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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 two digitally fabricated architectural elements: The Sequential Roof and Concrete-Sandstone
Composite Slab and to compare them with existing standard elements.
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 multi-functionality in architecture.
Results and discussion The evaluation of two case studies of digitally fabricated architecture indicates that their environmental
impacts are very sensitive to the duration of their service life. Considering production and life span phases, multi-functional building
elements should have a minimum service life of 30 years to bring environmental benefits over conventional construction.
Furthermore, the case study of Concrete-Sandstone Composite Slab shows that using hybrid materials to achieve multi-
functionality carries important environmental consequences at the end of life, such as the emission of air pollutants during recycling.
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 adapt-
ability 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.

Keywords Digital fabrication . End of life . Hybridmaterials . LCA .Multi-functionality . Service life

1 Introduction

Traditionally, buildings are conceived as a sequential and layered
process with independent architectural elements (e.g., slabs 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 conse-
quence, 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,

Responsible editor: Holger Wallbaum

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11367-018-1563-4) contains supplementary
material, which is available to authorized users.

* Isolda Agustí-Juan
agusti@ibi.baug.ethz.ch

1 Chair of Sustainable Construction, IBI, ETH Zürich,
Stefano-Franscini-Platz 5, 8093 Zürich, Switzerland

2 Digital Building Technologies, ITA, ETH Zürich,
Stefano-Franscini-Platz 1, 8093 Zürich, Switzerland

The International Journal of Life Cycle Assessment (2019) 24:1027–1039
https://doi.org/10.1007/s11367-018-1563-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-018-1563-4&domain=pdf
http://orcid.org/0000-0002-2385-6210
https://doi.org/10.1007/s11367-018-1563-4
mailto:agusti@ibi.baug.ethz.ch


novel computational methods promote customization and mate-
rial reduction through formal, structural, and material integration
(Oxman and Rosenberg 2007). Computational design strategies
together with additive fabrication are proliferating in construc-
tion and demonstrate strong potential to construct complex struc-
tures (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 envi-
ronmental 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 esthetic purposes. For the reduction of
environmental impacts, the structural complexity must be the
result of material reduction strategies such as structural optimi-
zation or multi-functionality.

Published literature on additive manufacturing applied to
construction agrees 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, func-
tional hybridization, and material hybridization (De Schutter
et al. 2018). On the one hand, buildings are nowadays highly
complex systems with multiple services, such as heating, light-
ing, and acoustics. The traditional linear design process, where
the different building systems are built sequentially, is not suit-
able 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 insula-
tion 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 addi-
tional performance (e.g., acoustics) through its complex geom-
etry, 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 mate-
rial (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 targetingmulti-functionality 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 element, whose hole ge-
ometry provides enhanced soundproofing properties. Figure 1
shows a schematic explanation of the difference between inte-
grated design and functional hybridization.

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 respon-
sible for a specific function such as compression load-bearing,
tensile load-bearing, insulation, etc., offers many opportuni-
ties 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 func-
tional hybridization in digitally fabricated structures can save
materials during production, associated with reductions in envi-
ronmental 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 con-
struction 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 diffi-
culty of retrofitting individual building components during a
building’s service life and increase replacement rates. This re-
duction in the lifetime of digitally fabricated building elements
would influence negatively their environmental performance.
Moreover, the intermixing of different materials raises the ques-
tion of recyclability at the end of life (Agustí-Juan et al. 2017b).

The aim of this paper is to quantitatively study the environ-
mental 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 envi-
ronmental performance of digitally fabricated architecture, con-
sidering service life uncertainty. The evaluation consists of a
cradle-to-gate comparison of impacts between a multi-
functional digitally fabricated building element and a convention-
al 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 eval-
uation of the second case study is extended to a cradle-to-grave
analysis to tackle additional environmental implications associat-
ed with material hybridization. Specifically, a LCA focused on
end-of-life phase is applied to evaluate the potential environmen-
tal impacts on recycling loops. The results of both analyses enable
to define general guidelines for the design of multi-functional
building elements constructed with digital fabrication techniques.
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2 Methods

