressive strength of 60 MPa, which is double the strength
of the C25/30 concrete. Consequently, less ETHZ IFB concrete is needed to reach the same
structural performance as an ordinary concrete, producing 20% less CO2 emissions.
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Figure 3.3 Comparison of the climate change impact of 1 cubic meter of C25/30 and ETHZ IFB concrete.
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Figure 3.4 Comparison of the cement efficiency of 1 cubic meter of C25/30 and ETHZ IFB concrete
(expressed in kg CO2/m3/MPa).

The background data source for performing the LCAs can be found in Appendix B.
Steel mesh
Metal wires with a diameter of 3 mm formed the 3D mesh of the digitally fabricated
prototypes. The steel was B500A, which indicates the same tension yield strength fyk = 500
N/mm2 as the reinforcements in a conventional wall but less ductile material.
=
Conventionally, reinforced concrete walls have a minimum nominal reinforcement 𝑟
0.3 - 0.7% of the concrete volume, depending on the structural standards (CEN, 2004).
Because of constraints such as the additional formwork function, the mesh volume fraction
= 0.7%. Considering these data,
for the digitally fabricated wall was assumed to be 𝑟
the total steel mass of 1 m2 of wall was calculated as follows:
𝑚

,

𝑉

∙𝑟

∙𝜌

0.2 ∙ 0.007 ∙ 7850

where 𝑉 is the total volume of the wall, 𝑟
and 𝜌 is the standard density of the steel.

11 𝑘𝑔

Equation 3.1

is the percentage of contained reinforcement

Energy
The energy demand of the robotic construction process was calculated based on the
construction time of a wall prototype and the power supply of the construction robot. The
tool head had a theoretical building speed of 10 h per 1 m2 (volume of 1 m x 1 m x 0.2 m).
The robot “In-Situ Fabricator”, which has been developed by the NCCR Digital
Fabrication, is electrically powered by lithium-ion batteries with a total capacity of 5.1
kWh, which enable the robot to operate for 3–4 h without being plugged in (Dörfler et al.,
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2016). As a result, the energy consumption during the construction with the Mesh Mould
was calculated:
technique 𝐸
𝐸

𝑃 ∙ 𝑇

5.1
∙ 10
3

17 𝑘𝑊ℎ

where 𝑃 is the power consumption of the robot and 𝑇
functional unit of the wall.

Equation 3.2

is the construction time of the

Digital technologies
The embodied energy of the digital technologies was included in the LCI of the Mesh Mould
wall, including the production of the “In-Situ Fabricator” construction robot and an
attached tool for welding, bending and cutting, which are a property of the NCCR Digital
Fabrication. The environmental impact of the robot production was calculated based on
its material composition, which is listed in section 2.2.4.1. In addition, the tool head had
an approximate mass of 10 kg and mainly consisted of aluminum. Because of the
uncertainty in the service life of both customized digital technologies, we assumed a
running time of 90,000 hours (Motion Controls Robotics, 2017). Based on the service life
and the construction time, we calculated the units of the robot and the tool that were used
during the construction of the project:
𝑢

𝑢

𝑇
𝑇

10
90,000

1.11 ∙ 10

Equation 3.3

where 𝑢 and 𝑢
represent the units of the robot and the bending, welding and cutting
tool, 𝑇
is the construction time and 𝑇 the lifetime of the digital technologies.

3.2.6.2 Conventional wall
Concrete and reinforcing steel
A reinforced concrete wall with a thickness of 0.2 m, as described in the ElementatenKatalog EAK (CRB, 2011), was taken as a reference. The conventional wall contained the
same volume of concrete and steel as the digitally fabricated wall. The concrete was
C25/30, which is characterized by a compression strength fck = 25 N/mm2. The reinforcing
steel was an ordinary, highly ductile B500B, with a tension yield strength fyk = 500 N/mm2.
Formwork
Four walls with increasing complexity were evaluated: straight, curved, double-curved
and complex double-curved. The formwork for the construction of the conventional wall
varied according to the degree of complexity of the wall. The initial scenario compared two
straight concrete walls, one that was digitally fabricated with the Mesh Mould technique
and one that was conventionally constructed. The formwork for the conventional wall
consisted of three-layered laminated boards of spruce veneers (PERI, 2015). The formwork
consisted of two panels with a nominal thickness of 21 mm, and we considered 10 times
reuse (Malpricht, 2010). In scenario 1, we increased the complexity of the structure for a
curved wall, so no formwork reuse was assumed. Additional softwood boards were used to
support the facing of the three-layered panels and control the deformation of the concrete
surface. In scenario 2, the complexity of the wall was increased compared to the previous
scenario, this time considering a double-curved wall. In this case, the varying loads from
the different physical states of the concrete were difficult to control and led to a higher use
of softwood to stabilize the facing of the formwork. Double-curved wooden molds can be
fabricated (Weilandt et al., 2009), but these designs are labor intensive and have some
formal limitations. Finally, the scenario with the highest complexity was a complex
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double-curved wall with a free-form polystyrene formwork, similar to the structure in
Figure 3.5.

Figure 3.5 Sketch of a double-curved wall with a conventional foam formwork (Hack et al., 2014).

This system consisted of polystyrene blocks that were cut according to the desired form
and covered by a 5-mm layer of epoxy resin. The data inventory of the formwork production
included the material and the energy demand for wire cutting the blocks. Additionally, we
included 30% of waste polystyrene, produced during cutting of EPS blocks into complex
formwork shapes (Kaftan and Stavric, 2013). The energy demand of the formwork
production was calculated based on the speed (1,500 mm/min) and power (600 W) of a 2axis wire-cutting machine. Finally, we considered the landfill deposition of the polystyrene
after use. The LCI of the formwork in each scenario is summarized in Table 3.2.
Table 3.2 Life Cycle Inventory of the formwork for the conventional wall in the different scenarios.
Scen
ario

Structure

Formwork
reuse
(times)

3-layer
laminated
board [m3]

Softwood
board [m3]

EPS foam
slab [m3]

Epoxy
resin
[m3]

0

Straight wall

10

0.0042

0

0

0

1

Curved wall

0

0.042

0.105

0

0

2

Double-curved wall

0

0.042

0.320

0

0

3

Complex doublecurved wall

0

0

0

0.52

0.01

Energy
[kWh]

0.013

Manual labor
The construction of a conventional wall system involves manual labor. However, energy
requirements and emissions that are related to human life are usually not included in
environmental analysis. Some studies have included it and conclude that the
environmental impact is anyhow negligible compared to the impact of construction work
(Alcott, 2012).

3.2.7 Results
The results of the Life Cycle Assessment are presented below. The digitally fabricated wall
is analyzed in detail and compared to a conventional structure with the same functional
unit.
3.2.7.1 Assessment of the digitally fabricated wall
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The environmental assessment of the wall that was constructed with the Mesh Mould
technique is illustrated in Figure 3.6. The concrete production process has a relative
impact of more than 75% for Climate change because of the energy-intensive
transformation process of the clinker for the cement production and simultaneous release
of CO2 during calcination. Moreover, the concrete has a contribution of approximately 60%
to the environmental impact in indicators such as terrestrial acidification, fossil depletion
and water depletion. Specifically, the impact of the concrete in the first indicators is caused
by the burning process of fossil fuels during clinker production and the water is depleted
during gravel production. On the other hand, the reinforcement has a dominant impact
for freshwater eutrophication (63%), human toxicity (57%), freshwater ecotoxicity (61%)
and metal depletion (89%). The pollution in the steel production for these impact
categories is primarily related to the release of heavy metals to the atmosphere during
steel recycling (Gomes et al., 2013). In contrast, the embodied energy of the digital
technologies has a negligible relative impact, with a contribution of approximately 2% to
freshwater eutrophication, human toxicity, freshwater ecotoxicity and metal depletion.
Finally, the influence of the electricity production to fulfil the energy demand during
construction is small in most of the midpoint categories, with a maximum contribution of
20% in ozone depletion. The results of the LCA indicate that the environmental
performance of the Mesh Mould wall primarily depends on the use of materials. Therefore,
an additional analysis to determine the environmental potential of an optimized design is
conducted in the sensitivity analysis.
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Robot + tool production
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Figure 3.6 Relative contribution of the individual processes to the environmental impact of a wall that is
constructed with the Mesh Mould process.

3.2.7.2 Comparison of conventional and digital fabrication techniques
The LCA comparison of the digital fabrication and conventional construction processes for
four types of walls is graphically depicted in Figure 3.7. This figure includes an analysis
of the climate change and human toxicity indicators with an increase in the walls’
complexity, which is represented by the four scenarios in Table 3. The results present
variability that depends on the midpoint category and considered scenario. For a straight
wall, the environmental impacts of the conventional wall are lower than the Mesh Mould
wall. For a single-curved wall, the contribution to climate change of a conventional wall is
lower than the digitally fabricated one, while the human toxicity is similar for both (6%
difference). For the double-curved wall, the CO2 emissions from the Mesh Mould wall are
still 8% higher than the conventional wall constructed with plywood formwork. In
contrast, the human toxicity indicator in the same scenario is 19% higher in a doublecurved conventional wall than in the Mesh Mould wall. The results prove that the
environmental performance of the conventional wall decreases with increasing structural
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complexity. The difference in environmental impacts between a single-curved and a
double-curved wall is mainly attributed to the increase in softwood boards to contain the
additional forces from the increased structural complexity of the structure. Finally, for a
complex double-curved wall, which implies the use of polystyrene formwork in the
conventional technique, the Mesh Mould construction process allows savings of 38% for
climate change and 31% for human toxicity factors.
150%

Conventional
technique (climate
change)
Conventional
technique (human
toxicity)
Mesh Mould
technique

100%

50%

0%
Straight wall

Single-curved
wall

Double-curved Complex doublewall (plywood curved wall (EPS
formwork)
formwork)

complexity

Figure 3.7 LCA comparison of a Mesh Mould wall (no formwork required) and a wall that is constructed
with conventional techniques (formwork). The scenarios represent the increasing complexity of the walls.

The relative contributions from the production processes of a complex double-curved wall
with polystyrene formwork to the different impact categories are depicted in Figure 3.8.
We can observe the high impact of the epoxy resin for the formwork covering, which is
responsible for 45% of the climate change emissions, 64% of terrestrial acidification, 60%
of water depletion and 69% of fossil depletion. Moreover, the production of the polystyrene
mostly influences the ozone depletion indicator (17%). Finally, the landfilling of the
formwork after one reuse highly contributes to ecotoxicity. On the contrary, the
environmental impacts of the Mesh Mould construction process do not change with rising
demands of the form, so the environmental potential is growing with the required effort
in the conventional technique. Therefore, the digital fabrication method becomes more
interesting the more unique and complex the architectural forms are.
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Figure 3.8 Relative contribution of the individual processes to the environmental impact of a complex
double-curved wall that is constructed with conventional techniques.
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3.2.8 Sensitivity analysis
The results show that the digital fabrication process induces greater environmental
impacts than the conventional technique for walls with low degrees of complexity
(scenarios 0 and 1). The Mesh Mould construction process is a research project that is still
in its optimization phase. As a result, the LCI of the digitally fabricated wall contains
some assumptions, mainly at the material level, during the comparison with conventional
construction. In this section, the uncertainty on the concrete and steel volume in the Mesh
Mould wall is graphically depicted to further analyze when digital fabrication produces
environmental benefits compared to conventional construction.

3.2.8.1 Concrete
In the initial comparison, the Mesh Mould wall was conservatively considered to have the
same dimensions as a conventional wall built with C25/30 concrete. However, the
compression strength of the ETHZ IFB concrete is higher based on the greater amount of
cement, which could be used to reduce the thickness of the structural element. In
published case studies, the use of high performance concrete has already been efficiently
used to reduce thickness of structural elements such as bridges and provide an
environmental benefit (Habert et al., 2012). Moreover, the difficulty of positioning the
rebars and the formwork before pouring the concrete inside a tight building element is
here potentially overcome with digital fabrication techniques. Consequently, this section
quantifies the minimum wall thickness that is compliant with structural requirements to
improve the environmental performance of a straight wall that is constructed with the
Mesh Mould process. In the following analysis, the break-even-point is approached by
continuously reducing the thickness of the Mesh Mould wall. The maximum thickness of
the digitally fabricated wall can be distinguished when the contribution from both
construction elements to the impact categories is equal. The calculation approach for the
Mesh Mould wall is based on adjusting the concrete volume to the variable thickness of
the wall without modifying the other parameters. Figure 3.9 compares the CO2 emissions
for wall thicknesses between 10 and 20 cm to those of a 20-cm-thick conventional concrete
wall.
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Figure 3.9 Comparison of the contribution to the climate change category of two straight walls: a
conventionally built wall with constant thickness and a digitally fabricated wall with variable thickness.

The graph demonstrates that the CO2 emissions of the digitally fabricated wall are 12%
lower than the conventional wall when the thickness is reduced to 10 cm. The graph shows
a break-even point for the climate change category at a thickness of 12 cm, which means
that digital fabrication presents higher environmental performance than conventional
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methods when producing thinner straight walls. The feasibility of a Mesh Mould wall with
this thickness is evaluated by calculating the slenderness criteria according to Eurocode
2: Design of concrete structures (CEN, 2004), which leads to the ratios in Equation 3.4
and Equation 3.5:
𝑙
𝑡

25

,

Equation 3.4

where twall,MM is the minimum thickness of a Mesh Mould concrete wall and 𝑙 is the
effective length of the wall, which is calculated by
𝑙

𝛽∙𝑙

2.4

Equation 3.5

where 𝑙 is the clear height of the wall (2.4 m), and β is a coefficient that represents the
support conditions, which was conservatively taken as 1.0 for this evaluation. The
calculation shows that a minimal wall thickness of twall,min≥ 0.1 m is required in the Mesh
Mould wall. Therefore, the thickness at the break-even point of CO2 emissions (tMM,BEP =
0.12 m) would be sufficient. Finally, a second calculation regarding the compression
strength of the ETHZ IFB concrete mix is performed. A direct proportionality between the
strength of the concrete and the bearing capacity of the wall is assumed, and no failure
modes or load situations except compression are considered to simplify the calculation.
The conventional wall has a thickness of 0.2 m and its concrete has a compressive strength
of fck = 25 N/mm2. Equation 3.6 shows the minimum required compressive strength
(𝑓 , , ) of the ETHZ IFB mix for a wall of 12 cm:
𝑓

,

,

𝑡
𝑡

,
,

∙𝑓

0.2
∙ 25
0.12

41.7 𝑁/𝑚𝑚

Equation 3.6

where twall,con is the thickness of the conventional wall, tMM,BEP is the thickness of the Mesh
Mould wall at the break-even point and 𝑓 is the compressive strength of the standard
concrete mix. Typically, high-performance concrete has a fine fraction of a supplementary
cementitious material and w/c<0.4, which enables the material to reach a compressive
strength over 80 or even 100 N/mm2. The ETH IFB mix is a high-performance concrete,
which contains silica fume as supplementary cementitious material and has a watercement ratio (w/c) of 0.34. This concrete mixture presents a minimum compressive
strength between 60-70 MPa, which exceeds the required fck,MM,min = 41.7 N/mm2. In
conclusion, the conducted structural analysis shows that the break-even point in CO2
emissions for the digitally fabricated wall compared to a conventional wall is theoretically
reachable and that the wall thickness can be reduced to 0.1 m.

3.2.8.2 Reinforcing steel
During the initial analysis, the volume fraction value that was assumed for the
reinforcement of the Mesh Mould wall was rMM = 0.7%. In this sensitivity analysis, we
establish a range around the previous value with a minimum and maximum reinforcement
content. On the one hand, distributing steel only where it is structurally necessary could
potentially reduce the steel volume fraction of rMM,min = 0.5%. On the other hand, the
structural performance of the wires in a bearing wall could increase the reinforcement
content, with a steel volume fraction of rMM,max = 1.5%. Figure 3.10 graphically depicts the
sensitivity analysis of the digitally fabricated wall when considering the previous range of
reinforcement volume fractions.

Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 94

250%
200%
150%

Mesh Mould wall
(0.5-1.5% steel)
Conventional wall
(0.7% steel)

100%
50%
0%

Figure 3.10 LCA comparison of two straight walls: a conventionally built wall with 0.7% steel volume
fraction and a digitally fabricated wall with variable volume fraction of reinforcement.

The graph reveals the great impact of the variability in the amount of reinforcement steel
on the global environmental impact of digitally fabricated wall. In particular, the
uncertainty between rMM,min = 0.5% and rMM,max = 1.5% results in a difference of
approximately 125% in freshwater eutrophication and freshwater ecotoxicity, 113% in
human toxicity and 140% in metal depletion emissions. The importance of efficient steel
usage is shown in the previous results. However, the optimization of reinforcing steel
reduces the environmental impacts compared to a conventional reinforced concrete wall
only in some categories such as metal depletion (23%). In categories such as climate
change, the reduction in steel do not enable the Mesh Mould wall to achieve lower
emissions compared to a conventionally constructed straight concrete wall. Consequently,
the structural performance of walls that are fabricated with the Mesh Mould technique
should be modelled and tested to minimize the volume fraction of steel but combined with
the optimization of other parameters, such as the concrete volume.

3.2.9 Synthesis
The results of the sensitivity analysis are summarized in this section. The extreme values
of the individual materials represent a range of possible outcomes for the Mesh Mould case
study.
Scenarios for the digitally fabricated wall:


Best scenario: The optimal performance of the Mesh Mould wall is characterized by a
minimal reinforcement steel volume fraction of rMM,min =0.5% and a lower wall
thickness of tMM,min = 0.1 m, which is the limit from the slenderness criteria.



Reference scenario: The initially considered Mesh Mould wall has a reinforcement of
rMM =0.7% and a wall thickness of twall = 0.2 m.



Worst scenario: Buckling failure might require a wall thickness of tMM = 0.2 m, and
additional complications with the mesh could lead to a reinforcement steel content of
rMM,max = 1.5%.

Scenarios for conventional construction:
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Standard scenario: The smallest environmental impact for the conventional method is
reached in a straight wall, where the formwork was reused 10 times. The dimensions
are set to twall = 0.2 m, using rwall = 0.7% of steel and ordinary C25/30 concrete.



Complex scenario: Conventionally, a complex double-curved wall that is constructed
with polystyrene formwork and is not reusable showed the worst environmental
performance. The dimensions are set to twall = 0.2 m, with rwall = 0.7% of steel and
ordinary C25/30 concrete.

The range of environmental impacts from the best- and worst-case scenarios and as well
as the initial digitally fabricated wall compared to the complexity-dependent impacts of
the conventional wall are illustrated in Figure 3.11.
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Figure 3.11 LCA comparison of a digitally fabricated wall with a straight and a complex double-curved wall
that are constructed with conventional techniques. The error bars represent the best and worst scenarios of
the wall.

The large variability in the environmental emissions of the best and worst cases of the
Mesh Mould wall highlights the importance of material optimization. The best scenario of
the digitally fabricated wall reduces material usage and decreases the CO2 emissions by
33% compared to the reference scenario. Simultaneously, the worst scenario exhibits
substantially higher emissions than the reference scenario, with an increase of 52% in
metal depletion. The results indicate that the best scenario of the Mesh Mould wall
produces potential environmental benefits compared to a conventionally constructed
straight concrete wall. Specifically, the best scenario of the Mesh Mould wall reduces the
emissions by 3-13% depending on the indicator. However, the outcome of this comparison
greatly depends on the material optimization of the system. A less optimized Mesh Mould
wall (worst scenario) has lower environmental performance than a conventional straight
wall.
Finally, the results prove that the reference Mesh Mould system can currently
environmentally compete with a conventionally constructed double-curved wall. The
reference scenario of the Mesh Mould wall shows greater impacts compared to the complex
conventional scenario only in three midpoint categories, but the difference is minimal (19%). Moreover, the worst scenario of the digitally fabricated wall can environmentally
compete with a complex conventional wall in categories such as climate change, terrestrial
ecotoxicity or fossil depletion. In conclusion, the complexity is an important factor to
consider during comparisons with conventional construction. Contrary to conventional
techniques, the impacts of the Mesh Mould process do not increase with the uniqueness
and complexity of the architectural forms.
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3.2.10 Discussion
In this paper, we evaluated the environmental potential of an innovative digital
fabrication process for the construction of complex concrete structures. The conducted
research confirmed the environmental potential of additive fabrication, as anticipated in
previous studies such as Kohtala and Hyysalo (2015). Moreover, the analysis showed that
digital fabrication in complex geometries (double-curved walls) provides an environmental
benefit compared to conventional construction. Digital fabrication techniques facilitate the
construction of complex and slender structures without the use of conventional formwork,
with associated material savings. However, does this additional complexity in the
structure provide an environmental benefit? This question seems reasonable and can be
addressed by examining which additional functions can support double-curved walls that
are built with digital fabrication. This specific question leads to the use of complex forms
in architecture. Complexity is an architecture characteristic, whose costs and value
creation have often been discussed in the literature (Venturi, 1977), and we would like to
raise three different possibilities to discuss the appropriate use of complexity for
sustainability.
First, complexity can be seen as a consequence of a highly integrated construction process.
The conventional organization of a construction is conceived as a successive and layered
process where each element and function are addressed by a different element and built
at different moments by different skilled workers. This combination of functions through
the help of digital technologies can save time and building materials, frequently associated
with money and grey energy reductions (see chapter 2). This integrated design increases
the complexity, which can be handled with no additional costs through digital fabrication.
When digital fabrication is used to build elements that permit an integrated design, the
complexity of these elements is likely justified from an environmental perspective because
integrated functions can save materials and because the production of these complex
elements is more efficient when digital fabrication is used. However, the choice of
functions is crucial. For instance, the complex building element in this study can be
understood as the fusion of structure and final layering. From a classic sustainable design
perspective, these two elements are considered to have completely different service lives.
The structure has a service life of 60 years, while interior finishing is thought to be
changed every 15 years (Hoxha et al., 2014). If the structure must be changed every 15
years, the environmental impact drastically increases. On the contrary, avoiding the
replacement of interior finishing because of its long-lasting design can save energy.
This observation leads to a second question regarding complexity in architecture as an
enlightenment of the structure and more generally as an ornament. The function of
ornaments has long been discussed. Rosenbauer (1947) stated that “Engineering, when it
uses materials up to their functional limits approaches the economy of nature and thereby
creates forms as beautiful as the forms of nature. […] Engineering occasionally produces
art, but we cannot assume that all art will come from engineering. We must have poets
and we must have designers and their business is to embellish and adorn our lives and
our culture. […] Ornament cannot be abolished as the desire for embellishment is
essentially human, and humans will gratify it wherever they can”. This author also wrote
that “the machine will then produce ornament willed by the designer as naturally as did
the hand tools of the artist craftsman. Then there will be proper and excellent ornament,
differing from traditional ornament as our culture differs from those of the past. The public
will buy it as the good things of the past were bought by that public, and greater numbers
will be economically able to do so. This is the real manner in which the machine may raise
our standard of living.”
Considering this perspective and the results of this study, in which the machine produced
ornaments with lower environmental impact than the same element from a conventional
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technique, we can consider digital fabrication as an effective construction technique to
produce complex ornaments. Moreover, the function of ornaments and the inherent
complexity that is related to its production is justified by the social need of ornamentation.
In a recent perspective on ornamentation in architecture, Moussavi and Kubo (2006)
established that “Architecture needs mechanisms that allow it to become connected to
culture”. The aesthetic composition of buildings is effectively related to the culture by
creating affects and sensations. Even if modern design does not require ornaments, society
continues demanding these additional elements to connect with the contemporary culture.
In their book, the authors also showed through examples how ornaments in contemporary
architecture can integrate functions (structure, visibility, etc.) behind an apparently
purely aesthetic performance.
Finally, complexity can be seen as a consequence of a problem-solving attitude. Societies
often solve problems by developing more complex environments and technologies (Tainter
and Taylor, 2014). This can be seen as positive, for instance, studies on environmental
psychology-oriented design suggest that high levels of spatial and visual complexity in the
workspace foster creativity. Factors such as the creativity or productivity of employees are
influenced by their aesthetic judgements of the built environment (Gifford, 2014).
However, complexity both solves problems and generates them. Innovative technologies,
which are intended to save energy through complex designs and controls, may consume
more. The complexity of designs produces unintended interactions among components,
producing further problems, and the current sustainability concerns regarding buildings
are creating more complex building designs. Complexity in control systems, for example,
leads to unanticipated growth in facility management. Interior environmental systems are
so complex that many users cannot fine-tune the controls, so a large amount of energy is
wasted (Bordass and Leaman, 1997).
Digital fabrication can facilitate the production of elements with higher complexity
without increasing the environmental costs, as is usually observed in conventional
construction, which could contradict the traditional observation pattern that increasing
complexity, while initially effective, accumulates and induces diminishing returns,
undermining the ability to solve future problems. In that sense, this study matches the
common understanding of the digital revolution as the third moment in humanity when
an increase in system complexity allowed positive feedback (Gershenfeld, 2012). These
occasions have been so rare that they are designated with terms that signify a new era,
namely, the Agricultural Revolution and the Industrial Revolution. These events were
followed by great expansions in the number of humans, wealth and complexity of societies.

3.2.11 Conclusions
In this study, the environmental impact of an innovative digital fabrication construction
was compared to a similar structure that was built with conventional construction
techniques. The results showed that digital fabrication produces high environmental
benefits compared to conventional construction when complex structures are built. In this
study, we confirmed that the environmental impact of the Mesh Mould process does not
grow with the uniqueness and complexity of the architectural form. Additional complexity
was achieved without additional environmental costs, so the potential benefit of digital
fabrication increased proportionally to the level of complexity of the structure. This result
is a quantitative argument to position digital fabrication at the beginning of a new era,
which is often called the Digital Age in many other disciplines. This analysis also showed
that the current Mesh Mould system can environmentally compete with conventional
structures, which have a high degree of both formal and structural complexity. However,
the results highlighted the need for improvement to compete at a lower degree of
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complexity. In this case, high thickness reduction must be achieved without compromising
the structural performance. Finally, this study also raised the attention of the need to
justify complexity from an environmental point of view to avoid the risk of complexifying
a socio-technical system for no real purpose.
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3.3 Productivity assessment
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3.3.1 Abstract
Although automation has been actively and successfully used in different industries since
the 1970s, its application to the construction industry is still rare or not fully exploited. In
order to help provide the construction industry with an additional incentive to adopt more
automation, an investigation was undertaken to assess the effects of digital fabrication
(dfab) on productivity by analyzing the cost and time required for the construction of a
robotically fabricated complex concrete wall onsite. After defining the different tasks for
the conventional and robotically fabricated concrete wall, data was collected from different
sources and used in a simulation to describe the distribution of time and cost for the
different construction scenarios. In the example, it was found that productivity is higher
when the robotic construction method is used for complex walls, indicating that it is
possible to obtain significant economic benefits from the use of additive dfab to construct
complex structures. Further research is required to assess the social impacts of using dfab.
Keywords. 3D printing; Additive manufacturing; Construction automation; Construction
industry; Digital fabrication; Industrialized construction; Labor productivity; Robot
system; Robotic construction

3.3.2 Introduction
3.3.2.1 Productivity problem in the construction sector
The built environment is a sector of high strategic importance for each economy. With
annual revenues of nearly 10 trillion USD, or about 6% of global GDP, the engineering
and construction industry is a cornerstone of the world's economy (Gerbert et al., 2016).
However, studies show that the construction sector's productivity has been stagnating in
recent decades worldwide and that it has not been able to keep pace with the overall
economic productivity (Bock, 2015). The causes are numerous and include factors such as
the resistance to introduce changes in a highly traditional sector, low industrialization of
construction processes, poor collaboration and data interoperability, and high levels of
turnover, which make difficult to implement new methods (Teicholz, 2013).
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The construction industry is facing challenges to improve the current situation and
increase the overall productivity. One way of doing this could be, as suggested by Barbosa
et al. (2017), to adopt elements of the technology industry, such as cross-functional teams,
with an emphasis on learning and deploying the latest technologies. For example,
researchers have found successful applications of scrum techniques from software project
management to construction projects (Streule et al., 2016). These management changes
should be fully supported and integrated with new technological advancements. In that
direction, Agarwal et al. (2016) proposed a shift to a digital construction organization by
exploiting and combining existing technologies such as rapid digital mapping, BIM, digital
collaboration, internet of things, and future proof design and construction. Bock (2015)
shares this view and sees in the strategies coming from the general manufacturing
industries under the notion of “industry 3.0” and “industry 4.0", "in which highly
autonomous and networked automation and robot systems cooperate to produce complex
products with consistently sustained productivity", the promise for the needed change in
a construction industry that has been stagnating for decades. Bock summarizes this new
set of technologies and processes under the term of “construction automation”. Another
often heard term is digital fabrication (dfab), describing the link between digital
technologies and the physical construction process (Gramazio and Kohler, 2014), which
will be used instead in this study.

3.3.2.2 Digital fabrication processes and technologies for construction
The use of robots in construction has been investigated since the early 80s (Haas et al.,
1995). Warszawski (1984a) published one of the first critiques about the use of robots in
the building sector and proposed different robot configurations to address different
construction tasks. Skibniewski (1988) presented an expert system for decision support in
regard to implementing advanced robotic technology on the construction site; however, the
implementation of robots in construction sites is still limited. Nonetheless, their use will
undoubtedly increase as more cost-effective applications are found. The field of digital
fabrication (dfab) is quite broad and has many applications. Dfab techniques are based on
the combination of computational design methods and automated construction processes,
which are typically categorized as subtractive, formative, or additive (Kolarevic, 2003).
Subtractive fabrication involves the removal of material using electro-, chemically- or
mechanically-reductive (multi-axis milling) processes. In formative fabrication
mechanical forces, restricting forms, heat or steam are applied to reshape or deform a
material. Finally, additive fabrication consists of incremental aggregation of material
layer-by-layer through extrusion, assembly, binder jetting, etc. The use of subtractive and
formative digital fabrication is becoming mainstream in the prefabrication (off-site) of
building parts (e.g., by using laser cutting, CNC milling, etc.). Examples of these
applications include the generation of a unique shape for each of the 10,000 gypsum fiber
acoustic panels at the Hamburg Philharmonic by Herzog & de Meuron (Stinson, 2017).
Other architects, such as Frank Gehry and Zaha Hadid have also employed similar digital
fabrication processes in their projects (Dunn, 2012). In recent years, additive fabrication
processes, especially 3D printing, have experienced a rapid development in many
industries. As interest in additive fabrication grows, research into large-scale processes
begins to reveal potential applications in construction (Labonnote et al., 2016). Additive
construction consists of material aggregation through diverse techniques such as
assembly, lamination and extrusion. Existing additive dfab technologies can be classified
in two big clusters: on-site and off-site construction technologies.
On the one hand, on-site digital fabrication aims to bring additive fabrication processes on
construction sites. Sousa et al. (2016) classified on-site technologies in three main
categories: large-scale robotic structures, mobile robotic arms, and flying robotic vehicles.
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A well-known example from the first category is Contour Crafting, a robotic structure for
3D printing large-scale construction, developed at the University of Southern California
(Khoshnevis, 2004). An example of a mobile robot for on-site construction is the semiautomated mason (SAM) developed by construction Robotics (Sklar, 2015), or the “In situ
Fabricator” (IF), developed at ETH Zurich (Giftthaler et al., 2017). Finally, the use of flying
robots in construction is a novel technique developed to avoid mobility constraints and the
need for cranes on construction sites. Imperial College London developed an application of
these technologies for polyurethane foam deposition (Hunt et al., 2014). On the other hand,
off-site digital fabrication aims to custom-design and prefabricate large-scale complex
architectural elements off-site. Among existing additive dfab technologies, the most
common for prefabrication include gantry robots, fixed robotic arms, and 3D printers. For
instance, the timber roof of the Arch_Tec_Lab at ETH Zurich was robotically fabricated
and preassembled with a gantry robot at the ERNE Holzbau AG factory (Willmann et al.,
2016). An example of additive prefabrication with a fixed robotic arm is the project
DEMOCRITE from XtreeE and ENSA Paris-Malaquais. This project aims to construct
complex concrete structural elements with increased performance and material
optimization (Gosselin et al., 2016). Finally, the use of 3D printers is currently
investigated for prefabrication of architectural elements. The project D-Shape developed
by Enrico Dini uses this technology for 3D printing sand structures through a binderjetting process (Cesaretti et al., 2014).

