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ABSTRACT

Buildings are major sources of greenhouse gas (GHG) emissions and contributors to the climate crisis. To meet
climate-change mitigation needs, one must go beyond operational energy consumption and related GHG
emissions of buildings and address their full life cycle. This study investigates the global trends of GHG emissions
arising across the life cycle of buildings by systematically compiling and analysing more than 650 life cycle
assessment (LCA) case studies. The results, presented for different energy performance classes based on a final
sample of 238 cases, show a clear reduction trend in life cycle GHG emissions due to improved operational
energy performance. However, the analysis reveals an increase in relative and absolute contributions of so-called
‘embodied” GHG emissions, i.e., emissions arising from manufacturing and processing of building materials.
While the average share of embodied GHG emissions from buildings following current energy performance
regulations is approximately 20-25% of life cycle GHG emissions, this figure escalates to 45-50% for highly
energy-efficient buildings and surpasses 90% in extreme cases. Furthermore, this study analyses GHG emissions
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at time of occurrence, highlighting the ‘carbon spike’ from building production. Relating the results to existing
benchmarks for buildings’ GHG emissions in the Swiss SIA energy efficiency path shows that most cases exceed
the target of 11.0 kgCO,eq/m?a. Considering global GHG reduction targets, these results emphasize the urgent
need to reduce GHG emissions of buildings by optimizing both operational and embodied impacts. The analysis
further confirmed a need for improving transparency and comparability of LCA studies.

1. Introduction
1.1. The role of buildings in responding to the climate crisis

The potential consequences of the climate crisis and the effects it
has already triggered are prompting an intensive examination of the
necessity of and possibilities for reducing anthropogenic greenhouse
gas (GHG) emissions. The relevance and pressing nature of this topic is
highlighted by the integration of climate change mitigation measures
into the globally recognized Sustainable Development Goals (SDGs) [1],
the alarming reports of the Intergovernmental Panel on Climate Change
(IPCC) [2] and the commitments to national GHG emission reduction
measures within the framework of the United Nations Climate Change
Conference of the Parties (COP) [3].

The relevance of ‘buildings’ and the ‘construction industry’ in this
context is highlighted, for example, in the yearly status reports pub-
lished by UN Environment, the International Energy Agency (IEA) and
the Global Alliance for Buildings and Construction (GABC). These re-
ports make it clear that “building construction and operations [account
for] 36% of global final energy use and 39% of energy-related carbon di-
oxide (CO2) [emissions]” [4].

In recent reports [2,5], the IPCC identified ‘buildings’ as an essential
field of action for a number of reasons. First, building operations
worldwide account for 28% of energy-related GHG emissions [4]. These
emissions from building operation arise from the energy used for
heating and/or cooling, hot water supply, ventilation and air con-
ditioning, lighting, and process-related climate-relevant GHG emis-
sions, i.e., the release of refrigerants and blowing agents (HFC- and
PFC-gases). Second, because ‘buildings’ are responsible for a massive
amount of current GHG emissions, they also have significant potential
to reduce GHG emissions through improved operational energy effi-
ciency. In this context, the IPCC states that “1.5 °C-consistent pathways
require building [GHG] emissions to be reduced by 80-90% by 2050, new
construction to be fossil-free and near-zero energy by 2020”, and the need
for “an increased rate of energy refurbishment of existing buildings to 5%
per annum in OECD countries”[5].

Thus far, efforts to improve building-related GHG emissions focus

mainly on increasing energy efficiency to reduce operational energy
demand and on increasing the use of renewable energy carriers.
Eventually, the aim is a net-zero energy and emissions balance in the
use phase of buildings. In addition to conserving non-renewable energy
sources, pursuing these goals should support the reduction of GHG
emissions across the life cycle of buildings. The tightening of legal re-
quirements regarding energy efficiency in building operation has led to,
e.g., growing awareness among actors in the construction and real es-
tate industry, increased development of related construction products
and systems, and the establishment and improvement of various in-
formation and design support tools. Altogether, these measures have
successfully contributed to a decline in the energy demands of building
operation, thus shifting the environmental hotspots to other stages in
the life cycle of buildings [6].

1.2. Shifting focus from efficiency in operation towards a full life cycle
perspective

Currently, a large part of the scientific community in the field of
buildings and energy research focuses on optimizing the so-called ‘op-
erational’ energy use of buildings and, more recently, on the associated
GHG emissions. However, given the full life cycle of buildings, energy
use and GHG emissions occur for reasons that extend beyond building
operation. Energy is required for the manufacturing of construction
products; it is ‘invested’ in the construction of new buildings and in
modernization and replacement measures; and it is consumed by
transport and construction processes as well as during the dismantling
and disposal of buildings and materials. The field of buildings and en-
ergy research can build on previous work on embodied energy from the
twenties and eighties of the last century [7-10]. In particular, the
publicly available results of IEA ECBCS Annex 31 Energy-related en-
vironmental impacts of buildings [11] and IEA EBC Annex 57 Evaluation of
Embodied Energy and COeq for Building Construction [12] are highly
relevant.

