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ARTICLE INFO ABSTRACT

Keywords: Due to severe sustainability problems caused by the built environment, calls for adopting circular economy
Whole building LCA principles in building design, such as flexibility and reversibility, are increasing. However, there is still a lack of
WBLCA

quantitative studies on the corresponding environmental benefits in this regard. In the present study, a life cycle
assessment of a multi-storey residential reference building is carried out, comparing a flexible, reversible
building design using a load-bearing steel structure and wooden ceiling elements to a conventional, monolithic
design based on reinforced concrete. The assessment is carried out on a whole building level, including con-
struction, operation, maintenance, and the end-of-life phase. Both building designs show similar results for a
regular life cycle of 60 years without major refurbishment (13 and 14.5 kg CO,-eq/m? per operational year).
When longer building lifetimes are considered, the environmental impact of the reference building per opera-
tional year decreases significantly. In this context, flexible building design is advantageous as it facilitates the
refurbishment of buildings, while monolithic building design often leads to premature demolition due to low
adaptability. Further advantages of reversible building design include the increased potential of materials to be
recirculated at the end-of-life stage of a building and in the potential reuse of structural elements. This study
shows that 14% of the embodied greenhouse gas emissions of the flexible building can be avoided if the foun-
dation, load-bearing structure and ceiling elements are kept in place for a subsequent building. Such direct reuse

Circular economy
Construction sector
Flexible building design
Comparative LCA

leads to a substantially higher environmental value retention than recycling of the same materials.

1. Introduction

Buildings play a crucial role regarding sustainability efforts globally
[1]. The construction and the operation of buildings are responsible for
about 30% of total greenhouse gas (GHG) emissions and energy con-
sumption worldwide [1]. At the same time, large quantities of waste are
generated, mainly concrete and other mineral demolition waste [2]. In
the European Union, for example, construction and demolition waste
accounts for more than 35% of the total waste generated [3].

Up to about 2010, efforts to reduce the environmental impact of
buildings focused on energy efficiency and emissions during the oper-
ational phase which represented the most relevant life phase with
respect to climate change and energy, mainly due to heating systems
using fossil fuels [4]. In Europe, regulations and certification pro-
grammes led to a promotion of low energy buildings and renewable
energy sources for heating. With buildings becoming more energy effi-
cient, their environmental burden slowly started to shift towards other
life cycles phases, mainly the construction phase [5]. In parallel,
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extensive research was undertaken to consider the entire life cycle of
buildings including the embodied impact of materials and components
[4]. Certification systems and standards for sustainable buildings were
enhanced by criteria concerning embodied impact, e.g., the Leadership
in Energy and Environmental Design (LEED) [6], the German Sustain-
able Building Certification (Deutsche Gesellschaft fiir Nachhaltiges Bauen,
DGNB) [7], and the Swiss Energy Efficiency Path (Schweizerischer
Ingenieur-und Architektenverein, SIA 2040) [8].

An internationally accepted method to assess and optimise the
environmental impact of buildings in a comprehensive way is the
standardised Life Cycle Assessment (LCA) method, which considers
resource use and emissions along the entire life cycle in a cradle-to-grave
approach [4]. Scientific publications on building LCA have surged in
recent years [5], exploring the relevance of functional unit and system
boundaries, life cycle phases, materials, and impact categories, but also
short-comings and future research possibilities, for example, [5,9-13].

A benchmark study by Lavagna et al. [13] of the European residential
building stock showed that alongside the operational phase, the
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production phase accounted for a significant share of the environmental
impact (up to 40%). Among building materials, concrete and steel
emerged as those relevant with high environmental impact [13,14]. In
the European benchmark, about 50% of the embodied impact of build-
ings were related to load-bearing structures, which mainly contained
concrete and steel [13]. Lavagna et al. [13] concluded that it was
essential to consider refurbishment while maintaining at least the
load-bearing structure of buildings instead of complete demolition in
order to reduce environmental impacts of the building sector. Selective
deconstruction and reuse of building structure were also pointed out as
effective mitigation measures by Assefa et Ambler [15].

The maintenance phase, i.e., the replacement of components, was
found to be another relevant life phase [16]. In this context, prolonging
the lifetime of components as well as choosing materials with less
embodied impact were pointed out as important mitigation measures
[16]. The end-of-life (EoL) phase including waste management was
found to be relevant as well, mainly due to the large amounts of solid
waste [13,14]. Most published LCA studies on buildings have focused on
energy demand and GHG emissions [5]. However, in order to avoid
trade-offs, other environmental impact and emissions should also be
considered, such as resource depletion, human toxicity, and use of land
and water [4,13].

Despite the increased number of published LCA studies, a compari-
son between different materials and building concepts remains chal-
lenging [5]. System boundaries and reference units often vary [5].
Furthermore, buildings are typically standalone products and their
design is highly individual [17]. LCA results depend on case-specific
parameters, such as building type, regional energy mixes, regional
climate, assumptions about energy consumption during the operational
phase, and expected service life, to name a few [5]. All of this makes
benchmarking results, i.e. deriving reference values for comparison,
difficult [5,18]. In this context, there is still a need for whole building
LCAs, taking into account regional characteristics [5].

While the LCA method is recognised as an important tool to mitigate
the environmental burden of buildings, it also has its shortcomings:
static whole building LCAs normally assume building lifetimes of be-
tween 40 and 60 years [4,19], while, in reality, numerous buildings
experience premature demolition or major reconstruction before they
reach their foreseen lifetime [20]. Another issue is that common in-
dicators used in linear LCA do not provide information on material
recirculation and material efficiency [21,22].

A concept which goes beyond linear cradle-to-grave thinking is the
Circular Economy (CE) approach, which aims at decoupling economic
activities from the consumption of finite resources [23]. Guiding prin-
ciples of the CE approach can be summarised as eliminating waste and
pollution, keeping materials at their highest values in the economic
system, and using regenerative resources [23]. Over the last decade, CE
concepts have gained increasing attention from industry, researchers
and policy makers [24]. In Europe, the transition to a climate-neutral,
resource-efficient and circular economy is laid down in the New Circu-
lar Economy Action Plan of the European Union [3] which forms part of
the European Green Deal [25].