3.3.2.3 State of the art for additive digital fabrication
Digital fabrication techniques can increase productivity rates in the building industry not
only because they lead to significant time saving for complex designs, but also because
they exhibit the ability to transfer design data directly to 1:1 assembly operations and
automated construction (Keating and Oxman, 2013). However, additive dfab applied to
large-scale construction is still in their infancy and need to face challenges on changing
conventional construction processes and roles of project participants.
Initial attempts have been made to apply additive dfab in real practice to evaluate its
potential for the construction sector. For instance, Gramazio Kohler Research at ETH
Zurich has accomplished different building demonstrators constructed with robotic
technologies. The brick façade of the Gantenbein Vineyard showed the possibilities of
computational design and robotic construction for the prefabrication of complex multifunctional brick structures. As the robot could be driven directly by the design data,
without having to produce additional implementation drawings, the designers were able
to work on the design of the façade until the moment of starting production (Gramazio and
Kohler, 2008). A more recent project “The Sequential Roof” successfully verified the
potential of additive dfab processes for the prefabrication of complex timber structures at
full building scale. This robotically assembled 2,300 square meter roof is formed by 120
timber trusses, each one produced in 12 hours. The development of robust computational
design and automated construction framework allowed a reduction in construction time
by 10 times (Willmann et al., 2016). Contributions have also been made for developing
concrete structures, especially for non-standard building elements. For instance, the
Concrete Printing process developed at Loughborough University consisted of the additive
fabrication of full-scale building elements such as panels and walls with the use of a gantry
robot. According to Lim et al. (2012) this process enables design freedom, precision of
manufacture with functional integration, and elimination of labor-intensive molding.
There have been successful full-scale applications (Labonnote et al., 2016), the most recent
by Apis Cor. They have used a similar process for the construction of a 3D printed house
in 24 hours. The project presents a potential cost reduction up to 40% compared with a
conventional concrete house (Apis Cor, n.d).
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Nevertheless, fewer research efforts have been made to investigate quantitatively the
benefits that additive digital fabrication can provide to the construction sector. The state
of the art includes quantitative studies in the field of sustainability assessment of digital
fabrication, highlighting benefits such as material optimization or functional integration.
For example, the research presented in chapter 2 evaluated the environmental potential
of additive digital fabrication by assessing three case studies and comparing them with
conventional building elements with same functionality. This study also brought up the
need for finding the differences between conventional construction processes and dfab
processes, while rarely being researched. It is still not clear yet to what extent the
implementation of additive dfab techniques will improve the construction performance in
real projects. However, to facilitate large-scale industrial applications, there is the
requirement to conduct quantitative assessments that consider the construction time,
cost, and design complexity of new techniques.

3.3.2.4 Goal and Scope of the study
Construction productivity has been defined as “how well, how quickly, and at what cost
buildings and infrastructure can be constructed” (National Research Council, 2009).
Although productivity is a very important metric, there is not a standard or official
productivity index in the construction industry, which leads to some confusion when trying
to compare different values (Shehata and El-Gohary, 2011). The general consensus is that
productivity denotes the output achieved by a given amount of input (i.e., a measure of
how efficiently a worker transforms inputs to outputs) (Dozzi and AbouRizk, 1993; Yi and
Chan, 2013). Output can be tons of rebar installed or cubic meters of concrete placed while
input is generally the number of hours worked. When considering cost, the input can be
the total cost (i.e., labor, material, and equipment costs) related to a given installed
quantity. In these cases, it is more intuitive to use the inverse of output/input, to
determine how much cost a fixed unit of installed quantity (e.g., USD/m2), so that a lower
USD/m2 indicates an improved productivity.
Several studies have addressed the subject of productivity and cost analysis of
construction robots. For instance, Warszawski (1984b) examined robot requirements,
implementation and economic feasibility of their application. Skibniewski and
Hendrickson (1988) investigated the costs and benefits of applying robotics for on-site
surface finishing work. This study concluded that that the use of robots for repetitive
surface application tasks can be viable from the technical and economical point of view.
Similarly, Najafi and Fu (1992) concluded that using robotics for simple and repetitive
building tasks is more economic than conventional approaches. Balaguer et al. (1995)
highlighted the productivity advantages of robotized spraying panels in comparison with
manual manufacturing. Castro-Lacouture et al. (2007) investigated the productivity
improvements for the automation of concrete paving operations and found that the
production rate of the automated process was about 22% higher than the conventional one.
The previous studies were mainly focused on the analysis of robots for single and repetitive
tasks. In contrast, Warszawski and Rosenfeld (1994) analyzed the feasibility of
multipurpose robots for interior building tasks. Specifically, this study compared time and
costs between robotized and manual work to demonstrate the potential productivity
improvement associated with robotic construction. However, robotic systems had until
now limited applications in construction due to constraints such as a restricted mobility
on construction sites. During the last years, novel robotic construction technologies and
processes have been developed and their potential contribution to improve the productivity
of the building industry should be evaluated.
This study aims to fill this research gap and provide a case study of additive dfab using
on-site robotic fabrication technology, to map an innovative construction process and
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evaluate the impact on construction productivity. Firstly, a general description of the
Mesh Mould Wall (MMW) case study and its fabrication technique is given to highlight its
features. Then the MMW is compared with a conventional reinforced concrete wall, with
the same volume and functionality. The selected tool for conducting the quantitative
assessment and comparative study is the CYCLONE discrete event simulation system,
which is considered one of the most effective tool for modeling and analyzing construction
operations (AbouRizk et al., 2016). This quantitative study enables us to evaluate the
potential benefits that additive on-site robotic fabrication techniques bring to construction
productivity with regards to different level of building complexity and provides a critical
view to reshape conventional construction processes.

3.3.3 Methodology
For the purposes of this study the productivity has been measured at the activity level in
terms of cost and time according to Equation 3.7.
P

I
Q

Equation 3.7

Where P is productivity, I is, in the case of cost, the total cost (i.e., labor, material and
equipment), and in the case of time the total workhours used, and Q is the installed
quantity (e.g., cubic meters of concrete). Therefore, a decrease in the cost or time per unit
of installed quantity indicates an increase in productivity. This could mean higher-quality
structures at lower cost for owners, higher profitability for contractors, and higher wages
for workers (Barbosa et al., 2017).
The main steps followed to conduct this study are summarized in Figure 3.12. The process
for which productivity would be calculated was defined considering different tasks and
subtasks. For the different tasks, data was collected from different sources, including
recording onsite activities using time-lapse photography, video recording, as well as
conducting interviews with different participants from the NCCR Digital Fabrication team
(NCCR Digital Fabrication, 2014). When information was not available, production rates
(e.g., daily output and production hours) were taken from RSMeans (Plotner, 2016) and
confirmed by industry experts.
Define
construction
process

Collect data

Run simulations
and get results

Analyze data and
calculate
productivity

Figure 3.12 Process to determine productivity.

In addition to ensuring that a new process works as intended, one should be able to
quantify the cost and time-benefits when comparing it to a conventional process before
determining whether the proposed new process is worth implementing or not. Given that
different processes can differ significantly from each other in terms of methods, material
and people involved, a meaningful comparison is not trivial. The conventional construction
and additive dfab processes are compared for the construction of a structural element (in
this study a cast-in-place reinforced concrete wall) with the same final volume but
different levels of complexity (i.e., straight wall and double-curved wall). A schematic view
of the double-curved wall used in this study is shown in Figure 3.13. The collected data
was used in a simulation to describe the distribution of time and cost for the different
construction scenarios.
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Figure 3.13 Illustration of double-curved concrete wall built in conventional way (left) and additive dfab
(right) (Mesh Mould, Gramazio Kohler Research, ETH Zurich).

The different processes (i.e., using conventional construction and additive dfab) for each
wall type (straight wall and double-curved wall) were evaluated in accordance with
Figure 3.12 to conduct a comparative assessment as shown in the Case Study section
below.

3.3.4 Case study
3.3.4.1 Description
The DFAB HOUSE, located in Dübendorf, Switzerland, consists of a modular research
building where individual construction projects can be installed to test new building and
energy technologies under real conditions. One of the units that compose the building is
the DFAB HOUSE, a three-story module to stimulate the discourse on the impact of digital
fabrication in architecture, industry and society. The owner of the NEST DFAB HOUSE,
Empa (Swiss Federal Laboratories for Materials Science and Technology), has a close
collaboration with the NCCR Digital Fabrication for the digital planning and construction.
Four additive dfab research projects from this research group integrate the building unit,
namely, (1) Mesh Mould Wall (MMW), (2) Smart Dynamic Casting, (3) Smart Slab, and
(4) Spatial timber assembly. Specifically, the case study analyzed in this study is the
MMW. For additional information the reader is directed to the website of the NEST Unit
DFAB HOUSE (Empa, 2017).
Mesh Mould Wall
The Mesh Mould Wall (MMW) is a freeform load bearing reinforced concrete wall
envisioned to be built on-site using the In situ Fabricator. The wall structure is optimized
by introducing the double curves to stiffen the wall. In contrast to a conventional
reinforced concrete wall, it unifies the reinforcement and formwork into a single and
densely robotically fabricated element: the steel mesh (Figure 3.14). The steel mesh is
composed of steel wires up to Ø6 mm (Hack et al., 2017) and it has a tension yield strength
of 500 N/mm2, the same as the reinforcement used for the conventional wall. The
fabrication of the steel mesh consists of a robotic process that assemblies vertical steel
wires through bending, cutting and welding horizontal steel wires using an end effector
attached to the robot In situ Fabricator (IF). Following the steel mesh fabrication, a special
concrete mixture is placed to fill the mesh structure, where the steel mesh functions as a
permanent formwork. Concreting the mesh successfully requires that the concrete has
sufficient compaction to avoid flowing out of the mesh, in other words, the properties of
the concrete control the protrusion rate through the mesh and the roughness of wall
surface. In response to this, the MMW uses a high-performance concrete mixture
developed by Institute of Building Materials, ETH Zurich (Hack et al., 2015). In general,
the MMW construction can be classified as an additive digital fabrication process.
Specifically, the main fabrication processes combined are material assembly and welding
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with an additive purpose. From a technology perspective, this case study employs a mobile
robotic fabrication technology for on-site construction, as described in the next section.
In situ Fabricator
The In situ Fabricator (IF) is a semi-autonomous, mobile robot specifically designed for
additive construction on-site. The height of the IF is the same as a standard wall and has
a total weight of 1.4 tons. The IF robot is equipped with tracks driven by hydraulic motors,
which can achieve a speed of 5 km/h. It is physically capable of moving on a non-flat terrain
with obstacles found on a typical construction site. Moreover, it can be equipped with
different tools or end effectors to perform a wide range of building tasks. Because
construction sites are constantly changing and relatively dirty and cluttered
environments, it is not possible to apply classical industrial automation approaches in
controlling such systems. The IF is equipped with a camera-based sensing system for
global localization of the robot in the construction site and for local detection of the element
being built. The system can process architectural design decisions using Python code and
then execute task loops over the whole building process. The camera sensing allows to
check between true measurements of the structure during build-up and provide less than
5 mm positioning accuracy at the end effector based on the architectural design data
(Giftthaler et al., 2017).

Figure 3.14 Prototype of double-curved wall built with the Mesh Mould process. IF and MMW (left) and
finished wall (right) (NCCR Digital Fabrication, 2017).

3.3.4.2 Define construction process
The planning and design of the robotically fabricated and the conventional concrete walls
are not considered. Both construction processes start on the construction site and ends
with the finished wall. It was assumed that all the material and equipment needed is onsite before construction begins. The curing time of the concrete is excluded.
The general process for the fabrication of the wall once the design is completed until the
manual installation of the concrete work, is shown in Figure 3.15.

Erect formwork

Install
reinforcement

Place concrete

Strip formwork

Figure 3.15 Construction process used for conventional construction of a concrete wall.
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Install steel base

Place AprilTags

Calibrate In‐situ
Fabricator

Install and finish
concrete

Robot/Mix

dfab wall

Worker

The process for the robotic construction of a concrete wall (i.e., MMW and IF) was as shown
in Figure 3.16. Some of the tasks were further detailed to account for complete sequences
(e.g., the last task of “Install and finish concrete” includes the following subtasks: place
self-compacting concrete, apply shotcrete with fibers, apply shotcrete without fibers, and
finish surface).

Fabricate steel
mesh

Figure 3.16 Construction process used for robotically fabricated MMW using the IF.

A steel plate with the shape of the wall serves as a base for the mesh. Mounting the steel
plate to the floor is done manually. The positioning of the IF relative to the steel plate (i.e.,
localization) is done via attached AprilTags (Olson, 2011), which the IF recognizes through
built-in cameras. It requires one worker supervising the IF and supplying rebar as needed.
The IF fabricates the layers by bending the vertical rebar in the designated position and
cutting and welding pieces of horizontal rebar to hold it in place on its own. The move of
the IF to a new position after it reaches its maximum arm mobility is assisted by a worker
to secure it to the new position. For more information about the IF the reader is referred
to Giftthaler et al. (2017).
When the mesh is finished, it is manually filled with a specially designed self-compacting
concrete (Hack et al., 2017), with the right consistency to leak out of the mesh as much as
needed to satisfy a sufficient cover of the mesh. Although the finishing of the concrete is
still ongoing research. Currently it is finished manually but a robotic refinement of the
fresh concrete, or an additional layer of shotcrete could also be used. Figure 3.17 shows a
view of the IF building the Mesh Mould on EMPA NEST.

Figure 3.17 In situ Fabricator building the Mesh Mould Wall (NCCR Digital Fabrication, 2017).
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3.3.4.3 Characteristics of the concrete walls
The geometry of the double-curved and straight walls is summarized in Table 3.3.
Table 3.3 Geometry of the double-curved and straight walls.
Double-curved

Straight

Height (m)

2.80

2.50

Length (m)

12.20

11.70

0.13

0.15

Total area* (m )

69.60

58.50

Volume (m )

4.39**

4.39

Width (m)
2

3

* The total area includes the area for two sides of the wall.
**Due to its complex geometry, the total volume for the double-curved wall was determined using the CAD model.

Concrete
For the conventional construction, the concrete used was C25/30 with a compression
strength of 25 N/mm2. For the Mesh Mould wall, Sika Monotop 412N was used (Hack et
al., 2017).
Rebar
For the walls built using the conventional technique, a conventional B500B reinforcing
steel was used. The mesh for the robotically fabricated walls consisted of 6mm diameter
vertical and 4 mm diameter horizontal steel wires. The steel used was B500A. Both with
a tension yield strength of 500 N/mm2.
Formwork
The construction of conventional reinforced concrete walls requires a different formwork
system according to the complexity of the structure. The formwork considered for the
straight wall was job-built 3/4” (~19 mm) thick plywood. It was assumed that it could be
reused four times without excessive repair (Plotner, 2016). The formwork for the doublecurved wall consisted of a custom wood framework with hardened foam or Expanded
Polystyrene (EPS) built to accommodate the desired shape. The installation of the EPS
formwork (i.e., special formwork) is based on the installation of formwork in a conventional
straight wall multiplied by complexity factors agreed on with different industry experts.
The time related to the prefabrication and installation of the special formwork was
considered for comparison purposes. The cost was obtained from interviews with
fabricators of this type of special formwork and varied between 430 to 720 USD/m2. The
EPS molds are fixed for a given shape and could be reused up to four times. If a new shape
is needed, a new customized mold is required. After that, they must be discarded. When
using dfab, the cage formed by the 3D mesh is used as formwork. In addition, the shape is
not fixed and can be modified as desired to meet architectural requirements.
3.3.4.4 Collect Data
The data used for quantifying the time and related cost for the construction of the straight
and double-curved walls with both construction processes was obtained by the authors.
The data collection for the robotic construction process of the double-curved wall included
on-site observations of different processes, time-lapse photography, video and interviews
with different participants from the NCCR Digital Fabrication team. Moreover, cost and
time data from the wall were collected from interviews with specialized contractors
working on the DFAB HOUSE. In the case when information was not available,
reasonable assumptions were made. In some cases, production rates (e.g., daily output and
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production hours) were taken from RSMeans (Plotner, 2016) and run by the NCCR Digital
Fabrication team to ensure they were reasonable. The following sections summarize the
data for each case.
Time data
The time associated to the different construction processes for the two wall types was
based on the processes shown in Figure 3.15 and Figure 3.16.
Conventional construction
The time required for the construction of the conventional walls was estimated based on
information provided by the contractor working on the DFAB HOUSE. The crew
compositions were also based on conventional arrangement and proper allocation of
workers for each task (e.g., for formwork, 3 carpenters and 1 laborer; for reinforcement 3
rodmen, etc.). The production rates used were provided by the contractor or from current
literature (e.g., RSMeans). The time (hours) required for the construction of the straight
and double-curved walls using conventional construction is shown in Table 3.4 and Table
3.5 respectively.
Table 3.4 Time (hours) for straight concrete wall using conventional construction.
Time (hours)
Task

No. workers

Optimistic

Most Likely

Pessimistic

Erect & Strip formwork

4

N/A

14.95

N/A

Install reinforcement

3

N/A

0.90

N/A

Place concrete

3

N/A

8.37

N/A

TOTAL

N/A

24.22

N/A

Table 3.5 Time (hours) for double-curved wall using conventional construction.
Time (hours)
Task

No. workers

Optimistic

Most Likely

Pessimistic

Erect & Strip formwork

4

35.57

44.46

53.35

Install reinforcement

3

4.60

6.13

7.67

Place concrete

3

16.75

20.93

25.12

TOTAL

56.91

71.52

86.13

Robotic fabrication
The time required for the construction of the robotically fabricated wall was based on the
observations during the construction of the wall at the DFAB HOUSE. The times for the
double-curved wall using dfab were obtained from the authors by taking time-lapse
photography and videos during the construction as well as from interviews with different
participants from the NCCR Digital Fabrication team. For the robotically fabricated
straight wall, the values of the complex wall were adjusted to account for the simplicity of
the straight wall. The time (hours) required for the construction of the straight and doublecurved robotically fabricated walls is shown in Table 3.6 and Table 3.7 respectively.
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Table 3.6 Time (hours) for for the straight robotically fabricated wall.
Time (hours)
Task

No. workers

Optimistic

Most Likely

Pessimistic

Produce steel base

2

8.00

12.00

16.00

Place AprilTags

1

1.77

1.77

1.77

Calibrate IF

1

0.83

0.83

0.83

Fabricate steel mesh

1

33.03

33.67

34.51

Install and finish concrete

3

26.15

26.15

26.15

TOTAL

69.78

74.42

79.27

Table 3.7 Time (hours) for the double-curved robotically fabricated wall.
Time (hours)
Task

No. workers

Optimistic

Most Likely

Pessimistic

Produce steel base

2

8.00

12.00

16.00

Place AprilTags

1

1.77

1.77

1.77

Calibrate IF

1

0.83

0.83

0.83

Fabricate steel mesh

1

36.10

36.50

37.27

Install and finish concrete

3

29.53

29.53

29.53

TOTAL

76.23

80.63

85.40

Optimization options for IF
The IF evaluated is currently in a prototypical phase and MM is the first building
application in which this robot is tested. Consequently, the current functionality of the
robot involves human intervention, as a separate task (e.g., install AprilTags, calibration,
feeding rebar during the fabrication of the steel mesh, and setting/finishing concrete) or
as a mixed task (e.g., securing the robot in next position and feeding wires during the
fabrication of the 3D wire mesh). The share of work for the human, robot, and mixed work
is shown in Figure 3.18.
7%

Robot
Worker
Mixed

27%

66%

Figure 3.18 Shared work (% of most likely total time) for the robotically fabricated wall with current
condition.

For a more realistic comparison with conventional construction, further adjustments
affecting the functionally and performance of the IF should be considered. According to
the MM team, the following improvements can be made: (1) the speed of production of one
horizontal rebar, specially its welding cycle, could be reduced to a third, from 6.8 seconds
per cycle to about 2.3 seconds per cycle (i.e., Option 1: Faster Welding Cycle). (2) The
limiting factor is the weight of the end-effector, so in addition to the modifications in
Option 1, a lighter one could accelerate this step. The time to move down the end-effector
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(i.e., robot arm) could be cut in half, from currently 26 seconds to about 13 seconds (i.e.,
Option 2: Faster Robot Arm). The current feed of the rebar is done manually, so in addition
to the modifications in Option 2, a higher speed could cause a rebound effect and affect the
manual feed; however, if the feed is done automatically (i.e., Option 3: Automatic Rebar
Exchange), this should not cause any problem and would improve the speed of the IF.
Given the technological advancements in this field, these adjustments are considered,
according to researchers from the MM team, reasonable and should be easily implemented
in a commercial application of the IF.
Cost data
The cost and duration of the different construction processes for the two wall types was
based on the processes shown in
Figure 3.15 and Figure 3.16. Due to the nature of the DFAB HOUSE, the rates for the
different workers involved would not have been realistic in real construction projects. For
that reason, the hourly wages were adjusted to meet published rates. Being conservative,
the RSMeans-Building Construction Cost Data (Plotner, 2016) was used. The rates from
the RSMeans are similar to those from the State Occupational Employment and Wage
Estimates in New York published by the Bureau of Labor Statistics (U.S. Department of
Labor, 2016). The costs used (i.e., labor, material and equipment) do not include any
markups for overhead and profit, i.e., they only represent the costs incurred by the
contractor. The hourly wages used for the different crew members are summarized in
Table 3.8.
Table 3.8 Hourly wages for the different crew members (excluding OH&P)
Crew member

Hourly wage (USD)

Carpenter

48.45

Cement finisher

45.65

Equipment operator

51.10

Laborer

37.90

Rodman (reinforcement)

53.00

Skilled worker

49.90

Specialty technician/robot support

80.00

The average daily crew cost for all the tasks was 1,272 USD for the different tasks in the
conventional construction and 784 USD for robotic fabrication. The crew allocation for the
different tasks, as well as the daily cost, is shown in Figure 3.19 and Figure 3.20.

Erect formwork

3 Carpenters
1 Laborer
Daily tot.: $1,026

Install
reinforcement

3 Rodmen
Daily tot.: $1,272

Place concrete

1 Laborer
1 Equip. operator
1 Cement finisher
Daily tot.: $1,077

Strip formwork

3 Carpenter
1 Laborer
Daily tot.: $440

Figure 3.19 Workers for the different tasks for construction of concrete wall using conventional
construction.
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1 Skilled worker
Daily tot.: $399

Place AprilTags

Install steel base

Calibrate In‐situ
Fabricator

1 Skilled worker
1 Laborer
Daily tot.: $702

1 Skilled worker
(1 Robot (IF))
Daily tot.: $399

Fabricate steel
mesh

Install and finish
concrete

1 Skilled worker
1 Specialty
technician/robot
support*
Daily tot.: $1,039

2 Laborers
1 Equip. operator
1 Cement finisher
Daily tot.: $1,380

* The cost of the specialty technician/robot support was only considered during the time the robot was in operation.

Figure 3.20 Workers for the different tasks for construction of concrete wall using robotic fabrication.

Conventional construction
The two concrete wall types built using the conventional construction followed the process
shown in
Figure 3.15. The different cost types for the different tasks of each wall are summarized in
Table 3.9 and Table 3.10. When appropriate, an optimistic and pessimistic cost was
considered to account for uncertainty in some tasks. Due to the low variability in the
construction of the straight concrete wall using conventional construction, only the most
likely costs were considered. The unit cost using conventional construction is about 1,639
USD/m3 and 12,425 USD/m3 for the straight and double-curved concrete wall respectively.
Table 3.9 Cost for straight concrete wall using conventional construction.
Cost (USD)
Task

Cost type

Optimistic

Most Likely

Erect & Strip formwork

Labor

2,739

Erect & Strip formwork

Material

629

Install reinforcement

Labor

143

Install reinforcement

Material

100

Place concrete

Labor

1,127

Place concrete

Material

955

Place concrete

Equipment

1,518

TOTAL

7,211

Pessimistic

Table 3.10 Cost for double-curved wall using conventional construction.
Cost (USD)
Task

Cost type

Optimistic

Most Likely

Pessimistic

Erect & Strip formwork

Labor

6,517

8,147

9,776

Erect & Strip formwork

Material

30,067

40,090

50,112
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Install reinforcement

Labor

Install reinforcement

Material

Place concrete

Labor

Place concrete

Material

955

Place concrete

Equipment

1,518

TOTAL

731

975

1,219

166
2,255

2,819

42,210

3,382

54,669

67,128

Robotic fabrication
The two concrete wall types fabricated with the robotic fabrication technique followed the
process shown in Figure 3.16. The different cost types for the different tasks of each wall
are summarized in Table 3.11 and Table 3.12. When appropriate, an optimistic and
pessimistic cost was considered to account for uncertainty in some tasks. The unit cost
using robotic fabrication ranged between 4,709-5,341 USD/m3 and between 4,980-5,606
USD/m3 for the straight and double-curved concrete wall respectively.
The calculation of the robot cost proportional to a wall was determined using Equation
3.8. The expected life of the robot (tr) was 90,000 hours (see section 3.2.6.1). The IF is in
an experimental phase and used for research purposes. It would be unrealistic to use its
cost for this study as it would be significantly higher than the cost of similar robot system
for commercial applications. Given current trends in the price of robots (Tilley, 2017), it is
expected that actual commercial robots with similar functionalities than the IF would be
more economical that the one used for this case study. According to RobotWorx, the cost
of new industrial robotics varies from 50,000 USD to 80,000 USD. The cost increases when
application-specific peripherals are added. In that case, the robot system costs can range
between 100,000 USD to 150,000 USD (RobotWorx, n.d.). For this study, the cost of the
robot (Cr) was assumed to be the average cost of an industrial robotic arm (125,000 USD).
C w  Cr

tw
tr

Equation 3.8

Where Cw is the allocated cost of the robot (i.e., equipment cost) for the structure being
built, Cr is the cost of the robot system including required peripherals, tw is the time spent
by the robot building the structure, and tr is the expected life of the robot.
Table 3.11 Cost for straight concrete wall using robotic fabrication.
Cost (USD)
Task

Cost type

Optimistic

Most Likely

Pessimistic

Produce steel base

Labor

702

1,054

1,405

Produce steel base

Material

4,635

4,635

4,635

Produce steel base

Equipment

1,500

1,500

1,500

Place AprilTags

Labor

88

88

88

Calibrate IF

Labor

42

42

42

Fabricate steel mesh

Labor*

6,996

7,061

7,147

Fabricate steel mesh

Material

480

480

480

Fabricate steel mesh

Equipment**

51

55

73

Install and finish concrete

Labor Cost

2,837

2,837

2,837

Install and finish concrete

Material Cost

1,738

2,693

3,648

Install and finish concrete

Equipment Cost

1,648

1,648

1,648

TOTAL

20,717

22,092

23,502
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* Includes cost of specialty technician/robot support for the time the robot is fabricating the steel mesh.
** Proportional cost of the robot based on utilization time for the construction of the wall.

Table 3.12 Cost for double-curved wall using robotic fabrication.
Cost (USD)
Task

Cost type

Optimistic

Most Likely

Pessimistic

Produce steel base

Labor

702

1,054

1,405

Produce steel base

Material

4,635

4,635

4,635

Produce steel base

Equipment

1,500

1,500

1,500

Place AprilTags

Labor

88

88

88

Calibrate IF

Labor

42

42

42

Fabricate steel mesh

Labor*

7,613

7,654

7,732

Fabricate steel mesh

Material

566

566

566

Fabricate steel mesh

Equipment**

56

59

78

Install and finish concrete

Labor Cost

3,175

3,175

3,175

Install and finish concrete

Material Cost

1,887

2,842

3,797

Install and finish concrete

Equipment Cost

1,648

1,648

1,648

TOTAL

21,912

23,262

24,665

* Includes cost of specialty technician/robot support for the time the robot is fabricating the steel mesh.
** Proportional cost of the robot based on utilization time for the construction of the wall.

3.3.4.5 Run simulations and get results
The data collected was used to run simulations to determine the total time and cost for
the different wall types and construction methods evaluated considering the variability
observed. The simulations were done using the CYCLONE (CYCLic Operations NEtwork)
modelling template of Simphony.NET (Simphony.NET 4.6, release Build 4.6.0.272 201708-11) using different distributions for the data. A total of 1,000 runs were made for each
scenario.
The results from the simulations (1,000 iterations) for the total cost using the information
from Table 3.9 to Table 3.12 are summarized in Table 3.13.
Table 3.13 Total cost for different wall types (straight and double-curved) and construction methods
(conventional and robotic fabrication).
Total cost* (USD)
Current

Option 1

Option 2

Option 3

Wall/ construction
type

Min

Mean

Max

Min

Mean

Max

Min

Mean

Max

Min

Mean

Max

Straight/
conventional

N/A

7,211

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Straight/robot

21,328

22,101

23,035

17,743

18,591

19,558

17,459

18,313

19,281

17,133

17,989

18,950

Double-curved/
conventional

45,382

53,955

65,571

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Double-curved/
robot

22,612

23,268

24,351

18,706

19,465

20,560

18,396

19,163

20,259

18,039

18,812

19,900

*Total cost for dfab includes the proportional cost of robot related to the construction of the wall and cost of specialty
technician/robot support for the time the robot is fabricating the steel mesh.
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Similarly, the results from the simulations (1,000 iterations) for the total time using the
information from Table 3.4 to Table 3.7 are summarized in Table 3.14.
Table 3.14 Total time (hours) for different wall types (straight and double-curved) and construction methods
(conventional and robotic fabrication).
Total time (Hrs)
Current

Option 1

Option 2

Option 3

Wall/ construction
type

Min

Mean

Max

Min

Mean

Max

Min

Mean

Max

Min

Mean

Max

Straight/
conventional

N/A

24.22

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Straight/robot

67.58

68.76

69.98

40.80

41.87

42.74

38.71

39.76

40.65

33.05

33.69

34.60

Double-curved/
conventional

55.12

66.08

76.05

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Double-curved/
robot

73.83

74.50

75.40

44.57

45.36

46.05

42.29

43.08

43.80

36.10

36.50

37.28

The mean time and percentage share for the human, robot, and mixed cases considering
the current process and the optimization options for the IF (refer to section 3.3.4.4
“Optimization options for IF”) for the robotic fabrication of the double-curved wall are
shown in Figure 3.21. The different options are used in the comparative analysis.
80.00

‐39.1%

70.00

6.8%

60.00

27.2%

Hrs

50.00

‐5.0%

40.00
30.00
20.00

11.2%

11.8%

44.5%

47.0%

66.0%

10.00

44.3%

‐15.3%
13.9%

41.3%

37.4%
48.7%

0.00
Current

Robot (hrs)

Opt. 1 ‐ Faster
Welding Cycle
Human labor (hrs)

Opt. 2 ‐ Faster Robot Opt. 3 ‐ Automatic
Arm
Rebar Exchange
Mixed (hrs)

Saving (hrs)

Figure 3.21 Share of work (% relative to the total time) and saved time (% relative to total time in previous
option) for different options for the IF based on mean values.