The life cycle assessment (LCA) methodology, internationally stan-
dardized in the 1990s, aims at quantifying the environmental impacts
of products and processes throughout their entire life cycle, i.e., from
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Fig. 1. Display of modular information for the different stages of building assessment (acc. EN 15978).
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‘cradle-to-grave’ [13-16]. This approach provides a sound methodolo-
gical basis for calculating energy consumption and assessing resource
depletion, GHG emissions and other environmental indicators over the
full life cycle of buildings [17-20].

Due to methodological developments in recent years, the applica-
tion of LCA has been successfully facilitated in the construction in-
dustry. Increasingly, manufacturers of construction products publish
LCA data for their products using Environmental Product Declarations
(EPD) [21-23] and other formats, the establishment of which follows
international standards such as ISO 14040/14044 [24]. In a European
context, the related standards for the sustainability of construction
works are EN 15978 (‘Assessment of environmental performance of
buildings’) and EN 15804 (stating the core rules of establishing EPDs).
Fig. 1 presents the general structure and definition of stages in the life
cycle of buildings according to the European standard for the sustain-
ability of construction works, assessment of the environmental perfor-
mance of buildings (EN 15978).

1.3. Challenges and misconceptions regarding life cycle-related GHG
emissions

There are systemic reasons for the lack of attention paid to embo-
died impacts in building-related energy research thus far. The energy
consumption and GHG emissions that arise in the life cycle of buildings
are cross-sectoral issues. Top-down statistics and environmental con-
siderations are typically broken down by economic sectors. The
‘buildings’ sector includes all activities related to the operation of
buildings, whereas the construction of these very same buildings is
attributed to the ‘industry’ sector. Today, the production of construction
products used for new buildings and for the refurbishment of existing
ones represents 11% of global overall energy- and process-related GHG
emissions, with more than half of these emissions related to the man-
ufacturing of steel and cement [25]. The most recent IPCC report aimed
to overcome this division by including a short discussion of embodied
energy in buildings [5].

One of the reasons embodied impacts have seldom been considered
in policy making is the misconception that factors other than opera-
tional energy demands and GHG emissions are negligible aspects of a
building's environmental performance. Now considered outdated, ear-
lier studies showed that for typical buildings, the ratio of embodied to
operational impacts was approximately 1:10. Therefore, the embodied
contribution to life cycle energy was within the uncertainty range of the
energy demand forecast for building use and thus not considered re-
levant [26]. However, this situation has changed dramatically. In recent
years, several studies have demonstrated the growing importance of
embodied impacts, both relative to their contribution to life cycle-based
performance and in absolute terms [27-30]. Among the topics in-
vestigated and discussed are the relative and absolute values of the
embodied impacts as well as how to identify related benchmarks
[31-33]. In some countries, there are initial standards that identify
benchmarks for embodied and operational GHG emissions, e.g., the

Table 1
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Swiss SIA [34,35]. Studies often use only one or a few buildings to
examine how individual building and site characteristics affect the
magnitude of the embodied GHG emissions or their contribution to life
cycle GHG emissions; few studies have investigated a larger number of
buildings [32]. Examples of the parameters commonly analysed are (i)
the type of building and its use [36,37]; (ii) site-specific properties (e.g.,
country, climatic zone, seismic zone) [38,39]; (iii) the energy perfor-
mance standard [40,41]; (iv) construction method (choice of main
building materials (e.g., for structural system, envelope, internal walls)
[36,42-44]; and (v) the size and shape of the building (e.g., floor area,
number of stories, general shape) [32,36].

However, as shown in Table 1, studies investigating the matter have
thus far been limited regarding the number and variety of studies
compared; they are often limited to one building type and are limited in
scope with regard to temporal and spatial representativeness. To date,
no studies have systematically investigated recent trends in the con-
tribution of embodied and operational impacts across the life cycle of
buildings. The present paper aims to analyse the relative and absolute
relevance of operational and embodied GHG emissions across different
geographical locations, building types and energy performance stan-
dards.

1.4. Research questions

Building on the state of the art as described above, the following
research questions are investigated:

I. What is the historical trend and current state-of-the-art with regard
to the contribution of embodied versus operational GHG emissions
in the life cycle of buildings?

II. Is there a clear and causal trade-off between operational and em-
bodied GHG emissions, or can buildings have both below-average
operational and below-average embodied GHG emissions?