2.1 Evaluation of multi-functional building elements

In this section, we present the method selected for the envi-
ronmental evaluation of multi-functional 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) frame-
work (ISO 2006). Specifically, the standard defines the envi-
ronmental performance of buildings as the sum of the embod-
ied 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 re-
search 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 en-
vironmental impact of conventional building elements can be
calculated as a decomposition in c building components:

I convelem ¼ ∑c
i¼1I

conv
compi

*ni ð1Þ

where I convelem is the environmental impact of the conventional
building element and I convcompi

is the environmental impact of

each conventional building component, and ni is the number
of times that each component has to be replaced during the
service life of the building. I convcompi

and ni are calculated follow-

ing Eqs. (2) and (3):

I convcompi
¼ mi*k i ð2Þ

ni ¼ SLbuild

ESLconv
compi

ð3Þ

where mi is the mass of each building component, ki is the
environmental impact of one unit mass of each building com-
ponent, SLbuild is the service life of the building, and ESL

conv
compi

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 build-
ing element, which is usually defined by the component with a
shortest lifetime. Consequently, the environmental perfor-
mance of a multi-functional digitally fabricated building ele-
ment is calculated according to Eq. (4):

Idfabelem ¼ n*∑c
i¼1I

dfab
compi

ð4Þ

where Idfabelem is the environmental impact of the digitally fabri-
cated building element, n is the number of times that the
building element has to be replaced during the service life of
the building, and Idfabcompi

is the environmental impact of each
building component. Idfabcompi

is calculated following the equa-
tion for the calculation of I convcompi

(see Eq. (2)) and naccording to
Eq. (5), where ESLdfabelem is the estimated service life of the
digitally fabricated building element:

n ¼ SLbuild

ESLdfab
elem

ð5Þ

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 ele-
ments will be more environmentally performant than conven-
tional construction if Eq. (6) is true:

Idfabelem < I convelem ð6Þ

The complete equation developed to evaluate multi-
functional digitally building elements is shown in Eq. (7).

Fig. 1 Comparison of functions between traditional design, integrated design, and functional hybridization. The color of the layers represents the service
life (based on Brand (1995))
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Specifically, the impact of the digitally fabricated element is
compared with the impacts of the components that constitute
the conventional element. These additional components need-
ed in conventional construction are avoided in digital fabrica-
tion due to multi-functionality. Finally, Eq. (8) represents the
two alternative service life scenarios considered for the digi-

tally fabricated element ESLdfab
elem

� �
. Due to service life uncer-

tainty derived frommulti-functionality, the ESL of the hybrid-

ized component with the longest service life (ESLdfab
compmax

Þ and
the ESL of shortest one ESLdfab

compmin

� �
are considered.

SLbuild

ESLdfab
elem

*∑c
i¼1I

dfab
compi

< ∑c
i¼1I

conv
compi

*
SLbuild

ESLconv
compi

ð7Þ

ESLdfab
elem ¼ ESLdfab

compmax
;ESLdfab

compmin

h i
ð8Þ

2.1.1 Service life of building elements

The main difficulty of applying the evaluation method is the
estimation of the service life of the conventional building com-
ponents ESLcompi

� �
and the digitally fabricated element

(ESLelem). The International Standard ISO 15686 (ISO 2000)
defines service life as the period of time after installation in
which the buildings or their elements meet or exceed the min-
imum performance requirements. These requirements may be
intrinsic to the physical performance or be imposed by econom-
ic or subjective 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) define 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 aging
processes (humidity, UV, temperature, etc.…). But, as shown
by 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 main-
ly driven by functional factors. The functional service life or
functional obsolescence described by Silva et al. (2016) is con-
sidered as ESL for the evaluation presented in this paper. Due to
the high variability of functional service life data present in the

literature (Hoxha et al. 2014), average service life values per
building component were extracted from the Swiss standard
SIA 2032 (SIA 2010) for the present evaluation.