3.3.4.6 Analyze data and calculate productivity
Productivity for each wall/construction type was measured at the activity level in terms of
cost and time according to Equation 3.7. The unit of quantity installed considered for
measuring the productivity of each wall was one cubic meter. This functional unit allowed
a fair comparison between walls with different complexity level, dimensions, etc. The
results are summarized in Table 3.15 (cost/unit quantity installed) and Table 3.16
(time/unit quantity installed).
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Table 3.15 Productivity based on cost per unit quantity installed for each wall and construction type.
Productivity (USD/m3)
Wall/construction type

Current (1)

Option 1 (2)

Option 2 (3)

Option 3 (4)

Straight/conventional

1,639

N/A

N/A

N/A

Straight/robot

5,023

4,225

4,162

4,088

12,262

N/A

N/A

N/A

5,288

4,424

4,355

4,276

Double-curved/conventional
Double-curved/robot
(1) Current IF configuration
(2) Option 1 – Faster welding cycle
(3) Option 2 – Faster robotic arm
(4) Option 3 – Automatic rebar exchange

Table 3.16 Productivity based on time per unit quantity installed for each wall and construction type.
Productivity (Hrs/m3)
Wall/construction type

Current (1)

Option 1 (2)

Option 2 (3)

Option 3 (4)

5.50

N/A

N/A

N/A

Straight/robot

15.63

9.52

9.04

7.66

Double-curved/conventional

15.02

N/A

N/A

N/A

Double-curved/robot

16.93

10.31

9.79

8.30

Straight/conventional

(1) Current IF configuration
(2) Option 1 – Faster welding cycle
(3) Option 2 – Faster robotic arm
(4) Option 3 – Automatic rebar exchange

3.3.5 Results
The results obtained from the simulations, based on the collected data, were used to
calculate the productivity (i.e., USD/m3 and Hrs/m3) and conduct a quantitative
comparison between the construction of the two wall types using the conventional and
robotic fabrication methods. The results from this comparison are shown in Figure 3.22
(USD/m3) and Figure 3.24 (Hrs/m3). The uncertainty associated with the increased level
of complexity for the conventional construction is assumed to increase linearly using the
maximum, minimum and mean values obtained from the simulation. This variation is
shown for the optimistic and pessimistic cases. Expected reductions due to learning curve
effects are not considered. For robotic construction, the productivity is shown as a constant
rate, indicating that the productivity is independent of the level of complexity. The
variation shown is due to the different optimization options for the IF.
3.3.5.1

Cost per installed quantity (USD/m3)
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15,000
14,000
13,000
12,000

Conventional wall (Pessimistic)
Conventional wall (Optimistic)
Robotically fabricated wall (Current)
Robotically fabricated wall (Opt. 1)
Robotically fabricated wall (Opt. 2)
Robotically fabricated wall (Opt. 3)

11,000
10,000

USD/m3

9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
‐
Low (straight wall)

High (double‐curved wall)
Level of complexity

Figure 3.22 Productivity (USD/m3) for different levels of complexity for a concrete wall using conventional
construction and robotic fabrication

Figure 3.22 shows the productivity difference in USD/m3 between the two wall types
using robotic and conventional construction methods. As one can see, for the construction
of a straight wall (i.e., with low level of complexity) there is not really an economic benefit
by using dfab when compared to the conventional construction. This is the opposite in the
case of the double-curved wall (very high level of complexity). Therefore, as the level of
complexity increases, the use of robotic fabrication provides significant savings. In
addition, the time saving of the different IF options (a reduction of over 50% in the time
to build the wall from Option 3 when compared to the current condition) do not have a
significant impact, with a reduction of 16% and 19% when comparing the current condition
to Option 1 and Option 3, respectively. This low impact is expected given that the time
savings derived from the different optimizations are linked to the labor cost during the
production of the wire mesh. This cost accounts for about 22% of the total cost for the most
likely cost in the current condition and considered options during the robotic construction
of the double-curved wall.
Cost structure
The allocation of the different costs (i.e., labor, material, equipment) for the different wall
types and construction methods is shown in Figure 3.23. The main variations occur in
the construction of the concrete walls using conventional construction, and they are caused
by the high cost of the special formwork needed for the double-curved wall. The relative
cost of materials is more than tripled when building the complex wall in the conventional
way. In the cases of robotic fabrication, the variations are negligible, and show the closer
balance between labor and materials than the conventional construction.
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3%

100%
90%

18%

18%

21%

Percentage of total cost

80%
70%

23%

60%

75%

45%

44%

50%
40%
30%

56%

20%

38%

36%
22%

10%
0%

Labour

Material

Equipment

*Most likely value
**Average for different options of most likely values

Figure 3.23 Allocation of different cost types for each construction method.

3.3.5.2 Hours per installed quantity (Hrs/m3)
Contrary to the cost section, the time saving of the different IF options are clearly reflected
in the calculation of hrs/m3 (Figure 3.24). However, the benefits of when robotic
fabrication makes sense when compared to conventional construction are more depended
on the technical aspects of the robot used. Nevertheless, the different IF optimization
options show high reductions in hours per installed quantity compared to conventional
construction. The amount of time per unit of installed quantity can be significantly
reduced when reasonable modifications are made to the robot system (Figure 3.24). Given
the advancement in this field, it is expected that future performance would exceed those
derived from Option 3. From this perspective, the use of robotic fabrication has significant
benefits as the level of complexity increases.
20
18
16
14

Hrs/m3

12
10
8
6
Conventional wall (Pessimistic)
Conventional wall (Optimistic)
Robotically fabricated wall (Current)
Robotically fabricated wall (Opt. 1)
Robotically fabricated wall (Opt. 2)
Robotically fabricated wall (Opt. 3)

4
2
0
Low (straight wall)

High (double‐curve wall)
Level of complexity

Figure 3.24 Productivity (Hrs/m3) for different levels of complexity for a concrete wall using conventional
construction and robotic fabrication.
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3.3.6 Discussion and Outlook
A procedure for comparing the productivity based on the total cost and time per unit
installed was proposed and successfully applied to the MMW case study at the NEST
DFAB HOUSE. The main outcome of the comparison was that the robotic process had
higher productivity than a conventional process for the construction of complex building
elements. This section aims to position these results in relation to published literature and
discuss unaddressed questions related to the case study. Moreover, future research paths
within the field of additive digital fabrication are identified.
3.3.6.1 Uncertainty in cost of robot and payback period
This study assumed that the IF has a service life of 90,000 hours, which corresponds to
the total running time without failures. However, there is high uncertainty related to the
service life of this prototype of on-site construction robot. The ISO 15686 standard (ISO,
2000) differences between two service life concepts: the Reference Service Life (RSL) and
the Estimated Service Life (ESL). The RSL is defined as the expected service life under
normal use and maintenance conditions, which is identified with the physical or technical
service life. However, the end of life of the IF can also be influenced by functional or
economic factors, which increase or decrease the RSL (Silva et al., 2016). For instance, a
new model of IF could replace the current one after a period of time. Consequently, the
ESL of the current model would be shorter than its RSL of 90,000 hours. Nevertheless,
due to the ESL uncertainty, the service life considered in the analysis was the technical
service life or RSL.
This study assumed that the IF will construct many structures during the 90,000 hours of
service life. Therefore, the productivity analysis only included the part of robot cost
allocated to the construction of one MMW. An alternative approach would be to consider
the total cost of the robot system and study when robotic fabrication becomes more
economical than conventional construction. Figure 3.25 depicts the application of this
approach to the MM double-curved wall from the case study previously analyzed.
Specifically, the graph shows that robotic construction becomes more cost-efficient when
the volume built exceeds about 110 m3 (i.e., after building 25 walls like the one in the
DFAB HOUSE), considering a cost of 125,000 USD for the robot and the modifications for
Option 3. This analysis considers that after the 10th wall, the robot IF requires
maintenance and repair (assumed to be 5% of the original cost of the robot system used
every 10 walls, ignoring robot depreciation). For the conventional construction the special
formwork must be mostly redone (only 10% of its initial cost can be saved) every four walls.
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Figure 3.25 Break-even analysis between Conventional and IF robot-Option 3 for cubic meters of concrete
installed.

The experimental state of the IF and customized tools needed for the construction process,
could considerably increase the costs of a project, making it unrealistic for commercial
applications. Consequently, an average cost of 125,000 USD corresponding to an industrial
robot was assumed for this mobile robot. However, given the volatility of this field and
current trends in the price of robots, it is expected that actual commercial robots like the
IF would be significantly more economical that the one used for this case study. Therefore,
it is expected that in the future the economic savings using robotic fabrication techniques
will increase. According to (Thayer, 2017) the price of industrial robots will drop by about
20 percent by 2025. Considering this fluctuation in the robot cost will make a difference
when construction companies consider taking over this investment. Figure 3.26 shows a
+/-20% fluctuation in the robot cost. In the low bound, robots will become economical, when
compared to conventional construction, in projects where the volume of concrete exceeds
about 88 m3 (i.e., after building 20 walls like the one in the DFAB HOUSE).
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Figure 3.26 Break-even analysis between Conventional and dfab-Option 3 for cubic meters of concrete
installed with +/-20% fluctuation in robot cost.

When considering more realistic applications such as the construction of multiple
structures (not just one wall as in the case study), the cost of the robot system will be, due
to economies of scale, more competitive making robotic fabrication worth from the
economic point of view.
Another important element to be considered has to do with the limitations of the robot
utilization. It could be argued that construction robots could work 24 hours in a row, given
that constant supply of the required resources is provided. This would make the
productivity introduced by the robot much more evident. In the case presented in this
study, the robot needs manual assistance, and the concept of multiple shifts for
construction workers has not been considered, hence the working capacity of the robot is
limited by the robot-human interaction.
For simplicity, the cost associated with the commercial dimension of using robotic
technology in construction has not been considered. The opportunity of commercialization
of this technology for on-site construction applications should be further studied as it could
be significant (Bandarian, 2007). Future work should account for the factors impacting
their commercialization (Zemlickienė et al., 2017) in order to define an approach to
prioritize technologies with respect to their innovation potentials (Dereli and Altun, 2013).
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3.3.6.2 Sustainable digitalization
The case study analyzed in this paper showed that the MMW achieved a high complexity
without additional costs, connected with the avoidance of labor-intensive formwork in the
MM process. However, at a lower level of complexity (straight wall), the conventional
processes still outperform the MMW process. Similar conclusions were achieved in the
environmental evaluation of the MMW presented in section 3.2. Their quantitative study
showed that the environmental impact of the MMW does not increase with the uniqueness
and complexity of the geometry. In the same way as the present study, the results
demonstrated that the benefits of robotic fabrication compared to conventional
construction increase proportionally to the level of complexity in the structure. These
potential sustainability benefits of additive dfab were already foreseen in previous
publications. For instance, Labonnote et al. (2016) highlighted the potential of complex
structures constructed through additive dfab techniques to reduce material and costs.
However, quantitative studies such as the present case study are needed to prove this
potential. Next to environmental and cost assessments, the evaluation of social impacts
derived from implementing dfab in construction is vital to show the potential of dfab from
a complete sustainable perspective (Figure 3.27).

Figure 3.27 Requirements for an overall sustainable implementation of dfab in the construction sector.

The changes in the building industry driven by dfab techniques have a direct impact on
the society, especially people working within the construction industry. Dfab will
potentially transform the current roles in the planning and execution of construction
projects. As robots and other technologies take over tasks previously performed by
construction workers, the concern about the future of jobs and wages will increase. Some
published studies have anticipated the impact of digitalization in future jobs. According
to Berriman and Hawksworth (2017), 41% of construction jobs in Germany, 35% in the
US, 26% in Japan and 24% in the UK will be probably automated by 2030. However, while
dfab will increase productivity, it should not necessarily reduce total employment in the
long run. Frey and Osborne (2017) point out that low-skill and low-wage occupations are
the ones in risk of computerization. According to this study, low-skilled roles will evolve,
especially during the transition phase (i.e., human-robot interaction), to new high-skilled
roles. As indicated by Gerbert et al. (2016), instead of draftsmen there will be a need for
workers with digital skills. New roles such as dfab technicians to support robotic systems,
dfab programmers to develop computer numerical control, or dfab managers and
coordinators are expected. Other studies (OECD, 2016) have also shown that digitalization
is reducing the demand for routine tasks while increasing the demand for low- and highskilled tasks. These medium-level qualified jobs could be for instance structural
engineering certification work or classic architecture design, while on the contrary, on-site
jobs, where control and adaptation to fast changing environment and low skilled
qualification are required, will always be needed even if adaptation to new tools will
happen. However, the exact dimensions of the digital transformation in construction and
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how it will affect the labor market should be investigated. Based on real construction
projects, the elements for a successful transition and integration of dfab in current
building processes should be identified. Consequently, an evaluation of dfab impact in the
current building industry and its management should be the object of future research
studies.
3.3.6.3 Complex buildings cost less
In this paper, we compared similar structures made with conventional and robotic
fabrication techniques. However, the real question is to know if a robotically fabricated
product, whatever its shape might be, will be cheaper than current construction practice.
To answer this question, one must know, what does a complex shape provide in terms of
economic benefit?
First, one can assume that complexity can be a consequence of a highly integrated
construction process. Actually, the conventional organization of the construction is
conceived as a successive and layered process where each element and function are
addressed by a different element and built at different moments by different skilled
workers. It has been recently shown that the combination of functions through the help of
digital technologies allows to save time, building materials (see section 2.1), and therefore
money. This functional hybridization when the shape is providing an additional function
(e.g. acoustic), clearly requires a higher complexity, which can then be handled with no
additional costs by using additive dfab techniques. However, the double curved wall in
this study does not belong to this category, as the complex geometry is not used to provide
a secondary function and it is only structural.
This leads to the second point of view on the complexity in architecture as a societal
necessity. In his book “Complexity and contradiction in architecture” (Venturi, 1977),
Venturi stated that the desire for simplicity needs to be combined with the recognition of
complexity in architecture as “aesthetic simplicity which is a satisfaction to the mind
derives, when valid and profound, from inner complexity.” Form complexity can also be
seen as a pure ornament, and therefore without productive function other than aesthetic,
even though it is this exact aesthetic function that relates architecture to culture, form to
meaning and finally allows people to identify and relate with empathy to their built
environment (Rosenbauer, 1947). Considering this point of view and having been able to
show in this study that the robot was able to produce the ornament with lower cost than
the same object produced by a conventional technique, it seems appropriate to consider
robotic fabrication as an effective construction technique to produce complex ornamental
structures. Moreover, we should consider that the function of ornament (and the inherent
complexity related to its production) is actually justified by the fact that ornament is a
social need (Moussavi and Kubo, 2006). This could justify the use of robotic fabrication for
the double curved mesh mold.
Finally, and this has not been much explored in current construction, complex
construction forms that could be provided at similar costs as straight ones, could be used
to promote more circular buildings. Actually, at the building scale, a circular geometry
allows to obtain the same floor area as a squared geometry but using less material
(optimized surface/volume ratio).
As a conclusion, the efficiency of robotic fabrication to produce complex structures
compared to conventional construction practice, does not necessarily mean that robotic
fabrication is always efficient as long as a complex shape is produced. It depends on the
final use of this complexity and one can see an advantage if complexity allowed either to
reduce the amount of material (circular building vs squared one or thinner element) or to
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provide an additional function when the shape is providing a function, being technical
through functional hybridization or aesthetic.

3.3.7 Conclusion
Digital fabrication has shown great potential to move the construction industry into the
Digital Age. The integrated digital design and fabrication process (i.e., a design-toproduction process) results in more controllability and flexibility during construction,
allowing adjustments to be made at a late stage without highly increasing construction
costs. Thus, leading to new roles and elements established in the workflow.
This study investigated the effects of additive digital fabrication (dfab) on productivity by
analyzing the cost and time required for the construction of a robotically-fabricated
complex concrete wall. The CYCLONE simulation technique was used to conduct a
quantitative comparison between conventional and robotic construction methods. The
comparison between the two construction processes was done for two types of walls: a
doubled-curved wall and a straight wall.
The results demonstrate one example where robotic fabrication provides higher
productivity over the conventional construction process when complex structures are built
and allows one to imagine the possibilities with other complex structures. The case study
also shows that there is no additional cost derived from the robotic fabrication method if
the complexity of the wall geometry increases. However, the conventional construction
method still outperforms the robotic fabrication method for building simpler walls. The
specific cost comparison should be treated as illustrative and not precise and the results
from this study should not be extrapolated to draw general conclusion for the broad field
of digital fabrication. In addition, some of the data was obtained through simulation or by
making reasonable assumptions. As more real applications are conducted, simulated data
should be replaced with real data collected from physical experiments. Similarly, as more
information becomes available, the assumptions made should be revised and ultimately
replaced with actual values.
The Mesh Mould Wall in this study was a motivating example to prove the benefits of
digital fabrication in a specific context, while further research is needed to demonstrate
the multifaceted impacts that digital fabrication brings to construction process. From this
study, it can be stated that additive dfab has the potential to be economically beneficial
through the improvement of productivity during the construction of complex structures.
Although the MMW is envisioned to work on-site, the unexpected conditions of on-site
construction have not been considered in this study. It is important that this kind of robotic
systems have this in consideration to have the ability to adjust to uncontrolled
environments in a way that does not compromise their productivity. Further research is
required to assess the social impacts of using dfab.
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3.4 Discussion
This section aims to position the conclusions of the chapter in relation to publications with
similar results and to discuss the concept of complexity from two different perspectives.
On the one hand, the cases when digital fabrication enables sustainability benefits
compared to conventional construction are established. Specifically, one of the main
conclusions is that shape complexity must be the result of material reduction and not only
aesthetics. One design strategy to achieve material efficiency is functional hybridization,
which sustainability opportunities are further investigated in chapter 4. On the other
hand, the potential of digital fabrication techniques to decrease the complexity of the
construction sector is discussed.

3.4.1 Shape complexity
The research presented in this chapter demonstrates that additive digital fabrication can
facilitate the production of slender and complex building elements. Additional shape
complexity is achieved without additional costs, so the sustainable potential of digital
fabrication increases proportionally to the degree of complexity of the geometry.
Specifically, the results from the Mesh Mould case study show that the environmental and
economic impacts of this robotically fabricated wall do not grow with the uniqueness and
complexity of the architectural geometry. However, the conventional construction
technique still outperforms the robotic fabrication method for building standard walls.
Labonnote and Rüther (2016) shows similar conclusions about the sustainable potential
of additive construction processes. This study points out the ability of digital fabrication
processes to produce non-standard geometries at no additional cost. The more complex the
geometry, the more cost-effective is the use of additive fabrication techniques. Other
publications also highlight the potential of additive digital fabrication to produce largescale complex structures efficient in material use. For instance, Lim et al. (2012) refers to
the freedom of design and elimination of labor-intensive molding enabled by additive
construction techniques, which is not feasible with conventional construction processes.
Similarly, Gosselin et al. (2016) establishes the potential of additive manufacturing in
construction to reconcile non-standard shapes and low costs by eliminating the need for
customized formwork.
The influence of shape complexity in environmental impacts is also the focus of
publications from related research fields. For instance, Baumers et al. (2017) applied the
algorithm developed in Psarra and Grajewski (2001) to measure the shape complexity of
3D printed products and its relation with the energy consumption during manufacturing.
The results of the study show that the energy consumption has a weak correlation with
the complexity of the element and it is strongly correlated with the cross-sectional area
and mass. Therefore, the results suggest that geometry and functional features can be
added at low or negligible additional energy consumption if they do not increase the
volume. Furthermore, the volume can be reduced while maintaining the functional
performance through an increase in shape complexity, leading to financial and
environmental savings.
The analyses carried out in this chapter quantitatively demonstrate the conclusions from
previous publications. Novel digital fabrication techniques facilitate the construction of
complex structures reducing or eliminating the use of conventional elements such as
formwork, which are associated with high resource consumption and labor costs (Hurd,
2005). This statement contradicts what is usually observed in conventional construction,
where increasing complexity leads to a higher use of resources, construction waste and
delays in the construction process. However, this conclusion does not mean that nonstandard geometries have always a sustainability advantage. The development of digital
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fabrication in construction should not lead to the proliferation of complex geometries with
a mere stylistic purpose. Purely ornamental complex architecture may increase material
consumption and derive in an increase of environmental and economic impacts. Digital
architecture’s complexity is inseparable from broader concerns, such as sustainability
issues. The evaluation of the case study demonstrates that shape complexity brings
benefits when is the result of material reduction strategies, such as structural
optimization or multi-functionality. Specifically, the Mesh Mould wall achieves material
efficiency because of the structural optimization and use of high-performance concrete,
and the hybridization of the formwork and structural functions.

3.4.2 Construction complexity
Construction projects are becoming not only formally complex, also complex from a project
management perspective. Complex projects are usually high-tech, capital-intensive
engineering projects of a significant scale, relatively long duration, and require firms to
work collaboratively (Whyte et al., 2016). This increasing complexity is a critical factor
helping to drive the development and integration of new technologies in construction.
During the last decade, information and communication technologies (ICT) such as
Building Information Modelling (BIM) are being implemented to manage construction
complexity (Bryde et al., 2013). As usually observed in conventional construction,
increasing complexity, while initially effective, induces a rise in project costs. However,
different studies demonstrate that the use of information technology for the design and
construction of complex projects brings benefits to the building industry. For instance,
Staub-French and Khanzode (2007) establishes the potential of 3D and 4D technologies to
positively impact the design and construction of complex projects through the development
of coordinated and constructible designs and construction sequences. According to this
study, the benefits of 3D and 4D modeling include an increased productivity and cost
reduction derived from different factors, such as an early identification of design errors,
an accurate bill of materials, less rework, fewer Requests for Information (RFI), fewer
change orders, or a decrease in construction times. Similarly, Bryde et al. (2013) highlights
a cost reduction followed by time, communication, coordination and quality improvement
derived from the implementation of BIM in complex construction projects.
As a result, the design and construction industry is experiencing a transformation, not
just due to the software implementation, but also due to how digital technologies change
design and construction processes, encouraging collaboration, automation and other ways
to increase efficiency and productivity. New digital fabrication technologies like robotics
or 3D printers are poised to increase the ability of information technology to improve
construction processes in the complex environment of the building industry. According to
Oesterreich and Teuteberg (2016), the combination of information and automation
technologies promises the following benefits for the construction sector:


Cost savings: the automation of labor-intensive processes results in a reduction of labor
costs.



Time savings: AM in construction enables building faster than conventional
construction methods.



On-time and on-budget delivery: information technology helps to decrease project
delivery time and keep projects under budget.



Improving quality: higher building quality, as errors can be avoided in the early stages
by simulating the whole construction process.
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Improving collaboration and communication: cloud-based platforms can efficiently
improve collaboration and communication across stakeholders.



Improving customer relationship: simulation technologies like Augmented Reality or
Virtual Reality provide owners the details and design of a building before it is built.



Enhancing safety: work injuries and accidents during construction can be reduced
through virtual safety training, risk maps or using wearable technologies like smart
glasses or helmets.



Improving the image of the industry: digital transformation can help to improve the
image of harsh working environment.



Improving sustainability: construction waste and emissions minimization through
strategic project management or modelling design alternatives.

In conclusion, digital fabrication techniques can help construction companies to reduce
complexity and uncertainty without additional costs. Therefore, this research matches the
common understanding of the digital fabrication revolution as the fourth moment in the
history when an increase in system complexity gives positive feedback.
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4 Multi-functionality in digital
fabrication
4.1 Research highlights
A design strategy commonly employed in additive digital fabrication to achieve material
efficiency is the design of complex architectural shapes that integrate multi-functionality.
Published studies such as Buswell et al. (2007) and Gosselin et al. (2016) agree on the
potential of digital fabrication techniques to facilitate the integration of additional
functionality in building elements. Specifically, there are three different strategies
commonly followed by designers to achieve multi-functionality in construction. On the one
hand, the integration of building services such as piping in the structure, which often
requires complex geometries. On the other hand, a structure can provide additional
performance (e.g. thermal or acoustics) through its complex shape, which saves an
additional building component to provide this function. This second design strategy called
in this dissertation “functional hybridization” can save building materials during
production, associated with reductions in economic costs and environmental impacts. For
example, the evaluation of “The Sequential Roof” in chapter 2 demonstrates that the
hybridization of acoustic and finishing functions within the roof structure avoids the
construction of a suspended ceiling, which is responsible for high environmental impacts.
Finally, multi-functionality can also be achieved through material hybridization. The
combination of materials, each responsible for a specific function, offers opportunities such
as weight reduction or increased durability. However, multi-functionality can increase the
requirement of material in the structure, which might be disadvantageous from a
sustainable point of view, as shown in the case study of the self-shading wall.
Furthermore, the integration of building functions may increase the difficulty of
retrofitting individual building components, which may increase replacement rates of
building elements during the building’s life cycle.
The objective of this chapter is to evaluate the influence of multi-functionality on the
environmental and economic performance of digitally fabricated architecture to identify
sustainable criteria to guide the design. On the one hand, an evaluation method based on
the LCA framework is applied to assess the influence of multi-functionality on the
environmental impact of digitally fabricated building elements. The evaluation consists of
a cradle-to-gate comparison of each digitally fabricated building element with a
conventional building element with the same functionality. Due to the service-life
uncertainty of multi-functional structures, two alternative service life scenarios are
considered for the digitally fabricated building elements. The method is applied to
evaluate two case studies: “The Sequential Roof” and the “Concrete-Sandstone Composite
(CSC) Slab”. Both ceiling structures have acoustic and finishing functions hybridized
within the structure and additionally the “CSC Slab” integrates installations. On the other
hand, the research is extended to a cradle-to-grave analysis to identify the additional
potential environmental implications associated with the hybrid materials in digitally
fabricated building elements. Specifically, a LCA focused on end-of-life impacts is applied
to the “CSC Slab” case study. Finally, the potential economic benefits of multi-functional
structures are discussed together with the limitations in relation to waste management
regulations in the European context.
Based on the analyses, the following sustainable guidelines for digitally fabricated
building elements with functional and material hybridization are identified:
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Multi-functionality brings material efficiency during production: the hybridization of
functions or/and materials in digitally fabricated building elements avoids additional
building components and materials, which is associated with environmental and
economic benefits.



Multi-functionality may shorten the service life of building elements: building functions
with a short service life should not be integrated in structures with a long service life.
A lifetime reduction in building elements increases replacement rates, which is
associated with an increase of environmental impacts.



Multi-functional structures with hybrid materials may cause high environmental
impacts: recycling hybrid materials can be energy-intensive and source of air
pollutants. The use of hybrid materials requires the development of alternative
materials such as inorganic binders.



Design adaptability must be a priority in multi-functional building elements: digitally
fabricated building elements should only integrate components that are easy to
separate to enable maintenance during service life and facilitate recycling at the end
of life.



End-of-life impacts of hybrid materials must be considered during design: additional
impacts caused by end-of-life processing should be compensated through material
optimization strategies and/or a design for disassembly. the development of alternative
materials and recycling processes.

4.2 Environmental assessment of multi-functional building
elements constructed with digital fabrication techniques
Article under review in The International Journal of Life Cycle Assessment
Reproduced with permission from I. Agustí-Juan, A. Jipa and G. Habert “Environmental
assessment of multi-functional building elements constructed with digital fabrication
techniques” The International Journal of Life Cycle Assessment 2018.
Contributions: I.AJ and G.H conceived the idea of the research. I.AJ performed data
collection with the assistance of A.J and carried out the analyses. The results were
interpreted by I.AJ and G.H. Finally, the manuscript was written by I.AJ with the
assistance of A.J.
Supplementary data related to the data collection, Life Cycle Inventory and results of the
case studies can be found in Appendix C.
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Isolda Agustí-Juan a*, Andrei Jipab, Guillaume Habert a
Chair of Sustainable Construction, IBI, ETH Zürich, Stefano-Franscini-Platz 5, 8093
Zürich, Switzerland.
a

Digital Building Technologies, ITA, ETH Zürich, Stefano-Franscini-Platz 1, 8093 Zürich,
Switzerland.
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* Corresponding author. E-mail address: agusti@ibi.baug.ethz.ch

4.2.1 Abstract
Purpose
Digital fabrication is revolutionizing architecture, enabling the construction of complex
and multi-functional building elements. Multi-functionality is often achieved through
material reduction strategies such as functional or material hybridization. However, these
design strategies may increase environmental impacts over the life cycle. The integration
of functions may hinder the maintenance and shorten the service life. Moreover, once a
building element has reached the end of life, hybrid materials may influence negatively
its recycling capacity. Consequently, the aim of this paper is to analyze the influence of
multi-functionality in the environmental performance of digitally fabricated architecture.
Methods
A method based on the Life Cycle Assessment (LCA) framework is applied for the
evaluation of the environmental implications of multi-functionality in digital fabrication.
The evaluation consists of the comparison of embodied impacts between a multi-functional
building element constructed with digital fabrication techniques and a conventional one,
both with the same building functions. Specifically, the method considers the lifetime
uncertainty caused by multi-functionality by considering two alternative service life
scenarios during the evaluation of the digitally fabricated building element. The study is
extended with a sensitivity analysis to evaluate the additional environmental implications
during end-of-life processing derived from the use of hybrid materials to achieve multifunctionality in architecture.
Results and discussion
The evaluation of two case studies of digitally fabricated architecture indicates that multifunctionality may shorten the service life and increase their environmental impact over
conventional construction. Therefore, multi-functional building elements should have a
minimum service life of 30 years to bring environmental benefits. Furthermore, the study
of the environmental consequences of using hybrid materials in digitally fabricated
building elements shows that recycling this type of structures can be energy intensive and
source of air pollutants.
Conclusions
The results from the case studies allow the identification of key environmental criteria to
consider during the design of digitally fabricated building elements. Multi-functionality
provides material efficiency during production, but design adaptability must be a priority
to avoid a decrease in their environmental performance. Moreover, the high environmental
impacts caused by end-of-life processing should be compensated during design.
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4.2.2 Introduction
Traditionally, buildings are conceived as a sequential and layered process with
independent architectural elements (e.g. slab or exterior wall). As showed in Brand (1995),
building elements can be organized in functions with different service lives, from the
longest (structure) to the shortest (space plan). As a consequence, classic sustainable
design strategies have promoted the separation of functions through layered building
construction, which enables flexibility in use and reduction of material waste when
retrofitting buildings (Brancart et al., 2017). In contrast, novel computational methods
promote customization and material reduction through formal, structural and material
integration (Oxman and Rosenberg, 2007). Computational design strategies together with
additive fabrication are proliferating in construction and demonstrate strong potential to
construct complex structures (Labonnote et al., 2016). Moreover, Agustí-Juan et al.
(2017a) demonstrated that the production of large-scale complex structures through
digital fabrication techniques has a high environmental potential, without carrying
additional environmental costs associated with complex formworks, etc. However, this
does not mean that complexity in architecture has always an environmental advantage.
It is decisive to evaluate whether this complexity is needed to reduce material content in
the structure or whether it has only aesthetic purposes. For the reduction of
environmental impacts, the structural complexity must be the result of material reduction
strategies such as structural optimization or multi-functionality.
Published literature on additive manufacturing applied to construction agree on the
potential of digital technologies to facilitate the production of multi-functional building
elements (Labonnote et al., 2016). Multi-functional architecture can be the result of
different design strategies: integrated design, functional hybridization and material
hybridization (De Schutter et al., 2018). On the one hand, buildings are nowadays high
complex systems with multiple services, such as heating, lighting, acoustics, etc. The
traditional linear design process, where the different building systems are built
sequentially, is not suitable to create high-performance buildings. The design needs of the
different systems must be considered from the beginning of the architectural design
(Lechner, 2015). As a result, complex geometries offer the possibility to integrate services
such as piping or insulation in the structure of building elements. For instance, Block et
al. (2017) presented a complex shell roof that integrates cooling, heating, photovoltaics
and thermal insulation in its lightweight structure. The integrated design process makes
possible synergies between building systems that further improve the performance of a
project. Moreover, integrated building elements are associated with the reduction of
building materials during production.
On the other hand, current research on digital fabrication methods have showed the
potential of hybridizing functions in complex building elements. The structure can provide
additional performance (e.g. acoustics) through its complex geometry, which saves an
additional building component to provide this function. As a result, architectural
components, such as structure and insulation, are no longer separated in functions, but
rather integrated through the informed distribution of material (Oxman and Rosenberg,
2007). Two examples of digitally fabricated building elements with functional
hybridization are the 3D printed concrete walls presented in Gosselin et al. (2016). The
study describes two structural elements designed and fabricated targeting multifunctionality through geometrical complexity. Specifically, the first wall example
demonstrates that the thermal insulation efficiency can be improved 56% in comparison
to a classic wall through geometric optimization. The second example describes a wall
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element, whose holes geometry provides enhanced soundproofing properties. Figure 4.1
shows a schematic explanation of the difference between integrated design and functional
hybridization.