Applied to buildings, key instruments for the transition towards CE
are extending service life and closing material cycles [26]. Currently,
most buildings in Europe are designed as monolithic, static structures
which show little adaptability [20]. Consequently, even though the
possible physical lifespan of a building can be well over 100 years,
numerous buildings tend to be demolished prematurely because re-
placements or refurbishment are either not possible at all or only at a too
high cost [20]. Another consequence of premature deconstruction is the
production of mixed, non-recovered demolition waste [20].

In contrast to the common monolithic design, flexible and reversible
building design complies with CE principles [20]. Flexible design (also:
Design for Change) aims mainly at extending building lifetime as it al-
lows for transformation and adaptation to future changes in both users
and needs [26]. Examples of flexible design are installations which are
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easily accessible or inner walls which are demountable. Reversible
building design (also: Design for Disassembly) aims mainly at full re-
covery of components and materials at the EoL phase of the building, for
example by using dry, mechanic connections such as bolts and screws
instead of wet and chemical joints such as mortar or glue [26].
Reversible design is highly related to flexible design as it also allows for
resource-efficient repairs, maintenance, and replacements [26].

Despite increasing attention towards the CE approach, in the built
environment it is still in its infancy [27]. Guidelines for the imple-
mentation of CE solutions in building design, as well as choosing CE
indicators to measure the level circularity, are in the early stages [28].
There is still a need for quantitative studies, especially comparative LCA,
in order to prove that CE solutions effectively decrease the environ-
mental burden of buildings [26,27,29,30]. In this context, Munaro et al.
[27] specifically point out the need for comparative LCA studies be-
tween monolithic and flexible building structures.

The present study was designed to help close research gaps regarding
quantitative whole building LCA as well as quantitative evaluations of
the CE approach in the building sector. The concrete goal of the study
was to assess the environmental performance of a flexible and reversible
building design in comparison with a conventional, monolithic building
design. The results of this study ultimately help decision makers, espe-
cially public building owners, to make informed choices regarding sus-
tainability aspects.

2. Methods

The main part of this study was a comparative LCA of a reference
building, following the LCA method standardised in ISO 14040 [31] and
using the LCA software SimaPro v9 [32]. The Swiss norms SIA 2040 [33]
and SIA 2032 [34] formed the basis for choosing system boundaries and
considered processes. The SIA 2040 lays out a reduction path for the
Swiss building sector in order to achieve the long-term goals of a
2000-Watt Society (primary energy use of 2000 Watt and GHG emis-
sions of no more than 1000 kg CO5-eq. per person and year). The related
SIA 2032 specifies the required methodology to determine the embodied
impact of buildings.

As one objective of reversible building design consists in enhanced
material recovery at the EoL phase, a material flow analysis assuming
current waste treatment practices was carried out for both building
designs in order to compare mass-based CE indicators such as material
recovery rates and amounts of unrecovered waste.

The considered reference building, the investigated building designs,
data sources, system boundaries as well as analysis methods are
described in the following sections (2.1-2.7).

2.1. Reference building

An eight-story residential building, as illustrated in Fig. 1, was used
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Fig. 1. Illustration of the reference building (source: UNAS Technology SA).
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as a reference building. The building was designed by UNAS Technology
SA for urban areas in Switzerland and its design was available at a pre-
project stage. In total, the reference building contained 122 apartment
units, with a combined energy reference area (ERA) of 13601 m?.

For this study, the reference building was designed twice: once in a
conventional way and once in a flexible way.

The Universal Sustainable Architectural Structure Model (UNAS),
which was developed by UNAS Technology SA, served as an example of
a flexible building design. The core of the UNAS design consisted of a
load-bearing steel structure. Based on the steel structure, walls and
floors were planned in a modular, reversible way which would allow for
future restructuring of building space without major demolition and
without wet construction work. Ceilings in the UNAS design consisted of
removable wooden cases which were filled with stone chippings as
ballast. The floor was designed as a dry construction element on top of
the wooden cases and was constructed from OSB board, compressed
foam glass granulates and plaster board. Walls were also designed as
drywall constructions, featuring plasterboards supported by steel pro-
files and filled with mineral wool functioning as insulation. Installations
such as cables, water and heating pipes were planned to be embedded in
a reversible way into the flooring and drywalls. Regarding building
materials, priority was given to recycled or renewable materials (e.g.,
steel, wood, foam glass), which could be easily separated and recycled at
the EoL phase of the building. Despite these guiding principles, certain
amounts of lean concrete, bricks and reinforced concrete were imple-
mented in the flexible design for foundation, basement and staircases
due to structural and safety aspects.

The main features of the conventional, monolithic design consisted
in a load-bearing structure made from reinforced concrete and a screed
floor. Drywall constructions were also included in the conventional
design, but only for non-load-bearing internal walls. All other building
components, such as windows, flat rooves, facades, floor coverings, and

(Background data)
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technical installations were the same in both designs with exception of
the heat dissipation system which was based on floor heating within the
conventional design and based on radiators within the flexible design.

2.2. Functional unit and investigated product system

All emissions and resources were determined referring to one
building life cycle, with the functional unit Provision and operation of
reference building over 60 years in Switzerland. A lifetime of 60 years was
assumed following the requirements of SIA 2040. The LCA was carried
out in a cradle-to-grave approach as shown in the product system
illustration in Fig. 2, including construction, maintenance, operation
and EoL phase of the building.

The construction phase included the extraction of raw materials,
manufacturing of building materials, and transportation to Switzerland,
as well as direct land use and preparation work on site. The maintenance
phase included the replacement of building components which had a life
expectation of lower than 60 years. The EoL phase included the demo-
lition of the building as well as waste processing and disposal of mate-
rials which were not recycled. The study focused on the embodied
environmental impact related to materials and components of the
building. For the sake of completeness, the operational phase was
considered as well, including the energy demand for space heating and
hot water provision, the electricity demands of auxiliary equipment,
water demand and wastewater treatment.

2.3. Data collection and life cycle inventory

Foreground data concerning quantities of building materials and
components were provided for both building designs through UNAS
Technology SA in the form of bills of quantities (BoQ). The BoQ were
derived based on structural calculations as well as on layout

System boundary

Resources, §

Components Water Disposed components CO% i
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Fig. 2. System boundary and life stages which were included in the life cycle assessment of the reference building.
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specifications concerning, for example, facades, walls, floors, windows,
and flat rooves. The foreground data was linked to the Swiss KBOB
database for the building sector [35] by the Swiss authorities for sus-
tainable construction. The KBOB database contained generic LCA data
for average building materials and products and relied on background
inventory data from the ecoinvent-v2.2 database [36,37]. In
Switzerland, the KBOB database is used within various national stan-
dards and certification systems, among them SIA 2040 and SIA 2032.
In this section, the life cycle inventory of each life stage is described.
A comprehensive list of inventory data as well as corresponding KBOB
datasets is given in the supplementary material of this paper (S1).