2.1.2 Environmental impact assessment

For the evaluation of each case study with the method proposed,
a functional unit of 1 m2 of digitally fabricated building element
was compared with 1 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 dur-
ing 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 ESLwas defined for each component of the
conventional building element and they were replaced indepen-
dently when each one reached the end of its service life. The
evaluation was implemented in the software SimaPro 8 and be-
cause of the Swiss context of the projects, Ecoinvent v3.3
(Weidema et al. 2013) database was used to calculate the envi-
ronmental impacts of the building elements. Additionally, envi-
ronmental information regarding certain standard components
(e.g., installations) was extracted from the Bauteilkatalog
(Holliger Consult GmbH 2017) database due to the lack of pre-
cise data. The Intergovernmental Panel on Climate Change
(IPCC) 2013 GWP 100a V1.03 was chosen as impact assess-
ment method (IPCC 2013), which is based on a single impact
category (kg CO2 eq.). This method was chosen because the
evaluation focused on analyzing the effect of service life uncer-
tainty on the environmental impact and the question of pollution
was not discussed.

2.2 Evaluation of hybrid building elements

Multi-functional building elements are often composed of hybrid
materials that efficiently reduce weight and material usage, asso-
ciated with energy savings (Hong et al. 2012). However, mixing
materials of different nature (e.g., organic and inorganic) may
increase the difficulty of recycling hybrid structures at the end of
their service life. Their heterogeneous composition may increase
the difficulty and energy demand to separate and recycle the
mixed fractions of material (Yang et al. 2012). Consequently, a
second analysis was performed to analyze additional environ-
mental implications associated with digitally fabricated building
elements with material hybridization. Specifically, a LCA fo-
cused on end-of-life phase was applied to evaluate the potential
environmental impacts on recycling loops. The system bound-
aries of the evaluation extended from cradle to grave to study in
depth the environmental impacts caused by the end-of-life
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processing of hybrid materials. The evaluation was conducted
according to three factors: (a) choice of modeling approach, (b)
end-of-life scenarios depending on the possibility of separation,
and (c) use of recycled materials during production.

On the one hand, two modeling approaches were considered:
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 mate-
rials 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 ele-
ment. 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 follow-
ing 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.

For modeling 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 ScarcityMethod 2013
(UBP) in eco-points. The ecological scarcity method focuses on
the evaluation of pollutant emissions, which are commonly
released during end-of-life processing. These two impact
methods were chosen because they are the main environmental
impacts assessed in Swiss standards (in addition with energy).

3 Case studies

3.1 The BSequential Roof^

3.1.1 Description

The first multi-functional case study selected was BThe
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 2308-m2 freeform roof
design (see Fig. 2). The structure has a total wood volume of
384 m3, including 48,624 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 con-
struction time to 12 h 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 func-
tions, avoiding additional elements such as suspended ceil-
ings. The hybridization of functions with high environmental
impact in the structure reduces approximately 40% of CO2

emissions compared with a conventional structure with simi-
lar performance (Agustí-Juan and Habert 2017).

3.1.2 Definition of product systems

One reference flow was chosen for evaluating the case study:
1 m2 of The Sequential Roof and 1 m2 of conventional wood-
en roof structure with suspended ceiling. Both building ele-
ments 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 insu-
lation in the conventional roof. For the definition of each
product system, we collected the material composition and
fabrication information of both roofs from Agustí-Juan and
Habert (2017). For the Sequential Roof, the energy consump-
tion of the robot and a desktop computer (Williams and Sasaki
2003) during prefabrication were included in the assessment.
Moreover, service life data was collected for each building
component. The complete data of both product systems can
be found in the Electronic Supplementary Material.

Production Based on the product system data of The
Sequential Roof, Table 1 shows the life-cycle inventory
(LCI) built with Ecoinvent 3.3 processes for the impact
assessment.

Fig. 2 BThe Sequential Roof^ (Gramazio Kohler Research, ETH Zurich)
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The basic composition of the conventional roof is a glulam
structure and an acoustic suspended ceiling. Table 2 shows the
LCI built with Ecoinvent 3.3 processes for the LCIA.

Service life For the evaluation of the present case study, we
assumed that both digitally fabricated and conventional build-
ing elements were part of a building with a service life of
60 years. For The Sequential Roof, two alternative scenarios
were evaluated due to the uncertainty on the service life de-
rived 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.