Figure 4.1 Comparison of functions between traditional design, integrated design and functional
hybridization. The color of the layers represent the service life (based on Brand (1995)).

Finally, multi-functionality can also be achieved through material hybridization, such as
cementitious materials with very low thermal conductivity achieved through the addition
of wood or thermally activated concrete enriched with phase-change materials. The
combination of materials, each responsible for a specific function such as compression
load-bearing, tensile load-bearing, insulation, etc. offers many opportunities for digitally
fabricated smart structures such as weight reduction or increased durability (De Schutter
et al., 2018).
Multi-functionality in building elements is often explored in digital fabrication targeting
material efficiency (Meibodi et al., 2017). Agustí-Juan and Habert (2017) demonstrated
that functional hybridization in digitally fabricated structures can save materials during
production, associated with reductions in environmental impacts. The Life Cycle
Assessment (LCA) applied to the case study of a digitally fabricated roof showed that the
hybridization of acoustics in the roof structure avoided the construction of a suspended
ceiling, which is responsible for high environmental impacts. However, multi-functionality
achieved either through a hybridization at the material level or at structural level can
influence the environmental performance of building elements. For instance, an
integrated design may rise the difficulty of retrofitting individual building components
during a building’s service life and increase replacement rates. This reduction in the
lifetime of digitally fabricated building elements would influence negatively their
environmental performance. Moreover, the intermixing of different materials raises the
question of recyclability at the end of life (Agustí-Juan et al., 2017b).
The aim of this paper is to quantitatively study the environmental risks and opportunities
of multi-functionality in digitally fabricated building elements. Firstly, a method based on
the Life Cycle Assessment (LCA) framework is applied to evaluate the influence of
functional integration and hybridization on the environmental performance of digitally
fabricated architecture, considering service life uncertainty. The evaluation consists of a
cradle-to-gate comparison of impacts between a multi-functional digitally fabricated
building element and a conventional one. The method is applied to evaluate two case
studies of digitally fabricated structures: The Sequential Roof and Concrete-Sandstone
Composite (CSC) Slab. Secondly, the evaluation of the second case study is extended to a
cradle-to-grave analysis to tackle additional environmental implications associated with
material hybridization. Specifically, a LCA focused on end-of-life phase is applied to
evaluate the potential environmental impacts on recycling loops. The results of both
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analyses enable to define general guidelines for the design of multi-functional building
elements constructed with digital fabrication techniques.

4.2.3 Methods
4.2.3.1 Evaluation of multi-functional building elements
In this section, we present the method selected for the environmental evaluation of multifunctional building elements. The EN 15978 European Standard (CEN EN, 2011) specifies
a calculation method of the environmental performance of buildings based on the Life
Cycle Assessment (LCA) framework (ISO, 2006a). Specifically, the standard defines the
environmental performance of buildings as the sum of the embodied energy of building
materials plus the energy and water consumed during the use phase. The scope of this
evaluation focuses on a cradle-to-gate analysis at the building element scale. Therefore,
only the environmental impact of building materials production is considered in the
method. Further research should be conducted to understand how water and energy
consumption during operation can be integrated. Similar to the approach presented in
Hoxha et al. (2014) to calculate the environmental performance of buildings, the
environmental impact of conventional building elements can be calculated as a
decomposition in c building components:
I

𝐼

∗ 𝑛

Equation 4.1

Where I
is the environmental impact of the conventional building element and 𝐼
is
the environmental impact of each conventional building component and 𝑛 is the number
of times that each component has to be replaced during the service life of the building.
𝐼
and 𝑛 are calculated following Equation 4.2 and Equation 4.3:
𝐼

Equation 4.2

𝑚 ∗𝑘

Equation 4.3

𝑛

Where 𝑚 is the mass of each building component, 𝑘 is the environmental impact of one
unit mass of each building component, 𝑆𝐿
is the service life of the building and
𝐸𝑆𝐿
is the estimated service life of each component. In contrast, multi-functional
digitally fabricated structures combine the different building components in a single
element. Therefore, we assume a single service life for the whole building element, which
is usually defined by the component with the shortest lifetime. Consequently, the
environmental performance of a multi-functional digitally fabricated building element is
calculated according to Equation 4.4:
I

𝑛∗

𝐼

Equation 4.4

Where I
is the environmental impact of the digitally fabricated building element, 𝑛 is
the number of times that the building element has to be replaced during the service life of
the building and 𝐼
is the environmental impact of each building component. 𝐼
is
calculated following the equation for the calculation of 𝐼
(Equation 4.2) and 𝑛
according to Equation 4.5, where 𝐸𝑆𝐿
fabricated building element:
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is the estimated service life of the digitally

Equation 4.5

𝑛

Based on the previous equations, the evaluation method developed consists of the
comparison between the life-cycle impact of digital fabrication and conventional
construction with the same functionality. Digitally fabricated building elements will be
more environmentally performant tan conventional construction if Equation 4.6 is true:
I

Equation 4.6

I

The complete equation developed to evaluate multi-functional digitally fabricated building
elements is shown in Equation 4.7. Specifically, the impact of the digitally fabricated
element is compared with the impacts of the components that constitute the conventional
element. These additional components needed in conventional construction are avoided in
digital fabrication due to multi-functionality. Finally, Equation 4.8 represents the two
.
alternative service life scenarios considered for the digitally fabricated element 𝐸𝑆𝐿
Due to service life uncertainty derived from multi-functionality, the ESL of the hybridized
and the ESL of shortest one
component with the longest service life (𝐸𝑆𝐿
𝐸𝑆𝐿

are considered.
∗

𝐼
𝐸𝑆𝐿

𝐼
𝐸𝑆𝐿

∗

Equation 4.7

, 𝐸𝑆𝐿

Equation 4.8

Service life of building elements
The main difficulty of applying the evaluation method is the estimation of the service life
of the conventional building components 𝐸𝑆𝐿
and the digitally fabricated element
. The International Standard ISO 15686 (ISO, 2000) defines service life as the
𝐸𝑆𝐿
period of time after installation in which the buildings or their elements meet or exceed
the minimum performance requirements. These requirements may be intrinsic to the
physical performance or be imposed economic factors (Rincón et al., 2013). Multiple factors
influence the service life of buildings and building elements, leading to a high uncertainty
in the estimation of their service life (Hoxha et al., 2014). The ISO 15686 standard tackles
the problems of service life prediction and provides a methodology for estimating the
service life. This methodology is based on two different service life concepts: the Reference
Service Life (RSL) and the Estimated Service Life (ESL). Emídio et al. (2014) defines the
RSL as the expected service life under normal use and maintenance conditions, which is
identified with the physical or technical service life. The RSL is related with the
deterioration of the materials and building elements over time mainly due to the action of
degradation agents and natural ageing processes (humidity, UV, temperature, etc.…).
But, as shown in Aktas and Bilec (2012), the RSL should be corrected with modifying
factors related to quality, design, environment, use and maintenance to predict the ESL
or real service life of a building or building element. Multi-functionality may reduce the
design adaptability of a building element and its ability to accommodate functional
changes over time. Therefore, the ESL of a multi-functional digitally fabricated structure
is mainly driven by functional factors. The functional service life or functional obsolescence
described by Silva et al. (2016) is considered as ESL for the evaluation presented in this
paper. Specifically, functional service life data for the evaluation was extracted from the
Swiss standard SIA 2032 (SIA, 2010).
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Environmental impact assessment
For the evaluation of each case study with the method proposed, a functional unit of one
m2 of digitally fabricated building element was compared with one m2 of a conventional
structure with equal functional and structural performance. The system boundaries of the
assessment included the environmental impacts from raw material extraction and
transport, building materials production, robotic fabrication and replacement of building
components during service life (EN 15978 modules: A1-A3, A5 and B4). For the digitally
fabricated building element, two alternative ESL scenarios were defined due to the
uncertainty on the service life associated with the multi-functionality. A complete
replacement of the building element was considered when it reached the end of life. In
contrast, an ESL was defined for each component of the conventional building element
and they were replaced independently when each one reached the end of its service life.
The evaluation was implemented in the software SimaPro 8 and because of the Swiss
context of the projects, Ecoinvent v3.3 (Weidema B. P., 2013) and Bauteilkatalog (Holliger
Consult GmbH, 2017) databases were used. The Intergovernmental Panel on Climate
Change (IPCC) 2013 GWP 100a V1.03 impact method (IPCC, 2013) was used with the
objective of simplifying the analysis to a single and comprehensive indicator for non-LCA
experts (kg CO2 eq.).

4.2.3.2 Evaluation of hybrid building elements
Multi-functional building elements are often composed of hybrid materials that efficiently
reduce weight and material usage, associated with energy savings (Hong et al., 2012).
However, exists an obvious arduousness on recycling structures with hybrid materials.
Their heterogeneous composition may increase the difficulty and energy demand to
separate and recycle the mixed fractions of material at the end of life (Yang et al., 2012).
Consequently, a second analysis was performed to analyze additional environmental
implications associated with digitally fabricated building elements with material
hybridization. Specifically, a LCA focused on end-of-life phase was applied to evaluate the
potential environmental impacts on recycling loops. The system boundaries of the
evaluation extended from cradle to grave to study in depth the environmental impacts
caused by the end-of-life processing of hybrid materials. Specifically, the evaluation was
conducted according to two modelling approaches: recycled content approach or Cut-off
and End-of-Life (EoL) recycling approach or avoided impact (Frischknecht, 2010). The
Cut-off approach (100:0) included the burdens from materials production (A1-A3),
construction (A5), demolition (C1) and disposal (C4) of the life cycle stages described in EN
15804 (CEN EN, 2012) in the total impact of the building element. In the EoL recycling
approach (0:100), the total impact included also the benefits and loads beyond the system
boundary. Therefore, the impacts and benefits caused by material recycling were included
in this approach (EN 15804 modules: C3, D).
Additionally, the system boundaries were adapted to the end-of-life management
scenarios evaluated. Specifically, the following three scenarios were considered in the LCA
evaluation:


Landfill scenario: hybrid materials are not separated at the end of life and the
structure is directly deposited in landfill.



Recycling in open-loop: the building element is composed of hybrid materials with 0%
recycled material content, which are separated for recycling at the end of life.



Recycling in closed-loop: the building element is composed of hybrid materials with
100% recycled material content, which are separated for recycling at the end of life.
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For modelling the different scenarios, we used data from Swiss production processes and
the Swiss energy mix. The impact assessment methods selected were the IPCC 2013 GWP
100a for the calculation of the Global Warming Potential (GWP) in kg CO2 eq., and the
Ecological Scarcity Method 2013 (UBP) in eco-points. The ecological scarcity method was
selected because it focuses on the evaluation of pollutant emissions, which are commonly
released during end-of-life processing.

4.2.4 Case studies
4.2.4.1 The Sequential Roof
Description
The first multi-functional case study selected was “The Sequential Roof” (Gramazio Kohler
Research, ETH Zurich), the wooden roof of the Arch_Tec_Lab at ETH Zurich. “The
Sequential Roof” consists of 168 single trusses of C24 fir/spruce wood, which are woven
into a 2,308 m2 freeform roof design (Figure 4.2). The structure has a total wood volume
of 384 m3, including 48624 timber slats of approximately 100-150 cm in length that were
robotically assembled using 815,984 steel nails. The automated assembly of the large-scale
load bearing structures was performed by a custom six-axis overhead gantry robot in the
manufacturer’s factory. The off-site digital fabrication process enabled a reduction in
construction time to 12 hours per truss, which is considerably lower than manual assembly
(Willmann et al., 2016). The project demonstrates the potential of combining digital
fabrication methods with timber for the creation of complex structural elements at
architectural scale. The architectural complexity enables the structure to provide finishing
and acoustic functions, avoiding additional elements such as suspended ceilings. The
hybridization of functions with high environmental impact in the structure reduces
approximately 40% of CO2 emissions compared with a conventional structure with similar
performance (Agustí-Juan and Habert, 2017).

Figure 4.2 “The Sequential Roof” (Gramazio Kohler Research, ETH Zurich)

Definition of product systems
Two reference flows were defined for evaluating the case study: one m2 of The Sequential
Roof and one m2 of conventional wooden roof structure with suspended ceiling. Both
reference flows have the same structural and functional factors as well as materiality to
be comparable. Specifically, the acoustic and finishing functions hybridized in the digitally
fabricated roof are performed by the suspended ceiling with rockwool insulation in the
conventional roof. For the definition of each product system, we collected material
composition and fabrication information from Agustí-Juan and Habert (2017). For the
Sequential Roof, the energy consumption of the robot and a desktop computer (Williams
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and Sasaki, 2003) during prefabrication were included in the assessment. The complete
data of both product systems can be found in the supplementary information.
Life cycle inventory The Sequential Roof
Based on the product system data of The Sequential Roof, Table 4.1 shows the Life Cycle
Inventory (LCI) built with Ecoinvent 3.3 processes for the impact assessment.
Table 4.1 LCI of The Sequential Roof production (1 m2).
Process

Unit

Amount

Sawnwood, softwood, dried (u=10%), planed (RER) | production | Alloc Def,U

kg

0.17

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U

kg

2.27

Electricity, medium voltage (CH) | market for | Alloc Def,U

kWh

4.38

Life cycle inventory conventional roof
The basic composition of the conventional roof is a glulam structure and an acoustic
suspended ceiling. Table 4.2 shows the LCI built with Ecoinvent 3.3 processes for the
LCIA.
Table 4.2 LCI of the conventional roof production (1 m2).
Process

Unit

Amount

Glue laminated timber, for indoor use (RER) | production | Alloc Def,U

m

0.079

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U

kg

0.11

Rock wool (CH) | production | Alloc Def,U

kg

5

Three layered laminated board (RER) | production | Alloc Def,U

m

0.016

Particle board, for indoor use (RER) | production | Alloc Def,U

3

m

0.019

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U

kg

3.323

3

3

Impact data collection
For the evaluation of the environmental implications of multi-functionality on The
Sequential Roof, we collected data of impacts caused by production and replacement of
building components during service life.
Production
Based on the material and fabrication information collected from Agustí-Juan and Habert
(2017), we performed an environmental evaluation of the impacts associated with the
production of the building elements to be compared. The LCA results were broken down
into building components: structure and suspended ceiling. Figure 4.3 graphically depicts
the Global Warming Potential (GWP) impacts caused by the production process of both
building elements.
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Figure 4.3 GWP emissions from the production of The Sequential Roof and conventional roof.

Service life
For the application of the evaluation method to the present case study, we assumed that
both digitally fabricated and conventional building elements were part of a building with
a service life of 60 years. For The Sequential Roof, two alternative scenarios were
evaluated due the uncertainty on the service life derived from the functional hybridization.
Scenario 1 considered an ESL of 60 years, as the building element could last as long as a
conventional structure. Scenario 2 considered an ESL of 30 years because the
hybridization of acoustic and finishing functions could lead complete replacement each
time that the services need to be refurbished. For the conventional roof, a service life of 60
years was considered for the structure and 30 years for the suspended ceiling, considering
a complete replacement when each component reached the end of life.

4.2.4.2 Concrete-Sandstone Composite Slab
Description
The second case study selected for analysis was the “CSC Slab” prototype (Digital Building
Technologies, ETH Zurich), a floor slab prefabricated through additive digital fabrication
techniques. The “CSC Slab” is a 1.8 x 1 x 0.15 m3 hybrid structure which relies on ultrahigh performance, fiber-reinforced concrete (UHPFRC) for its structural capacity. The
complex shape is inherited from a 6-to-10-mm-thick 3D-printed shell which acts as
permanent formwork for the concrete (Figure 4.4). The slab was designed using topology
optimization algorithms to reduce material, minimize the strain in the slab under uniform
load and meet fabrication constraints. The design was 3D printed in silica sand using a
binder jetting Ex-One S-MAX 3D printer (Meibodi et al. 2017). After post-processing,
UHPFRC with 2.75% vol. steel fibers was cast in the formwork. The average concrete
thickness achieved is 30 mm, enough to provide the structural strength when tested with
a 2,500 KN/m2 distributed load. The use of digital fabrication methods enables the
optimization of the structure for material reduction and the production of detailed and
complex geometries (Jipa et al. 2016). The structural complexity of the slab enables the
hybridization of the exposed structure with an acoustic function or with an ornamental,
three-dimensional finish. Moreover, building services and installations can be integrated
in the structure, avoiding the need for a suspended ceiling.
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Figure 4.4 Prototype of “CSC Slab” (Digital Building Technologies, ETH Zurich)

Definition of product systems
Two reference flows were defined for evaluating this case study: one m2 of CSC Slab and
one m2 of conventional reinforced concrete slab with suspended ceiling. Both reference
flows have the same structural, material and functional factors to be comparable.
Specifically, the acoustic and finishing functions which can be hybridized in the digitally
fabricated slab are performed by the suspended ceiling from the conventional slab.
Moreover, both building elements include the same type of installations. Digitally
fabricated structures such as the CSC Slab, where not only functions but also materials
are hybridized, require an additional evaluation to study in depth the potential
environmental consequences of material hybridization. Therefore, a reference flow of one
m2 of CSC Slab was employed for this evaluation. For the definition of the product
systems, we collected the material composition and fabrication information during
interviews with the Digital Building Technologies research group at ETH Zürich. The
complete data of the product systems can be found in the supplementary information.
Life cycle inventory CSC Slab
The CSC Slab is a hybrid structure composed of a 3D-printed permanent formwork filled
with ultra-high performance, fiber-reinforced concrete (UHPFRC). Based on the product
system data of the CSC Slab, Table 4.3 shows the Life Cycle Inventory (LCI) built with
Ecoinvent 3.3 for the impact assessment.
Table 4.3 LCI of the CSC Slab production and end of life (1 m2).
Process

Unit

Amount

UHPFRC

m

0.033

Silica sand (DE) | production | Alloc Def,U

kg

22.633

Phenolic resin (RER) | production | Alloc Def,U

kg

0.307

Phenyl isocyanate (RER) | production | Alloc Def, U

kg

0.252

Electricity, medium voltage (CH) | market for | Alloc Def, U

kWh

1.46

Inert waste (CH) | treatment of, sanitary landfill | Alloc Def,U

kg

105.692

3

Life cycle inventory conventional slab
The basic composition of this slab is a reinforced concrete structure and an acoustic
suspended ceiling. Moreover, the installations hidden in the void above the suspended
ceiling are included in the assessment. Table 4.4 shows the LCI built with Ecoinvent 3.3
processes for the impact assessment.
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Table 4.4 LCI of conventional slab production (1 m2).
Process

Unit

Amount

Concrete, normal (CH) | unreinforced concrete production, with cement CEM II/A |
Alloc Def,U

m

0.148

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U

kg

12.613

Gypsum plasterboard (CH) | production | Alloc Def,U

kg

9

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U

kg

6.38

Three layered laminated board (RER) | production | Alloc Def,U

m3

0.006

3

Impact data collection
For the evaluation of the environmental implications of on the CSC Slab, we collected data
of impacts caused by production and replacement of building components during service
life. Moreover, we collected data related to the three end-of-life scenarios detailed in the
section 4.2.3.2 of this paper to evaluate the potential implications of material hybridization
on the full life-cycle impact.
Production

kg CO2 eq.

Based on the material and fabrication data collected, we evaluated the production impacts
of the CSC Slab and the conventional slab. The LCA results were broken down into three
building components: structure, suspended ceiling and installations. Figure 4.5
graphically depicts the Global Warming Potential (GWP) impacts of both building
elements. The GWP impact of the installations was obtained from the sum of the standard
electrical installations, heat distribution, ventilation system and sanitary facilities from
the Bauteilkatalog.
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Figure 4.5 GWP emissions from the production of the CSC Slab and conventional slab.

Service life
We evaluated the CSC Slab and conventional slab along 60 years of service life,
corresponding to the lifetime of a building. The analysis of each building element was
performed by component, which needed replacement if their service life was inferior to the
lifetime of the building. For the CSC slab, we studied two alternative scenarios due to the
uncertainly derived from the hybridization of acoustic and finishing functions and the
integration of installations in the structure. Scenario 1 assumed that the service life of the
CSC Slab could be as long as a conventional structure (60 years). Scenario 2 considered
that the integration of installations could lead to the complete replacement of the structure
when installations need to be replaced after 20 years. For the conventional slab, a service
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life of 60 years was considered for the structure, 30 years for the suspended ceiling and 20
years for the installations. A complete replacement was assumed when a component
reached the end of its functional service life.
End of life
We collected data related to landfill, recycling in open-loop (0% recycled material content)
and recycling in closed-loop (100% recycled material content) scenarios for the CSC Slab.
Figure 4.6 shows the system boundaries of each scenario evaluated. In the first scenario,
we assumed that the CSC Slab was deposited directly in sanitary landfill after demolition.
The choice of landfill type was made according to the list of main hazardous components
in C&D waste from European Commission (2011), where the phenolic-based binder from
the structure is considered hazardous. In both recycling scenarios, the sand-binder and
the UHPFRC waste fractions are recycled individually after demolition and mechanical
separation. The concrete is crushed for reuse as low-quality concrete aggregate and the
sand-binder structure is thermally recycled. This process consists of crushing the material
and process it during 20 minutes at 980°C in an industrial furnace to burn off the binder
content (AMCOL Metalcasting, 2013). After the processing, the material is sorted and up
to 95% of silica sand can be reused due to the high quality after treatment (Lahl, 1992).
The 5% left, containing possible binder residues, is deposited in sanitary landfill.

Figure 4.6 System boundaries considered for the life cycle assessment of the CSC Slab.

4.2.5 Results
4.2.5.1 Environmental evaluation of the case studies
The case studies were evaluated with the method selected for environmental assessment
of multi-functional digitally fabricated building elements. Equation 4.9 shows the
method application for the comparison of The Sequential Roof and the conventional roof:
,

∗𝐼

𝐼

∗

𝐼

∗

Equation 4.9

Where 𝐼
is the impact of the digitally fabricated structure and 𝐸𝑆𝐿
, 𝐸𝑆𝐿
represent the estimated service life of a structure and a suspended ceiling, considered as
is the
possible service life scenarios for The Sequential Roof. On the other side, 𝐼
impact of the conventional structure, 𝐸𝑆𝐿
is the service life of this structure, 𝐼
is
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the impact of the conventional ceiling and 𝐸𝑆𝐿
is the service life of this suspended
ceiling. Equation 4.10 shows the method application for the comparison of the CSC Slab
with the conventional slab:
∗ 𝐼

,

𝐼

𝐼

∗

𝐼

∗

𝐼

∗

Equation 4.10

Where (𝐼
+𝐼
is the impact of the digitally fabricated structure with integrated
, 𝐸𝑆𝐿
represent the estimated service life of a structure and
installations and 𝐸𝑆𝐿
installations, considered as possible service life scenarios for the CSC Slab. On the other
side, 𝐼
is the impact of conventional installations and 𝐸𝑆𝐿
is the service life of these
installations. The evaluation of the case studies was performed using the GWP impacts
during production and service life presented in section 4.2.4.1 for The Sequential Roof and
section 4.2.4.2 for the CSC Slab.

kg CO2 eq.

The results of the evaluation, considering two service life scenarios for each digitally
fabricated building element, are graphically depicted in Figure 4.7 and Figure 4.8:
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Figure 4.7 Results from the application of the evaluation method to the first case study: The Sequential
Roof. Environmental impacts expressed in GWP (kg CO2 eq.).
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Figure 4.8 Results from the application of the evaluation method to the second case study: CSC Slab.
Environmental impacts expressed in GWP (kg CO2 eq.).

The results of the evaluation show that the GWP impact of The Sequential Roof are lower
than the conventional roof in both scenarios compared. Considering an ESL of 60 years
(scenario 1), this digitally fabricated roof is responsible for approximately half of the GWP
impact (25.54 kg CO2 eq.) from the conventional roof. However, considering a reduction of
the ESL to 30 years (scenario 2), the GWP impact of The Sequential Roof reaches 51.08 kg
CO2 eq. Therefore, even with a higher replacement rate caused by the multi-functionality
of the structure, the environmental impact of The Sequential Roof would be lower than
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the conventional roof. In contrast, the comparison of GWP impacts between the CSC Slab
and the conventional slab vary depending on the service life scenario. If we assume that
the CSC Slab is replaced after 60 years (scenario 1), this structure is responsible for 67.04
kg CO2 eq., which value is considerably lower than the embodied impact of the
conventional slab (182.31 kg CO2 eq.). However, the integration of installations in the
structure may reduce the ESL of the CSC Slab to 20 years (scenario 2). As a result, this
building element is responsible for 18.82 kg CO2 eq. more than the conventional slab.
In the first case study, we observe that the environmental benefits of The Sequential Roof
are mainly attributed to the hybridization of acoustic and finishing functions within the
roof structure, which avoids an additional suspended ceiling. However, the structural
optimization and the hybridization of functions in the CSC Slab are not sufficient to
compensate the potential increase of environmental impacts derived from the integrated
design. The evaluation shows that a potential reduction of the service life to 20 years due
to the integration of installations has important environmental consequences for the CSC
Slab.
4.2.5.2 Sensitivity analysis: material hybridization
Digitally fabricated building elements such as the CSC Slab, where not only functions but
also materials are hybridized, require to further study the potential environmental
implications associated with end-of-life processing of hybrid materials. The cradle-to-grave
evaluation focused on the LCA comparison of different scenarios for the digitally
fabricated building element according to three factors: a) the end-of-life scenarios
depending on the possibility of separation (landfill, recycling), b) the use of recycled
materials during production (0%, 100%) and c) the choice of modelling approach (Cut-off,
EoL). The analysis presented in Figure 4.9 demonstrates that recycling the CSC Slab can
increase considerably life-cycle impacts compared to the landfill scenario. The avoided
production of sand in open-loop recycling and the avoided disposal in closed-loop recycling
does not compensate the high impact of the recycling process. Between recycling scenarios,
we observe that the scenario with 100% of recycled silica sand content has the highest
environmental impact in GWP and UBP. Therefore, recycled silica sand has larger
environmental impacts than virgin silica sand. Simultaneously, the results show a big
difference between modelling approaches. However, this difference is not relevant in this
study because in both approaches (EoL and Cut-off) the impact is higher than landfilling.

Figure 4.9 LCA results for the CSC Slab relative to different end-of-life scenarios, use of recycled materials
and modelling approaches. Reference is the landfill scenario set at 100%.

143 | Multi-functionality in digital fabrication

4.2.6 Discussion
The research conducted in this paper focused on studying the potential increase or
decrease in environmental impacts during the service life of digitally fabricated building
elements due multi-functionality. With this aim, we selected a method for the comparison
of life-cycle impacts between a multi-functional building element constructed with digital
fabrication techniques and a conventional building element with the same functionality.
The evaluation of two case studies enabled us to demonstrate that multi-functionality
achieved through digital fabrication techniques results in a material-efficient construction
process with important environmental benefits during production. However, we observed
that the environmental impacts of multi-functional building elements considerably
increase if their service life is reduced due to the need for refurbishing or replacing
individual components integrated. The evaluation of The Sequential Roof showed that a
decrease in the service life of the complete building element to 30 years still brought
environmental benefits compared to a conventional roof. However, the second case study
showed that a possible reduction of the service life to 20 years caused by the integrated
design of structures and installations was negative for the environmental performance of
the CSC Slab. Therefore, multi-functional building elements should have an estimated
service life (ESL) of minimum 30 years to bring environmental benefits compared to
conventional construction. Nevertheless, the scenario where the service life of the entire
structure is reduced to the service life of the functional layers is unlikely. In theory,
embedding the functional layers in the structure, should make these layers more durable
and extend their service life to the life cycle of the structure, and not vice-versa.
Furthermore, if it is necessary to retrofit a hybrid building component with more
performant functional layers, this could still be done in a conventional way. For example,
suspended acoustic ceiling panels could be retrofitted to the CSC Slab if sufficient floorto-ceiling height is accounted for.
Finally, we performed a sensitivity analysis on the second case study to evaluate the
potential additional environmental impacts associated with multi-functional structures
with hybrid materials. The results showed that recycling hybrid structures such as the
CSC Slab, considerably increases environmental emissions. Specifically, recycling
structures composed of silica sand bound with organic binders demands a thermal
processing for decomposition of the binder. However, the thermal activation of organic
resins is energy intensive and source of air emissions, such as volatile organic compounds
(VOCs) and hazardous air pollutants (HAPs) (Wang et al., 2007). The difficult separation
and high environmental and economic impacts of recycling this type of structures usually
leads to down recycling and little materials recovery (Pickering, 2006). Moreover, the lack
of confidence in the quality of recycled materials and the potential health risks reduce the
demand for recycled materials, which inhibits the development of waste management and
recycling infrastructures in Europe (Yang et al., 2012). Consequently, the most common
disposal method for hybrid materials and structures is landfill (Conroy et al., 2006).
Environmental concerns regarding landfilling have led to a change in the European
legislation. As part of the Construction 2020 strategy (European Parliament and Council,
2012), the European Commission has developed a Construction & Demolition Waste
Management Protocol (European Commission, 2016) to address Construction and
Demolition (C&D) waste. The protocol promotes a waste management system that gives
priority to re-use, recycling, and material and energy recovery. Therefore, the proposed
actions may limit the development of current digital fabrication techniques if they are not
improved.
Design strategies such as material hybridization or an integrated design, which consist of
mixing materials or building components, are common in digitally fabricated architecture.
However, the technical, environmental and economic constraints may limit their
implementation in construction. To counteract it, designers should focus on design
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strategies such as functional hybridization, which provide multi-functionality without
additional components. However, we recommend to study carefully the service life of
building functions that intend to be hybridized to avoid a drastic reduction in the ESL of
the complete structure. Further studies should analyze the service life of digitally
fabricated building elements. Improved service life data would lead to a more consistent
evaluation with the developed methodology. Nevertheless, the ideal scenario from a
sustainable perspective would be to ensure enough design adaptability in multi-functional
building elements through the integration of components that are easy to separate to
enable maintenance during their service life and facilitate recycling at the end of life.
Design decisions are of high importance to avoid low environmental performance of multifunctional building elements. Especially end-of-life impacts should be considered when
designing the structure, for instance through material optimization strategies or a design
for disassembly. Simultaneously, the use of hybrid materials in construction requires the
development of alternative materials and constructive systems, such as inorganic binders
(Odaglia et al., 2018). 3D printing with geopolymers avoids the thermal recycling to
decompose furan/phenolic binders and the emissions caused by these components. This
reduction of contaminants is especially relevant to comply with indoor air quality (IAQ)
normative when using 3D printed structures in the construction sector.

4.2.7 Conclusion
The study presented in this paper aimed to evaluate the potential environmental
consequences of multi-functionality in digital fabrication. With this objective, we
evaluated the embodied impacts of two multi-functional building elements with a
comparative method based on the Life Cycle Assessment (LCA), which considered service
life uncertainty. The evaluation of the case studies showed that multi-functionality brings
high environmental benefits during production, associated with the reduction of material
and costs. However, this study showed that the environmental impact of digitally
fabricated building elements increases over conventional construction if their service life
is reduced due to functional integration. The study was extended to a cradle-to-grave
evaluation to analyze the additional environmental risks of multi-functional building
elements with material hybridization. Hybrid materials enable material efficiency during
production but raise the question of recyclability at the end of life. The results of the
environmental assessment of a case study showed that recycling structures with hybrid
materials can be energy intensive and source of air pollutants. The research conducted in
this paper allowed us to identify key design criteria to avoid a decrease in the
environmental performance of multi-functional building elements. On the one hand, the
design adaptability must be a priority to enable maintenance and facilitate material
separation for recycling at the end of life. Furthermore, alternative materials and waste
management systems must be developed to reduce end-of-life impacts of structures with
hybrid materials.
Another important finding emerging from the study is the need to adapt standard
environmental assessment methods for digital fabrication processes. This study could not
consider potential benefits of digital fabrication, which are difficult to quantify. The
geometric freedom and potential for optimization and mass customization of building
elements associated with digital fabrication can enable the construction of better
architectural spaces, which can in turn have a longer service life due to the economic
factors associated with higher design quality standards. Optimized structural design that
uses less material can have a knock-on benefit for sub-structures and in turn extend the
physical service life of structures. Therefore, given the ability of digital fabrication to
produce custom solutions for particular contexts, the environmental benefit of multi145 | Multi-functionality in digital fabrication

functionality in buildings could be even higher than what is already identified in this study
based on statistical data associated with conventional construction methods.
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4.3 Discussion
This section aims to extend the discussion about potential sustainability benefits and risks
of adopting multi-functional strategies in the design of digitally fabricated architecture.
On the one hand, the advantage of multi-functional building elements compared to
conventional construction is analyzed from an economic point of view. On the other hand,
the limitations of hybrid materials in construction regarding end-of-life processing are
exposed and recommendations are given to comply with the European environmental
legislation.