III. How does a consideration of the temporal distribution, i.e., time of
occurrence of GHG emissions in the life cycle of buildings, influence
conclusions in the context of the climate crisis?

2. Material and methods
2.1. Systematic compilation of scientific literature

The collection of published information and subsequent analysis of
the documents were performed following the structured protocol for
Systematic Literature Review (SLR) and the ‘snowball’ approach
[45,46], a complementary strategy to assure relevant sources are not
left out which consists of checking the reference lists of papers and
reports collected via the initial protocol. Based on the previously de-
fined research questions, the authors systematically searched the pub-
licly available literature using the following keyword string: [(LCA OR
life cycle assessment) AND buil* AND embodied]. The search was
performed on ‘Scopus’, checking for the presence of selected terms in

Overview of previous studies documenting embodied GHG emissions and the parameters that affect them.

Paper(s) Number of buildings Analysed parameter(s) affecting embodied GHG

De Wolf, Iuorio and Ochsendorf, 2014 3 Construction method (choice of main building materials)

De Wolf et al., 2015 200 Construction method (choice of main building materials)

Chastas, Theodosiou and Bikas, 2016 90 Energy performance standard

Cobirzan et al., 2017 2 Site-specific properties

Hossain and Ng, 2018 37 Type of building and use

Koezjakov et al., 2018 25 Energy performance standard

Ng et al., 2016 1 Site-specific properties

Passer, Kreiner and Maydl, 2012 5 Construction method (choice of main building materials)

Saynédjoki, Heinonen, Junnila, et al., 2017 116 Construction method (choice of main building materials); Size and shape of building

Simonen, X Rodriguez and De Wolf, 2017 1007

Size and shape of building
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the paper’s abstract, title or keywords, limiting results to English-
written papers only. The search criteria further predicted the exclusion
of grey literature (e.g., conference proceedings, master’s and/or doc-
toral theses, books/chapters), and no time boundaries were set. In ad-
dition, the authors used the snowball approach to identify publications
that are relevant but may have not shown up in the systematic search.
This approach was executed by (i) checking the reference list of each
sampled paper, (ii) assessing case studies listed in European technical
reports, and (iii) consulting experts in the field for additional input
regarding relevant LCA studies. The database search was finalized in
July 2018, but additions via the snowball method continued through
March 2019.

The scientific papers that matched the initial search criteria were
then transferred to a reference management software, where, following
the SLR method, they went through three filtering phases: (i) a title
analysis, (ii) an abstract analysis and (iii) a full paper in-depth analysis
and data extraction. Filtering was carried out conservatively, i.e., by
retaining — up until the final screening phase — papers for which it was
uncertain whether they could contribute to answering the research
questions (iii). Fig. 2 illustrates the phases of database search and fil-
tering, showing the number of studies remaining after each phase.

A total of 369 papers matched the initial search. After the first fil-
tering round (title-based), 20 papers were excluded. The abstract ana-
lysis led to the elimination of 168 papers. Finally, after a full paper
investigation, the final paper sample was composed of 94 files, en-
compassing 325 case studies. The snowball approach added 331 case
studies to the review, documented in 43 scientific papers, 9 reports, 2
master theses and one book. An overview of all studies compiled for this
analysis, and the studies contained in the final sample, can be found in
the supplementary information (Table S1).

To extract information from the studies in the final sample, a data
extraction table was established to systematically collect relevant me-
tadata, building-related and method-related information, as well as
energy and GHG emissions from sampled papers and technical reports
(Fig. 2). The information collected in the data extraction table fed the
meta-analysis, which allowed for a joint discussion of the findings, as
well as an in-depth analysis of GHG emissions across buildings’ life
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cycles as reported in the identified studies.

2.2. Data transformation and classification

2.2.1. Harmonization procedure

For the analysis of absolute embodied GHG emission (EGHG) va-
lues, all results collected in this study have been harmonized to the
common reference unit kgCOzeq/m?a, which expresses GHG emissions
in kg CO, equivalent per square metre (m?) of gross floor area (GFA)
normalized across a 50-year Reference Study Period (RSP).

Due to the aim of applying a harmonization procedure towards a
common floor-area-based reference unit, the sample of LCA results was
limited to studies reporting the GHG emissions either per m* GFA or m?
NFA (net floor area) or, at least, providing the information necessary to
calculate any of these two areas (e.g., building plans). In other words,
studies that only vaguely defined the functional equivalent were ex-
cluded from the final sample. In the case of the studies that only re-
ported the m? NFA, the results were converted to m? GFA using a net-to-
gross adjustment factor, as described in the following. The definitions
‘usable floor area’ and ‘gross internal floor area’ were considered to be
equivalent to the NFA definition. As a general rule, GFA indicates the
total constructed area, while NFA refers to the area inside the building
and excludes the area covered by the outer walls of a building (ISO
6707-1).