2.3.1. Construction
Quantities of building materials were derived from the BoQ. Rele-
vant material quantities for construction are listed in Table 1.
Technical installations were not covered by the BoQ. Instead, most

Table 1
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were modelled using generic KBOB datasets per square meter ERA. One
kitchen per apartment was modelled using a generic dataset for
kitchens. Space heating and hot water provision was assumed to be
based on brine-water heat pumps. Heat pumps and borehole heat ex-
changers were modelled by upscaling the generic KBOB datasets by a
factor of 10 to account for the building size.

2.3.2. Operation

Inventory data for the operational phase is also included in Table 1.
Both building designs aimed at the same insulation standard and
consequently, the thermal energy demand for space heating was
assumed to be the same. The same efficiency was considered for heat
pumps in both building designs, assuming that modern, low-
temperature radiators were used within the flexible design which
work at the same water flow temperature as floor heating systems, about
40 °C.

Life cycle inventory of relevant building components (excluding replacements during maintenance) and operational phase in the conventional and the flexible design

of the reference building.

Life cycle phase Component Material/Description Conventional design Flexible design
Value Unit Value Unit
Construction Direct land use 2025 m? 2025 m?
Main structure Concrete 17844 t 4254 t
Reinforcing steel 797 t 183 t
Steel profiles - 995 t
Lean concrete (foundation) 428 t 428 t
Bricks 1837 t 206 t
Wood (ceilings) - 995 t
Stone chippings in ceilings - 1501 t
Drywalls Gypsum board 288 t 625 t
Mineral wool 26 t 76 t
Steel supports 10 t 30 t
Floor Screed/concrete floor 1832 t 90 t
OSB board 135 t
Foam glass granulate 508 t
Gypsum board 317 t
Floor covering Parquet 9603 m? 9603 m?
Ceramic tiles 80 t 80 t
Artificial stone tiles 71 t 71 t
Windows 22% frame, 78% glazing 5121 m? 5121 m?
Aluminium blinds 4528 m? 4528 m?
Doors Inner doors (wood) 2019 m? 2019 m?
Outer doors 58 m? 58 m?
Facade Wood 30 t 28 t
Mineral wool 9.2 t 8.7 t
Flat roof Bitumen sealing 61 t 78 t
Polyurethane rigid foam 18 t 16 t
Tinsmith work Copper sheets 2.9 t 3.2 t
Steel sheets 38 t 0.7 t
Balcony installations Wood (side panels, floor grids) 60 t 60 t
Steel railing 111 t 111 t
Technical installations Electrical system 13601 m? 13601 m?
Sanatory system 13601 m? 13601 m?
Ventilation system 13601 m? 13601 m?
Heat distribution system 13601 m? 13601 m?
Heat dissipation system 13601 m? 13601 m?
Brine-water heat pumps (10 kW) 10 - 10
Borehole heat exchanger 1500 m 1500 m
Kitchens 122 - 122
Operation Heat Space heating 20779 MWh 20779 MWh
Hot water provision 13710 MWh 13710 MWh
Electricity Heat pumps, auxiliary equipment 11.4 MWh 11.4 MWh
Water Tap water 715744 t 715744 t
Wastewater 715744 t 715744 t
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The energy demand was estimated based on SIA 2040 [33]. As an
electricity product, the average Swiss consumers’ mix from 2011 was
used, as implemented in the KBOB database. The consumers’ mix
included national electricity production as well as imports but did not
include the market share sold as certified electricity. An average daily
water demand of 142 1 tap water per person was assumed, which cor-
responded to the average water consumption in Swiss households for
2019 [38]. The number of inhabitants was estimated to be 230,
assuming a standard living area per person of 60 m? [33]. Wastewater
was assumed to be purified in a municipal wastewater treatment plant,
and fermented sludge was assumed to be disposed via municipal
incineration.

2.3.3. Maintenance

The maintenance phase considered replacements of components
during the use of the building. Lifetimes of components were assumed
following SIA 2032, as summarised in Table 2. For a building life cycle of
60 years, this implied that components with a lifetime of 20 years were
replaced twice, while components with a lifetime of between 30 and 40
years were replaced only once. Following the specifications in SIA 2032,
only 100% replacements were considered, which meant that compo-
nents and installations were assumed to be entirely replaced when
reaching their maximum lifetime.

2.3.4. End-of-life

The EoL phase included the dismantling and disposal of all materials
and components. For each dataset used to model construction and
maintenance, the corresponding disposal dataset within the KBOB
database was used [39]. The KBOB disposal datasets included disman-
tling and handling, as well as average waste treatment and recycling
scenarios in Switzerland.

The current KBOB database did not include a disposal inventory for
steel, as a 100% recycling rate was assumed for this material. Accord-
ingly, steel profiles and reinforcing steel did not make any contribution
to the EoL phase in this study. Within the KBOB database, concrete was
assumed to be demolished and crushed, and then 90% recycled and 10%
disposed of in landfills. Wood components were assumed to be 45%
recycled and 55% disposed of via municipal incineration. For most of the
remaining building materials, either municipal incineration or disposal
in landfill was considered within the KBOB database.

2.4. Allocation and recycling processes

The product system as shown in Fig. 2 did not contain any multi-
product processes which required an allocation of resources and
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emissions.

The system model allocation, recycled content cut-off was used within
the ecoinvent background database. In this system mode, an attribu-
tional LCA approach is followed, and the subdivision of multi-product
activities was carried out by allocation based on physical properties,
economic revenue, mass or other properties. As far as building materials
are concerned, the cut-off system model meant that the use of recycled
material, such as steel, did not lead to any environmental burden con-
nected to the primary extraction of raw materials. Accordingly, no
environmental credit was granted for material recovery and thermal
energy recovery through incineration at the EoL stage of the building.

2.5. Impact assessment

The life cycle impact assessment (LCIA) was carried out using the six
impact categories on midpoint level. The LCIA methods were selected
because of their prominence in recent literature within the building
sector [13] as well as the recommendation for LCIA methods for the
Product Environmental Footprint by the European Commission [40].
For all midpoint indicators, long-term emissions were excluded from the
LCIA due to the related high level of uncertainty.