4.3.1 Economic impact of multi-functional building elements
Digital fabrication facilitates greater performance in architecture through a clever use of
the complex geometry. The evaluation of two case studies of digitally fabricated building
elements shows that multi-functionality leads to material savings during production,
associated with reductions in environmental impacts. Similarly, Buswell et al. (2007)
analyzes the economic potential of building elements with additional functionality enabled
by additive fabrication. This study compares the cost of plain walls and walls with an
increased functionality (highly serviced wall) constructed using 3D printing and
traditional methods. As shown in Figure 4.10, adding more functionality to a building
element supposes no extra costs when using digital fabrication. Moreover, the figure
demonstrates that digital fabrication techniques are more economically viable for
constructing walls with an increased functionality. In this case, the economic benefits of
using 3D printing are superior due to the higher cost of highly serviced walls when
traditionally constructed. Given the increasing requirements for greater levels of
insulation in buildings, the use of the geometry to improve building performance (e.g.
thermal or acoustic) can be beneficial to avoid excessive insulation, which has
environmental and economic repercussions.

Figure 4.10 Wall construction cost comparison (Buswell et al., 2007).

4.3.2 Limitations of multi-functionality in the European context
During the last years, the interest in materials with higher durability and lower weight
for engineering applications has led to the proliferation of hybrid materials and structures.
Their use in construction systems is associated with material and energy savings from the
design to the maintenance phase (Hong et al., 2012). As a result, novel digital fabrication
techniques applied to additive construction incentive the use of hybrid materials to achieve
additional performance without increasing material use in the structure. An example is
the “CSC Slab”, which is composed of a sand-binder formwork filled with ultra-high
performance, fiber-reinforced concrete (UHPFRC) (see section 4.2.4.2). However, the
heterogeneous nature of hybrid materials difficult the separation of the mixed fractions of
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material, leading to down recycling and little materials recovery (Pickering, 2006).
Moreover, the lack of confidence in the quality of recycled materials and the potential
health risks reduce the demand for recycled materials, which inhibits the development of
waste management and recycling infrastructures in Europe (Yang et al., 2012).
Consequently, the most common disposal method for hybrid materials and structures is
landfill (Conroy et al., 2006).
Environmental concerns regarding landfilling have led to a change in the European
legislation. As part of the Construction 2020 strategy (European Parliament and Council,
2012) and the Circular Economy Package (European Commission, 2018), the European
Commission has developed a Construction & Demolition Waste Management Protocol
(European Commission, 2016) to address Construction and Demolition (C&D) waste.
Between other guidelines, the protocol promotes a waste management system according
to the waste hierarchy, which gives priority to re-use, recycling, and material and energy
recovery. The proposed actions will contribute to reach the Waste Framework Directive
(European Parliament and Council, 2008) target of 70% of C&D waste being recycled by
2020, bringing environmental and economic benefits.
The requirement of European legislation to re-use and recycle C&D waste may limit the
development of current digital fabrication techniques. Specifically, the proliferation of
hybrid materials and structures in the field of digital fabrication to achieve high
performance and material efficiency may difficult material separation for re-use or
recycling. Design strategies such as material hybridization or an integrated design, which
consist of mixing materials or building components, are common in digitally fabricated
architecture. However, the technical, environmental and economic constraints associated
with their end-of-life processing may limit their implementation in construction. To
counteract it, designers should focus on design strategies such as functional hybridization,
which provide multi-functionality without additional components, or the integration of
components that are easy to separate and recycle.
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5 Early-design integration
5.1 Research highlights
As already stated in this dissertation, digitally fabricated architecture is planned,
assessed, and optimized during early design. The sustainable criteria identified in
chapters 2-4 have the objective to guide sustainable decisions during those first planning
phases of digitally fabricated projects. However, for a larger influence on the project,
sustainable criteria require a major integration in the computational design process.
Specifically, sustainable criteria should be considered together with other design
parameters during early-design assessment and optimization of the project. The most
extended method for the environmental assessment and optimization of construction
projects is the Life Cycle Assessment (LCA) framework (ISO, 2006a, b). LCAs are usually
carried out at a late stage of the planning process for post-design evaluation, mostly in the
form of building certification labels. Nevertheless, the highest optimization potential lies
within the early design stages where the decisions made have the biggest influence on the
project while featuring the smallest costs for changes to the design (Hollberg and Ruth,
2016). Therefore, the environmental assessment and optimization of the project should
ideally be integrated in the usual design environment.
Most computer-aided evaluation tools for environmental assessment of construction
materials and buildings (e.g. SimaPro) are complex and not integrated in design.
Simplified and time-efficient methods and tools are needed for a design-integrated
assessment of the sustainability performance. Recently, various methods to integrate LCA
in BIM design have been developed (Soust-Verdaguer et al., 2017). However, the
conventional BIM is typically used in detailed design stages and the existing evaluation
tools require detailed information about the project (Bates et al., 2013). Moreover, they
are only partially applicable to digital fabrication, because of differences in the design
process. In contrast to the conventional design process, digital fabrication begins with the
definition of design parameters and fabrication constraints, which serve to optimize a
conceptual model and obtain the final design of the project. Therefore, simplified LCA
approaches applied to digitally fabricated architecture are necessary to move from the
current post-design evaluation to a design-integrated assessment and optimization from
early design.
This chapter aims to integrate sustainable criteria in early design stages of digital
fabrication through the incorporation of a simplified method for environmental
assessment into the design process. The method is developed in Grasshopper, a visual
scripting interface that allows the manipulation of parametrized geometry and the
extraction of data from the 3D model designed in Rhinoceros (Figure 5.1). The parametric
method allows to define characteristic aspects of digital fabrication, such as functional
hybridization, in the input data required for the assessment. Moreover, a comparison with
conventional construction is established as a benchmark of the project’s environmental
performance. With the help of this evaluation, the architect receives real-time feedback on
the LCA result while designing the building. The results provide an overview of embodied
impacts expressed in a single impact indicator (kg CO2 eq.) and a color-based visualization.
This simplified output allows non-LCA experts to efficiently optimize the design based on
sustainable criteria.
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Figure 5.1 Design-integrated LCA of digital fabrication.

Finally, the parametric method is applied in this chapter for the environmental
assessment of the case study “Mesh Mould”. This digitally fabricated complex concrete
wall integrates formwork and reinforcement in a single element, which avoids the need
for conventional formwork (Hack et al., 2017). The results prove the validity of the method
for quick environmental assessment of digitally fabricated building elements, reducing the
complexity of a conventional LCA. Moreover, the method includes the evaluation of early
design stages, which are typically not assessed due to model and data uncertainty. Finally,
it grants continuous feedback for the designer and provides a basis for decision-making
and project optimization based on environmental criteria.

5.2 Integration of environmental criteria in early stages of
digital fabrication
Article accepted for presentation at IALCCE 2018 conference.
Reproduced with permission from I. Agustí-Juan, A. Hollberg and G. Habert “Early-design
integration of environmental criteria for digital fabrication”. IALCCE symposium on LifeCycle Civil Engineering, 28-31 October 2018, Ghent, Belgium.
This section is based on the Master Project performed by Viviana González Serrano under
the supervision of Isolda Agustí Juan, Alexander Hollberg and Guillaume Habert:
González Serrano, V. 2017. Environmental optimization of digital fabrication during early
design.
Contributions: I.AJ and G.H conceived the idea of the research. I.AJ performed data
collection and V.G carried out the analyses. The results were interpreted by I.AJ and A.H.
Finally, the manuscript was written by I.AJ.
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5.2.1 Abstract
The building industry is a traditional sector, with high environmental impacts and low
productivity compared to other industries. Current research in digital fabrication is
beginning to reveal its potential to improve the sustainability of the sector. However,
evaluation methods are needed to quantify the actual reduction of environmental
emissions compared to conventional construction. The Life Cycle Assessment (LCA)
method is commonly employed for environmental evaluation of buildings. However,
research on the integration of LCA in CAD and BIM software are only partially applicable
to digital fabrication, because of differences in the de-sign process. This study presents a
design-integrated method for simplified LCA with the aim of integrating environmental
criteria in the decision-making and optimization of digitally fabricated architecture.
Finally, the paper presents the evaluation of the case study “Mesh Mould”. The results
prove the applicability of the method and highlight the environmental benefits that digital
fabrication can provide.
Keywords. Digital fabrication, early design, environmental criteria, LCA.

5.2.2 Introduction
The construction sector is responsible for high environmental impacts, such as 40% of the
global energy consumption, 38% of greenhouse gas emissions and one third of global
resource consumption. Nevertheless, these large impacts represent an opportunity for
improvement, and buildings are seen as a key player for carbon mitigation actions (UNEPSBCI, 2012). Current environmental strategies focus principally on the optimization of
energy consumption to lower environmental impacts during the use phase of buildings.
Specifically, European regulations Current environmental strategies focus principally on
the optimization of energy consumption such as the European Directive 2010/31/EU
(European Parliament and Council, 2010) focus principally on energy efficiency. These
standards have successfully reduced the operational primary energy demand of new
buildings over the last 40 years (Figure 5.2). Nevertheless, according to Passer et al.
(2012), operational energy optimization measures have reached the limit. Furthermore,
the use of energy efficient materials and building operation technologies has increased the
contribution of energy embodied in the construction and disposal of buildings. Figure 5.2
shows the shift in the ratio of embodied and operational energy demand, reaching nearly
100% of embodied energy in nearly zero-energy buildings (NZEB) buildings. This clearly
shows the need for optimizing the embodied energy of buildings during design.
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Figure 5.2 Proportion of operational and embodied energy in the primary energy demand of residential
buildings in German energy standards for a reference study period of 50 years (Hollberg and Ruth, 2016).

The Life Cycle Assessment (LCA) framework present in ISO 14040-44 standards (ISO,
2006a) has become a widely used decision support tool for the selection of appropriate
materials and technical solutions to reduce environmental impacts (Ingrao et al., 2016).
Several computer-aided tools based on the LCA framework are available for the
environmental evaluation of construction materials and buildings (e.g. SimaPro, Gabi and
OpenLCA). However, LCA is not always conducted during the architectural design and in
the few cases that is applied is usually for post-design evaluation, for example for
sustainable building certification. Some factors that difficult the adoption of LCAs in
architectural practice are the complexity of the method or the lack of tools integrated in
the design process (Hollberg and Ruth, 2016). To environmentally improve building
design, LCA must be applied during early design stages, when decisions have high
influence on the project and changes can be realized with minimum additional costs, as
shown in Figure 5.3.

Figure 5.3 Stages in the architectural design process, based on Paulson Jr (1976).

Consequently, several studies have focused on the development of methods and tools for
the environmental assessment of buildings during early design stages (Soust-Verdaguer
et al., 2017). The introduction of Building Information Modelling (BIM) in the planning
process has increased the demand for BIM-based LCA approaches. Different BIMintegrated tools and methods, such as Tally (Bates et al., 2013), aim to quantify the
environmental impacts during design. However, a common problem of these approaches
is the representation of results, which are not easy to understand by designers without
LCA knowledge. As a response, recent studies such as Röck et al. (2017) propose BIMintegrated methods with visual feedback of the environmental performance directly on the
building model. BIM-integrated tools for the environmental assessment of projects are
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becoming more user-friendly and design-integrated. However, they still have limitations
regarding real-time assessment, visualization and optimization of building performance.
Moreover, existing tools require very detailed information about the model to perform the
assessment, which limits their application for quick comparison of design variants in very
early design phases.
Simultaneously, the evolution of modern architecture towards complex geometries has
promoted the use of parametric design tools. These tools, for example Grasshopper, allow
changing the parameters that define the geometry and make instantaneous modifications
of the model during design. Parametric design approaches present high formal flexibility
and data uncertainty during early design; increasing the difficulty of LCA application. As
a response, first design-integrated LCA parametric tools have been developed. For
instance, the approach developed by Hollberg and Ruth (2016) or Tortuga, which aim to
integrate the environmental assessment in parametric design to support the optimization
of the building model. The combination of parametric design and robotic construction
processes in digital fabrication provides potential to create innovative architecture.
Digitally fabricated architecture is planned, assessed, and optimized during the design
phase, and understanding construction as an integral part of design (Gramazio and
Kohler, 2008). Consequently, environmental criteria are only relevant for project
optimization if they are considered during early stages of design. However, there is a lack
of tools to quantify the environmental performance of digitally fabricated architecture. In
the field of digital fabrication, architects need simplified approaches to incorporate the
knowledge of LCA experts together with formal and technical aspects since early stages of
design. The goal of this paper is to present a simplified and visual method integrated in
parametric design for environmental assessment of digital fabrication in early stages of
design. The method is applied to evaluate the case study of a digitally fabricated wall to
confirm its validity.

5.2.3 Digital fabrication in architecture
Digital fabrication processes combine computational design, robotic fabrication, material,
and constructive processes with an architectural purpose. Construction processes are
typically categorized as subtractive, formative and additive (Kolarevic, 2003). Additive
fabrication processes consist of material aggregation (assembly, lamination, extrusion,
and other forms of 3D printing), usually carried out by an industrial robot to enable largescale implementation. Recent developments in additive digital fabrication in architecture
demonstrate strong potential to construct customized non-standard structures (Gramazio
et al., 2014b). But most importantly, the research presented in chapters 2-4 shows the
potential of digital technologies and processes to improve the sustainability of the
construction sector. The analysis of digitally fabricated architecture showed that the
impact of digital processes is negligible compared to materials manufacturing. Therefore,
the reduction of material in any project enabled by digital fabrication reduces
environmental impacts.
Novel construction processes such as Smart Dynamic Casting (Wangler et al., 2016), Mesh
Mould (Hack et al., 2017) or The Sequential Roof (Willmann et al., 2016) demonstrate a
big potential to save material and reduce environmental emissions compared to
conventional construction. The study of different case studies highlighted the following
environmental opportunities allowed by digital fabrication techniques:


Complexity: digital fabrication techniques allow high structural complexity without
the need for conventional construction techniques (e.g. formwork) responsible of high
environmental costs.
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Structural optimization: computational design reduces the amount of highly
industrialized material though form-finding optimization, only using material where
is structurally needed.



Functional hybridization: complexity can induce additional functionality in the
structure (e.g. acoustic or thermal performance), which avoids an additional
component to provide this function.



Material hybridization: fabrication processes with hybrid materials (e.g. binder-jet 3D
printing) allow material efficiency and improved performance in the structure.

5.2.4 Methodology
5.2.4.1 Environmental evaluation method
In a conventional design process, the architect begins with the creation of geometric
variants of a building model. In contrast, in digital fabrication the final geometry is the
result of the design process and interaction with digital technologies. The design process
in digital fabrication begins with the definition of functional and structural parameters,
without a clear geometry. Therefore, tools for environmental assessment of digital
fabrication must be parametric and present results in a visual way to support real-time
project optimization.
The methodology presented in this paper focuses on the environmental evaluation of
digitally fabricated building elements. The complexity of the design and fabrication
process usually implies that building elements are planned individually. Furthermore,
during the definition of parameters to perform the evaluation, design characteristics
facilitated by digital fabrication techniques such as an increased structural complexity or
functional hybridization, are considered. Consequently, the first step of the methodology
is the definition of the geometry and information available in each design stage. With this
objective, the digital fabrication design process is divided in four design stages. The levels
of development (LOD) for conventional building elements from BIM Forum (2016) were
considered as a reference. Each design stage is formed by three categories of information
about the building element:


Geometry: refers to the building element that is designed. The geometry evolves from
a generic surface in design stage 1 to a detailed geometry in design stage 4.



Building element: refers to the information related to the main function of the element.
It considers the type of building element, type of material and structural function.



Integrated function: refers to the information related to additional functions integrated
in the element, such as acoustic or thermal insulation.

Figure 5.4 shows the design stages established for digital fabrication and the geometry
and parameters defined in each one:
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Figure 5.4 Definition of design stages in digital fabrication and parameters that define the evaluation
method.

The environmental assessment of each design stage is performed through a LCA
integrated in the software Grasshopper, a visual scripting interface that allows the
manipulation of parametrized geometry and the extraction of data from the 3D model designed in Rhinoceros. Both are common tools used in digital fabrication that allow design
flexibility and real-time optimization of the model during design. In design stage 1, when
the geometry is not yet defined, the selection of parameters related to the building
element´s functionality allows the estimation of a reference value based on the GWP
impact of conventional construction. In design stage 2, when a basic geometry is available,
the user defines further parameters such as type of material to estimate the
environmental impact of the digital fabrication element based on the GWP that a similar
conventional element would have. In design stages 3 and 4, when a more accurate
geometry is available, the quantities are taken-off automatically to calculate the GWP
impact with the specific material selection. The environmental impact of digital
fabrication is compared to the impact of conventional construction with the same
functionality. This impact is simultaneously calculated through the definition of
parameters: building element main function, material, structural capacity, and integrated
functions.
The results of the evaluation provide an overview of embodied impacts of digital
fabrication and conventional construction expressed in Global Warming Potential (GWP)
per m2 of building element (kg CO2 eq./m2). The GWP comparison of both building
elements is displayed in percentage of difference be-tween them. In addition, a real-time
visualization of the environmental comparison is displayed directly on the 3D model using
a color scale from green to red depending on positive or negative performance of digital
fabrication. This information can be used as quantitative basis to successively optimize
the environmental impact of the building element using the input parameters and the
geometry.

5.2.4.2 Environmental data
For the evaluation, environmental data from the production of materials and building
elements are collected from the Swiss databases KBOB (KBOB, 2014) and Bauteilkatalog
(Holliger Consult GmbH, 2017). The data collected is organized in three different
databases: building materials (kg CO2/m3), building elements (kg CO2/m2) and integrated
functions (kg CO2/m2). Each database is divided in different levels of detail to evaluate the
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four successive design stages. The cradle-to-gate analysis focuses on the production stage
of building elements, including data from raw material extraction, transport and building
materials production (EN 15978 modules: A1-A3). The impact of the robotic construction
is omitted from the analysis due to its low impact compared to materials production as
showed in chapter 2. This simplified LCA method differs from usual environmental
analysis of conventional construction elements, which only uses a database of materials
(e.g. Ecoinvent). In this case, each database allows the evaluation of one characteristic of
digital fabrication (functional hybridization, complexity, etc.) and the comparison with
conventional construction.

5.2.5 Case study
5.2.5.1 Mesh Mould
Contemporary architecture has evolved towards the integration of design, structure and
material to create complex non-standard surfaces (Rippmann et al., 2012). However, nonstandard concrete structures require the planning and fabrication of complex and laborintensive rebar geometries and formwork that are not easy to fabricate with current
construction techniques. The research project Mesh Mould from Gramazio Kohler
Research at ETH Zürich is a novel construction system based on the combination of
formwork and reinforcement into one single element fabricated on-site. This element is a
three-dimensional mesh robotically fabricated through bending, cutting and welding steel
wires. The mesh acts as the formwork during concrete pouring and as structural
reinforcement after the concrete is cured. The structure is no longer limited by the
formwork and can be geometrically complex and individually adapted to the forces that
act on the mesh (Hack et al., 2017).
This case study is selected for the following evaluation to facilitate the identification of
functional parameters and comparison with conventional construction as reinforced
concrete walls are commonly used in building construction. Figure 5.5 shows prototypes
of the Mesh Mould wall. Specifically, the one chosen for evaluation has approximately 0.12
m thickness and 2.50 m high.

Figure 5.5 Prototypes of the Mesh Mould wall (Gramazio Kohler Research, ETH Zurich).

5.2.5.2 Evaluation
A prototype of the Mesh Mould wall developed in the design software Rhinoceros is
evaluated to prove the effectiveness of the evaluation method and the usability of the
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Grasshopper tool. The tool is divided in four sections according to the four different design
stages of the project to be evaluated. In design stage 1, the user selects the element
function and the integrated function, if available. In this case study, this is an exterior
wall with an integrated formwork function, see Table 5.1. As previously explained, the
Mesh Mould method does not require conventional formwork for the construction process.
Based on the median of typical conventional exterior wall solutions, the GWP impact is
output as result. In design stage 2, the main material of the element is defined, which is
concrete in this case. The median of GWP impacts from conventional concrete wall
solutions is calculated from the database providing a more accurate result than in the first
design stage.
Table 5.1 Definition of parameters for the evaluation of the case study during design stages 1 and 2.
Data

Parameters

Design stage 1

Design stage 2

Building
element

Exterior wall

Exterior wall:
concrete

Integrated
function

Formwork

Formwork:
exterior wall

Conventional
construction

Geometry

In design stages 3, when a more accurate geometry is available, the tool automatically
extracts the geometrical information from the Mesh Mould wall to calculate its GWP
impact based on the selection of reinforced concrete as main material. Simultaneously, the
impact of the conventional building element is calculated through the definition of the
exterior wall functionality, structural capacity and concrete material. The procedure in
design stage 4 is similar to stage 3, but a complete geometry and material information are
available. In this case, the type concrete and steel reinforcement are specified, see Table
5.2. Finally, the environmental impact of both elements is compared in percentage and
visualized on the wall.
Table 5.2 Definition of parameters for the evaluation of the case study during design stages 3 and 4.
Data

Parameters

Design stage 3

Design stage 4

Material

Reinforced
concrete

High-performance fiberreinforced concrete, steel

Building
element

Concrete exterior wall:
structural (0.20 m)

Concrete exterior wall (0.20
m): 105 kg/m3 reinforced
content

Integrated
function

Formwork exterior
wall: double-curved

Double-curved formwork
exterior wall: EPS

Conv.
construction

Digital
Fabrication

Geometry

5.2.6 Results
The results of the evaluation for each design stage of the case study are compared in
Figure 5.6. In design stages 1 and 2, since the geometry is not yet defined, the impact of
the digitally fabricated wall is estimated based on the median of impacts from
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conventional construction solutions. This value serves as benchmark or target value for
the digitally fabricated element. We observe that the reference value from conventional
construction increases from design stage 1 to 4 due to the choice of a reinforced concrete
wall, which CO2 emissions are higher than other exterior wall solutions.
The uncertainty on the GWP impact of the Mesh Mould wall and conventional wall is
visualized through the whiskers in the graph. In conventional construction, this
uncertainty is the result of considering a range of possible conventional wall solutions for
the comparison with the digitally fabricated wall. Specifically, the variability is bigger in
design stage 1 because all database solutions for exterior wall are considered. It decreases
in successive phases due to the definition of parameters, such as type of material, until a
single conventional construction is chosen as reference in design stage 4. In digital
fabrication, the uncertainty is attributed to the consideration of a range of material choices
to calculate the GWP impact of the wall geometry, until the final materials are specified
in design stage 4.
The results clearly indicate the environmental benefits of the digitally fabricated element
compared to the conventional one. In design stage 3, the uncertainty for both elements is
still high, which results in the assumption that digital fabrication performs better and
causes 65% less GWP. The definition of all parameters in design stage 4 allows the
calculation of the result, in which 46% of GWP can be saved through digital fabrication.

Figure 5.6 GWP results of each design stage of the Mesh Mould wall compared with conventional wall.

In order to validate the previous results, we can compare design stage 4 with the results
presented in section 3.2 for the same case study. This publication carried out a
conventional LCA (i.e. using SimaPro software and Ecoinvent data) to compare the Mesh
Mould system with conventional construction. Similar to Figure 5.6, the results showed
an impact of 83 kg CO2 eq./m2 for a Mesh Mould wall with 12 cm thickness and 165 kg
CO2 eq./m2 for a conventional wall, both with high complexity. Given the simplification of
our method, which only includes material production, we can consider it valid for quick
evaluation during design.

5.2.7 Conclusion & Outlook
Digital fabrication will gain more and more importance for the design and construction of
building elements. In contrast to the conventional design process, digital fabrication
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begins with the definition of material, functional, structural, etc. parameters and
fabrication constraints, which optimization defines the final geometry. Therefore, designintegrated analysis methods need to be adapted. This paper presents a simplified LCA
method to assess the environmental impact at different stages throughout the design
process. The method is adapted to the level of information available and the detail of the
geometry. By defining building materials and functions, the digitally fabricated building
element can be compared to a conventional one. In design stages 1 and 2, the method
provides a target value for the designer, while in design stages 3 and 4 a direct
quantitative comparison is provided. As such, it grants continuous feedback for the
designer and provides a basis for decision-making. By incorporating a simplified LCA into
the design process, the effort for designers is considerably reduced compared to a
conventional LCA. Moreover, the method allows the estimation of environmental impacts
in initial digital fabrication stages, which are typically not assessed because the final
geometry is not available, or the project data is uncertain.
The case study proves the applicability of the evaluation method. The Mesh Mould wall is
characterized by the hybridization of a formwork function in the structure, which avoids
the need for a conventional formwork. This environmental opportunity enabled by the
digital fabrication process is reflected in the results of the evaluation. However, the
method could provide more benefits when assessing other type of projects, such as digitally
fabricated elements with high complexity derived from the structural optimization.
Therefore, further comparative case studies should be carried out in the future to further
validate the proposed method. Moreover, the method and databases should be extended to
integrate further performance analysis, such as operational energy or end-of-life impacts.
Finally, the tool could be adapted to evaluate the environmental impact of a complete
building and give the possibility to choose the environmental indicator displayed.
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5.3 Discussion
This section aims to position the evaluation method developed in this chapter in relation
to other approaches for assessment and optimization of projects according to sustainable
criteria and to identify requirements for future design-integrated tools applied to digital
fabrication.

5.3.1 Sustainable design optimization
Several approaches are currently available for evaluating the sustainable performance of
buildings and construction elements. The most common in practice are generic LCA tools
such as Gabi or SimaPro (PRé consultants, 2018), but we can also find spreadsheet-based
tools (e.g. Athena, Envest) or building component catalogues such as the Bauteilkatalog
(Holliger Consult GmbH, 2017). The aim of these tools is to evaluate the environmental
impacts of the project and serve for decision support. However, their lack of integration in
the design process is not practical for designers. As a result, LCA tools that are integrated
into 3D computer-aided design (CAD) have become recently available. Tools such as Tally
(Bates et al., 2013) extract automatically the information from the geometry model to
conduct the LCA, reducing considerably the complexity of conventional evaluations.
Nevertheless, most LCA-based tools require a detailed information about the model and
do not provide simplified results to facilitate the optimization of the design.
Recent studies have investigated alternative approaches to facilitate the optimization of
the building design based on sustainable criteria. Specifically, we can find parametric
models and optimization algorithms. Parametric models such as the tool presented in
Hollberg and Ruth (2016) or the one developed in this chapter aim to provide the architect
with insight into the environmental impact of the design and to support its optimization
by showing the improvement potential. In this approach, the designer generates different
variants and evaluates them to find the one that indicates better environmental
performance. Then, the model can be manually optimized by modifying the geometry,
materials or other characteristics defined parametrically. In contrast, optimization
algorithms automatically generate optimized design solutions. The process begins with
the assessment of the initial design according to one or more criteria, such as
environmental or economic performance. Then, the algorithm optimizes the initial design
based these criteria by varying predefined parameters, such as the geometry or material.
As a result, this computational approach generates a range of optimized design solutions.
Since designers rarely consider only one criterion during the decision-making process,
several studies have employed multi-objective optimization algorithms to consider
environmental criteria together with other criteria during design optimization. For
instance, Wang et al. (2005) applies a multi-objective genetic algorithm to minimize the
life cycle cost (LCC) and life cycle environmental impact (LCEI) of a building envelope.
The computational approach assists designers in efficiently finding green building design
alternatives during early design stages. Similarly, Fesanghary et al. (2012) applies a
multi-objective algorithm to generate and evaluate a series of design alternatives that are
optimized from an economic and environmental perspective. However, automated
approaches have advantages and disadvantages. The optimizer can generate and evaluate
multiple variants, but the automatically derived solutions may not appeal to the architect
due to aesthetic reasons. Some non-quantitative criteria such as aesthetics are difficult to
define or optimize. Brown and Mueller (2016) aims to overcome this difficulty by
developing a multi-objective optimization method that generates geometrically diverse
architectural design solutions. The optimization method uses simulation to focus
simultaneously on both embodied energy and operational energy. The high-performing
designs generated meet a variety of aesthetic preferences to support designers in early
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stages. Between the results, the designer must choose the optimal design solution
according to the design goals and visual criteria.
In building design, optimization algorithms have seen limited applications due to the
complex requirements of contemporary architecture. Even in early design phases,
architects must simultaneously consider and prioritize multiple interrelated design
objectives. Based on environmental or economic constraints, the optimization process can
generate optimal solutions. However, in practice this may restrict the creativity of
designers, and ignore other factors that influence the development of a real building. In
contrast, parametric methods such as the one presented in this chapter, allow the architect
to manually change the design to consider additional building conditions. Furthermore,
optimization algorithms generate optimized building models, but designers lack of a
reference to compare them. This is especially relevant for digitally fabricated architecture,
which should demonstrate a sustainability advantage compared to conventional
construction. The assessment tool developed in this chapter is an initial step, but more
research should be performed to integrate sustainable criteria in the design and
optimization of digitally fabricated architecture.
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6 Broader implications for the sector
6.1 Aim of this chapter
The research presented in this doctoral thesis focuses on the development and integration
of sustainable guidelines to support the design of digitally fabrication architecture.
However, due to the early state of digital fabrication technologies and processes in
construction, the study of socio-economic aspects is limited. A quantitative evaluation of
how digital fabrication will affect the society and especially the construction sector
requires a higher level of development of the new technology. However, initial
consequences of the transformation driven by digital fabrication techniques can be already
foreseen. The objective of this chapter is to reflect on potential further research regarding
how the digitalization can gradually transform the current organization and roles in the
construction industry. Specifically, the ideas exposed in this chapter were extracted from
the observation of an ongoing project in Switzerland in which digital fabrication
techniques are applied to real construction. Given the experimental nature of the case
study, the observations from this chapter should only be considered as exploratory and not
as a generalization for the construction industry.

Figure 6.1 Source: Ghogomu (2015).

6.2 Current situation
6.2.1 Uncertain impacts in labor and workforce
As robots and other digital technologies take over tasks previously performed by
construction workers, there will be a disruption in the current roles, from laborers to
designers. This transformation in the construction sector will be accompanied by the
concern about the future of jobs and an increase in wages. According Berriman and
Hawksworth (2017), 41% of construction jobs in Germany are at high risk of automation
by 2030, 35% in the US, 26% in Japan and 24% in the UK. Studies for other industries
have also investigated the effect of robots and automation to the social dimension. Frey
and Osborne (2017) estimated that around 47% of total US employment has a “high risk
of computerization” by the 2030s, while Arntz et al. (2016) estimated only a 10%. PwC’s
findings are somewhere in between, estimating that 35% of US jobs are in danger of being
lost to the robots (Berriman and Hawksworth, 2017). Recent debates about the future of
jobs have mainly focused on whether they are at risk of automation. Studies have
generally minimized the potential effects of automation on job creation, and have tended
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to ignore other relevant trends, including globalization, population ageing, urbanization,
and the rise of the green economy (Bakhshi et al., 2017).
Although some studies and projections are pessimistic about the impacts to labor
(Acemoglu and Restrepo, 2017), others give a more optimistic view (OECD, 2016), which
we share. The creation of new and specialized roles always happen when new technologies
are introduced and it is expected that the same will occur to the construction sector. Frey
and Osborne (2017) point out that low-skill and low-wage occupations will evolve,
especially during the transition phase (i.e., human-robot interaction), and new roles will
be created. The employment in the 21th century will reduce the demand for tasks that can
be routinized while will increase the demand of tasks requiring more creative and social
skills. As indicated by Gerbert et al. (2016), instead of draftsmen there will be a need for
workers with more digital skills. This will occur for different functions and services, and
different construction phases. The exact impact of the need of new roles such as
technicians to support robotic systems, programmers to develop computer numerical
control of industrial robots, or managers and coordinators, needs to be investigated.
Many publications talk about robots taking our jobs (Fagan, 2017) or how machine
learning, artificial intelligence, and automation will eventually cause manual jobs to
disappear (Welsh, 2016) due to algorithms taking our jobs (Waters, 2017). Nevertheless,
the reality is far from those views, and today’s robotic systems and artificial intelligence
are limited in their abilities to outperform humans due to their inability to understand
the complexity of the real environment. Despite the unquestionable advancements in
those areas, robots will not replace humans, but will collaborate with them to make certain
tasks more efficient. One of the main advantages of using robotics in construction has to
do with the potential to assist construction workers during the performance of repetitive
or dangerous construction tasks in an autonomous manner, or with little supervision from
laborers. This has the potential to make workers safer and reduce hazards, while also
increasing productivity and benefitting the whole construction industry (Bernold, 1987).
In addition, quality is expected to improve as robots would be able to adjust to deal with
quality issues during production (Tilley, 2017).

