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Abstract. As circular economy (CE) is becoming a growing focus in the building industry due
to the industries large resource consumption, waste production and environmental impacts a
better understanding of buildings material composition, resource consumption and resulting
environmental performance becomes increasingly important in order to support the transition
towards CE. The research presented here is a stepping stone in order to investigating the exist-
ing building portfolio and the conducted analysis. It is used to get further information on what
is included and where there is lack of information, in order to understand what is missing or
what is needed to develop CE design strategies. Although, life cycle assessment (LCA) is in-
creasingly used by the industry to assess these aspects, the lack of a systematic analytical ap-
proach as well as the high building complexity and diversity between buildings limits general-
ised knowledge from these studies. However, it is assumed that there are certain commonalities
between the existing portfolio of prevailing building typologies which can be deducted. The
study at hand is a part of a larger research project that aims at developing industry specific
tools to support designers and decision makers select CE design strategies that improve the en-
vironmental performance and resource consumption of buildings. On the basis of a comprehen-
sive systematic literature review (SLR) of whole building LCAs the paper at hand aims at trac-
ing the environmental impact origin within the existing building portfolio of prevailing build-
ing typologies. To identify potentially important building parameters relevant to the resulting
environmental impact performance and resource consumption of different building typologies.
Based on 39 building LCA case studies that matched the specific inclusion and exclusion crite-
ria of the SLR a focus on global warming and climate change was detected. It was found that
even though buildings have different characteristics (size, typology, storeys, reference study
period and location), for most of the buildings’ environmental impacts were predominantly re-
lated to the production of structurally important concrete components e.g. the structural frame,
the external envelope, floor slabs and walls. To point towards which CE design strategies
should be used to improve the environmental performance of buildings; the environmental in-
formation from the studies was insufficient due to lack of detailed information.

1. Introduction
The building sector is responsible for 40% of energy consumption, 30% of greenhouse gas emission,
30% of raw materials consumption and 25% of solid waste production globally [1]. Hence the global
economic growth and increasing population puts extensive pressure on the natural environment and
resource reservoirs available, due to an increased demand for new construction [2]. Hence focus in the
sector on resource efficiency and the circular economy (CE) has grown in recent years. Furthermore,
interest in a better understanding of buildings’ life cycle resource consumption and embodied envi-
ronmental impacts is also growing in order to utilise the resource efficiency opportunities and seek out
better design solutions [3]. A way to attain this understanding is by conducting life cycle assessment
(LCA) of buildings [4]. LCA can facilitate CE decision-making by identifying the largest environmen-
tal impacts-reduction opportunities [3] and is a scientifically based method used to assess buildings’
environmental impacts within a building’s life cycle [5,6]. Over the last 15 years the number of pub-
lished and conducted LCAs related to case studies of buildings has grown continually [7] and several
standards for calculation guidelines exist. However, buildings are complex, unique, dynamic and long-
lived entities, consisting of multiple components and materials, which all provide different functions,
rates of replacement and degradation. Hence a building is more than the sum of its components [3] and
the environmental impacts and resource consumption depend of this complex context. Systematic
analysis of existing LCAs of buildings exist e.g. in Switzerland [8] and semi-systematic LCAs have
been performed on buildings in Denmark for several years [9]. However, there is a need for a broader
and more robust systematic analytical LCA approach to ensure that the complexity in buildings and
the complex interaction between various elements are identified in appropriate manners [10]. Thus,
allowing generalized learning in order to develop new design strategies and methods that help reduce
environmental impacts and resource consumption and avoid focusing on optimising building compo-
nents and materials of less environmental importance.

By tracing conducted LCAs and the environmental impact origins within the existing building port-
folio of prevailing building typologies, a fundamental knowledge from a thorough and systematic
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analysis of the material composition and the typical input and output of resources within the life cycle
of the buildings is achieved.