The impact categories are as follows:

-GHG emissions on a 100a horizon [41], expressed in kg COz-eq.
-Cumulative energy demand (CED), non-renewable and renew-
able, as implemented in ecoinvent-v2.2 [42], considering direct en-
ergy use as well as embodied energy based on higher heating values
of raw materials.

-Particulate matter (PM), as implemented in the Environmental
Footprint (EF) method [43], expressed as number of lethal disease
incidences due to emissions of particles with diameters smaller than
2.5 pm (deaths/kgPM2.5emitted).

-Resource use of minerals and metals, as implemented in the EF
method [44], expressed in kg Sb-eq using a depletion model based on
a use-to-availability ratio.

-Land use, as implemented in the EF method [45], expressed as
dimensionless soil quality index aggregating the impact categories
erosion resistance, mechanical filtration, groundwater regeneration,
and biotic production.

-Freshwater ecotoxicity, as implemented in the USEtox method
[46], using both recommended and interim characterisation factors,
expressed as comparative toxic units for ecosystems (CTUe) which
describe the fraction of species potentially affected per kg emitted
substance over a year.

Table 2
Lifetimes of building components used to model the maintenance phase of the reference building.
20 years 30 years 40 years 60 years
Main structure: bearing structure
foundation
ceilings
brick walls
floor
Installations: heat pumps electrical system borehole heat exchanger
heat distribution system
heat dissipation system
ventilation system
sanitary facilities
Exteriors: flat rooves facade tinsmith work
windows balcony installations: wood balcony installations: steel
outer doors
Interiors: kitchens drywall constructions

inner doors
floor covering
wall panelling/covering

ceiling panelling/covering
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In addition to the midpoint indicators, the overall environmental
impact on endpoint level was assessed since this represents a common
impact indicator used for buildings in Switzerland and provides an
aggregated result covering a multitude of environmental impacts.

-Overall environmental impact according to the ecological scar-
city method (ESM) [47] including long-term emissions, expressed in
eco-points, aggregating 19 environmental impact categories to a
single indicator using weighting factors on a distance-to-target
principle. In the Swiss version of the ESM, weighting factors
compare current emissions to national emission targets as well as to
international targets supported by Switzerland.

2.6. Evaluation of flexibility as design concept

Two different approaches were used to quantify potential environ-
mental benefits of flexible building design. In an initial approach, it was
assumed that the expected lifetime of the reference building created
with flexible design could be extended thanks to its ability to adapt to
future needs. In a corresponding sensitivity study, the environmental
impact of the flexible reference building was determined assuming
lifetimes of 80 years and 100 years. Absolute impact from the mainte-
nance and operational phase were scaled up proportionally to the life-
time, while the absolute impact of the construction phase stayed
unchanged.

In a second approach regarding reversibility, it was assumed that the
main structure of the flexible building was stripped bare after a 60-year
lifespan, and that foundation, wooden ceiling elements and load-bearing
steel structures were directly reused for a subsequent building. In this
approach, the corresponding avoided burden, i.e., the embodied impact
of the reused structural elements, was granted as a credit to the envi-
ronmental impact during the first building life cycle. For both ap-
proaches, relative GHG emissions of the flexible building per operational
year and m? ERA were determined and compared to the base case of 60-
year lifetimes.

2.7. Circular economy indicators based on mass flows

A material flow analysis of demolition waste was conducted for both
building designs to derive total material recovery rates, recycling rates,
downcycling rates, and amounts of waste sent to landfill. In this study,
the term recovery rate referred to any kind of material reutilisation, while
recycling rate was only used for converting material into material of
roughly the same value. Accordingly, the term downcycling rate was used
for conversion of material into material with a lower value.

The recycling rate of the reference building was derived according to
Eq. (1), where M refers to the mass of all materials in a material group i,
TCrrc,i is the mass transfer coefficient to recycling, and n is the number
of the material group:

> M; @ TCrec;
M

The downcycling rate was derived in the same way as the recycling
rate, replacing the transfer coefficient TCrgc with the transfer coefficient
TCpc for downcycling. As no upcycling was assumed for building ma-
terials, the recovery rate in this study was equal to the sum of recycling
rate and downcycling rate. The amount of waste sent to landfill was
determined as absolute mass using the corresponding transfer coeffi-
cient TCyr to landfill:

(€Y

recycling rate =

waste to landfills = Z?:IM,- o TCrr,; (2)

Table 3 summarizes the material groups which were used in this
study and the corresponding transfer coefficients, including the transfer
coefficient to incineration for the sake of completeness. The classifica-
tion of building materials into material groups and the values for

Building and Environment 222 (2022) 109409

Table 3

Material groups and corresponding mass transfer coefficients used to determine
recycling rate, downcycling rate and amount of disposed waste connected to the
investigated reference building [48].

Material group Recycling Downcycling Waste to Incineration
TCrEc TCpc landfill TCine
TCrr
Reinforcing steel 1.000 0 0 0
Concrete 0 0.672 0.328 0
Seal sheeting 0 0 0.024 0.976
Plate glass 0.158 0 0.782 0.056
Gypsum 0 0.175 0.695 0.130
materials
Wood and wood 0 0.297 0.003 0.700
materials
Gravel, sand 1.000 0 0 0
Adhesives, 0 0.247 0.680 0.073
sealers and
coatings
Synthetic resin 0 0 1.000 0
flooring
Plastics 0 0 0.045 0.955
Mineral thermal 0 0 0.350 0.650
insulation
Mortar, plaster 0 0.528 0.472 0
Non-iron metals 0.825 0 0.175 0
Organic thermal 0 0 0.035 0.965
insulation
Steel 0.980 0 0.020 0
Unspecified 0 0.528 0.472 0
mineral
building
materials

transfer coefficients to material recovery, waste to landfill sites and
incineration were taken from Klingler et al. [48], which comprised an
analysis of current waste management practices in the Swiss building
sector. For this study, the material recovery of steel, reinforcing steel and
non-iron metals was counted as recycling, while the material recovery of
all other material groups was counted as downcycling, considering
current recycling processes in Switzerland. Recycling of concrete in the
sense of closed loop recycling exists, but this is rare which was why it
was neglected in the present study. The same applied to gypsum mate-
rials. Stone chippings used as ballast within wooden ceiling elements in
the flexible design were the only material which fell into the material
group gravel, stone. As the stone chippings were not mixed with any
other material and therefore could be easily reused after dismantling
without any further treatment, 100% recycling was assumed for this
material group.