6.2.2 Conventional organization and roles
The construction sector is a conservative field, with an extended adversarial culture and
inertia to change, particularly in the adoption of new technologies (Anumba and
Evbuomwan, 1997). Moreover, other factors such as an extreme fragmentation and lack of
collaboration difficult the implementation of innovative construction processes and
technologies. According to Hall et al. (2014), construction projects are characterized by
three dimensions of fragmentation. Vertical fragmentation causes each project phase to
have a different set of stakeholders, decision-makers, and values. Horizontal
fragmentation occurs in the trade-by-trade competitive bidding environment of traditional
project deliveries, where knowledge and innovation are kept within each discipline.
Finally, longitudinal fragmentation occurs because project teams disband at the end of
projects. Consequently, it becomes difficult for organizations to build knowledge from
project to project, especially for ideas that cross firm boundaries.
The fragmented structure of the construction industry leads to the organization of large
construction projects as “decentralized modular clusters” (Sheffer, 2011). This projectbased organization is weakly integrated through the role of the system integrator, see
Figure 6.2. This role is split in the project manager (usually leading planner) and the
general contractor, who coordinate the work of the different project teams during project
planning and execution respectively (Hall, 2018). As a result, the conventional
construction organization is highly based on the interaction of the client and the system
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integrators. This high involvement of the client in project decisions is translated into a
Design-Bid-Build (DBB) project delivery system, characterized by contractual
relationships of the client to all planners and contractors separately (Ling et al., 2004).

Figure 6.2 Project organization as decentralized modular cluster, based on Hall (2018).

Looking at the Swiss context, the fragmentation of the construction industry is translated
into many project phases and stakeholders. The SIA 112 norm defines the planning and
construction phases of a project with the respective deliveries and responsibilities between
the client, the leading planner and the contractor of a building. Table 6.1 shows the main
six phases and sub-phases that compose a construction project.

Planning

Table 6.1 Project phases and subphases according to SIA 112 (2001) norm.
Phases

Sub-phases

1.Strategic planning

Definition of needs, solution strategies

2.Preliminary studies

Project definition, feasibility study
Selection procedures

3.Project

Preliminary project
Construction project

Construction

Permit-obtaining procedure / submitted project
4.Invitation to bid

Invitation to bid, comparison of quotations,
application for contract awarding

5.Implementation

Construction project
Implementation
Commissioning, completion

6. Management

Operation
Surveillance, inspection, service
Maintenance

The number of stakeholders in construction projects varies significantly, but in general,
their number is considerable and their interactions are complex (Cleland, 1986).
Therefore, the collaboration of the different parties during the project stages is essential.
The most basic parties can be grouped into the owner (or project sponsor),
designers/engineers (planners), the contractor, financial/legal/marketing institutions, and
the general public/user. These main parties have different important roles involved during
the design and construction phases. Table 6.2 shows the key responsibilities according to
the service model from the Swiss Society of Engineers and Architects (SIA, 2001). Slight
variations in terminology and responsibilities might be observed in different countries.
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Construction

Planning

Table 6.2 Main roles and their key responsibilities.
Role

Main task

Leading planner (project
manager)

To coordinate the planning team.

Designer/engineer

To design a certain part of the project and often does the specialist
site management for the part planned.

CAD draftsman

To prepare detailed technical plans or drawings

Construction manager

To coordinate the planning and construction work on-site as a
representative to the owner

Site supervisor

To manage contractor's team by assisting during the monitoring
of onsite operations. Typically, under the supervision of the
construction manager

Worker

To do the manual construction of the planned work, in most cases
with support of machines and tools

Current construction organization and roles need to be transformed in many aspects. A
reduction of lead times and the improvement of the quality and cost by integrating design
and construction activities and by maximizing parallelism in working practices, are
important aspects to take into consideration (Anumba and Evbuomwan, 1997). To ensure
competitiveness, it is vital that the construction industry adopts a new organization
involving collaboration and interaction between the different construction professionals.
The adoption of digital fabrication processes and technologies in construction provides a
potential mean to overcome these problems.

6.3 Case study
The DFAB HOUSE is a unit from the NEST building which is led by Empa in collaboration
with the NCCR Digital Fabrication, ETH Zurich, and industrial partners. The unit
consists of a three-story building that are composed of four digital fabrication projects,
each carried out by a research team (Figure 6.3). The projects are the Mesh Mould Wall,
the Smart Slab, the Smart Dynamic Casting, and the Spatial Timber Assemblies (Empa,
2017). The organization of the DFAB HOUSE project is rather complex, since the different
research projects must be integrated, involving many parties and decision makers.
However, given the research nature of the project, there is a collaborative interaction
among all the stakeholders not common in most construction projects.
Robotic Assembly of Non-Standard
Timber Structures
Smart Slab
Smart Dynamic Casting Façade
Mesh Mould Wall / In Situ Fabricator

Figure 6.3 NEST DFAB HOUSE with its different components (Empa, 2017).
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6.4 Evolution of the organizational structure
The implementation of digital information and automation technologies in construction
moves forward the decision making to early stages of the planning phase and includes
execution decisions. Practitioners and researchers have emphasized that the full benefit
of digitization (e.g. BIM) cannot be achieved without restructuring organizational
processes in construction (Whyte and Hartmann, 2017). Moving design decisions upstream
implies an early involvement of the different stakeholders, which demands a collaborative
and integrated organization of the team for improving construction project delivery
(Lahdenperä, 2012). Integrated Project Delivery (IPD) systems facilitate this early
involvement and integration of versatile expertise, systems and business practices for the
best of the project. This project delivery method is distinguished by a contractual
agreement between a minimum of the owner, project manager and general contractor,
where risk and reward are shared (AIA, 2007). IPD allows the project organization to move
from a decentralized modular cluster to a “collaborative modular cluster”. However, this
organizational structure is still project-based and has a limited integration, only based on
a contractual agreement. This limited organizational integration usually implies low
capital investments in new technologies for construction (Hall, 2018).
The construction organization observed in the DFAB HOUSE is the consequence of a
partial or short-term implementation of digital fabrication technologies in construction.
Specifically, the project delivery system used is a combination between the Design-Build
and Integrated Project Delivery System (IPD) (AIA, 2007). This system allows a
superposition between the planning and construction phases as well as a fusion between
the project manager, planners and contractor through a collaborative interaction,
particularly during the early phases of the project. The project schedule is done using lean
principles, in particular the use of the Last Planner System (Gao and Low, 2014). In
addition, frequent meetings are conducted and shared online platforms (e.g., Favro,
Trimble) are used to ensure proper coordination among the different teams. In this initial
“digitalization” scenario (Figure 6.5), digital platforms for project planning (e.g. BIM
platform) and automated processes are starting to be implemented in construction.
However, the use of the digital technologies, especially the use of a digital platform to
coordinate the design and construction of the project, is still limited. This limits the
integration of planning and construction phases and derives in an organization still highly
conventional.
At the same time, efforts undertaken to integrate the principles and technologies of
Industry 4.0 in construction have led to a new generation of industrialized construction
organizations. In contrast to conventional project-based organizations, this type of
construction firms coordinate the planning and construction process through a digital
platform, which is the system integrator of the organization. The platform integrates the
construction knowledge of the firm, providing the user standard building components that
can be used to customize the construction project. An example of industrialized
construction organization is Project Frog (Project Frog, 2018). This firm has a coreperiphery organizational structure focused on the design platform and utilizes periphery
supply-chain partners for manufacturing. Other organizations such as BoKlok (BoKlok,
2018) or Katerra (Katerra, 2018) have a complete control of the product through the
coordination of design, manufacturing, transport, and assembly as an integrated
hierarchical firm. Typically, this type of organization is the result of moving construction
activities to a large-scale offsite factory, which implies high capital investments in
construction technologies. Industrialized construction organizations present a strong
integration compared to the fragmentation of conventional organizations. Figure 6.4
illustrates the evolution of the construction organizational structure derived from the
adoption of concepts from Industry 4.0.
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Figure 6.4 Evolution of the traditional construction organization to an industrialized construction
organization, based on Hall (2018).

The long-term implementation of digital fabrication technologies such as 3D printing or
robotic assembly in construction, suggests an evolution of the construction organizational
structure towards a platform-based model. In this “personalization” scenario (Figure 6.5),
customers manage the construction process through a digital fabrication platform that
allows the coordination of the planning and automated construction. Consequently, the
customer becomes more than an informed participant, but an active responsibility-taker
and administrator of the building process. Simultaneously, the role of the construction
professionals evolves to a consultant, co-creator and collaborator, making digital
fabrication technologies accessible to customers. Specifically, construction professionals
plan the digital fabrication solutions contained in the online platform and assist the users
during project personalization. The digital fabrication platform coordinates software and
hardware; therefore, a big IT or automation company potentially manages it. As a result,
these types of company may become large stakeholders in construction.
Studies from other economic fields also support this idea of personalization derived from
the implementation of digital technologies. For instance, in the health care sector, rising
patient-driven models are promoting the use of web-based tools, devices and health social
networking. Patients are starting to manage their health with the collaboration of online
communities and in consultative co-care with medical professionals (Swan, 2009).
Similarly, in the manufacturing sector, personalized models are emerging due to the
proliferation of 3D printers, which allow users to fabricate their own objects (Chen et al.,
2015).
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Figure 6.5 Evolution of the construction organization derived from the implementation of digital fabrication
in the construction industry, including current, short-term and long-term state (De Schutter et al., 2018).

6.5 Evolution of existing roles
The evolution of the conventional roles, observed during the planning and construction of
the DFAB HOUSE, is summarized below. There might be a few additional roles that would
be affected or would be created, but they are not considered in this analysis. Therefore,
the roles identified here should be used for illustration purposes and not for generalization
of the construction industry adopting automation and new technologies.

6.5.1 Planning phase
During the planning phase, most of the traditional roles are still applicable, but with some
modifications regarding their main tasks. For example, the project manager maintains
most tasks as they are now, but as the projects become more automated or influenced by
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digital technologies, the coordination among the different project participants will be
shifted towards new roles (e.g. dfab manager). The roles of engineer and designer during
this phase also remain very similar. Main changes are related to the implementation of a
new planning platform (e.g. BIM platform) and new software applications, such as the
specialized plug-ins developed for the DFAB HOUSE. Similarly, the role of the CAD
draftsman does not change too much, but they need to adopt the new planning software
used by the engineers/designers. Their involvement is reduced as the automation of the
project increases, but their need does not disappear completely. Finally, new roles are
required, such as dfab managers, dfab coordinators and dfab programmers.
The role of the dfab manager arises once digital fabrication becomes more prevalent in a
project (similar to BIM managers in BIM-based projects). The dfab manager could be
brought into the project either as a client advisor or as specialist designer. He/She knows
the constraints of automated construction processes and which elements to implement
during the planning phase to make the construction efficient. The dfab manager also
advices the owner about the level of automation that might be optimal for the project.
Since the whole set up of the project is done at the beginning of the planning phase, he/she
is also required then. Once the set-up is done, the service of the dfab manager in the project
is completed and he might only be called for further strategic questions arising during the
planning process. Some of their key tasks include:


Write and enforce the digital fabrication report (a report defining the scope of digital
fabrication) in cooperation with the project manager, the owner and the involved
designers.



Definition of digital fabrication goals.



Definition of the tasks, competences and liabilities concerning digital fabrication for
the participants.



Definition of the standards for the digital models, model use, model exchange during
planning, construction and service (at least the model handover to the owner).



Definition of the standards of digital fabrication on the construction site. This includes
soft- and hardware standards and interface and communication protocols used.

The role of dfab coordinator arises as soon as there is a project model coordination in a
standardized way. The dfab coordinator is required in the project as soon as the planning
platform is set up. His/her mandate is normally included in the mandate of the project
manager, meaning that the planning office must have the necessary digital fabrication
knowledge and people. This usually occurs during the preliminary project or the
construction project. The role of dfab coordinator only ends once the models are delivered
to the client during the close-out. Since the planning of automated construction processes
is added to the planning software, the dfab coordinator's tasks include:


Determination of coordination required and its methods.



Check and validation of partial models (clash-detection), including the automated
construction planning on site.



Determination of necessary corrections, together with the project manager and the
involved planners.

The role of the designer’s dfab programmer is related to the planning software, preparing
it, so the designers/engineers can work at a user level. The main tasks would include
coordination of the software (including fixing compatibility issues between participants
and installation of plug-ins) and organization of the data storage and backup. The dfab
programmer is mainly required in the planning process, as soon as the planning platform
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is set-up, which is done in the preliminary project. Therefore, it can be thinkable that the
planning office managing the project also brings in the programmer. Finally, he/she stays
available for the construction manager during construction.
The incorporation of these roles and their participation share depend on the degree of
integration of digital fabrication in the construction project. García de Soto et al. (2018b)
present a qualitative representation of this participation based in the level of digitalization
(Figure 6.6). In this diagram, the roles previously discussed are considered (other roles
might be applicable) and the variation shown is a qualitative assessment based on the
observation of the case study.

Figure 6.6 Qualitative participation of each role vs. degree of digitalization in the planning phase (García
de Soto et al., 2018b).

6.5.2 Construction phase
During the construction phase, most of the traditional roles are still applicable, but with
some modifications regarding their main tasks or level of involvement. For instance, the
construction manager maintains most tasks as they are now; however, there is a shift of
his/her workload due to the availability and reliability of information. Specifically, fewer
efforts are required to control schedule and cost, but more efforts are required to digitally
plan the different construction tasks. Like the construction manager, the scope of the site
supervisor shifts towards detailed planning and monitoring of the robotic systems.
Concerning the construction worker, his/her presence is affected based on amount of
digitalization and automation in construction. This role may evolve to a dfab technician,
who is trained to operate or provide support to one or more automated systems, like
operators of heavy machinery (i.e. cranes and excavators) in current projects. The tasks of
the dfab technician include setting up the machine on site and supply the system with raw
material. In essence, he/she carries out all standard work that is required for a smooth
automated construction.
Finally, another new role is the contractor’s dfab programmer. The scope defined for the
designer’s dfab programmer is also applicable for him/her. However, while the tasks of the
designer’s programmer consist of creating the design framework, the tasks of the
contractor’s programmer consist of writing the code to operate the robots. This work
influences the temporal planning (4D) of the project, in strong interaction with the site
supervisor. Then, the dfab coordinator can check the whole planning of all different
contractors, showing easily the problematic points. The dfab programmer is involved in
the process as soon as the contractor is involved. His/her work is then ongoing for detail
programming and adaption until the building is erected.
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Similar to the planning phase, the participation share of the different roles changes
depending on the implementation of digital fabrication in the construction project. García
de Soto et al. (2018b) present a qualitative representation of this participation, based in
the level of digitalization (Figure 6.7). The diagram shows a qualitative variation of the
roles previously discussed (other roles might be applicable) extracted from the observation
of the case study.

Figure 6.7 Qualitative participation of each role vs. degree of digitalization in the construction phase
(García de Soto et al., 2018b).
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7 Conclusion & Outlook
7.1 Conclusions of the thesis
In this thesis, digital fabrication processes and technologies were introduced as a solution
for the sustainability problems of the construction sector. The main objective of the
research was to quantitatively evaluate the specific sustainability opportunities and
potential risks that the implementation of digital fabrication in construction can provide.
The sustainability evaluation was approached through the assessment of environmental
and economic impacts associated with different case studies of digitally fabricated building
elements. Each case study was compared with conventional construction to provide a
quantitative evidence of the sustainability advantage or disadvantage of digital
fabrication. The main assessment method applied to quantify the environmental impacts
was the Life Cycle Assessment (LCA) framework. In addition, the CYCLONE (CYClic
Operations NEtwork) dynamic simulation model was employed to evaluate the
productivity (i.e. costs and time) of digital fabrication. The evaluation enabled the
identification of the design conditions when digitally fabricated architecture achieves
better environmental and economic performance than conventional construction. Based
on the identified parameters, simplified sustainable criteria to guide the design of digitally
fabricated building elements were formulated. These guidelines provide decision-making
guidance at the project level on the design strategies that are effective to improve the
sustainability performance of digitally fabricated architecture.
In Chapter 2, the LCA evaluation of three case studies of digitally fabricated building
elements indicated that the material optimization is fundamental to achieve
sustainability benefits in construction projects. In contrast, the energy consumption of
robotic fabrication processes contributed minimally to the environmental impacts.
Furthermore, the research highlighted the potential of digital fabrication to facilitate the
design and construction of complex architecture. Specifically, the shape complexity was
the result of two design strategies commonly employed in digital fabrication to achieve
material efficiency: structural optimization and functional hybridization. Based on the
results from the case study evaluations, general sustainable guidelines were formulated.
Given the increased complexity in architecture facilitated by digital fabrication
techniques, Chapter 3 evaluated for which degree of shape complexity, digital fabrication
provides sustainability benefits compared to conventional construction. The evaluation of
the case study of a robotically fabricated wall demonstrated that the environmental and
economic impacts of digitally fabricated building elements do not increase when their
shape complexity is higher. Therefore, the evaluation highlighted the sustainable
potential of digital fabrication for the construction of non-standard architecture. However,
the architectural complexity only brings sustainable benefits if it is the result of
implementing material reduction strategies (e.g. structural optimization or multifunctionality) during design. Based on the analyses, sustainable guidelines for the design
of complex architecture were identified.
Chapter 4 investigated the potential environmental and economic benefits and
consequences of multi-functionality, as a design strategy for material reduction in digitally
fabricated architecture. On the one hand, a LCA-based comparison method was applied to
assess two case studies of multi-functional building elements in order to study the impact
of multi-functionality on the environmental performance. In the sensitivity analysis, the
LCA was extended to the end of life in order to identify additional environmental
implications associated with multi-functional building elements composed of hybrid
materials. The results indicated that hybrid materials increase the difficulty of recycling,
which causes high environmental emissions at the end of life. On the other hand, the
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potential economic benefits and limitations of multi-functional building elements were
discussed. Based on the analyses, sustainable guidelines for multi-functional digitally
fabricated building elements were identified.
Finally, the goal of Chapter 5 was to empower designers with a tool that helps them to
implement the sustainability criteria identified in Chapters 2-4 during the design of
digitally fabricated architecture. With this objective, a simplified design-integrated LCA
method was developed for environmental evaluation of digital fabrication projects from
early design stages. The method allows the designer to receive real-time feedback on the
environmental impact while designing the building element. Moreover, based on the
comparison with conventional construction solutions, a color-based visualization is
provided to enable design optimization. The application of the tool for the evaluation of a
case study proved the validity of the method for decision support during design, reducing
the complexity of a conventional LCA. Due to the experimental state of digital fabrication
processes and technologies in construction, the evaluation of socio-economic impacts was
limited in this dissertation. Nevertheless, potential implications of digital fabrication for
the current construction organization and roles were discussed in Chapter 6.
The research conducted in this doctoral thesis establishes the first sustainability
guidelines to evaluate digital fabrication processes and technologies from different
perspectives (i.e. environmental, economic, and social) and support decision-making
during design and construction. This research is ground-breaking within digital
fabrication practitioners because it supports the establishment of quantifiable measures
and targets to improve performance indicators, such as productivity, resource
consumption and GHG emissions. Therefore, it guides the development and
implementation of digital fabrication in construction in a balanced and effective way. To
date, different education and research institutions worldwide have developed leading edge
proof-of-concept technologies such as mobile robotics, collaborative multi-agent systems
and human-machine interfaces helping to investigate different types of autonomous
methods for using robotics in architecture and construction. The assessment carried out
in this dissertation highlights the relevant data that needs to be transferred throughout
the construction value chain (design-construct-operate-maintain) and defines a set of
indicators to evaluate these emerging construction processes and technologies. Access to
the knowledge generated in this thesis by other researchers and industry practitioners
encourages greater adoption of automation in construction and an evolution towards a
sustainable construction industry.

7.2 Further research
The content of this doctoral thesis provides a good starting point for further research. As
the world’s population is growing and resources are becoming scarcer, sustainability will
become even more important in the future. Therefore, the adoption of digital fabrication
processes and technologies in the construction sector should be the starting point towards
a sustainable built environment. With this objective, the design-integrated method
presented in Chapter 5 to assess the environmental performance of digital fabrication
projects should be further developed. The future evaluation method could target a cradleto-grave evaluation of environmental impacts, considering operation and end-of-life.
Moreover, additional features could be added, such as the possibility to select the impact
indicator or to visualize the impact per material. Finally, the method should be adapted
for the evaluation of a complete building, highlighting impacts per building element,
similarly to approaches such as Röck et al. (2017).
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Future work should also be directed to integrate the three dimensions of sustainability for
a Life Cycle Sustainability Assessment (LCSA) of digital fabrication projects. Recent
publications such as Pan et al. (2018) highlight the importance of a holistic understanding
of the impacts of automated and robotic technologies on the sustainability of the
construction industry. Nevertheless, existing sustainability assessment frameworks are
far from real-world application and need further development. The guidelines developed
in this thesis attempted to account for at least two of the three dimensions, but they did
not always capture the full spectrum of sustainability features. Therefore, an extension of
this work could focus on incorporating the evaluation of the three pillars in an evaluation
framework integrated in early design stages. Specifically, the combination of Life Cycle
Costing (LCC) and LCA provides the potential to convince decision-makers to choose a
more environmentally friendly solution with higher investment costs if it is economically
worthwhile in the long term. Furthermore, once a common ground for the evaluation of
the social aspects in digital fabrication is established, the evaluation method can also be
extended for Social Life Cycle Assessment (SLCA).
In Chapter 6 potential further research on the socio-economic implications of
implementing digital fabrication in the construction industry were already discussed.
Although the chapter was not meant to be an exact representation of how the construction
organization and roles will change, it opens the debate and research in this area, so that
future studies can use this work as a guideline. The exact dimensions of the digital
transformation in construction and how it will affect the labor market should be
investigated. Based on real construction projects, the elements for a successful transition
and integration of digital fabrication, such as changes in the supply chain and business
models, as well as the project delivery and contract strategies, should be identified.
Consequently, an evaluation of the impact of digital fabrication in the current building
industry and its management should be the object of future research studies. Finally,
further research is needed to assess additional social impacts, such as changes in
education schemes.
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A Appendix
Supplementary information from publication: I. Agustí-Juan and G. Habert
“Environmental design guidelines for digital fabrication” Journal of Cleaner Production
2017, 142(4): 2780-2791.

A.1 Data collection
A.1.1 Wall
A.1.1.1 Self-shading brick wall
Materials
Table A.1 Material composition of self-shading brick wall (1 m2).
Bricks
Type

5x11x14 cm green terracotta

Conventional brick (kg)

196.778

Shading extra brick (%)

10%

3%

Kg brick/ m2 wall

216.456

202.681

Cement mortar
m3 mortar/m2 wall

0.024

Kg mortar/m2 wall

52.849

Construction robot
Data collected from ADRL (ETH Zürich). Specific materials composition of robot “In-Situ
Fabricator” developed by this research group for on-site construction:
Table A.2 Material composition and ecoinvent processes used for the construction robot (kg/unit).
Flow

Unit

Amount

Steel, low-alloyed, at plant

kg

570.6

Steel, electric, un- and low-alloyed, at plant

kg

120.6

Cast iron, at plant

kg

119.5

Copper, primary, at refinery

kg

35.55

Aluminum, production mix, at plant

kg

37.70

Alkyd paint, white, 60% in H2O, at plant

kg

1.65

Epoxy resin, liquid, at plant

kg

4.35

Polyvinylchloride, suspension polymerized, at plant

kg

16.41

Polyurethane, flexible foam, at plant

kg

0.31

Tin, at regional storage

kg

0.14

Lead, primary, at plant

kg

0.08

Nickel, 99,5%, at plant

kg

0.05

Silver, at regional storage

kg

0.004

Gold, primary, at refinery

kg

0.001
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Synthetic rubber, at plant

kg

40.0

Lubricating oil

kg

40.0

Battery, LiIo, rechargeable, prismatic, at plant

kg

50.0

Diamond cutting tool
Characteristics and composition of different saws, data taken from Ioannidou et al., 2014:
Table A.3 Characteristics and composition of saws.
Diameter
of saw
(mm)

Thickness
of disc
(mm)

No. of
times
disc
reused

No. of
sectors

Dimensions
of sector
(mm)

Weight
of
sector
(g)

Weight of
Synthetic
Diamond
(g)

Composition

Co

Bronze

Cu

500

3

1

30

40*11*3.8

14

0.26

65.0%

17.5%

17.5%

600

3.7

1

36

40*11*4.4

16.212

0.3

65.0%

35.0%

0.0%

700

4.5

1

40

40*11*5.4

19.74

0.44

75.0%

12.5%

12.5%

800

4.9

1

46

40*11*5.8

21.25

0.48

75.0%

12.5%

12.5%

1000

5.5

10

70

24*11*6.8

14.92

0.36

75.0%

12.5%

12.5%

1000

5.5

10

70

24*15*6.8

20.36

0.48

75.0%

12.5%

12.5%

1600

7

50

108

24*15*9.2

27.492

0.68

75.0%

12.5%

12.5%

3000

11

160

160

24*30*13

77.99

1.72

75.0%

12.5%

12.5%

11 mm
wire

11

40 per ma

14.92b

0.36b

75.0%

12.5%

12.5%

8 mm wire

8

30 per ma

10.85b

0.26b

75.0%

12.5%

12.5%

a

Source: http://www.diamant-boart.com/files/DiamantBoart/CS/old/DBGen_Cata_EN.pdf [50]

b

Assumed

From the previous table, the composition of a 500 mm saw was taken as a reference to
build the LCI of the production process of the diamond wire cutting tool used to cut the
wall bricks:
Table A.4 Material composition and ecoinvent processes used for the diamond cutting tool (kg/unit).
Diamond wire 500 mm

Unit

Amount

Wire drawing, steel

kg

0.4122

Cobalt, at plant

kg

0.00507

Bronze, at plant

kg

0.001365

Copper, primary, at refinery

kg

0.001365

Construction
The construction time was calculated based on two seconds of cutting and 30 seconds of
assembling per brick. Additionally, two minutes were added every 50 bricks for robot
positioning.
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Table A.5 Construction time of self-shading wall (hours).
Wall production

1 m2

Time assembly (h)

1.9185

Time cutting (h)

0.0617

Total production time (h)

1.9802

The energy consumption of the robot was calculated based on the power supply of the two
Li-ion rechargeable batteries with a capacity of 5.12 kWh and the total construction time.
The total energy consumption of a laptop computer (1781 MJ) was taken from Deng et al.
(2011) and adapted to the present construction time.
Table A.6 Energy consumption of digital technologies during self-shading wall construction (MJ).
Wall construction

1 m2

Energy demand robot

36.500

Energy demand laptop

0.1388

Total energy demand

36.639

Based on the construction time and a lifespan of 10 years for the robot and 3 years for the
laptop, we calculated the number of units of each technology produced for the construction
of 1 m2 of wall. The following formula was used to calculate the units to be included in the
life cycle inventory of the project:
1 unit / lifespan (h) * construction time (h)
The results are shown in Table A.7:
Table A.7 Digital technologies employed in the self-shading wall construction (units).
Digital technologies production

Units/ m2 wall

Laptop

0.0000754

Robot

0.0000226

Cutting tool

0.0000014

Life cycle inventory dfab wall production
Based on the previous data collection, Table A.8 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.8 Life cycle inventory of the self-shading wall production (1 m2).
Process

Unit

Amount

Construction robot

p

2.26 10-5

Laptop computer, at plant

p

7.54 10-5

Diamond cutting tool

p

1.40 10-6

Brick, at plant

kg

216.4

Cement mortar, at plant

kg

52.8

Electricity, medium voltage, at grid

MJ

36.6

Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 198

Operational energy
The operational energy of 1 m2 of self-shading wall was calculated based on the cooling
energy needed to counteract the heat gains through the wall. For the calculation of the
operational energy for 50 years, a house with 230 m2 and 4240 kWh of cooling electricity
consumption per year was taken as a reference (Shah et al., 2008). From the total cooling
energy demand, only 20% corresponds to the walls heat gain as shown in Figure A.1.

Figure A.1 Heat gains in a household (Government of South Australia, 2015).