All values of the sample were transformed to the common reference
unit kgCO,eq/m?a by dividing, where necessary, with the reference
study period and square metres stated in each study. As previous studies
have showed, differences in the building life span as well as in the re-
ference study period could lead to significant variations in the results
[47,48]. Hence, following this initial harmonization, a two-step pro-
cedure was employed. First, the total sample of annualised EGHG va-
lues was normalised for a 50-year reference study period using Formula
.

RSP

EGHGwmleGHG(——J

50 (€9)

where

“What is the contribution of embodied versus operational emissions in a building’s life cycle?”
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EGHG,oym; = Annualized EGHG value after the 50-year normal-
ization (kgCO.eq/m?asg)
RSP = Reference study period considered in the investigated study

Second, using Formula (2) for building cases where only the NFA
was known, the EGHG,,;m1 values were converted into GFAs by ap-
plying a constant of 0.8m? NFA per m? GFA (in line with [49]).
However, the specific net-to-gross floor-area conversion factor may
differ across countries and building types due to differences in building
codes and architectural practices [36].

EGHGormz = 0.8EGHG0rm1 2

The relative figures (i.e., share of embodied GHG emissions) were
obtained by converting EGHGnorm1 values from step 1 into percen-
tages.

2.2.2. Data classification

The final sample dataset was analysed with regard to the building
type, energy performance standard and location. For building types, a
two-category division into residential and office buildings was em-
ployed. For the energy performance classification, the building cases
were categorized into three different types of energy performance:

(a) ‘New advanced’ buildings (i.e., studies assessing passive houses,
low-energy buildings or near/net zero energy or emission (NZEB)
buildings);

(b) ‘New standard’ practices (i.e., buildings following current standards
regarding operational energy performance, which are in place as
legal requirements in most of the countries investigated), or

(c) ‘Existing standard’ buildings, i.e., constructed before the tightening
of legal requirements for building operation (these ‘existing stan-
dard’ buildings make up the majority of the building stock).

For the latter two types, a point in time was defined before which
buildings were considered to have a different level of energy perfor-
mance. This time point was defined following a ‘rule of thumb’ regional
approach and giving the label ‘existing standard’ to the following:

e All existing building cases built prior to 2005 for Europe and
Australia. This date was chosen as critical for these two regions
because a few years earlier, stricter energy standards began to be
introduced, i.e., the first version of the Energy Performance of
Buildings Directive (EPBD) in Europe in 2002 (updated in 2010)
[50] and a ‘4-star’ requirement in the Building Code of Australia in
2003 [51]

All office buildings built prior to 2007 and residential buildings built
prior to 2009 for the USA. The selection of these two dates is also
based on the introduction of tighter energy standards in the US
around that period of time, i.e., ASHRAE 90.1:2007 [52] and the
2009 International Energy Conservation Code (IECC)

Although each country has a different history with respect to en-
forcing stricter energy efficiency regulations and standards, defining a
different point in time for each country included in the review was not

Table 2
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feasible. For the classification of location-based climate zones, the
widely applied Koppen-Geiger climate classification (1980-2016) [53]
was applied, focusing on its five main zones: (A) Tropical; (B) Arid; (C)
Temperate; (D) Continental; (E) Polar.

2.2.3. Exclusion criteria and data quality requirements

One challenge identified in the screened literature was that a sig-
nificant share of the published papers, surprisingly, either do not report
their data sets in sufficient detail to allow an analysis of their scope or,
in some cases, report implausible results. This limitation reduced the
number of eligible results that could be included in the analysis to 583
cases. The systematic analysis focuses on studies investigating ‘New
buildings’ (calculated GHG emissions of new building models and ar-
chetypes) and ‘Existing buildings’ (impacts of buildings already in op-
eration) and was limited to residential and office buildings. All papers
dealing with ‘refurbishment’ cases were excluded because, from a
methodological point of view, they do not allow comparison with the
results of new construction cases. This restriction reduced the dataset to
401 cases. Therein, studies reporting only embodied energy (EE) but no
embodied GHG emissions (EGHG) were excluded because a ‘general’
conversion factor from primary energy to GHG emissions does not exist
and a regional conversion based on the various differences in con-
struction material use, fuel type or year was not feasible. The final
dataset for the analysis of global trends was composed of 238 building
cases based on 54 studies.

It is important to note that in many papers, the results were not
provided in numerical terms but only given in graphs and charts.
Although the extracted values from these papers are thus only visual
approximations, they are accurate enough for the purposes of the pre-
sent study and therefore were considered in the analysis if all other
inclusion criteria were met.