Materials and masses of most building components could be derived
directly from the BoQ of the conventional and flexible building design.
Average compositions of doors and windows were taken from Klingler
et al. [48]. Material compositions of technical installations, such as
electrical systems, sanitary facilities, borehole heat exchangers and heat
distribution systems, were derived from inventory data within the
generic KBOB datasets. Kitchens, heat pumps, heat distribution systems
and ventilation system were not considered within the mass flow anal-
ysis, which was justifiable since their contributions to the total mass of
the building were estimated to be negligible.

3. Results

According to the life cycle assessment carried out in this study, a 60-
year life cycle of the investigated reference building, if built using
conventional design, is connected to GHG emissions of 1.14 107 kg COy-
eq and a cumulative non-renewable energy demand equivalent to 3.09
108 MJ. The corresponding results for the flexible building design are
1.05 107 kg COz-eq and 3.11 108 MJ, respectively. When referring to
operational years and ERA, these results translate into GHG emissions of
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Fig. 3. Relative comparison of environmental impact between conventional and flexible building design for GHG emissions according to IPCC 2013 100a; CED as
implemented in ecoinvent; PM, resource use of minerals and metals and land use assessed with the EF method; freshwater ecotoxicity according to the USEtox
method, overall environmental impact according to ESM, and the amount of waste sent to landfill based on mass flows at EoL.

13-14.5 kg CO2-eq/m?a and a non-renewable CED of 380-390 MJ/m?a
for both designs.

Fig. 3 gives an overview of the relative comparison between the two
building designs for all considered LCA indicators as well as for the total
amount of landfill waste, showing relative contributions from different
building life stages.

For most LCA impact categories, the two designs show similar total
impacts with a difference of less than 10%. Land use is an exception,
where flexible design leads to an increase in results of approximately
50% when compared to conventional design. The differences between
the two designs are entirely caused by differences in the embodied

impact related to construction, maintenance and EoL, since the impact
of the operational phase is the same. For both designs, the embodied
impact shows higher contributions than the operational phase with
respect to GHG emissions, PM, resource use of minerals and metals, land
use, as well as for the overall environmental impact. The operational
phase emerges as the dominant life cycle phase with respect to non-
renewable cumulative energy demand (due to electricity based on nu-
clear power), renewable cumulative energy demand (due to geothermal
energy and electricity based on hydropower), as well as freshwater
ecotoxicity (due to wastewater treatment and electricity based on coal).
For flexible design, the total amount of waste deposited in landfills is
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Main Drywalls Floor Floor Windows Doors Facade Flat Tinsmith Rest  Technical
structure covering roof  work installations

Fig. 4. Absolute contribution to embodied GHG emissions (IPCC, 100a) from components of the reference building comparing conventional building design and

flexible building design; given values refer to a building life cycle of 60 years.
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about half the amount found for conventional design.

The results for the embodied impact are described in more detail in
the following section, while a detailed description of main drivers and
relevant processes regarding operational phase is included in the sup-
plementary material (S2).

3.1. Embodied impact of reference building

Individual contributions to the embodied GHG emissions from con-
struction, maintenance and EoL for different components of flexible and
conventional design are compared in Fig. 4. Corresponding figures
regarding the other impact categories are given in the supplementary
material (S3). Table 4 summarizes the absolute results for the embodied
impact of the reference building in flexible design and highlights the
most relevant components for each impact category.

In flexible building design, main structure, windows and technical
installations are the most relevant components regarding embodied
GHG emissions, with a contribution of about 15% each. The contribu-
tion of the main structure is dominated by steel (9%) and concrete (7%).
The embodied GHG emissions of windows are mainly caused by the
production of glazing, metal-wood frames, and aluminium blinds.
Among the technical installations, the electrical system, sanitary facil-
ities, and the ventilation system show the highest contributions. In total,
the embodied GHG emissions of conventional design are about 10%
higher than for flexible design. This difference is primarily due to the
larger amount of concrete used in the main structure of the conventional
design.

Regarding the embodied impact of PM, floor covering emerges as
most dominant component for both building designs. This contribution
is almost entirely attributed to particle emissions within the production
process of ceramic tiles. Compared to flexible building design, the main
structure of the conventional building shows an increase of 8% in terms
of contribution to the embodied impact of PM due to particle emissions
connected to the demolition of concrete in the main structure.

The total embodied non-renewable CED is about 80% related to fossil
fuels used for machinery and production processes, and 20% related to
electricity based on nuclear energy. For both designs, main structure,
windows and technical installations are the most relevant components
for the total embodied non-renewable CED.

Table 4
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The renewable CED as implemented in ecoinvent represents the total
harvested energy which makes wood as a building material with high
heating value being the main driver of this impact category. Conse-
quently, wooding ceiling elements in the main structure of the flexible
building design represent the major contributor to the embodied
renewable CED. In comparison, the main structure of the conventional
building does not contain wood at all, leading in total to an embodied
renewable CED which is about 50% lower.

The impact indicator resource use of minerals and metals expresses
abiotic resource depletion based on a use-to-availability ratio [44].
Therefore, main drivers regarding the reference building are not sand or
iron, which are used in high quantities, but additives with high char-
acterisation factors such as gold, zinc, tellurium and silver. Copper is the
only non-additive metal which is among the main drivers for resource
use of minerals and metals. For both building designs, technical in-
stallations and windows are the dominant component, with respective
contributions of about 60% and 30% to the total embodied resource use
of minerals and metals.

The embodied impact due to land use is mainly connected to wood as
a building material. Consequently, relative contributions from compo-
nents are comparable to those for the embodied renewable CED in both
building designs.

Zinc and copper are the main drivers for freshwater ecotoxicity. The
corresponding relevant processes are sulfidic tailings connected to
copper mining and blasting processes for copper and zinc mining.
Another driver is electricity based on nuclear power and coal due to
pollution connected to uranium and lignite mining. For both building
designs, technical installations show the highest contributions to fresh-
water ecotoxicity due to contributions from copper cables in the elec-
trical system, as well as from brass and steel components of sanitary
facilities and heating systems.