Additionally, a 16% reduction of the cooling energy demand was considered, due to the
thermal effect of shading.
Table A.9 Calculation of cooling energy equivalent to the heat gains of self-shading wall (1 m2).
Operational energy
Cooling /year (kWh)

4240

Lifespan house (yrs)

50

Cooling /house (MJ)

763200

Walls heat gain (%)

0.2

Cooling / walls (MJ)

152640

Area house (m2)

181

Perimeter floor (m)

46.63

Floor high (m)

3

m2 façade/house

279.75

% glazing

0.18

m2 wall/house

229.395

Cooling / m2 wall (MJ)

665.40

Shading energy saving (%)

0.16

Cooling / m2 wall (MJ)

558.94

Therefore, a total operation energy of approximately 558.94 MJ was added to the LCI.
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Life cycle inventory dfab wall production + operation
Based on the previous data collection, Table A.10 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.10 Life cycle inventory of the self-shading wall production and use phases (1 m2).
Process

Unit

Amount

Construction robot

p

2.26 10-5

Laptop computer, at plant

p

7.54 10-5

Diamond cutting tool

p

1.40 10-6

Brick, at plant

kg

216.4

Cement mortar, at plant

kg

52.85

Electricity, medium voltage, at grid

MJ

36.6

Electricity, low voltage, at grid

MJ

558.94

A.1.1.2 Conventional brick wall
Based on the self-shading wall, a conventional brick wall with the same structural and
thermal performance was calculated for the LCA comparison.
Materials
Table A.11 Material composition of conventional brick wall (1 m2).
Bricks
Type

5x11x14 cm green terracotta

N° bricks / m2 wall

111.111

Kg/ brick

1.771

Kg brick/ m2 wall

196.778

Cement mortar
m3 mortar/m2 wall

0.024

Kg mortar/m2 wall

52.849

Thermal function
Calculation of thickness of EPS insulation:
Thickness wall 1:
Thermal resistance Wall: R= 2.3 K m2/W
Thermal conductivity EPS insulation: λi = 0.035 W/m*K
Thermal conductivity Brick: λb = 0.85 W/m*K
U = λ/d = thermal conductivity/thickness
U = 1/R= 1/(Ri+ Rb)
R = Ri + Rb = di/λi + db/λb
2.3 = di/0.035 + 0.11/0.85
di = 7.6 cm
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Thickness wall 2 (-16% U):
λ1 = λ2
U2 = 0.84U1
U = 1/R
1/R2 = 0.84*(1/2.3) = 0.365 W/K*m2
R2 = Ri + Rb = di/λi + db/λb
2.7381 = di/0.035 + 0.11/0.85
di = 9.13 cm
Equivalency between cooling saving and additional insulation:
-16% cooling = 9.13-7.6 cm = 1.53 cm EPS
Table A.12 Insulation characteristics (1 m2).
EPS insulation

1 m2 wall

Thickness EPS (m)

0.0153

Mass EPS (kg)

0.2453

Life cycle inventory conventional wall
Based on the previous data collection, Table A.13 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.13 Life cycle inventory of the conventional wall production and use phases (1 m2).
Process

Unit

Amount

Brick, at plant

kg

196.78

Cement mortar, at plant

kg

52.85

Polystyrene, expandable, at plant

kg

0.2453

Electricity, low voltage, at grid

MJ

558.94

A.1.2 Floor
A.1.2.1 Rib-stiffened funicular floor
Materials
The total volume of concrete employed in the floor structure is 0.13 m3. Following, the
composition of the self-compacting fiber-reinforced concrete (SCFRC) employed detailed:
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Table A.14 Recipe SCFRC concrete adapted from López López et al. (2014) and “normal concrete, at plant”
from Ecoinvent database (1 m3).
SCFRC concrete

Unit

Amount

Portland cement, strength class Z 52.5, at plant

kg

923.2

Portland cement, strength class Z 42.5, at plant

kg

Microsilica

kg

64.6

Gravel round, at mine (0/4mm)

kg

1,135.5

Tap water, at user

kg

230.8

Plasticizer

kg

21.2

Steel, low-alloyed, at plant (microfibres 12 mm)

kg

78.5

Microsilica or Silica fume is a waste from the silicon and ferrosilicon alloys, therefore, the
environmental impact was considered negligible for the present analysis. Table A.15
shows the composition of the plasticizer used for concrete production:
Table A.15 Recipe plasticizer composition.
Component

Ecoinvent process

Unit

Amount

Formaldehyde

Formaldehyde, production mix, at plant

kg

0.795

Water softened

Water, completely softened, at plant

kg

14.083

Naphthalin

Chemicals organic, at plant

kg

3.453

Sodium hydroxide

Sodium hydroxide, 50% in H2O, production mix, at plant

kg

2.832

Sulphuric acid

Sulphuric acid, liquid, at plant

kg

3.437

kg

21.2

Total

Additionally, four steel tension ties are needed to counteract the vault forces on the four
supports. Table A.16 shows the calculation of the amount of steel contained in the tension
ties.
Table A.16 Calculation of mass of steel from tension ties.
Tension ties
Type

High performance steel

Diameter

5 mm

Number and length

2 x 2.8 m ; 2 x 1.02 m

Volume steel (m3)

π*(0.0025)2*(2.8*2+1.02*2) = 1.5E-4

Mass steel (kg)

1.208

Life cycle inventory dfab floor production
Based on the previous data collection, Table A.17 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.17 LCI of rib-stiffened funicular floor production (1 m2).
Process

Unit

Amount

Steel, low-alloyed, at plant

kg

0.452

SCFRC

m3

0.049
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A.1.2.2 Conventional reinforced concrete floor
The previous computationally designed floor was compared with a conventional reinforced
concrete floor. Table A.18 shows the characteristics of this conventional floor.
Characteristics
Table A.18 Characteristics of the conventional reinforced concrete floor.
Slab floor
Total area (m2)

30.25

Slab thickness (m)

0.22

Span (m)

5.5

Volume slab (m3)

6.655

Materials
Table A.19 Material composition of conventional reinforced concrete floor (1 m2).
Reinforcement
Type

B500B steel

Volume steel (m3)

0.07

Mass steel (kg)

559.62

Concrete
Type

C25/30

Volume concrete (m3)

6.58

Life cycle inventory conventional floor production
Based on the previous data collection, Table 19 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.20 LCI of conventional reinforced concrete floor production (1 m2).
Process

Unit

Amount

Steel, low-alloyed, at plant

kg

18.5

Concrete, normal, at plant

m3

0.218

A.1.3 Roof
A.1.3.1 The Sequential Roof
Materials
“The Sequential Roof” has a total area of 2308 m2 and is composed of robotically assembled
wooden trusses. The material composition is shown in Table A.21.
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Table A.21 Material composition of “The Sequential Roof” (1 m2).
Timber
Type

C24 fir /spruce

Total volume (m )

384

Total mass (kg)

161280

Mass (kg) / m roof

70

3

2

Nails
Type

Steel

Number units

815984

Volume (m )/unit

8.17E-07

Total volume (m3)

0.667

Total mass (kg)

5234.11

Mass (kg) / m2 roof

2.27

3

Construction
Table A.22 Construction time of “The Sequential Roof” (hours).
Roof construction

1 m2

Number beams (units)

168

Construction time / beam (h)

12

Total time (h)

2016

Production time (h) / m2 roof

0.87

The energy consumption of both technologies during the production time is shown in
Table A.23.
Table A.23 Energy consumption of digital technologies during “The Sequential Roof” construction (MJ).
Roof construction

1 m2

Energy demand robot

16.10

Energy demand computer

0.0453

Total energy demand

16.145

Based on the construction time and a lifespan of 10 years for the robot and 5 years for the
computer, we calculated the number of units of each technology produced for the
construction of 1 m2 of roof. The results are shown in Table A.24:

Table A.24 Digital technologies employed in “The Sequential Roof” construction (units).
Digital technologies production

Units/ m2 roof

Computer

0.0000199

Robot

0.0000199
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Life cycle inventory The Sequential Roof production
Based on the previous data collection, Table A.25 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
Table A.25 Life cycle inventory of “The Sequential Roof” production (1 m2).
Process

Unit

Amount

Construction robot

p

0.00002

Desktop computer, without screen, at plant

p

0.00002

LCD flat screen, 17 inches, at plant

p

0.00002

Sawn timber, softwood, planed, kiln dried, at plant

kg

0.17

Steel, low-alloyed, at plant

kg

2.27

Electricity, medium voltage, at grid

MJ

16.145

A.1.3.2 Conventional wooden roof
A conventional wooden roof with the same span and area as “The Sequential Roof” was
calculated for the comparison (Figure A.2). The basic composition of this roof is a glulam
beams structure and an acoustic hanging ceiling with steel profiles and wooden finishing.

Figure A.2 Design of conventional roof.

Materials
Following in Table A.26 and Table A.27, a section of 420 m2 is analyzed to extract the
material composition of 1 m2 of roof.
Structure
Table A.26 Material composition of a conventional wood roof structure (1 m2).
Beams/joists
Material type

Glulam spruce wood

Beam volume (m ) / unit

4.5

Number beams (units)

7

Joist volume (m3) /unit

0.088

Number joists (units)

20

Total volume (m3)

33.26

Total mass (kg)

13969.2

Mass (kg) / m2 roof

33.26

3

Hangers
Type

Steel

Number hangers (units)

40
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Volume (m3) / unit

0.000067

Total volume (m3)

0.002688

Total mass (kg)

21.1

Mass steel (kg) / m2 roof

0.05

Exterior panel
Type

Particleboard

Volume (m3) / m2 roof

0.019

Nails
Type

Steel

Volume (m ) / unit

8.17E-07

Units / m roof

8

3

2

Volume (m ) / m roof

0.0000065

Mass (kg) / m roof

0.05

3

2

2

Hanging ceiling
Table A.27 Material composition of the hanging ceiling of a conventional wood roof (1 m2).
Insulation
Type

Rockwool

Volume (m ) / m roof

0.05

Mass (kg) / m roof

5

3

2

2

Interior panel
Type

Laminated wood

Volume (m ) / m roof
3

0.016

2

Profiles hanging ceiling
Type

Galvanized steel

Volume primary profile (m ) / unit

0.007224

Number of primary profiles (units)

16

Volume primary profile (m ) / m roof

0.0002752

Volume secondary profile (m ) / unit

0.00279

Number of secondary profiles (units)

14

Volume secondary profile (m3) / m2 roof

0.000093

Volume hanging bar (m3) / unit

0.00006

Number of hanging bars (units)

384

Volume hanging bars (m3) / m2 roof

0.000055

Total mass steel (kg) / m2 roof

3.323

3

3

2

3

Life cycle inventory conventional roof production
Based on the previous data collection, Table A.28 shows the LCI built with Ecoinvent 2.2
processes and introduced in Simapro 7.3 software for the LCIA.
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Table A.28 Life cycle inventory of conventional roof production (1 m2).
Process

Unit

Amount

Glue laminated timber, indoor use, at plant

m

0.0792

Steel, low-alloyed, at plant

kg

0.1

Rock wool, packed, at plant

kg

5

Three layered laminated board, at plant

m

0.016

Particle board, outdoor use, at plant

3

m

0.019

Steel, low-alloyed, at plant

kg

3.323

3

3

Ceiling solutions (sensitivity analysis)
For the sensitivity analysis, 24 additional hanging ceiling solutions were considered for
the conventional roof (see Table A.29).

Table A.29 Hanging ceiling solutions considered in sensitivity analysis of “The Sequential Roof”.
Ceiling solutions

Wood layer

Insulation

Structure

Conventional ceiling

16 mm laminated wood

50 mm rock wool

Steel

Ceiling 1

16 mm laminated wood

40 mm rock wool

Steel

Ceiling 2

16 mm laminated wood

60 mm rock wool

Steel

Ceiling 3

16 mm laminated wood

80 mm rock wool

Steel

Ceiling 4

16 mm laminated wood

100 mm rock wool

Steel

Ceiling 5

12 mm plywood

40 mm rock wool

Steel

Ceiling 6

12 mm plywood

60 mm rock wool

Steel

Ceiling 7

12 mm plywood

80 mm rock wool

Steel

Ceiling 8

12 mm plywood

100 mm rock wool

Steel

Ceiling 9

16 mm laminated wood

40 mm cellulose fiber

Steel

Ceiling 10

16 mm laminated wood

60 mm cellulose fiber

Steel

Ceiling 11

16 mm laminated wood

80 mm cellulose fiber

Steel

Ceiling 12

16 mm laminated wood

100 mm cellulose fiber

Steel

Ceiling 13

12 mm plywood

40 mm cellulose fiber

Steel

Ceiling 14

12 mm plywood

60 mm cellulose fiber

Steel

Ceiling 15

12 mm plywood

80 mm cellulose fiber

Steel

Ceiling 16

12 mm plywood

100 mm cellulose fiber

Steel

Ceiling 17

16 mm laminated wood

40 mm glass wool

Steel

Ceiling 18

16 mm laminated wood

60 mm glass wool

Steel

Ceiling 19

16 mm laminated wood

80 mm glass wool

Steel

Ceiling 20

16 mm laminated wood

100 mm glass wool

Steel

Ceiling 21

12 mm plywood

40 mm glass wool

Steel

Ceiling 22

12 mm plywood

60 mm glass wool

Steel

Ceiling 23

12 mm plywood

80 mm glass wool

Steel

Ceiling 24

12 mm plywood

100 mm glass wool

Steel
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A.2 Results
After the LCI of the three case studies were introduced in Simapro software. The method
Recipe Midpoint (H) V1.06 was used for the Life Cycle Impact Assessment (LCIA). The
midpoint impact categories considered are shown in Table A.30:
Table A.30 Selected midpoint impact categories from the method Recipe Midpoint (H) V1.06.
Impact category

Units

Climate change

kg CO2 eq.

Ozone depletion

kg CFC-11 eq.

Human toxicity

kg 1.4-DB eq.

Terrestrial acidification

kg SO2 eq.

Freshwater eutrophication

kg P eq.

Terrestrial ecotoxicity

kg 1.4-DB eq.

Freshwater ecotoxicity

kg 1.4-DB eq.

Water depletion

m3

Metal depletion

kg Fe eq.

Fossil depletion

kg oil eq.

Following the results obtained for each case study:

A.2.1 Wall
A.2.1.1 Self-shading brick wall
Table A.31 LCIA results from self-shading brick wall (EN 15978 modules: A1-A3, A5, B6).
Impact category

Unit

Materials
production

Technologies
production

Construction
electricity

Cooling
electricity

Climate change

kg CO2 eq

61.55037269

0.066685493

7.850550075

129.9474

Ozone depletion

kg CFC-11 eq

4.2935E-06

4.74954E-09

2.20609E-07

3.66E-06

Human toxicity

kg 1,4-DB eq

7.431904836

0.458787055

3.015109789

59.51127

Terrestrial acidification

kg SO2 eq

0.130607569

0.00069983

0.049857868

0.833405

Freshwater
eutrophication

kg P eq

0.008041788

0.000220413

0.003918118

0.069274

Terrestrial ecotoxicity

kg 1,4-DB eq

0.002198936

2.98771E-05

0.00058512

0.012094

Freshwater ecotoxicity

kg 1,4-DB eq

0.132384011

0.004962185

0.075848713

1.34855

Water depletion

m3

0.193409649

0.000867135

0.022147124

0.372468

Metal depletion

kg Fe eq

1.278421104

0.128521801

0.077643022

4.253981

Fossil depletion

kg oil eq

13.42075345

0.020043432

2.190241989

36.26099

Table A.32 LCIA results from material production processes in the self-shading brick wall.
Impact category

Unit

Brick, at plant

Cement mortar, at plant

Climate change

kg CO2 eq

51.48445604

10.06591665
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Ozone depletion

kg CFC-11 eq

3.85918E-06

4.34318E-07

Human toxicity

kg 1,4-DB eq

6.558307092

0.873597744

Terrestrial acidification

kg SO2 eq

0.113485515

0.017122054

Freshwater eutrophication

kg P eq

0.00742567

0.000616118

Terrestrial ecotoxicity

kg 1,4-DB eq

0.001662594

0.000536343

Freshwater ecotoxicity

kg 1,4-DB eq

0.119517502

0.012866509

Water depletion

m3

0.09217049

0.101239159

Metal depletion

kg Fe eq

1.158775693

0.119645411

Fossil depletion

kg oil eq

12.22048582

1.200267632

Table A.33 LCIA results from technologies production processes in the self-shading brick wall.
Impact category

Unit

Laptop computer,
at plant

Diamond
cutting tool

Construction robot

Climate change

kg CO2 eq

0.015786598

2.97928E-07

0.050898598

Ozone depletion

kg CFC-11 eq

1.13933E-09

2.25109E-14

3.61018E-09

Human toxicity

kg 1,4-DB eq

0.048053321

1.10195E-06

0.410732632

Terrestrial acidification

kg SO2 eq

7.27528E-05

2.31651E-09

0.000627075

Freshwater eutrophication

kg P eq

3.1382E-05

5.64967E-10

0.00018903

Terrestrial ecotoxicity

kg 1,4-DB eq

3.20459E-06

1.90454E-10

2.66723E-05

Freshwater ecotoxicity

kg 1,4-DB eq

0.000674812

1.44919E-08

0.004287359

Water depletion

m3

0.000320297

4.76105E-09

0.000546833

Metal depletion

kg Fe eq

0.00988322

3.64949E-07

0.118638216

Fossil depletion

kg oil eq

0.003221371

5.98705E-08

0.016822001

A.2.1.2 Conventional brick wall
Table A.34 LCIA results from the conventional brick wall (EN 15978 modules: A1-A3, B6).
Impact category

Unit

Materials production

Cooling electricity

Climate change

kg CO2 eq

61.55037269

129.9474

Ozone depletion

kg CFC-11 eq

4.2935E-06

3.66E-06

Human toxicity

kg 1,4-DB eq

7.431904836

59.51127

Terrestrial acidification

kg SO2 eq

0.130607569

0.833405

Freshwater eutrophication

kg P eq

0.008041788

0.069274

Terrestrial ecotoxicity

kg 1,4-DB eq

0.002198936

0.012094

Freshwater ecotoxicity

kg 1,4-DB eq

0.132384011

1.34855

Water depletion

m3

0.193409649

0.372468

Metal depletion

kg Fe eq

1.278421104

4.253981

Fossil depletion

kg oil eq

13.42075345

36.26099
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Table A.35 LCIA results from material production processes in the conventional brick wall.
Impact category

Unit

Brick, at plant

Cement mortar, at
plant

Polystyrene,
expandable, at plant

Climate change

kg CO2 eq

46.80400735

10.06591659

0.828344634

Ozone depletion

kg CFC-11 eq

3.50835E-06

4.34318E-07

1.5212E-08

Human toxicity

kg 1,4-DB eq

5.962091876

0.873597751

0.012325565

Terrestrial acidification

kg SO2 eq

0.103168554

0.017122054

0.00239429

Freshwater eutrophication

kg P eq

0.006750603

0.000616118

2.73664E-05

Terrestrial ecotoxicity

kg 1,4-DB eq

0.001511447

0.000536343

3.7783E-05

Freshwater ecotoxicity

kg 1,4-DB eq

0.108652175

0.012866511

0.002185679

Water depletion

m3

0.083791276

0.101239158

0.001365132

Metal depletion

kg Fe eq

1.053431526

0.119645499

0.002489114

Fossil depletion

kg oil eq

11.10952209

1.200267636

0.499277473

A.2.1.3 Sensitivity analysis
Table A.36 LCIA results from brick wall and self-shading wall, including production and operation.
Production + Operation

Extra brick for shading (%)

Kg CO2 eq.

0%

3%

10%

Brick wall

187.59

187.59

187.59

Self-shading wall

194.73

196.14

199.41

A.2.2 Floor
A.2.2.1 Rib-stiffened funicular floor
Table A.37 LCIA results from the rib-stiffened funicular concrete floor (EN 15978 modules: A1-A3).
Impact category

Unit

Self-compacting fiberreinforced concrete (SCFRC)

Steel, low-alloyed, at plant

Climate change

kg CO2 eq

45.43961524

0.777189877

Ozone depletion

kg CFC-11 eq

1.49179E-06

3.37924E-08

Human toxicity

kg 1,4-DB eq

8.233540006

0.629979485

Terrestrial acidification

kg SO2 eq

0.085928029

0.002823302

Freshwater
eutrophication

kg P eq

0.006127375

0.00049389

Terrestrial ecotoxicity

kg 1,4-DB eq

0.001668864

0.000102722

Freshwater ecotoxicity

kg 1,4-DB eq

0.227786626

0.022296708

Water depletion

m3

0.299620368

0.008420889

Metal depletion

kg Fe eq

12.26390498

1.389702157

Fossil depletion

kg oil eq

5.897824727

0.252884998

Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 210

A.2.2.2 Conventional reinforced concrete floor
Table A.38 LCIA results from the conventional reinforced concrete floor (EN 15978 modules: A1-A3).
Impact category

Unit

Concrete, normal, at plant

Steel, low-alloyed, at plant

Climate change

kg CO2 eq

56.95106309

31.80976296

Ozone depletion

kg CFC-11 eq

1.92611E-06

1.38309E-06

Human toxicity

kg 1,4-DB eq

4.675565304

25.78455876

Terrestrial
acidification

kg SO2 eq

0.096819892

0.115555505

Freshwater
eutrophication

kg P eq

0.002981025

0.020214523

Terrestrial ecotoxicity

kg 1,4-DB eq

0.001359678

0.004204313

Freshwater
ecotoxicity

kg 1,4-DB eq

0.063897763

0.912586506

Water depletion

m3

0.807791903

0.344660262

Metal depletion

kg Fe eq

1.05918633

56.87940269

Fossil depletion

kg oil eq

5.601024753

10.35038162

Table A.39 LCIA results from the concrete comparison (1 m3).
Impact category

Unit

Concrete, normal

Self-compacting fiberreinforced concrete (SCFRC)

Climate change

kg CO2 eq

261.2434085

927.3390876

Ozone depletion

kg CFC-11 eq

8.83535E-06

3.04446E-05

Human toxicity

kg 1,4-DB eq

21.44754717

168.0314298

Terrestrial acidification

kg SO2 eq

0.444127942

1.753633259

Freshwater
eutrophication

kg P eq

0.013674426

0.125048466

Terrestrial ecotoxicity

kg 1,4-DB eq

0.006237055

0.034058449

Freshwater ecotoxicity

kg 1,4-DB eq

0.293108999

4.648706696

Water depletion

m3

3.705467442

6.114701407

Metal depletion

kg Fe eq

4.858652762

250.2837766

Fossil depletion

kg oil eq

25.69277404

120.3637703

A.2.3 Roof
A.2.3.1 The Sequential Roof
Table A.40 LCIA results from “The Sequential Roof” (EN 15978 modules: A1-A3, A5).
Impact category

Unit

Materials
production

Technologies
production

Construction
electricity

Climate change

kg CO2 eq

21.60114

0.058585

0.605349

Ozone depletion

kg CFC-11 eq

1.71E-06

4.32E-09

8.21E-08

Human toxicity

kg 1,4-DB eq

15.25304

0.409516

0.445175

Terrestrial
acidification

kg SO2 eq

0.121617

0.000645

0.002485
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Freshwater
eutrophication

kg P eq

0.012894

0.000196

0.000526

Terrestrial ecotoxicity

kg 1,4-DB eq

0.032937

2.69E-05

8.4E-05

Freshwater
ecotoxicity

kg 1,4-DB eq

0.288906

0.004415

0.008188

Water depletion

m3

0.19126

0.000707

0.021926

Metal depletion

kg Fe eq

8.436731

0.116812

0.03039

Fossil depletion

kg oil eq

6.96777

0.018599

0.177446

Table A.41 LCIA results from material production processes in “The Sequential Roof”.
Impact category

Unit

Sawn timber, softwood,
planed, kiln dried, at plant

Steel, low-alloyed, at
plant

Climate change

kg CO2 eq

17.69799

3.903144

Ozone depletion

kg CFC-11 eq

1.54E-06

1.7E-07

Human toxicity

kg 1,4-DB eq

12.0892

3.163835

Terrestrial acidification

kg SO2 eq

0.107438

0.014179

Freshwater eutrophication

kg P eq

0.010413

0.00248

Terrestrial ecotoxicity

kg 1,4-DB eq

0.032421

0.000516

Freshwater ecotoxicity

kg 1,4-DB eq

0.176929

0.111977

Water depletion

m3

0.14897

0.042291

Metal depletion

kg Fe eq

1.457474

6.979256

Fossil depletion

kg oil eq

5.69775

1.27002

Table A.42 LCIA results from technologies production processes in “The Sequential Roof”.
Impact category

Unit

Construction
robot

Desktop computer,
without screen, at
plant

LCD flat screen,
17 inches, at
plant

Climate change

kg CO2 eq

0.046169

0.005533

0.006883

Ozone depletion

kg CFC-11 eq

3.27E-09

5.61E-10

4.88E-10

Human toxicity

kg 1,4-DB eq

0.372567

0.022993

0.013955

Terrestrial
acidification

kg SO2 eq

0.000569

3.39E-05

4.18E-05

Freshwater
eutrophication

kg P eq

0.000171

1.51E-05

9.06E-06

Terrestrial ecotoxicity

kg 1,4-DB eq

2.42E-05

1.45E-06

1.29E-06

Freshwater
ecotoxicity

kg 1,4-DB eq

0.003889

0.000314

0.000212

Water depletion

m3

0.000496

0.000117

9.37E-05

Metal depletion

kg Fe eq

0.107614

0.006215

0.002983

Fossil depletion

kg oil eq

0.015259

0.001548

0.001792

A.2.3.2 Conventional wooden roof
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Table A.43 LCIA results from the conventional wooden roof (EN 15978 modules: A1-A3).
Impact category

Unit

Structure
production

Hanging ceiling
production

Climate change

kg CO2 eq

22.624

15.780

Ozone depletion

kg CFC-11 eq

0.000

0.000

Human toxicity

kg 1,4-DB eq

14.542

9.011

Terrestrial acidification

kg SO2 eq

0.116

0.085

Freshwater eutrophication

kg P eq

0.012

0.008

Terrestrial ecotoxicity

kg 1,4-DB eq

0.040

0.006

Freshwater ecotoxicity

kg 1,4-DB eq

0.198

0.241

Water depletion

m3

0.180

0.151

Metal depletion

kg Fe eq

1.679

10.800

Fossil depletion

kg oil eq

9.246

5.432

Table A.44 LCIA results from material production processes in the structure of the conventional roof.
Impact category

Unit

Glued laminated
timber, indoor
use, at plant

Steel, lowalloyed, at plant

Particle board,
outdoor use, at
plant

Climate change

kg CO2 eq

16.1983

0.171945

6.253664

Ozone depletion

kg CFC-11 eq

1.51E-06

7.48E-09

3.41E-07

Human toxicity

kg 1,4-DB eq

11.97969

0.139376

2.423299

Terrestrial acidification

kg SO2 eq

0.092631

0.000625

0.022453

Freshwater eutrophication

kg P eq

0.009087

0.000109

0.002332

Terrestrial ecotoxicity

kg 1,4-DB eq

0.036185

2.27E-05

0.00381

Freshwater ecotoxicity

kg 1,4-DB eq

0.152057

0.004933

0.041493

Water depletion

m3

0.114778

0.001863

0.063145

Metal depletion

kg Fe eq

1.055151

0.307456

0.316195

Fossil depletion

kg oil eq

5.637625

0.055948

3.552717

Table A.45 LCIA results from material production processes in the hanging ceiling of the conventional roof.
Impact category

Unit

Rock wool,
packed, at plant

Three layered laminated
board, at plant

Steel, low-alloyed,
at plant

Climate change

kg CO2 eq

5.659112

4.407251

5.713721

Ozone depletion

kg CFC-11 eq

2.78E-07

3.82E-07

2.48E-07

Human toxicity

kg 1,4-DB eq

1.793013

2.58627

4.631464

Terrestrial acidification

kg SO2 eq

0.040115

0.024287

0.020756

Freshwater
eutrophication

kg P eq

0.002009

0.002703

0.003631

Terrestrial ecotoxicity

kg 1,4-DB eq

0.000262

0.004876

0.000755

Freshwater ecotoxicity

kg 1,4-DB eq

0.033833

0.043398

0.16392

Water depletion

m3

0.052534

0.036409

0.061908

Metal depletion

kg Fe eq

0.306963

0.275973

10.21677

Fossil depletion

kg oil eq

2.059818

1.51267

1.859152
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A.2.3.3 Sensitivity analysis
Table A.46 LCIA results from the sensitivity analysis of the roofs, considering 24 additional hanging ceiling
solutions for the conventional roof.
Impact category

Unit

Average
conventional
roof solutions

Standard
deviation

The Sequential
Roof

Conventional
roof

Climate change

kg CO2 eq

37.79

2.94

100%

169.74%

Ozone depletion

kg CFC-11 eq

0.00

0.00

100%

167.66%

Human toxicity

kg 1,4-DB eq

24.86

1.87

100%

154.31%

Terrestrial
acidification

kg SO2 eq

0.19

0.02

100%

155.71%

Freshwater
eutrophication

kg P eq

0.02

0.00

100%

143.86%

Terrestrial
ecotoxicity

kg 1,4-DB eq

0.06

0.01

100%

180.09%

Freshwater
ecotoxicity

kg 1,4-DB eq

0.44

0.02

100%

144.66%

Water depletion

m3

0.33

0.02

100%

156.53%

Metal depletion

kg Fe eq

12.80

0.55

100%

149.10%

Fossil depletion

kg oil eq

14.68

1.10

100%

204.95%
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B Appendix
Supplementary information from publication: I. Agustí-Juan, F. Müller, N. Hack, T.
Wangler and G. Habert “Potential benefits of digital fabrication for complex structures:
Environmental assessment of a robotically fabricated concrete wall” Journal of Cleaner
Production 2017, 154: 330-340.

B.1 Data collection
B.1.1 Figure 2
Comparison:


ETHZ IFB: 1 m3 ETHZ IFB (CH)| production | Alloc Def, U



C25/30: 1 m3 Concrete, normal (CH)| production | Alloc Def, U

B.1.1.1 ETHZ IFB concrete
Table B.47 Ecoinvent processes used for ETHZ IFB mix (1 m3).
Materials/fuels

Amount

Unit

Lubricating oil (GLO)| market for | Alloc Def, U

0.012

kg

Steel, low-alloyed, hot rolled (GLO) | market for | Alloc Def, U

0.024

kg

Cement, Portland (CH) | market for | Alloc Def, U

500

kg

Tap water (CH) | market for | Alloc Def, U

169

kg

Synthetic rubber (GLO) | market for | Alloc Def, U

0.007

kg

Concrete mixing factory (GLO)|7 market for | Alloc Def, U

4.57

kg

Gravel, round (GLO) | market for | Alloc Def, U

1713

kg

Silica Fume (see Table 2)

43.5

kg

Superplasticizer (see Table 3)

4.32

kg

Electricity/heat

Amount

Unit

Heat, district or industrial, natural gas (CH) | market for | Alloc Def, U

1.044

MJ

Diesel, burned in building machine (GLO) | market for | Alloc Def, U

22.70

MJ

Electricity, medium voltage (CH) | market for | Alloc Def, U

4.36

kWh

Heat, district or industrial, other than natural gas (CH) | market for | Alloc
Def, U

15.57

MJ

The silica-fume was considered as a by-product from the production of ferrosilicon alloy.
The allocation of environmental impacts between the primary product and the by-product
silica fume was performed based on an economic distribution (see Table B.48).
Table B.48 Calculation of impact (%) of products obtained during the production of ferrosilicon.
Price in North
America

$/t (standard)

production (t)

$

% total

Ferrosilicon

1600

1

1600

0.97

Silica fume

240

0.225

54

0.03
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Table B.49 Ecoinvent processes used for Silica fume (1 kg).
Materials/fuels

Amount

Unit

Ferrosilicon (GLO) | market for | Alloc Def, U

0.03

kg

Table B.50 Ecoinvent processes used for Superplasticizer (1 kg).
Materials/fuels

Amount

Unit

Chemical, organic (GLO)| market for | Alloc Def, U

0.167

kg

Formaldehyde (GLO) | market for | Alloc Def, U

0.038

kg

Sodium hydroxide, without water, in 50% solution state (GLO) | market for |
Alloc Def, U

0.137

kg

Sulfuric acid (GLO) | market for | Alloc Def, U

0.162

kg

Water, completely softened, from decarbonized water, at user (GLO)| market
for | Alloc Def, U

0.496

kg

B.1.2 Figure 3
Comparison:


ETHZ IFB: 1 m3 ETHZ IFB (CH)| production | Alloc Def, U



C25/30: 1 m3 Concrete, normal (CH)| production | Alloc Def, U

Table B.51 LCIA results and compressive strength.
Unit

ETHZ IFB (CH)

Concrete, normal (CH)

kg CO2 eq

459.46

285.41

Mpa

60

30

B.1.3 Figure 5
B.1.3.1 Mesh Mould wall
Table B.52 Ecoinvent processes used for the digitally fabricated wall (1 m2).
Materials/fuels

Amount

Unit

ETHZ IFB (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Construction robot + tool (see Table B.53)

0.00011

p

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

17

kWh

Materials composition of the construction robot “In-Situ Fabricator” and the welding,
bending and cutting tool developed by the NCCR Digital Fabrication:
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Table B.53 Ecoinvent processes used for the construction robot and tool (kg/unit).
Robot

Unit

Amount

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def, U

kg

570.6

Steel, low-alloyed (RER) | steel production, electric, low-alloyed | Alloc Def, U

kg

120.6

Cast iron (RER) | production | Alloc Def, U

kg

119.5

Copper (RER) | production, primary | Alloc Def, U

kg

35.55

Aluminum alloy, AlMg3 (RER) | production | Alloc Def, U

kg

37.70

Alkyd paint, white, without solvent, in 60% solution state (RER) | production | Alloc
Def, U

kg

1.65

Epoxy resin, liquid (RER) | production | Alloc Def, U

kg

4.35

Polyvinylchloride, suspension polymerized (RER) | production | Alloc Def, U

kg

16.41

Polyurethane, flexible foam (RER) | production | Alloc Def, U

kg

0.31

Tin (RER) | production | Alloc Def, U

kg

0.14

Lead (GLO) | primary lead production from concentrate | Alloc Def, U

kg

0.08

Nickel, 99,5% (GLO) | nickel mine operation, sulfidic ore | Alloc Def, U

kg

0.05

Silver (RoW) | silver-gold mine operation with refinery | Alloc Def, U

kg

0.004

Gold (RoW) | production | Alloc Def, U

kg

0.001

Synthetic rubber (RER) | production | Alloc Def, U

kg

40

Lubricating oil (RER) | production | Alloc Def, U

kg

40

Battery, Li-ion, rechargeable, prismatic (GLO) | production | Alloc Def, U

kg

50

Tool

Unit

Amount

Aluminum alloy, AlMg3 (RER) | production | Alloc Def, U

kg

10

B.1.4 Figure 6
B.1.4.1 Mesh Mould wall
Table B.54 Ecoinvent processes used for the digitally fabricated wall (1 m2).
Materials/fuels