Although the harmonization of the reference unit and reference
study period of the results analysed in this study enables general
comparison, the results are still influenced by the studies’ diversity
regarding building type, climate, scope in relation to the included life
cycle stages, type of LCI data, etc. As these parameters could not be
fully harmonized, they indicate a source of systematic uncertainty.

2.3. Final sample meta-analysis

The meta-data analysis of the studies contained in the final sample,
as presented in Table 2, shows that the majority of case studies within
the final sample come from European countries (74%), followed dis-
tantly by Asian countries (15%) and Oceania (6%). Cases from North
America, South America and other regions make up only a minor
fraction in this sample (sum of 5%). This distribution explains why the
majority of case studies were located in either a Temperate (C) (64%) or
Continental (D) climate (25%). The analysis thus revealed a clear re-
search gap regarding studies from the Americas as well as from tropical
countries more generally. This gap in the analysis is notable considering
how outside temperature can affect heating and cooling energy demand
during a building’s use phase. In terms of building type and energy
performance, the final sample is hence composed of office (52) and
residential buildings (186), mostly adopting current standards in

Number of cases in the final sample (and total of initially eligible but excluded cases) sub-divided based on, e.g., building’s type of function, energy performance

class, world region and climate zones (acc. Koppen-Geiger definition).

Type of function Energy performance

World region Climate zone

Residential 186 (416) Existing Standard 67 (89)

Office 52 (83) New standard 111 (274)

other -(84) New advanced 60 (159)
n/a - (61)

Europe 175 (388) Tropical (A) 10 (27)
Asia 35 (77) Arid (B) 12 (18)
Oceania 15 (60) Temperate (C) 153 (393)
North America 4 (21) Continental (D) 59 (138)
South America 7 (24) Polar (E) 1)

other 2(13) n/a 3(6)
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energy performance, i.e., ‘New standard’ and ‘New advanced’ buildings.

For the reference study period (RSP) applied throughout the dif-
ferent studies, an RSP of 50 years was the predominant choice (ap-
proximately 60% of the sample). The preference for this specific esti-
mation is consistent with the depreciation principles for construction
investments [54].

3. Results and discussion
3.1. The increasing importance of embodied GHG emissions

The analysis of life cycle GHG emissions in the collected building

Applied Energy 258 (2020) 114107

cases makes clear that with increasing energy efficiency in buildings,
the relevance of embodied GHG emissions is increasing in both relative
and absolute terms as shown in Fig. 3.

Fig. 3a presents the outcome of the analysis of the average of GHG
emissions across the life cycle of the buildings investigated in absolute
terms (i.e., kgCO,eq/m?a), distinguishing between embodied and op-
erational GHG emissions (stacked bar graph). Furthermore, Fig. 3a
shows the relative contribution (percentage) of embodied GHG emis-
sions in buildings’ life cycle GHG emissions (line graph). The figure
presents these values for both residential and office buildings combined
as well as separately for each of these building types. The results are
further distinguished into three ‘energy performance classes’, ranging

a) Global trends in embodied and operational, life cycle GHG emissions
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from ‘existing standard’ buildings to ‘new standard’ and ‘new advanced’
buildings’, as defined in the section 2.2. Focusing on this embodied
GHG emissions share, there has been a global escalation of the con-
tribution of embodied GHG emissions in both residential and office
buildings — from ~20% to ~50% in new advanced buildings, surpassing
90% in extreme cases. This relative increase in embodied GHG emis-
sions is mainly because operational GHG emissions have dropped in the
transition from existing buildings to buildings with new and advanced
standards. These trends can be observed for both building types, i.e., in
office and residential buildings. These results are consistent across
different locations, i.e., there are similar trends in studies from Europe
or Asia as well as in the full set of globally distributed LCA studies.

At the same time, embodied GHG emissions have, in absolute terms,
either not declined or have even increased. Our analysis shows that this
increase in embodied GHG emissions in absolute terms can be observed
as an overall trend for residential buildings, where embodied GHG
emissions have been increased on average, from approximately 6.7
kgCO,eq/m?a for existing buildings to 6.7 and 11.2 kgCO,eq/m?a in
new and advanced residential buildings. The same trend is not found
for the investigated office buildings, where in absolute terms, a de-
crease and levelling of embodied GHG emissions can be observed, from
approximately 17.3 kgCO,eq/m?a for existing buildings to 11.6 or 12.0
kgCO,eq/m>a for new or advanced office buildings.

Investigating the distribution of data in more detail, as shown in
Fig. 3b, values of both operational and embodied emissions are found to
vary widely even for buildings of the same type and energy perfor-
mance class. The absolute values for GHG emissions embodied in new
buildings with standard and advanced energy performance, ranges from
approximately 3.3-13.3 kgCO,eq/m?a for residential buildings and
7.1-11.6 kgCO,eq/m?a for office buildings (1st to 3rd quartile).