2. Methodology

A comprehensive systematic literature review (SLR) was conducted according to the method present-
ed by [11]. The SLR focused on identifying and registering environmental hotspots and resource con-
sumption found in existing building LCA case studies. The SLR considered both journal papers and
“grey literature” (i.e. non-peer-reviewed scientific material). The outline of the SLR is shown in Fig-
ure 1. The Scopus database was used to search for relevant literature using a search string with a spe-
cific set of predefined keywords specifically aimed at titles, abstracts and keywords: TITLE-ABS-
KEY ((building) AND (LCA OR "life-cycle assessment") AND ("case study")).

| Objectives of the study ‘

4{ Search targeted literature |

Systematic search Using
- . + Keywords H General search
(Retrieved 273) . F
oCUS areas
Papers including all life cycle stages,
4 provided results, cases containing a whole
Screening identifying building, impact categories (GWP, ODP,
eligible literature POCP.EP. AP, embodied energy)
l Snowballing from
mncluded papers

Selected 27 papers
for analysis

Figure 1. Outline of the SLR study methodology

2.1 Inclusion and exclusion criteria

The papers were carefully chosen using the following inclusion criteria: contain a whole building LCA
of an existing building over the building’s entire life cycle, which covers four stages: production, con-
struction, use and end-of-life. Furthermore, the papers had to contain information about: 1) in which
life cycle stage the highest environmental impacts were induced, 2) which building components and
materials induced the highest environmental impacts and 3) at least one of the following midpoint
impact categories: global warming potential (GWP), ozone depletion potential (ODP), photochemical
ozone creation potential (POCP), acidification potential (AP), eutrophication potential (EP), (chosen
based on their use for building LCAs in the EU/DGNB system [12]) and/or embodied energy. As fo-
cus was exclusively on the embodied environmental impacts related to the building materials, envi-
ronmental impacts related to operational energy consumption were not taken into account. Therefore,
if the studied LCAs showed that the "use stage" had the highest impact, investigations aimed at deter-
mining whether this was due to operational energy consumption or due to the replacement of materials
throughout the life of the building.

2.2 Source selection process

All potentially relevant papers identified from the search where filtered through a screening process
based on the aforementioned inclusion and exclusion criteria. From Scopus, 633 papers were identi-
fied from the search and were narrowed down to 273 by limiting the search to the three topic areas:
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engineering, environmental science and material science, and in addition by excluding papers not re-
lated to buildings. The 273 papers where subsequently screened by reading the title and the abstracts
in order to identify those papers that match the scope of the study presented in this paper, eventually
yielding 54 papers. These 54 papers were further evaluated based on their comprehensiveness, the
extent of the information provided, and whether or not this information aligned with the scope of the
study presented here. Hence, papers containing whole building LCAs of existing buildings covering
the entire life cycle were identified focusing on the LCA method used in the studies and the LCA re-
sults provided, yielding 15 relevant papers. By performing “snowballing” between these papers (using
the citations in the papers or the reference lists to identify additional papers), eight additional papers
were found. Grey literature fitting the selection criteria known a priori by the authors was also includ-
ed, resulting in a total of 27 relevant papers (see appendix).

2.3 Information extraction

Information extracted from the papers was registered in a spreadsheet and included the following pa-
rameters potentially relevant to the resulting environmental impact performance of the case buildings
studied in the papers selected: publication year, location of the conducted LCA case study, building
type, material composition, number of storeys, floor area (m?), functional unit, building lifespan, life
cycle inventory (LCI) database used and life cycle impact assessment (LCIA) method applied. Fur-
thermore, the life cycle stage as well as the building components and materials with the highest envi-
ronmental impacts were registered for each of the impact categories covered. In addition, as several of
the studies identified focused on embodied energy, this impact indicator was also registered in order to
include more studies. If the study contained more than one case building, each of these case buildings
was registered separately. During the search, it was discovered that the papers used different terms to
describe the life cycle stages and system boundaries. For example, the cradle-to-gate (raw materials
extraction, transportation to factory and production at factory) is described both as “raw materials ex-
traction”, “construction stage” and “A1-A3”. However, closer examination of what the papers include
in cradle-to-gate indicates that the papers describe more or less the same. Hence, a common name
reflecting the results extracted for the SLR was chosen following the structure of [13]. The lack of
LCA (terminology and modelling) alignment between the papers leading to incomparability between
the cases studied has to be taken into account when analysing the results from this SLR, i.e. LCAs can
only be compared when performed using the same system boundaries, functional unit as well as LCI
and LCIA method [14]. Similar issues are reported by [15], who conducted an SLR also applying pre-
defined criteria and compared the LCAs of the different building typologies on a general level.