Amount

Unit

ETHZ IFB (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Construction robot + tool (see table 8)

0.00011

p

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

17

kWh

B.1.4.2 Conventional wall (straight)
Table B.55 Ecoinvent processes used for the straight conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Three layered laminated board (RER) | production | Alloc Def, U

0.0042

m3

B.1.4.3 Conventional wall (single-curved)
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Table B.56 Ecoinvent processes used for the curved conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Three layered laminated board (RER) | production | Alloc Def, U

0.042

m3

Sawnwood, board, softwood, air dried, planed (CH) | production | Alloc Def, U

0.105

m3

B.1.4.4 Conventional wall (double-curved)
Table B.57 Ecoinvent processes used for the double-curved conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Three layered laminated board (RER) | production | Alloc Def, U

0.042

m3

Sawnwood, board, softwood, air dried, planed (CH) | production | Alloc Def, U

0.32

m3

B.1.4.5 Conventional wall (complex)
Table B.58 Ecoinvent processes used for the complex conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Polystyrene foam slab (CH) | production | Alloc Def, U

11.2

kg

Epoxy resin, liquid (RER) | production | Alloc Def, U

11.1

kg

Polystyrene foam slab (CH) | production | Alloc Def, U (production waste)

3.36

kg

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

0.013

kWh

Waste and emissions

Amount

Unit

Disposal, polystyrene, 0.2% water, to sanitary landfill/CH U

25.66

kg

B.1.5 Figure 7
B.1.5.1 Conventional wall (complex)
Table B.59 Ecoinvent processes used for the complex double-curved wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Polystyrene foam slab (CH) | production | Alloc Def, U

11.2

kg

Epoxy resin, liquid (RER) | production | Alloc Def, U

11.1

kg

Polystyrene foam slab (CH) | production | Alloc Def, U (waste)

3.36

kg

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

0.013

kWh

Waste and emissions

Amount

Unit

219 | Appendix

Disposal, polystyrene, 0.2% water, to sanitary landfill/CH U

25.66

kg

B.1.6 Figure 8
B.1.6.1 Mesh Mould wall
Table B.60 Ecoinvent processes used for the digitally fabricated wall with different thickness (1 m2).
Materials/fuels

Unit

MM wall
(0,2m)

MM wall
(0,18m)

MM wall
(0,16m)

MM wall
(0,14m)

MM wall
(0,12m)

MM wall
(0,10m)

ETHZ IFB (CH)|
production | Alloc Def, U

m3

0.2

0.18

0.16

0.14

0.12

0.1

Reinforcing steel (RER) |
production | Alloc Def, U

kg

11

11

11

11

11

11

Construction robot + tool
(see table 8)

p

0.00011

0.00011

0.00011

0.00011

0.00011

0.00011

Electricity/heat

Unit

MM wall
(0,2m)

MM wall
(0,18m)

MM wall
(0,16m)

MM wall
(0,14m)

MM wall
(0,12m)

MM wall
(0,10m)

Electricity, medium
voltage (CH) | market
for | Alloc Def, U

kWh

17

17

17

17

17

17

B.1.6.2 Conventional wall (straight)
Table B.61 Ecoinvent processes used for the straight conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Three layered laminated board (RER) | production | Alloc Def, U

0.0042

m3

B.1.7 Figure 9
B.1.7.1 Mesh Mould wall
Table B.62 Ecoinvent processes used for the digitally fabricated wall with variable steel content (1 m2).
Materials/fuels

Unit

MM wall 0.7%
steel

MM wall 1.5%
steel

MM wall 0,5%
steel

ETHZ IFB (CH)| production | Alloc Def, U

m3

0.2

0.2

0.2

Reinforcing steel (RER) | production |
Alloc Def, U

kg

11.0

23.6

7.9

Construction robot + tool (see table 8)

p

0.000114

0.000244

0.000081

Electricity/heat

Unit

MM wall 0.7%

MM wall 1.5%

MM wall 0,5%

Electricity, medium voltage (CH) | market
for | Alloc Def, U

kWh

17

36.43

12.14

B.1.7.2 Conventional wall (straight)

Sustainability Assessment and Development of Guidelines for Digital Fabrication in Construction | 220

Table B.63 Ecoinvent processes used for the straight conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Three layered laminated board (RER) | production | Alloc Def, U

0.0042

m3

B.1.8 Figure 10
B.1.8.1 Mesh Mould wall
Table B.64 Ecoinvent processes used for the digitally fabricated wall (1 m2).
Materials/fuels

Amount

Unit

ETHZ IFB (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Construction robot + tool (see table 6)

0.00011

p

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

17

kWh

B.1.8.2 Mesh Mould wall (best case)
Table B.65 Ecoinvent processes used for the best case of digitally fabricated wall (1 m2).
Materials/fuels

Amount

Unit

ETHZ IFB (CH)| production | Alloc Def, U

0.1

m3

Reinforcing steel (RER) | production | Alloc Def, U

7.9

kg

Construction robot + tool (see table 6)

0.000081

p

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

12.14

kWh

B.1.8.3 Mesh Mould wall (worst case)
Table B.66 Ecoinvent processes used for the worst case of digitally fabricated wall (1 m2).
Materials/fuels

Amount

Unit

ETHZ IFB (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

23.6

kg

Construction robot + tool (see table 6)

0.000244

p

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

36.43

kWh

B.1.8.4 Conventional wall (straight)
Table B.67 Ecoinvent processes used for the straight conventional wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg
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Three layered laminated board (RER) | production | Alloc Def, U

0.0042

m3

B.1.8.5 Conventional wall (complex)
Table B.68 Ecoinvent processes used for the complex double-curved wall (1 m2).
Materials/fuels

Amount

Unit

Concrete, normal (CH)| production | Alloc Def, U

0.2

m3

Reinforcing steel (RER) | production | Alloc Def, U

11

kg

Polystyrene foam slab (CH) | production | Alloc Def, U

11.2

kg

Epoxy resin, liquid (RER) | production | Alloc Def, U

11.1

kg

Polystyrene foam slab (CH) | production | Alloc Def, U (production waste)

3.36

kg

Electricity/heat

Amount

Unit

Electricity, medium voltage (CH) | market for | Alloc Def, U

0.013

kWh

Waste and emissions

Amount

Unit

Disposal, polystyrene, 0.2% water, to sanitary landfill/CH U

25.66

kg

B.2 Results
B.2.1 Figure 2
Table B.69 LCIA results from concrete comparison.
Impact category

Unit

ETHZ IFB (CH)

Concrete, normal (CH)

Climate change

kg CO2 eq

459.46

285.41

B.2.2 Figure 3
Table B.70 Cement efficiency results from concrete comparison.
Unit

ETHZ IFB (CH)

Concrete, normal (CH)

kg CO2 eq./Mpa

7.66

9.51

B.2.3 Figure 5
Table B.71 LCIA results from the analysis of the digitally fabricated wall.
Impact category

Unit

Concrete
production

Reinforcing
steel production

Robot + tool
production

Construction
electricity

Climate change

kg CO2 eq

91.892

25.778

0.303

2.229

Ozone depletion

kg CFC-11
eq

0.000

0.000

0.000

0.000

Terrestrial
acidification

kg SO2 eq

0.185

0.100

0.002

0.007

Freshwater
eutrophication

kg P eq

0.005

0.012

0.000

0.001
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Human toxicity

kg 1,4-DB
eq

8.898

14.982

0.749

1.439

Terrestrial
ecotoxicity

kg 1,4-DB
eq

0.004

0.002

0.000

0.000

Freshwater
ecotoxicity

kg 1,4-DB
eq

0.239

0.527

0.019

0.080

Water depletion

m3

0.750

0.383

0.005

0.110

Metal depletion

kg Fe eq

1.594

21.227

0.657

0.238

Fossil depletion

kg oil eq

9.563

5.138

0.083

0.673

B.2.4 Figure 6
Table B.72 LCIA results from the comparison of the digitally fabricated wall and the conventional wall with
different complexity scenarios.
Impact
category

Unit

Mesh
Mould wall

Conventional
wall (straight)

Conventional
wall (singlecurved)

Conventional
wall (doublecurved)

Conventional
wall (complex)

Climate
change

kg CO2 eq

120.20

84.16

100.65

110.54

165.93

Human
toxicity

kg 1,4-DB
eq

26.07

21.63

27.76

31.04

34.14

B.2.5 Figure 7
Table B.73 LCIA results from the analysis of the complex double-curved wall.
Impact
category

Concrete
producti
on

Reinforcing
steel
production

EPS slab
production

EPS waste
production

Epoxy
resin
production

Hot-wire
cutting

Formwork
landfilling

Climate change

57.081

25.778

4.114

1.234

74.689

0.002

3.029

Ozone depletion

2.829E-06

1.314 E-06

7.917 E-07

2.375 E-07

7.729 E-07

1.0784E09

7.953 E-08

Terrestrial
acidification

0.125

0.100

0.012

0.003

0.429

5.408E-06

0.002

Freshwater
eutrophication

0.003

0.012

0.001

0.0002

0.002

1.063E-06

3.256 E-05

Human toxicity

6.149

14.982

0.810

0.243

7.799

0.001

4.153

Terrestrial
ecotoxicity

0.003

0.002

0.0004

0.0001

0.002

3.235E-07

0.013

Freshwater
ecotoxicity

0.171

0.527

0.077

0.023

0.208

6.120E-05

0.821

Water depletion

0.704

0.383

0.028

0.008

1.695

8.421E-05

0.009

Metal depletion

1.252

21.227

0.172

0.052

0.095

0.0002

0

Fossil depletion

6.195

5.138

1.384

0.415

29.399

0.0005

9.763 E-05

B.2.6 Figure 8
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Table B.74 LCIA results from the comparison of the conventional wall and the digitally fabricated wall with
variable thickness.
Impact
category

Unit

Mesh
Mould
0.2 m

Mesh
Mould
0.18 m

Mesh
Mould
0.16 m

Mesh
Mould
0.14 m

Mesh
Mould
0.12 m

Mesh
Mould
0.1 m

Conventional
straight wall

Climate
change

kg CO2 eq

120.202

111.012

101.709

92.634

83.445

74.256

84.155

B.2.7 Figure 9
Table B.75 LCIA results from the comparison of the conventional wall and the digitally fabricated wall with
variable steel content.
Impact category

Unit

Mesh Mould
wall 0.7% steel

Mesh Mould
wall 1.5 % steel

Mesh Mould
wall 0,5 % steel

Conventional
wall

Climate change

kg CO2 eq

120.202

152.622

112.212

84.155

Ozone depletion

kg CFC-11
eq

6.921 E-06

1.007 E-05

6.138 E-06

4.328 E-06

Terrestrial acidification

kg SO2 eq

0.294

0.419

0.263

0.232

Freshwater
eutrophication

kg P eq

0.019

0.035

0.015

0.016

Human toxicity

kg 1,4-DB
eq

26.068

45.728

21.218

21.633

Terrestrial ecotoxicity

kg 1,4-DB
eq

0.006

0.008

0.005

0.005

Freshwater ecotoxicity

kg 1,4-DB
eq

0.864

1.581

0.687

0.722

Water depletion

m3

1.248

1.818

1.107

1.097

Metal depletion

kg Fe eq

23.715

49.051

17.475

22.569

Fossil depletion

kg oil eq

15.457

22.206

13.792

11.755

B.2.8 Figure 10
Table B.76 LCIA results from the comparison of different scenarios of the digitally fabricated wall and the
conventional wall.
Impact
category

Unit

Mesh
Mould wall
(best case)

Mesh
Mould wall

Mesh
Mould wall
(worst case)

Straight
conventional
wall

Complex
conventional
wall

Climate
change

kg CO2 eq

66.266

120.202

152.622

84.156

165.927

Ozone
depletion

kg CFC-11 eq

0.000

0.000

0.000

0.000

0.000

Terrestrial
acidification

kg SO2 eq

0.171

0.294

0.419

0.232

0.672

Freshwater
eutrophication

kg P eq

0.013

0.019

0.035

0.016

0.019

Human toxicity

kg 1,4-DB eq

16.769

26.068

45.728

21.633

34.138

Terrestrial
ecotoxicity

kg 1,4-DB eq

0.004

0.006

0.009

0.005

0.020
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Freshwater
ecotoxicity

kg 1,4-DB eq

0.568

0.864

1.581

0.722

1.828

Water
depletion

m3

0.732

1.248

1.818

1.097

2.828

Metal
depletion

kg Fe eq

16.678

23.715

49.051

22.569

22.798

Fossil
depletion

kg oil eq

9.011

15.457

22.206

11.755

42.533
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C Appendix
Supplementary information from publication: I. Agustí-Juan, A. Jipa and G. Habert
“Environmental assessment of multi-functional building elements constructed with digital
fabrication techniques” Under review in The International Journal of Life Cycle
Assessment.

C.1 Definition of product systems
C.1.1 Case study 1: The Sequential Roof
C.1.1.1 The Sequential Roof
Materials
The Sequential Roof has a total wood volume of 384 m3, including 0.17 m3 of fir/spruce
timber per m2. The wood sticks were robotically assembled with steel nails with 90 mm
length and ø3.4 mm, employing approximately 2.27 kg of steel per m2. The material
composition is shown in Table C.77.
Table C.77 Material composition of The Sequential Roof (1 m2).
Timber
Type

C24 fir /spruce

Total volume (m3)

384

Total mass (kg)

161280

Volume (m3) / m roof
2

0.17

Nails
Type

Steel

Number units

815984

Volume (m3)/unit

8.17E-07

Total volume (m3)

0.667

Total mass (kg)

5234.11

Mass (kg) / m roof

2.27

2

Construction
The digital manufacturing process of the 168 trusses was performed by a custom six-axis
overhead gantry robot in the manufacturer’s factory. Each lattice girder with a regular
span of 14.70 m was constructed during 12 hours of production.
Table C.78 Construction time of The Sequential Roof (hours).
Roof construction

1 m2

Number beams (units)

168

Construction time / beam (h)

12

Total time (h)

2016

Production time (h) / m2 roof

0.87
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The energy consumption of both technologies during the production time is shown in
Table C.79.
Table C.79 Energy consumption of digital technologies during The Sequential Roof construction (kWh).
Roof construction

1 m2

Energy demand robot (kWh)

4.37

Energy demand computer (kWh)

0.012

Total energy demand (kWh)

4.38

C.1.1.2 Conventional roof
A conventional wooden roof with the same span and area as The Sequential Roof was
calculated for the comparison. The basic composition of this roof are glulam beams
structure and an acoustic suspended ceiling with steel profiles and wooden finishing
(Figure C.3).

Figure C.3 Section of the structural prototype of conventional roof.

Materials
The conventional roof system is formed by a Glulam spruce structure of 0.3x1x15 m beams
and 0.1x0.22x4 m joists. The beams are distributed every 4 meters and the joists every 0.8
meters. The joists are connected to the beams with galvanized steel hangers with
dimensions 0.1x0.16x0.16 m. The wood structure is covered by 19 mm of waterproof
particleboard. This panel is attached to the structure with steel nails. Finally, a suspended
ceiling finishes and improves the acoustic performance of the structure. The ceiling is
composed of 0.6x1.2 m laminated wood boards with 5 cm of rockwool insulation and a
structure of galvanized steel profiles hanging from ø8 mm steel bars. In total, the roof
includes approximately 0.11 m3 of wood, 3.42 kg of steel and 5 kg of insulation per m2.
Following in Table C.80 and Table C.81, a section of 420 m2 is analyzed to extract the
material composition of 1 m2 of roof.
Structure
Table C.80 Material composition of the conventional wooden roof structure (1 m2).
Beams/joists
Type

Glulam spruce wood

Beam volume (m3) / unit

4.5

Number beams (units)

7

Joist volume (m3) /unit

0.088

Number joists (units)

20

Total volume (m3)

33.26
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Volume (m3) / m2 roof

0.079

Hangers (joists)
Type

Steel

Number hangers (units)

40

Volume (m3) / unit

0.000067

Total volume (m3)

0.002688

Total mass (kg)

21.1

Mass steel (kg) / m2 roof

0.050

Exterior panel
Type

Particleboard

Volume (m ) / m roof
3

2

0.019

Nails
Type

Steel

Volume (m ) / unit

8.17E-07

Units / m roof

8

3

2

Volume (m ) / m roof

0.0000065

Mass (kg) / m roof

0.051

3

2

2

Hanging ceiling
Table C.81 Material composition of the hanging ceiling of the conventional wooden roof (1 m2).
Insulation
Type

Rockwool

Volume (m ) / m roof

0.05

Mass (kg) / m roof

5

3

2

2

Interior panel
Type

Laminated wood

Volume (m ) / m roof
3

2

0.016

Ceiling profiles
Type

Galvanized steel

Volume primary profile (m3) / unit

0.0072

Number of primary profiles (units)

16

Volume primary profiles (m3)

0.1156

Volume secondary profile (m3) / unit

0.0028

Number of secondary profiles (units)

14

Volume secondary profiles (m3)

0.03906

Volume hanging bar (m3) / unit

0.00006

Number of hanging bars (units)

384

Volume hanging bars (m3)

0.023

Total volume (m3)

0.178

Total mass (kg)

1395.78

Steel mass (kg) / m2 roof

3.323
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C.1.2 Case study 2: CSC Slab
C.1.2.1 CSC Slab
Materials
The CSC Slab is composed of 0.03 m3 of sand-binder formwork and 0.06 m3 of UHPFRC.
The composite formwork includes 22.633 kg of sand and 0.559 m3 of binder per m2 of
structure. The type of binder used for the fabrication is a phenolic urethane binder with a
composition of 55% phenolic resin and 45% polyisocyanate resin. Subsequently, the
formwork was filled with UHPFRC. Finally, the integration of electrical installations, heat
distribution, ventilation system and sanitary facilities in the structure was included in the
functional unit. The material composition is shown in Table C.82.
Structure
Table C.82 Material composition of the CSC Slab (1 m2).
Formwork
Silica sand + Phenolic
urethane binder

Type
Total volume (m3)

0.03

Sand volume (m )

0.0291

3

Sand mass (kg)

40.74
2

Sand mass (kg) / m slab

22.633

Binder volume (m )

0.0009

Binder mass (kg) / m2 slab

0.559

3

Reinforced concrete
Material type

UHPFRC

Concrete volume (m3)

0.06

Concrete volume (m3) / m2 slab

0.033

Installations
Electrical installation (kg/m2)

1.9

Heat distribution (kg/m2)

1.9

Ventilation system (kg/m2)

3.3

Sanitary facilities (kg/m2)

3.1

The material composition of the phenolic urethane binder and UHPFRC is shown in Table
C.83 and Table C.84.

Table C.83 Material composition and Ecoinvent processes used in the production of phenolic urethane
binder.
Binder component

Composition (%)

Ecoinvent process

Phenolic resin

55%

Phenolic resin (RER) | production | Alloc Def, U

Polyisocyanate resin

45%

Phenyl isocyanate (RER) | production | Alloc Def, U
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Table C.84 Material composition and Ecoinvent processes used in the production of 1 m3 of UHPFRC.
Material
component

Amount

Unit

Ecoinvent process

Steel fiber

215.9

kg

Steel low-alloyed (GLO) | market for | Alloc Def,U

Cement

650

kg

Cement, Portland (CH) | market for | Alloc Def,U

Superplasticizer

42.5

kg

Plasticizer for concrete (GLO) |market for | Alloc Def, U

Limestone

559

kg

Limestone, crushed, for mill (CH)| market for | Alloc Def, U

Silica fume

137

kg

Ferrosilicon (GLO) | market for | Alloc Def, U (0.03/1)

Water

180

kg

Tap water, at user (CH)| market for | Alloc Def, U

Sand

573.5

kg

Silica sand (GLO)| market for | Alloc Def, U

Construction
The digital manufacturing process of the formwork was performed by a ExOne S-Max 3D
printer with 6,2 kW power and 0.071 m3/h speed (ExOne, 2015). The complete 3D printed
formwork was produced in 0.424 hours with a total energy consumption of 2.63 kWh. The
energy consumption of the binder-jet 3D printer during the production of the sand-binder
formwork is shown in Table C.85.
Table C.85 Construction time (hours) and energy consumption (kWh) of the 3D printer during the CSC Slab
construction.
Formwork construction
Technology type

ExOne 3D printer

Speed (m /h)

0.071

Time (h)

0.424

Power (kW)

6.2

Energy demand (kWh)

2.63

Energy demand (kWh) / m2 slab

1.46

3

C.1.2.2 Conventional slab
A conventional slab was defined for the comparison with the CSC Slab. A 15 cm reinforced
concrete structure and a suspended ceiling containing the different installations are the
main components of the conventional slab (see Figure C.4).

Figure C.4 Section of the structural prototype of conventional floor slab.
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Materials
During the definition of the conventional slab, a ratio of 85 kg of steel per m3 of concrete
was considered in the structure. As a result, 0.148 m2 of conventional C25/30 concrete (EN
1992-1-1 (2004)) and 12.613 kg of steel reinforcement type B500B were included in 1 m2.
This structure was constructed traditionally with a wooden formwork 5-times reused,
which was also included in the assessment. On the other hand, a suspended ceiling
improves the acoustic performance and finishes the structure, hiding the installations.
Acoustic plasterboard panels held by a structure of galvanized steel profiles form this
building component. In total, the suspended ceiling is made with 9 kg of plasterboard and
6.39 of steel per m2. Finally, the same installations as the CSC Slab were included in the
assessment of the conventional slab. Following in Table C.86 and Table C.87, a section
of conventional slab with a standard span is analyzed to extract the material composition
of 1 m2.
Structure
Table C.86 Material composition of the conventional slab structure (1 m2).
Characteristics
Slab area (m2)

36

Slab thickness (m)

0.15

Slab volume (m )

5.4

3

Concrete
Material type

C25/30

Concrete volume (m )

5.3422

Concrete volume (m3) / m2 slab

0.148

3

Reinforcement
Material type

B500B steel

Steel volume (m3)

0.0578

Steel mass (kg)

454.08

Steel mass (kg) / m2 slab

12.613

Formwork
Material type

3-layer solid wood panel

Wood area (m2)

39.6

Panel thickness (m)

0.027

Wood volume (m3)

1.069

Wood volume (m3) – 5 times reuse

0.2138

Wood volume (m3) / m2 slab

0.006

Suspended ceiling
Table C.87 Material composition of the suspended ceiling of the conventional slab (1 m2).
Interior panels
Type

Plasterboard

Panels density (kg/m2)

9

Panels mass (kg)

324

Panels mass (kg) / m2 slab

9

Ceiling profiles
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Type

Galvanized steel

Volume primary profile (m3) / unit

0.00155

Number of primary profiles (units)

11

Volume primary profiles (m3)

0.01703

Volume secondary profile (m3) / unit

0.00108

Number of secondary profiles (units)

11

Volume secondary profiles (m3)

0.01187

Volume hanging bar (m3) / unit

0.00001

Number of hanging bars (units)

36

Volume hanging bars (m )

0.0004

Total volume (m )

0.029

3

3

Total mass (kg)

229.665

Steel mass (kg) / m slab

6.38

2

Installations
Electrical installation (kg/m2)

1.9

Heat distribution (kg/m )

1.9

2

Ventilation system (kg/m )

3.3

Sanitary facilities (kg/m )

3.1

2

2

C.2 Data collection
C.2.1 Case study 1: The Sequential Roof
The LCI of The Sequential Roof and the conventional roof were evaluated with the impact
method IPCC GWP 100a to obtain data regarding production and service life impacts.
Production
Table C.88 LCIA results the production of The Sequential Roof.
Ecoinvent process

IPCC GWP 100a
(kg CO2 eq.)

Sawnwood, softwood, dried (u=10%), planed (RER)| production | Alloc Def, U

19.9264

Steel, low-alloyed (RER)| steel production, converter, low-alloyed | Alloc Def, U

5.18322

Electricity, medium voltage (CH)| market for | Alloc Def, U

0.43205

Table C.89 LCIA results from the production of the conventional roof.
Ecoinvent process

IPCC GWP 100a
(kg CO2 eq.)

Glued laminated timber, for indoor use (RER)| production | Alloc Def, U

16.7061

Steel, low-alloyed (RER)| steel production, converter, low-alloyed | Alloc Def, U

0.23062

Rock wool (CH)| production | Alloc Def, U

5.71765

Three layered laminated board (RER)| production | Alloc Def, U

4.71496

Steel, low-alloyed (RER)| steel production, converter, low-alloyed | Alloc Def, U

7.58759

Particle board, for indoor use (RER)| production | Alloc Def, U

5.24657
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Table C.90 GWP impacts from the production of The Sequential Roof and conventional roof organized by

component.
Building element

Impact
category

Unit

Conventional roof

GWP

kg
eq.

The Sequential Roof

GWP

kg
eq.

Structure

Suspended ceiling

CO2

22.18

18.02

CO2

25.54

Service life
Table C.91 presents the summary of data collected regarding service life of the building elements.
Table C.91 Service life (years) of each component of The Sequential Roof and conventional roof.
Conventional roof

The Sequential Roof

Structure

Suspended ceiling

Structure

60

30

60/30

Service
life
(years)

C.2.2 Case study 2: CSC Slab
The LCI of the CSC Slab and the conventional slab were evaluated with the impact method
IPCC GWP 100a to obtain data regarding production, service life and end-of-life impacts.
Production
Table C.92 LCIA results from the production of the CSC Slab.
Ecoinvent process

IPCC GWP 100a (kg CO2 eq.)

UHPFRC

31.6678

Silica sand (DE)| production | Alloc Def, U

0.64735

Phenolic resin (RER)| production | Alloc Def, U

1.40352

Phenyl isocyanate (RER)| production | Alloc Def, U

1.70968

Electricity, medium voltage (CH)| market for | Alloc Def, U

0.14402

Installations

31.47

Table C.93 LCIA results the production of the conventional slab.
Ecoinvent process

IPCC GWP 100a (kg CO2 eq.)

Concrete, normal (CH)| unreinforced concrete production, with cement
CEM II/A | Alloc Def, U

23.7916

Steel, low-alloyed (RER)| steel production, converter, low-alloyed | Alloc
Def, U

28.7999

Gypsum plasterboard (CH)| production | Alloc Def, U

2.20339

Steel, low-alloyed (RER)| steel production, converter, low-alloyed | Alloc
Def, U

14.5678

Three layered laminated board (RER)| production | Alloc Def, U

1.76811

Installations

31.47

233 | Appendix

Table C.94 LCIA results the production of the installations for both slabs.
Installations

IPCC GWP 100a (kg CO2 eq.)

Electrical installation

6.01

Heat distribution

5.38

Ventilation system

12.18

Sanitary facilities

7.9

Table C.95 GWP impacts from the production of the CSC Slab and the conventional slab organized by
component.
Building element

Impact
category

Unit

Structure

Suspended
ceiling

Installations

Conventional slab

GWP

kg CO2 eq.

54.36

16.77

31.47

CSC Slab

GWP

kg CO2 eq.

35.57

31.47

Service life
Table C.96 shows the summary of service life data from both building elements.
Table C.96 GWP impacts of each component of the conventional slab during 60 years of service life.
Conventional slab

CSC Slab

Structure

Suspended ceiling

Installations

Structure

Installations

60

30

20

60/20

60/20

Service life
(years)

End of life
Table C.97 GWP impacts derived from landfilling and recycling 1 m2 of CSC Slab.
GWP (kgCO2 eq.)

Landfill

Recycling

Silica sand

0.65

0.65

Phenolic binder

3.08

3.08

UHPFRC

31.31

31.31

3D printing

0.14

0.14

Demolition

0.43

0.43

Concrete recycling (crushing)

0.00

0.272

Sand recycling (thermal)

0

10.89

Sorting

0

0.02

Landfill (sanitary)

1.11

0.03

Avoided silica sand

0

-0.61

Avoided aggregates production

0

-0.26

Avoided disposal

0

-0.53
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Table C.98 UBP impacts derived from landfilling and recycling 1 m2 of CSC Slab.
UBP (eco-points)

Landfill

Recycling

Silica sand

1434.93

1434.93

Phenolic binder

3.08

3.08

UHPFRC

31.31

31.31

3D printing

0.14

0.14

Demolition

1765.06

1765.06

Concrete recycling (crushing)

0.00

504.900

Sand recycling (thermal)

0

30242.00

Sorting

0

255.75

Landfill (sanitary)

2208.96

70.85

Avoided silica sand

0

-1363.19

Avoided aggregates production

0

-479.655

Avoided disposal

0

-1134.60

From Table C.99 to Table C.101 detailed information related to the recycling process is
shown:
Table C.99 Data from recycling process of 1 m2 of CSC Slab.
Process

Time (h)

Temperature (°C)

Power (kW)

Energy (MJ)

Thermal
recycling

0.33

980

114

136.8

Table C.100 Emissions caused by thermal recycling of 1 m2 of CSC Slab.
Emissions

VOC (kg)

HAPs (kg)

Methane (kg)

PAHs (kg)

0.0603

0.0179

0.0235

0.0159

Table C.101 Emissions caused by thermal recycling of 1 m2 of CSC Slab.
HAPs

kg

benzene

0.0035

toluene

0.0015

m-, o-, p-xylene

0.0004

aniline

0.0004

phenol

0.0067

o-cresol

0.0043

p-, m-cresol

0.0006

naphthalene

0.0005
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C.3 Results
Table C.102 and Table C.103 show the results from the application of the evaluation
method to the case studies.

C.3.1 Case study 1: The Sequential Roof
Table C.102 Comparison of environmental impacts between The Sequential Roof and conventional roof
expressed in GWP (kg CO2 eq.).
GWP (kg CO2 eq.)

Structure

Hanging ceiling

The Sequential Roof (60 years)

25.54

25.54

The Sequential Roof (30 years)

51.08

51.08

Conventional roof

22.18

36.04

Total

58.22

C.3.2 Case study 2: CSC Slab
Table C.103 Comparison of environmental impacts between the CSC Slab and conventional slab expressed
in GWP (kg CO2 eq.).
GWP (kg CO2 eq.)

Structure

CSC Slab (60 years)

Hanging ceiling

Installations

Total

36.68

31.47

68.15

CSC Slab (20 years)

110.05

94.41

204.46

Conventional slab

54.36

94.41

182.31

33.54

Table C.104 and Table C.105 show the results from the sensitivity analysis applied to
the Smart Slab.

Table C.104 GWP results from the evaluation of 1 m2 of CSC Slab considering different end-of-life
scenarios.
Landfill

Recycling (0% recycled
content)

Cut-off

Cut-off

EoL

Cut-off

EoL

Production

35.2

35.2

35.2

46.0

46.0

Disposal

1.5

0.5

0.5

0.5

0.5

Recycling

0.0

0.0

11.2

0.0

11.2

Avoided material

0.0

0.0

-0.9

0.0

0.3

Avoided disposal

0.0

0.0

0.0

0.0

-0.5

Total

36.7

35.7

45.9

46.4

57.4

GWP (kg CO2 eq.)

Recycling (100% recycled
content)
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Table C.105 UBP results from the evaluation of 1 m2 of CSC Slab considering different end-of-life scenarios.
Landfill

Recycling (0% recycled
content)

Recycling (100% recycled
content)

Cut-off

Cut-off

EoL

Cut-off

EoL

Production

1469.5

1469.5

1469.5

31788.6

31788.6

Disposal

3974.0

2091.7

2091.7

2091.7

2091.7

Recycling

0.0

0.0

30746.9

0.0

30746.9

Avoided material

0.0

0.0

-1842.8

0.0

1032.4

Avoided disposal

0.0

0.0

0.0

0.0

-1134.6

Total

5443.5

3561.1

32465.2

33880.3

64525.0

UBP (eco-points)
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