The embodied overall environmental impact for both building de-
signs is mainly attributed to GHG emissions (27%), main air pollutants
and PM (~20%), heavy metals into air (~16%), heavy metal into water
(~10%), and mineral resources (~6%). The corresponding components
which are most relevant are main structure, windows and technical in-
stallations. In total, the embodied overall environmental impact of the
conventional design is about 10% higher than for the flexible design due
to the use of more concrete in the main structure.

Absolute results for the embodied environmental impact of the reference building with flexible design and identification of relevant components for each
impact category; given values refer to a building life cycle of 60 years including construction, maintenance and EoL.

GHG PM CED non- CED Resource use Land use Freshw. Overall envir.
emissions renew. renewable min./metals Ecotox. impact
kg COz-eq dis. incid. MJ MmlJ kg Sb-eq - CTUe eco-points

Main structure 1.58E+06 1.38E-01 2.25E+07 2.52E+07 1.50E+00 1.57E+08 2.17E+08 2.75E+09
Drywalls 7.29E+05 1.85E-02 1.15E+07 4.68E+05 4.15E-01 1.35E+06 1.14E+08 8.16E+08
Floor 4.99E+05 1.38E-02 1.03E+07 4.84E+06 4.73E-01 2.96E+07 5.59E+07 5.77E+08
Floor covering 5.34E+05 3.92E-01 8.60E+06 1.06E+07 3.11E+00 6.50E+07 5.19E+07 9.84E+08
Windows 1.60E+06 8.94E-02 2.48E+07 7.36E+06 2.98E+01 3.47E+07 4.83E+08 2.62E+09
Doors 1.85E+05 1.90E-02 2.99E+06 4.26E+06 6.09E-01 1.62E+07 2.98E+07 2.60E+08
Facade 2.56E+04 1.11E-03 5.98E+05 1.28E+06 9.32E-03 9.91E+06 5.59E+05 5.06E+07
Flat roof 7.78E+05 1.94E-02 1.10E+07 3.20E+05 9.48E-01 1.10E+06 3.63E+07 6.50E+08
Tinsmith work 9.46E+03 2.06E-03 1.47E+05 2.18E+04 3.95E+00 6.64E+04 6.04E+07 1.80E+08
Balcony installations 1.28E+05 1.54E-02 2.45E+06 3.55E+06 1.62E-01 3.15E+07 2.17E+07 2.37E+08
Rest 3.75E+05 1.98E-02 5.13E+06 7.77E+05 7.16E-01 3.78E+06 5.26E+07 4.97E+08
Direct land use 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.40E+07 0.00E+00 3.63E+07
Technical installations 1.48E+06 1.32E-01 2.32E+07 4.78E+06 6.92E+01 1.55E+07 7.52E+08 3.55E+09
Total 7.92E+06 8.60E-01 1.23E+08 6.34E+07 1.11E+02 3.80E+08 1.87E+09 1.32E+10
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Fig. 5. Effect of extended lifetimes and of reuse of structural elements on the on
GHG emissions of flexible building design compared to the conventional
building; results are given as relative GHG emissions per year and per square
meter ERA.

3.2. Environmental benefit of extended building lifetime and reuse of
structural elements

The determined reductions of GHG emission per operational year
due to extended building lifetime and due to direct reuse of structural
components of the flexible building are shown in Fig. 5, which compares
relative results for each life stage per operational year and square meter
ERA.

Extending the lifetime of the flexible building from 60 to 100 years

Conventional design
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means that the GHG emissions per year related to the construction phase
decrease by 40%, leading to a reduction in total GHG emissions per year
of about 19%. As far as a building with a lifetime of 100 years is con-
cerned, construction phase and maintenance phase reach comparable
contributions to GHG emissions.

Regarding reuse, the avoided burden on the foundation, load-bearing
steel structure and wooden ceiling elements is shown as negative
emissions for the flexible building in Fig. 5. In addition, the resulting net
GHG emissions are shown. The avoided GHG emissions from reuse are in
total 1.11 10° kg CO2-eq, which are 14% of the total GHG emissions of
the flexible building. The highest avoided burden results from the reuse
of the steel structure with 7.27 10° kg COz-eq. (~9% of the total GHG
emissions).

Comparing the reduction of environmental impact due to lifetime
extension and reuse of structural components, Fig. 5 shows that reuse of
structural components leads to a slightly higher impact reduction than a
lifetime extension of 20 years, but to a smaller impact reduction than a
lifetime extension of 40 years.

3.3. Material flows at building end-of-life and circular economy
indicators

The total mass of building materials used for construction and
maintenance of the reference building is 2.74 107 kg for conventional
design and 1.43 107 kg for flexible design. Relative mass flows from
different material groups regarding recycling, downcycling, landfill and
incineration at EoL are illustrated in Fig. 6 for both building designs. To
enhance clarity, the mass flow of steel in Fig. 6 refers to the sum of the
material groups steel and reinforcing steel. With regard to mass, the
conventional design relies predominantly on mineral materials: concrete
constitutes 70% of the total building mass, while unspecified mineral
building materials, including brick and screed, constitute about 15%.
Steel, which is mainly reinforcing steel, contributes about 5%. Material
groups such as wood, gypsum materials and mineral thermal insulation
(i.e., mineral wool) account only for minor parts of the building mass.

Flexible design

Steel Recycling
Down-
cycling

Concrete
Unspec. min.
materials
Landfill
Wood
Rest

Steel
Recycling
Concrete
Down-
cycling
Unspec. min.
materials
Gravel
Incineration
Gypsum
materials
Wood
Landfill
Rest

| | | |
Material group Waste treatment

| | |
Material group Waste treatment

Fig. 6. Relative mass flows of building material groups with respect to waste treatment at end-of-life for conventional (left) and flexible (right) design of the
reference building; results shown in the graph include materials from construction and maintenance phase.
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Table 5

Results for CE indicators based on material flows at EoL of the reference
building; the results refer to materials used for construction as well as for re-
placements during maintenance.

Total Recycling Downcycling Waste to landfills
material rate rate absolute value
recovery mass rate
rate
Conventional  62% 5% 57% 9.41-10°  34%
design kg
Flexible 60% 25% 35% 3.94.10° 28%
design kg

Compared to the conventional design, the material composition of
the flexible building design is more diverse, although mineral materials
are still in the majority. Concrete accounts for 37% of the total building
mass. Steel, wood, gypsum materials, gravel and stone, and unspecified
mineral materials have contributions of around 10% each.