Complete descriptive statistics and related values can be found in
Table S2 of the supplementary information. Furthermore, the dis-
tribution of embodied and operational GHG emissions is presented for
cases from Europe and Asia in Figures S1 and S2, respectively. Potential
aspects driving these differences are discussed in the section 3.5.

A critical investigation of these results reveals that the GHG emis-
sion peak for existing office buildings globally is mainly driven by re-
sults obtained from Input-Output (IO)-based LCA studies of office
buildings in Japan [55] and the United States [56]. These two studies
provide more than ninety percent of the ‘existing’ office building cases
in the sample, while most of the other building cases use the Ecoinvent
database (i.e., a generic database containing average environmental
datasets about construction materials) either exclusively or in combi-
nation with regional data sources. An overview of the wide variety of
data sources used by the studies contained in the final sample is pro-
vided in the supplementary information (Table S3). [0-based LCA stu-
dies, in general, are known to yield impact results at a higher level than
process-based studies [36,57], which could explain why these studies
report higher GHG emissions. The methodological differences between
following a bottom-up (process-based) or a top-down (IO-based) ap-
proach arise at the very beginning of an LCA study, defining early
modelling choices and paths to be taken by the LCA practitioner.

3.2. Life cycle GHG emission metrics of individual building cases

The life cycle performance of a building in terms of its environ-
mental impact depends on various factors, as laid out earlier.
Furthermore, the building function, related requirements for thermal
comfort, and its occupational patterns during use, including user be-
haviour, influence life cycle impacts and, for that matter, GHG emis-
sions.

Fig. 4 gives an overview of the individual results from the in-
vestigated studies by showing the total life cycle GHG emissions over
the share of embodied GHG emissions. Coloured areas provide an ap-
proximation of clusters representing the energy performance classes.
Note that to provide a clearer picture of the situation, we have limited
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the y-axis to 100 kgCO,eq/m?a, hence omitting a small number of ex-
treme results (occurring for reasons discussed in the methodology sec-
tion). We observe a spread of life cycle-related GHG emissions ranging
from below 10 kgCO,eq/m?a up to more than 90 kgCO,eq/m?a.
However, we can also clearly see a trend in which the energy efficient
buildings, where operational energy consumption has been reduced
(indicated by a higher share of embodied GHG emissions), have overall
lower emissions across the life cycle. This result confirms the previous
observation arguing that the improvement of energy efficiency in
buildings did reduce overall GHG emissions (Fig. 3). Moreover, when
zooming in on buildings with low life cycle GHG emissions in the re-
ference study period (lower than 20 kgCO,eq/m?a), it becomes evident
that the share of embodied GHG emissions tends to increase from ex-
isting standard buildings to new standard and new advanced buildings.

This result is striking because it shows that it was and is possible to
design low life-cycle-emissions buildings with all types of standards.
However, buildings built with existing standards relied on smaller
embodied GHG emissions and a higher contribution of operational
energy and related GHG emissions. In contrast, for similar total GHG
emissions, the buildings with newly advanced standards show a sub-
stantially higher share of embodied GHG emissions, which means that
most of the GHG emissions saved through energy efficiency measures
have been lost or even outweighed through extra emissions from
building materials and technical systems.

Fig. 4 clearly shows a shift in the origin and therefore the timing of
occurrence of GHG emissions from existing to advanced buildings. The
results confirm that there is a general tendency towards a higher share
of embodied GHG emissions, which, in the current analysis, correlate
with lower total GHG emissions in the building’s life cycle. At the same
time, the results show that it is possible to achieve low total emissions
without necessarily increasing the share of embodied GHG emissions.

As will be discussed in more detail, the results of LCA studies of
individual building cases are influenced by a variety of parameters and
methodological choices. However, across all these varieties, which are
in part due to the large number of studies analysed, we see clear trends
and consistent results in the average values shown in Fig. 3 and when
investigating the clusters of individual studies’ results as shown in
Fig. 4. The results are therefore considered robust because they show
consistent trends across studies from different geographical contexts,
climate zones and building types.

3.3. European residential buildings and benchmark comparison

To improve the understanding of individual buildings’ performance,
we investigate the relation of the best-practice examples in this analysis
and existing benchmarks for buildings’ GHG emissions.