3.2 Concrete-Sandstone Composite Slab

3.2.1 Description

The second case study selected for analysis was the BCSC Slab^
prototype (Digital Building Technologies, ETH Zurich), a floor
slab prefabricated through additive digital fabrication techniques.
The BCSC Slab^ is a 1.8 × 1 × 0.15 m3 hybrid structure which
relies on ultra-high 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 (see Fig. 3). 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 thick-
ness achieved is 30mm, enough to provide the structural strength
when tested with a 2500 KN/m2 distributed load. The use of
digital fabrication methods enables the optimization of the struc-
ture 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 inte-
grated in the structure, avoiding the need for a suspended ceiling.

3.2.2 Definition of product systems

One reference flow was chosen for evaluating this case study:
1 m2 of CSC Slab and 1m2 of conventional reinforced concrete
slab with suspended ceiling. Both building elements have the
same structural, material, and functional factors to be compara-
ble. 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 standard installations
required by normative. For the definition of the product sys-
tems, the material composition and fabrication information of
the CSC Slab was collected on-site and from the literature.
Moreover, service life data for each building component and
data related to the three end-of-life scenarios detailed in Sect.
2.2 were collected. The complete data of the product systems
can be found in the Electronic Supplementary Material.

Production The CSC Slab is a hybrid structure composed of a
3D-printed permanent formwork filled with ultra-high perfor-
mance, fiber-reinforced concrete (UHPFRC). Based on the
product system data of the CSC Slab, Table 3 shows the life-
cycle inventory (LCI) built with Ecoinvent 3.3 for the impact
assessment. Moreover, the impact of the integrated installa-
tions was included in the assessment. This impact was

Table 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

Table 2 LCI of the conventional
roof production (1 m2) Process Unit Amount

Glue laminated timber, for indoor use (RER) | production | Alloc Def,U m3 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 m3 0.016

Particle board, for indoor use (RER) | production | Alloc Def,U m3 0.019

Steel, low-alloyed (RER) | steel production, converter, low-alloyed | Alloc Def,U kg 3.323
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obtained from the sum of the emissions from electrical instal-
lations, heat distribution, ventilation system, and sanitary fa-
cilities in the Bauteilkatalog.

The basic composition of this slab is a reinforced concrete
structure and an acoustic suspended ceiling. Table 4 shows the
LCI built with Ecoinvent 3.3 processes for the impact assess-
ment.Moreover, the impact of the installations hidden in the void
above the suspended ceiling was included in the assessment.

Service lifeWe 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 per-
formed by component, which needed replacement if their ser-
vice life was inferior to the lifetime of the building. For the
CSC Slab, we studied two alternative scenarios due to the
uncertainty 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 con-
ventional slab, a service 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 shows the system boundaries of each sce-
nario 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 phenol-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 processes it during 20 min
at 980 °C in an industrial furnace to burn off the binder content
(AMCOLMetalcasting 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.

4 Results

4.1 Environmental impacts of production

Based on the material and fabrication information collected
from Agustí-Juan and Habert (2017), we performed an envi-
ronmental evaluation of the impacts associated with the pro-
duction of the building elements to be compared. The LCA
results were broken down into building components: structure
and suspended ceiling. Figure 5 graphically depicts the global
warming potential (GWP) impacts caused by the production
process of both building elements. We observe that the hy-
bridization of acoustic and finishing functions in the structure
of The Sequential Roof avoids a suspended ceiling, which
decreases the impact of this element to a total of 25.54 kg
CO2 eq. In contrast, the conventional roof is responsible for
40.20 kg CO2 eq. due to the need for a suspended ceiling
(18.02 kg CO2 eq.) to hide installations and finish the structure
(22.18 kg CO2 eq.). These environmental data demonstrate
that the multi-functionality achieved through digital fabrica-
tion techniques enables a material-efficient construction
process.