The corresponding results for the CE indicators considered (material
recovery rate, recycling rate, downcycling rate, waste to landfills) are
summarised in Table 5. Both building designs reach total material re-
covery rates of around 60%. However, material recovery for conven-
tional design mainly consists in downcycling of concrete and other
mineral materials. For flexible design, the recycling rate of 25% consists
of equal shares in closed loop recycling of steel and assumed reuse of
stone chippings.

For both building designs, roughly one third of the building waste is
disposed in landfills. The absolute amount of deposited waste for con-
ventional design is more than twice as high as for flexible design due to
the higher total mass of the conventional building. For flexible design,
gypsum materials used for drywalls and floors account for about 30% of
the waste sent to landfills.

Roughly 10% of the waste from flexible building design is disposed
via incineration, which constitutes a rate which is about four times
higher than for conventional design. The main reason for this higher rate
is wood and wooden materials in the flexible design.

4. Interpretation and discussion

In the following sections, the results of the LCA as well as the ma-
terial flow analysis for the reference building are integrated and put into
context. Following a discussion of data quality and consistency, the
environmental performance of flexible building design is examined.
Results found in this study are compared to published results from other
studies, and recommendations for further research are given.

4.1. Data quality, data consistency and limitations

The present study was based on a rather exceptional data collection
both in terms of comprehensiveness and quality. For a specific reference
building, BoQ on a whole-building level were available for conventional
design as well as for flexible design. The BoQ were derived based on
designer specifications, taking into account static calculations, actual
building geometry and specific material solutions. The foreground data
from the BoQ was linked to the Swiss LCA catalogue for construction
(KBOB). KBOB datasets follow a consistent methodology and they fulfil
the same quality requirements as ecoinvent-v2.2 datasets which served
as background data. In this sense, the comparison between conventional
and flexible building design in the study was carried out using consis-
tent, high quality foreground data linked to consistent, high quality
background data. Nonetheless, there are limitations and uncertainties
which should be considered.

When this study was carried out, the design of the reference building
existed on a pre-project level. In case that the reference building were
actually to be built, material quantities could differ by up to 10% from
the pre-project BoQ. Material quantities used for technical installations
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could differ even more from the assumed values, since only generic
datasets were used in this study for installations.

In general, a high level of uncertainty is expected due to the pro-
spective character of the study. Maintenance, demolition and disposal of
building materials will take place only decades after construction. Po-
tential future developments regarding technologies, materials and en-
ergy mixes were not considered in this study. In the same way, the
results of CE indicators such as recycling rate and disposed waste are
also subject to uncertainties. Current transfer coefficients for material
recovery and final disposal were used, but clearly these might change in
the decades to come.

Life expectations for component groups were taken from the Swiss
norm SIA 2032 [34], which regulates the assessment of embodied
impact of buildings. Following the norm, no partial replacements but
only 100% replacements of components were modelled. This is clearly a
very conservative assumption which may lead to a certain over-
estimation of the actual embodied impact of the maintenance phase.

In summary, even though this study was carried out using a well-
founded database, care should be taken to not overinterpret the re-
sults in absolute terms.

4.2. Environmental performance of flexible building design

Assuming a regular 60-year building life cycle including replacement
of components but without major refurbishment, the LCA of the refer-
ence building showed comparable results for most impact indicators on
a midpoint level for both flexible and conventional design. Flexible
design led to GHG emissions which were about 7% lower, corresponding
to an absolute difference of 870 t COz-eq. Land use for flexible design
was found to be about 50% higher than for conventional design due to
higher use of wood. There is a scientific discussion about how to derive
and how to weight the impact of land use for buildings [49]. Within the
ecological scarcity method, lower weight is given to land use than to
GHG emissions and heavy metal emissions. Consequently, the overall
environmental impact of flexible design was 6% lower than for con-
ventional design.

In short, neither major advantages nor major disadvantages emerged
for flexible design from the LCA of a regular building life cycle of 60
years. If anything, the results showed that flexible building design does
not lead per se to a lower environmental impact than monolithic design.
Like any building design, flexible design should also undergo an opti-
misation process to minimise the building’s environmental impact.
Special care should be taken to avoid trade-offs between flexibility and
environmental impact. For example, the use of gypsum boards for
drywall constructions and floors have proven to make a considerable
contribution to the embodied impact of the building. Here, panels based
on clay or straw might be more eco-friendly alternatives.

An environmental benefit of flexible building design is expected
when refurbishment is needed during the building lifetime as is often the
case in commercial or public buildings in urban areas which have a
fluctuation of tenants, and which undergo changes in use. In such cases,
flexibility as a design criterion can extend the service lifetime of the
building as it allows for easier refurbishment which can ultimately
prevent premature demolition. From an LCA perspective, it is extremely
challenging to analyse potential refurbishments of buildings on a pre-
project level since these are not normally planned at the beginning of
the building life cycle. Nonetheless, a sensitivity study carried out in the
present study showed that extending building lifetime represents a very
effective measure to reduce the relative embodied impact of buildings
per operation year, considering the high contribution of the construction
phase to the total impact of the whole building life cycle. This is
particularly important as the embodied impact of the construction is set
once and for all at the beginning of the building lifetime, while the
actual impact of maintenance, operation and dismantling still have the
potential to decrease due to future technological developments.

Alongside environmental benefits regarding refurbishment,
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decision-makers should also consider time and cost aspects. Refurbish-
ment of the considered flexible building design, including changes in
installations, consists of dry construction work, while refurbishment of
monolithic buildings involves demolition of reinforced concrete com-
ponents and wet construction work to rebuild them. Consequently, the
refurbishment process of the flexible building is expected to be consid-
erably shorter as no drying time is needed. In addition, noise and particle
emissions are lower for dry construction work, which is another relevant
aspect in densely used urban areas.

With respect to CE aspects for waste treatment, the steel structure
used in the investigated flexible design showed clear advantages
compared to the reinforced concrete structure of the conventional
design. Similar material recovery rates were found for both building
designs. However, flexible design led to a much higher closed loop
recycling rate as building steel is almost fully recovered in closed loop
recycling processes in Switzerland. In contrast, material recovery of
concrete mainly consists of downcycling, which helps to save mineral
resources but which is connected to only low retention of GHG emissions
and energy demand. Furthermore, only two thirds of building concrete is
recovered, while the remaining third is disposed of in landfills. The
analysis of disposal processes in Switzerland revealed that there is not
yet an established recycling market for other relevant building materials
such as gypsum and mineral wool, which are still predominantly
disposed of via incineration and landfills even if they were neatly
separated at EoL. Consequently, it would be necessary that all stake-
holders, i.e., also the production and disposal industry, evolved in the CE
direction to fully profit from the reversibility of flexible building design
in terms of material recovery.