3. Results

This study does not consider a temporal scope, although the papers found to be of relevance for this
study were all published in the last 15 years. In the past five years, the number of publications has
increased, potentially indicating growing environmental concern/focus within the building industry
[15]. The spatial distribution of the papers is shown in Figure 2. Most of the case studies within the
papers originate from Europe. 26 out of 39 of the studies are from Europe, with the majority from Italy
with 7/39, while the UK and Denmark account for 5/39 and 4/39, respectively. The remaining cases
are spread over the rest of the world in both developed and developing countries, although they are
dominated by the U.S., Turkey, Brazil and Malaysia. Focus on sustainable solutions is essential for
reviving economic growth. In line with this aim, Italy has engaged the 2030 Sustainable Development
Goals in its National Sustainable Development Strategy 2017/2030 (NSDS) [16]. The increased UK
focus on embodied environmental impacts in constructions during the Olympic games in 2012 yielded
strategies intended to reduce the amount of waste generated and designing for reuse [17]. The Danish
government published a report with political strategies for a strengthened construction industry in
2014 [18] and their CE strategies in 2018 [19].
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Figure 2. Selected building LCA case studies conducted in various countries. Divided into EU coun-
tries (blue, n=26) and non-EU countries (green, n=13)

Figure 3a shows the building typology in the case studies from the papers consisting of residential
buildings (apartments and single family houses), offices, a few educational buildings and one opera
house, 8/39, 14/39, 12/39, 4/39 and 1/39 respectively. Figure 3b shows that the reference study period
of the buildings assessed ranges from 30 to 120 years. An applied reference study period of 50 years is
dominant in the studied cases, with 24/39 occurrences. According to [20], the reference study period
of a building plays an important role since the LCA methodology requires results for the construction,
operation and end-of-life stage to be normalised on an annualised basis to allow for direct comparison.
However, [20] and [14] both stress the issues of inadequately defined and poorly validated reference
study periods in the LCA process. In particular, [20] highlights: no methodological documentation of
any theoretical or empirical reasoning regarding the chosen selection of building reference study peri-
od, which varies between 25 and 100 years. However, 50 years is the most frequently applied building
service life, typically justified by reference to other research also confirmed by [15], furthermore there
is often no consistency in choice of building reference study period in relation to building type or geo-
graphical region and it is not stated whether the replacement of materials or construction elements
during the building’s reference study period is taken into account. These areas of concern are also
found from the papers used in this study. Regarding the LCIA method, Figure 3c indicates that numer-
ous impact assessment methods are applied in LCA studies. Figure 3¢ also shows that [PCC, CML and
Eco-Indicator were the most common LCIA methods used, with respectively 19%, 17% and 17%.
Furthermore, 19% of the studies did not specify the method used.

a) Building typology b) Reference study period
3% H Residential, 3% 1 2% 3% m 30 years
apartment B 40 years
u ?esifljer;]tial, single 8% 50 years
amily house 0
office buidling 5% % " 60 years
m 70 years
M School building 3% m75 years
3% 80 years
H Opera house 100 years

120 years
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Figure 3. Mapping of the identified 39 LCA case studies from selected papers, a) Building typology,
b) Reference study period, ¢) LCIA method applied.

Figure 4 provides an overview of the registered hotspots in the life cycle stages and hotspots for build-
ing components from all case studies. The results are only shown in overall terms and are not shown in
specific units. The other life cycle stages were not registered as hotspots for any of the cases and are
therefore not shown in the figure.