Table 3 LCI of the CSC Slab
production and end of life (1 m2) Process Unit Amount

UHPFRC m3 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

Fig. 3 Prototype of BCSC Slab^ (Digital Building Technologies, ETH
Zurich)
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Based on the material and fabrication data collected, we
evaluated the production impacts of the CSC Slab and the con-
ventional slab. The LCA results were broken down into three
building components: structure, suspended ceiling, and instal-
lations. Figure 6 graphically depicts the global warming poten-
tial (GWP) impacts of both building elements. We observe that
the Smart Slab is responsible for a total of 67.04 kg CO2 eq.
divided between structure and integrated installations. The low-
er impact of the CSC Slab compared to a conventional slab
(102.60 kg CO2 eq.) is mainly attributed to the structural opti-
mization, which reduces considerably the environmental im-
pact of the structure compared to a conventional one
(54.36 kg CO2 eq.). Furthermore, the hybridization of finishing
and acoustic functions in the structure avoids the need for an
additional suspended ceiling to provide these functions, which
is responsible for 16.77 kg CO2 eq. in a conventional slab. Like
the previous case study, the present comparison demonstrates
that through multi-functionality, significant environmental ben-
efits are gained during production.

4.2 Environmental impacts including service life

The case studies were evaluated with the method selected for
environmental assessment of multi-functional digitally

fabricated building elements. The evaluation of the case stud-
ies was performed using the GWP impacts during production
and service life information presented in Sect. 3.1.2 for The
Sequential Roof and Sect. 3.2.2 for the CSC Slab.

For the evaluation of the environmental implications of
multi-functionality on The Sequential Roof, we applied the
method described in Sect. 2.1 for its comparison with the
conventional roof. Equation (9) shows the method application
to this case study:

SLbuild

ESLdfab
str ;ESLdfab

ceil

� �* Idfabstr < I convstr *
SLbuild

ESLconv
str

þ Iconvceil *
SLbuild

ESLconv
ceil

ð9Þ

where Idfabstr is the production impact of the digitally fabricated

structure and ESLdfab
str ;ESLdfab

ceil

� �
represent the two service life

scenarios for The Sequential Roof: the estimated service life
of a structure and a suspended ceiling. On the other side, I convstr

is the production impact of the conventional structure,
ESLconv

str is the service life of this structure, I convceil is the produc-
tion impact of the conventional ceiling, and ESLconv

ceil is the
service life of this suspended ceiling. The results of the eval-
uation are graphically depicted in Fig. 7:

For the evaluation of the environmental implications of
multi-functionality on the CSC Slab, we applied the method

Fig. 4 System boundaries considered for the life-cycle assessment of the CSC Slab

Table 4 Life-cycle inventory of
conventional slab production
(1 m2)

Process Unit Amount

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

m3 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
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described in Sect. 2.1 for its comparison with the conventional
slab. Equation (10) shows the method application to this case
study:

SLbuild

ESLdfab
str ;ESLdfab

inst

� �* Idfabstr þ Idfabinst

� �

< I convstr *
SLbuild

ESLconv
str

þ I convceil *
SLbuild

ESLconv
ceil

þ I convinst *
SLbuild

ESLconv
inst

ð10Þ

where (Idfabstr + Idfabinst Þ is the impact of the digitally fabricated

structure with integrated installations and ESLdfab
str ;ESLdfab

inst

� �

represent the estimated service life of a structure and installa-
tions, considered as possible service life scenarios for the CSC
Slab. On the other side, I convinst is the impact of conventional
installations and ESLconv

inst is the service life of these installations.
The results of the evaluation are graphically depicted in Fig. 8.

The results of the evaluation show that the GWP impacts 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 the conventional
roof. In contrast, the comparison of GWP impacts between the

CSC Slab and the conventional slab varies depending on the
service life scenario. If we assume that the CSC Slab is re-
placed 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 reduc-
tion of the service life to 20 years due to the integration of
installations has important environmental consequences for
the CSC Slab.