As described in the meta-analysis, most of the data collected in the
systematic review are from buildings in Europe. Within this dataset, we
observe a more homogenous situation regarding differences in geo-
graphical aspects as well as overall technical building standards. In this
sense, an analysis is presented below focusing on how the residential
buildings in Europe contained in the dataset perform in relation to
existing benchmarks for buildings’ life cycle performance as well as
benchmarks for embodied GHG emissions. The benchmark used for
comparison is the Swiss SIA 2040 [35]. The SIA 2040 provides well-
established benchmarks for buildings based on the ‘2000 Watt society’
concept. The benchmark provides a life cycle-based target value for
buildings, including embodied impacts, operational impacts, and im-
pacts due to so-called building-related mobility. These benchmarks
were established following a top-down approach based on a global GHG
budget, which was transferred to a budget per capita. According to the
Swiss 2000 Watt society principles [58], and according to the German
Environment Agency [59], reaching a goal of reducing GHG emissions
to 1t COseq per capita and year by the year 2050 puts us on track to
achieve ‘climate neutrality’." SIA 2040 further splits this per capita
budget into different sectors, such as housing, mobility or private and
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public consumption. Thirty-six percent of GHG emissions are attributed
to housing. Other countries currently have, or are planning to in-
troduce, benchmarks for the GHG emissions of buildings (see [60]), but
the 2000 W society benchmark is at this point considered one of the
clearer approaches and has already been used by many studies in-
vestigating the environmental impacts of buildings [61,62].

Fig. 5 shows the total life cycle GHG emissions of European re-
sidential buildings over the amount of embodied GHG emissions and
the related benchmarks according to SIA 2040. The figure clearly shows
that most of the buildings do not meet the target values. For the vast
majority of cases, total life cycle GHG emissions are higher than 11.0
kgCO,/m?a. This is the case independent of the buildings’ energy

! At the time of writing, the 2000 W society benchmarks are under revision.
Most likely, the benchmarks will be substantially lowered to comply with the
scientific findings of the IPCC 1.5 °C special reports [76].

standard. For all energy performance categories, i.e., existing standards
for new standard and new advanced buildings, only a few cases meet
the benchmarks. Considering the buildings that do meet the targets, it
can be observed that it is not necessarily the buildings with new stan-
dards that have a better chance of meeting the targets. This raises the
question of the adequacy of building standards, focusing on operational
energy efficiency, compared to the targets that need to be achieved to
stay at a global temperature increase of ‘well below 2°C’. If new
building standards do not necessarily meet the targets, which kind of
building requirements, policies and directives have to be implemented
to bend the GHG emission curve of buildings? The analysis shows that
target values related exclusively to the operational phase are not suf-
ficient for reducing life cycle GHG emissions. It is therefore necessary to
develop and implement benchmarks addressing embodied GHG emis-
sions and overall environmental life cycle performance to put buildings
on track for ambitious and effective climate mitigation scenarios.
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3.4. Temporal distribution: the ‘carbon spike’ from initial GHG ‘investments’

The importance of addressing embodied GHG emissions is further
emphasized when considering the temporal distribution of life cycle
GHG emissions due to the ‘carbon spike’ resulting from building pro-
duction. In the context of the Paris climate goals and limited GHG
emission budgets for achieving net zero GHG emissions globally, as
emphasized in the IPCC 1.5 °C special reports [2], emissions across the
life cycle of buildings have to be lowered to ‘net zero’ eventually.
Hence, the GHG emissions invested in erecting and modernizing
buildings and other infrastructure must be ‘cost-effective’, i.e., their
GHG ‘investment’ has to contribute to eventually reducing the level of
GHG emissions from a whole life cycle perspective. The previous sec-
tions showed that investing more in embodied GHG emissions does not
necessarily reduce life cycle GHG emissions and that ‘advanced’
building concepts are not necessarily the most effective way to achieve
low life cycle GHG emissions.

To further explore the issue of GHG investment, Fig. 6 illustrates the
temporal occurrence of GHG emissions across the building life cycle.
The figure draws on the average values for embodied and operational
GHG emissions as shown in Fig. 3, partly reversing the normalization
and transforming the values to the accumulated sum of embodied and
operational GHG emissions across the years of the life cycle. Embodied
GHG emissions therein are distributed by allocating GHG emissions
across different life cycle stages based on shares from the literature
[63]:, i.e., the production and construction process stage (64%); the use
stage (maintenance and replacement) (22%); and the end-of-life stage
(14%).

Fig. 6 conceptually shows the accumulation of GHG emissions
plotted at the time of occurrence on a year-by-year basis for ‘New
Standard’ and ‘New Advanced’ buildings. In this exercise, all GHG
emissions associated with the replacement of construction elements
during the use stage are modelled as taking place in one single year, i.e.,
in year 25 after construction. In reality, both replacement activities and
the related GHG emissions would occur at different discrete points in
time during the use stage.