Finally, another advantage of flexible and reversible building design
consists in the continued use of structural elements. The flexible build-
ing investigated is designed in such a way that the main structure can be
stripped bare at EoL and then reused for a second building life cycle - a
scenario which could also be labelled as an extreme case of refurbish-
ment. The analysis of direct reuse showed that 14% of the embodied
GHG emissions of the building could be avoided when reusing the
foundation, wooden ceiling elements and load-bearing steel structure
for a subsequent second building. Compared to recycling, this direct
reuse has a clear environmental advantage as it leads to almost complete
value retention. The reuse of the steel structure and wooden ceiling el-
ements is not limited to the same location but can also take place at
another site. This paves the way for more reuse potential which at
present simply does not exist for monolithic buildings.
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4.3. Comparison to literature

The GHG emissions (embodied and operational) of the flexible
reference building are compared to published LCA results for apartment
buildings and single-family homes in Fig. 7. Only European studies are
considered in the comparison, and the results cover average benchmarks
[13,50-52] as well as specific case studies [11,12,53,54].

The GHG emissions per square meter floor area and operational year
of the reference building were below all published results. This differ-
ence is mainly due to the operational phase, as published LCA with
higher GHG emissions included high contributions from the operational
phase of more than 70% [13,54], while a contribution of only 25% was
found for the reference building in this study.

In general, the studies considered for the comparison differ in many
relevant parameters, such as climate zone, energy source for heating,
insulation standard, electricity mix, building type and size, system
boundaries as well as used background data. The high number of rele-
vant parameters makes a comparison among case studies generally
challenging.

On a qualitative level, the results of this study confirm the observed
ongoing shift of environmental impact from the operational phase to-
wards the embodied impact of buildings, due to an increased move to-
wards energy efficient buildings as well as a move away from fossil-
based heating systems [13]. Furthermore, the results are in line with
the conclusion of Lavagna et al. [13] who show that upgrading existing
buildings rather than demolishing and rebuilding them is important in
order reduce environmental impacts. Alongside construction, the
maintenance phase has relevant contributions for the embodied impact
of the reference building. This confirms Thomark’s [16] conclusion that
maintenance should not be neglected within building LCA and that
prolonging the lifetime of components and choosing materials with less
embodied impact are additional important measures to mitigate the
environmental impact of buildings.

Discrepancies between previously published conclusions exist con-
cerning resource depletion. In their review of LCA of buildings, Sharma
et al. [19] concluded that resource depletion was particularly important
with respect to the construction of the main structure due to high de-
mand for stone, sand and gravel. In this study, resource depletion of
minerals and metals is dominated by metals like copper, zinc, silver, and
gold, mainly used for technical installations and windows. This differ-
ence highlights the relevance of the choice of impact assessment
methods. In this study, resource use of minerals and metals was evalu-
ated as it was implemented in the EF method, which weighted resource

: reference building,
Switzerland,flexible design

. AB, Germany [50]
: AB, EU moderate climate [13]
: SFH/AB, EU average [13]
: AB, North Italy [12]
: AB, Spain [53]
: AB, Austria [54]
: SFH, North Italy [11]
AB, Germany [51]
SFH/AB, Italy [52]
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Fig. 7. Comparison of GHG emissions of European single-family homes (SFH) and apartment buildings (AB) per operational year and m? floor area. Red dots refer to
results for the reference building with flexible design; blue dots refer to results from literature. The values for GHG emissions include the operational phase and the
embodied impact of the buildings. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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depletion on a use-to-availability ratio [44] and consequently gave little
weight to the depletion of sand and gravel.

4.4. Research recommendations

An existing research gap which could not be covered by this study
was the need for a quantitative life cycle assessment of refurbishment
scenarios in comparison to demolition and rebuilding to assess the
environmental value of flexible building designs. Such analyses would
require data for a specific refurbishment scenario. This remains chal-
lenging for new buildings with innovative design as the exact needs for
future refurbishment are typically not known when a building is con-
structed. In this context, the study highlighted the shortcoming of
standardised LCA methodologies for the comparison between conven-
tional and flexible building designs. The norm SIA 2032, which was used
to determine the embodied impact of the reference building, only
considered a static building life cycle of 60 years without any refur-
bishment and did not cover the functionality of building flexibility.
Furthermore, a comprehensive analysis would ideally include cost and
time aspects along with environmental aspects.

5. Conclusions

The environmental performance of a flexible and reversible building
design based on a load-bearing steel structure combined with wooden
ceiling elements and drywall constructions was analysed in comparison
to a conventional, monolithic design based on reinforced concrete.

The study revealed that a major environmental advantage of flexible
building design lies in the possibility to adapt building space to future
needs, which can ultimately prevent premature demolition and extend
the building lifetime. The results show that extending the lifetime of a
building significantly decreases its embodied impact due to the high
contribution of the construction phase in general and the high impact of
steel and concrete as structural materials.

Furthermore, a flexible and reversible building design decreases the
amount of mixed demolition waste and increases material recirculation
as components and materials can be neatly separated after decom-
missioning. Actual recycling rates could be further increased if material
recovery processes for relevant materials such as mineral wool and
gypsum were expanded.

Finally, a further advantage of a flexible and reversible building
design consists in the continued use of components for subsequent
building life cycles. Direct reuse of structural components can also take
place in different locations and leads to a much higher impact retention
than recycling of materials alone. However, reuse practices in the built
environment still need to be established to profit fully from this
advantage.

From an LCA perspective, the study revealed that a quantitative
comparison between conventional and flexible building designs remains
challenging as it is difficult to consider the functionality of building
flexibility on a pre-project level.

To conclude, the present study confirms that a flexible and reversible
design can be an effective measure to mitigate the environmental impact
of buildings. At the same time, the study also makes clear that building
designers alone cannot solve the sustainability problem of the building
sector. Upstream and downstream actors must also play their part, e.g.,
by adopting cleaner production processes, increasing the durability of
components, and expanding recycling and reuse practices.
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