4.3 Environmental impacts including end of life

Digitally fabricated building elements such as the CSC Slab,
where not only functions but also materials are hybridized,
require further study of potential environmental implications
associated with end-of-life processing of hybrid materials.
The cradle-to-grave evaluation presented in Fig. 9 focuses

Fig. 6 GWP emissions of the
production of the CSC Slab and
conventional slab

Fig. 5 GWP emissions of the
production of The Sequential
Roof and conventional roof

Int J Life Cycle Assess (2019) 24:1027–1039 1035



on the LCA comparison of the different modeling ap-
proaches and end-of-life scenarios for the digitally fabricated
building element described in Sect. 2.2. The analysis dem-
onstrates that recycling the CSC Slab can increase consider-
ably 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 sil-
ica sand. Simultaneously, the results show a big difference
between modeling approaches. However, this difference is
not relevant in this study because in both approaches (EoL
and cut-off), the impact is higher than landfilling.

5 Discussion

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 causes an
environmental impact that is still comparable with the impact
of the 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 a minimum of 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. 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 added
to the CSC Slab if sufficient floor-to-ceiling height is
accounted for. However, this conventional layered way of
retrofitting would affect the esthetic aspect of digitally fabri-
cated structures.

Finally, we performed a sensitivity analysis on the second
case study to evaluate the potential additional environmental

Fig. 7 Results of the application
of the evaluation method to the
first case study: The Sequential
Roof. Environmental impacts
expressed in GWP (kg CO2 eq.)

Fig. 8 Results of the application
of the evaluation method to the
second case study: CSC Slab.
Environmental impacts expressed
in GWP (kg CO2 eq.)
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impacts associated with multi-functional structures with hy-
brid materials. The results showed that recycling hybrid struc-
tures such as the CSC Slab considerably increases environ-
mental emissions. Specifically, recycling structures composed
of silica sand bound with organic binders demand 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
lead to down recycling and little material recovery (Pickering
2006). Moreover, the lack of confidence in the quality of
recycled materials and the potential health risks reduces the
demand for recycled materials, which inhibits the develop-
ment 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 ad-
dress Construction and Demolition (C&D) waste. The proto-
col 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 inte-
grated design, which consist of mixing materials or building
components, are common in digitally fabricated architecture.
However, the technical, environmental, and economic con-
straints 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. 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 multi-functional building
elements. Especially end-of-life impacts should be considered
when designing the structure, for instance through material op-
timization strategies or a design for disassembly.
Simultaneously, the use of hybrid materials in construction re-
quires the development of alternativematerials and constructive
systems, such as inorganic binders (Odaglia et al. 2018). 3D
printing with geopolymers avoids the thermal recycling to de-
compose 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.

6 Conclusions

The study presented in this paper aimed to evaluate the poten-
tial environmental consequences of multi-functionality in dig-
ital fabrication. With this objective, we evaluated the global
warming potential and ecological scarcity 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 considered environmental
impact of digitally fabricated building elements increases over

Fig. 9 LCA results for the CSC Slab relative to different end-of-life scenarios, use of recycled materials, and modeling approaches. Reference is the
landfill scenario set at 100%
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conventional construction if their service life is reduced due to
functional integration. Our results are limited to a craddle-to-
gate system, not considering service life impacts generated by
different thermal functional properties of compared elements.
Indeed, a difference in thermal resistance between compared
solutions would result in a difference of energy consumption of
the building. This aspect should be considered in the building
design. The systemwas completed to the assessment of end-of-
life scenarios 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. On the other hand,
alternative materials and waste management systems must be
developed to reduce end-of-life impacts of structures with hy-
brid 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 optimiza-
tion 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 which 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 so-
lutions for particular contexts, the environmental benefit of
multi-functionality in buildings could be even higher than
what is already identified in this study based on statistical data
associated with conventional construction methods.

Funding information This research was supported by the National
Competence Centre for Research, NCCR Digital Fabrication, which
was funded by the Swiss National Science Foundation (project number
51NF40_141853).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Agustí-Juan I, Habert G (2017) Environmental design guidelines for dig-
ital fabrication. J Clean Prod 142:2780–2791

Agustí-Juan I, Müller F, Hack N, Wangler T, Habert G (2017a) Potential
benefits of digital fabrication for complex structures: environmental
assessment of a robotically fabricated concrete wall. J Clean Prod
154:330–340. https://doi.org/10.1016/j.jclepro.2017.04.002