40
8 35
g
2 30
[7,]
o 25
v
8 20
© 15
g 10 m Al-A3
E 5 B1-B5
R H
Q Q Q Q Q A
Q)
X
S
AS)
<</<°

Figure 4. Number of registered life cycle stage environmental hotspots.

The results presented in Figure 5 show that the production stage (A1-A3) induces the largest impacts
in all categories for by far most of the investigated cases. 7/39 cases include all of the five main impact
categories for the life cycle stage hotspots. 37/39 includes climate change (GWP), indicating that
many studies focus on climate change when conducting LCAs due to its status of the most well-known
impact category. Maintenance during the use stage only contributes around 1-5% of the impact in sev-
eral of the cases and impact categories. The vast majority of the buildings in the study, 29/38, are
made of concrete structures. Perhaps indicating that concrete is the prevailing material choice in con-
temporary building culture. Furthermore, concrete consumption in a country can be used as an indica-
tor of economic growth in that country [21]. As the buildings are primarily made of concrete, similar
environmental impact hotspots are exhibited between the buildings, namely the production stage from
the structural frame, external envelope, slabs and walls.
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4. Discussion and conclusion

The SLR compiled environmental hotspots related to both life cycle stages and components for 39
case studies from 27 research papers. Several papers were found during the SLR process, but most of
them were excluded due to lack of transparency, the limited inclusion of life cycle stages, or narrow
focus, e.g. focus on specific building components, potentially overlooking determining factors for the
overall environmental impact of the building.

Broadening of the keyword synonyms for “building” and “life cycle assessment” to include e.g.
“house” or “dwelling” and “life cycle analysis” may lead to additional relevant papers. However, the
research shows little or no deviation between the results of the case studies, suggesting that similar
results would be found in other studies using these keywords. Hence, the conclusions found from this
research are not expected to change.

The cases have different characteristics (size, typology, storeys, reference study periods, and mate-
rials) and are located in many different countries. The sample of cases is argued to be representative
enough to provide a sound review of environmental hotspots in different building typologies. Alt-
hough, the study at hand reveal that many LCAs on buildings exist varying reference study periods
(ranging from 30 to 120 years) and choice of LCIA methods (11 different methods used) found be-
tween the studies indicate lack of a consistent LCA approach in the research field, yielding general
conclusions difficult.

Consequentially, existing environmental information on buildings is insufficient to point towards
which CE design strategies should be the basis for improving buildings’ environmental impacts and
resource consumption due to the lack of detailed information on material inputs and outputs, and the
resulting environmental impacts, that change in magnitude and origin over time. Furthermore, it was
discovered in the SLR that 37/39 studies include GWP, indicating that many studies mainly focus on
GWP quantifies the greenhouse gas emissions when conducting LCA. This correlates with the popu-
larity of GWP as a main metric. However, CE not only focuses on the environmental impacts associat-
ed with the consumption of resources but also the depletion of resources. [22] raise the issues of a poor
correlation between GWP and other impact categories e.g. resource depletion. Consequently, a lack of
focus on resource depletion was found as only 3/39 case studies included resource depletion impact
categories such as abiotic depletion potential in their results.

Despite the lack of consistency between the LCAs it was, however, found from the SLR that, the
largest embodied environmental impacts primarily are induced in the buildings’ production stage (Al-
A3) in all environmental impact categories investigated. As mentioned, the 39 case studies were dom-
inated by concrete buildings. Due to the use of similar construction materials between the case build-
ings, the results between the different building types do not differ much. As a result, the environmental
impacts at the production stage originate from the structurally important concrete components, e.g.
structural frame, the external envelope, the ground slabs and the walls contributed with large environ-
mental impacts in the production stage of the buildings. These studies indicate that due to the large
environmental impacts in the production stage, impact reductions can be obtained by addressing more
focus to the design stage. Furthermore, focusing on optimising the constructions or substituting con-
crete with less environmentally problematic materials would be a way to address the large environ-
mental impacts from structural concrete elements.
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