Agustí-Juan I, Zingg S, Habert G (2017b) End-of-life consideration for
hybrid material systems. Paper presented at the 14th International
Conference on Durability of Building Materials and Components,
Ghent, Belgium, 29–31 May 2017

Aktas CB, Bilec MM (2012) Service life prediction of residential interior
finishes for life cycle assessment. Int J Life Cycle Assess 17(3):362–
371

AMCOL Metalcasting (2013) LOVOX No-Bake Binder Systems. http://
www.amcolmetalcasting.com/DesktopModules/Bring2mind/DMX/
Down lo ad . a s px?En t r y I d=12588&Command=Co r e_
Download&language=es-ES&PortalId=43&TabId=4464. Accessed
25.08.2016 2016

Block P, Schlueter A, Veenendaal D, Bakker J, BegleM, Hischier I, Hofer
J, Jayathissa P, Maxwell I, Echenagucia TM, Nagy Z, Pigram D,
Svetozarevic B, Torsing R, Verbeek J, Willmann A, Lydon GP
(2017) NEST HiLo: investigating lightweight construction and
adaptive energy systems. J Build Eng 12:332–341

Brancart S, Paduart A, Vergauwen A, Vandervaeren C, De Laet L, De
Temmerman N (2017) Transformable structures: materialising de-
sign for change. Int J Des Nat Ecodyn 12(3):357–366

Brand S (1995) How buildings learn: what happens after they’re built.
Penguin Publishing Group, New York

CEN (European Committee for Standardization) (2011) Sustainability of
construction works. Assessment of environmental performance of
buildings. Calculation method. EN 15978:2011, Brussels

CEN (European Committee for Standardization) (2012) Sustainability of
construction works. Environmental product declarations. Core rules
for the product category of construction products. EN 15804: 2012,
Brussels

Conroy A, Halliwell S, Reynolds T (2006) Composite recycling in the
construction industry. Compos A: Appl Sci Manuf 37(8):1216–
1222

De Schutter G, Lesage K, Mechterine V, Nerella VN, Habert G, Agustí-
Juan I (2018) Vision of 3D printing with concrete—technical, eco-
nomic and environmental potentials. Cem Concr Res 112: 25-36

Emídio F, de Brito J, Gaspar PL, Silva A (2014) Application of the factor
method to the estimation of the service life of natural stone cladding.
Constr Build Mater 66:484–493

European Commission (2011) Supporting Environmentally Sound
Decisions for Construction and Demolition (C&D) Waste
Management. Institute for Environment and Sustainability, Joint
Research Centre, Luxembourg

European Commission (2016) EU Construction and Demolition Waste
Management Protocol. Ecorys, London

European Parliament and Council (2012) Strategy for the sustainable
competitiveness of the construction sector and its enterprises.
COM/2012/433, Brussels

Frischknecht R (2010) LCI modelling approaches applied on recycling of
materials in view of environmental sustainability, risk perception
and eco-efficiency. Int J Life Cycle Assess 15(7):666–671

Gosselin C, Duballet R, Roux P, Gaudillière N, Dirrenberger J, Morel P
(2016) Large-scale 3D printing of ultra-high performance
concrete—a new processing route for architects and builders.
Mater Des 100:102–109

Holliger Consult GmbH (2017) Bauteilkatalog, Bauteile SIA MB
2032. www.bauteilkatalog.ch. Accessed 02.09.2017

Hong W-K, Lim G-T, Park S-C, Kim JT (2012) Energy efficiencies of
linear-shapedmulti-residential apartment buildings built with hybrid
structural systems. Energ Build 46:30–36

Hoxha E, Habert G, Chevalier J, BazzanaM, Le Roy R (2014) Method to
analyse the contribution of material’s sensitivity in buildings’ envi-
ronmental impact. J Clean Prod 66:54–64

1038 Int J Life Cycle Assess (2019) 24:1027–1039

https://doi.org/10.1016/j.jclepro.2017.04.002
http://www.amcolmetalcasting.com/DesktopModules/Bring2mind/DMX/Download.aspx?EntryId=12588&Command=Core_Download&language=es-ES&PortalId=43&TabId=4464
http://www.amcolmetalcasting.com/DesktopModules/Bring2mind/DMX/Download.aspx?EntryId=12588&Command=Core_Download&language=es-ES&PortalId=43&TabId=4464
http://www.amcolmetalcasting.com/DesktopModules/Bring2mind/DMX/Download.aspx?EntryId=12588&Command=Core_Download&language=es-ES&PortalId=43&TabId=4464
http://www.amcolmetalcasting.com/DesktopModules/Bring2mind/DMX/Download.aspx?EntryId=12588&Command=Core_Download&language=es-ES&PortalId=43&TabId=4464
http://www.bauteilkatalog.ch


IPCC (2013) Climate change 2013: The Physical Science Basis. In:
Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J,
Nauels A, Xia Y, Bex V,Midgley PM (eds) Contribution ofWorking
Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge

ISO (International Organization for Standardization) (2011) Buildings
and constructed assets—Service life planning—Part 1: General prin-
ciples and Framework. ISO 15686–1:2000, Geneva

ISO (International Organization for Standardization) (2006)
Environmental management—Life cycle assessment—Principles
and framework. ISO 14040:2006, Geneva

Jipa A, Bernhard M, Dillenburger B, Meibodi M (2016) 3D-printed stay-
in-place formwork for topologically optimized concrete slabs. Paper
presented at the TxA emerging design + technology conference San
Antonio, Texas, USA, 04 November 2016

Labonnote N, Rønnquist A, Manum B, Rüther P (2016) Additive con-
struction: state-of-the-art, challenges and opportunities. Autom
Constr 72:347–366

Lahl U (1992) Recycling of waste foundry sands. Sci Total Environ 114:
185–193

Lechner N (2015) Heating, cooling, lighting: sustainable design methods
for architects. Wiley, Hoboken

Meibodi MA, Bernhard M, Jipa A, Dillenburger B (2017) The smart
takes from the strong. Paper presented at the Fabricate: rethinking
design and construction, Stuttgart

Odaglia P, VoneyV, Habert G, Dillenburger B (2018) Open hardware AM
in binder jet 3D printing. Paper presented at the first international
conference on 3D construction printing, Melbourne, Australia, 26–
28 November

Oxman N, Rosenberg J (2007) Material computation. Int J Archit
Comput 1(5):21–44

Pickering SJ (2006) Recycling technologies for thermoset composite
materials—current status. Compos A: Appl Sci Manuf 37(8):
1206–1215

Rincón L, Pérez G, Cabeza LF (2013) Service life of the dwelling stock in
Spain. Int J Life Cycle Assess 18(5):919–925

SIA (2010) Norm 2032: Graue Energie von Gebäuden. Zürich
Silva A, de Brito J, Gaspar PL (2016) Methodologies for service life

prediction of buildings: with a focus on façade claddings.
Springer, Cham. https://doi.org/10.1007/978-3-319-33290-1

Wang Y, Cannon FS, Salama M, Goudzwaard J, Furness JC (2007)
Characterization of hydrocarbon emissions from green sand foundry
core binders by analytical pyrolysis. Environ Sci Technol 41(22):
7922–7927

Weidema BP, Bauer C, Hischier R, Mutel C, Nemecek T, Reinhard J,
Vadenbo CO, Wernet G (2013) Overview and methodology. Data
quality guideline for the ecoinvent database version 3. Swiss Centre
for Life Cycle Inventories, St. Gallen

Williams ED, Sasaki Y (2003) Energy analysis of end-of-life options for
personal computers: resell, upgrade, recycle. In: IEEE International
Symposium on Electronics and the Environment, Boston, USA. pp
187–192

Willmann J, Knauss M, Bonwetsch T, Apolinarska AA, Gramazio F,
Kohler M (2016) Robotic timber construction—expanding additive
fabrication to new dimensions. Autom Constr 61:16–23

Yang Y, Boom R, Irion B, van Heerden D-J, Kuiper P, de Wit H (2012)
Recycling of composite materials. Chem Eng Process Process
Intensif 51:53–68

Int J Life Cycle Assess (2019) 24:1027–1039 1039

https://doi.org/10.1007/978-3-319-33290-1