The embodied ‘carbon spike’ occurring in the year of construction
(plotted in year 1) relates to emissions from the production of building

a) Net global GHG emission pathways (acc. IPCC SR 1.5)

Target: Net zero life cycle GHG emissions, i.e. embodied and operational, by:
ii) year 2055 for ‘well below 2°C* scenario

i) year 2040 for ‘1.5°C pathway"

b) Average ‘New standard’ building

|
c) Average ‘New advanced’ bui‘ding
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materials and the construction of the building. Following the findings
presented earlier in Fig. 3, on average, this initial GHG investment for
‘New Standard’ buildings is 253 kgCO.eq/m? For ‘New Advanced’
buildings, the initial investment is 377 kgCO,eq/m? on average. In-
vestigating the dataset in detail, the variety of this initial GHG invest-
ment for new standard or advanced buildings ranges from 103-423
kgCOzeq/m? (1st to 3rd quartile) and surpasses 1250 kgCO,eq/m? in
extreme cases. The replacement of materials, when summed as one
occurrence, generates an additional spike of GHG emissions during the
use stage, in the magnitude of on average 87 kgCO,eq/m? for ‘New
Standard’ buildings and 132 kgCO,eq/m? for ‘New Advanced* buildings
(based on today’s GHG emissions of materials manufacture).

In contrast, operational GHG emissions occur throughout the
building life cycle and are plotted on an annual basis, with amounts of
26 kg kgCO,eq/m?a for ‘New Standard’ buildings and 15 kgCO,eq/m?a
for ‘New Advanced’ buildings. Assuming constant GHG emission values
and plotting over the reference study period (50 years), the accumu-
lating operational GHG emissions exceed the amount of embodied GHG
emissions of ‘New Standard’ buildings after approximately 10 years of
operation. For ‘New Advanced’ buildings, this break-even occurs only in
year 35, i.e., after all GHG emissions from replacements have been
taken into account. This ‘static’ approach towards modelling opera-
tional impacts can be considered the default procedure in building LCA.
However, due to ambitions to increase renewable energy production,
the annual GHG emissions related to the energy demand of buildings
are expected to decrease. According to the International Energy Agency
(IEA), global GHG intensity of energy production fell an average of
2.0% in the period 2014-2018 (International Energy Agency, 2019).
Projecting that trend of emission intensity reduction, the actual re-
levance of GHG emissions from operational energy use will further
decrease with time. This trend towards increased GHG emissions effi-
ciency in production is expected to also lower the embodied impacts
associated with the future replacement of building materials and the
end-of-life treatment of construction materials. However, the figure
shows that improvements to material production and end-of-life treat-
ment are less relevant to the accumulated GHG emissions than is the
reduction in operational GHG emissions.

When considering the expected GHG emission reduction of the
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Fig. 6. (a) IPCC GHG emission reduction pathways (acc. [2]) in relation to the temporal distribution of GHG emissions (embodied and operational) across the life
cycle of (b) ‘New Standard’ buildings and (c) ‘New Advanced’ buildings. Projections for future reduction of emission intensity (hatched areas) are based on a yearly

improvement of 2% (acc. I[EA [4]).
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energy mix in the future, the ‘investment’ of embodied GHG emissions
due to building production is becoming the single most influential
source of GHG emissions in the life cycle of buildings (as shown in
Fig. 6). In this case, the comparison of embodied versus operational
GHG emissions in the life cycle of ‘New Advanced’ buildings reveals a
ratio of approximately 1:1 on average, with embodied GHG emissions
dominating the timeframe available for effective climate change miti-
gation measures.

Furthermore, this analysis also showed that a 2% annual decrease in
the GHG emissions intensity of grid energy [4] will only bring about
half the emission reductions needed for the net-zero target of 2050.
Hence, this demands that the energy sector further accelerate the dec-
arbonisation of energy provision to reach that target. Simultaneously,
decarbonisation efforts related to building operation need to further
reduce energy demand and GHG emissions from building operation in
the future, down to ‘near-zero’. The potential strategies for improving
energy systems on different scales and through different technologies
(e.g., district heating or combined heat and power (CHP) vs. elec-
trification and use of heat pumps on a building level) have to be as-
sessed on a case-by-case basis with regard to their economic and
technical feasibility as well as their effectiveness in reducing GHG
emissions and other environmental impacts [64-66]. In line with IPCC
recommendations, this requires “new construction to be fossil-free and
near-zero energy by 2020”, and “an increased rate of energy refurbishment
of existing buildings to 5% per annum in OECD countries”[5]. To achieve
the required ‘near-zero’ energy performance for both new and existing
buildings, additional embodied GHG investments in building materials
and systems are necessary.

As these embodied GHG emissions are occurring upfront, i.e., at (or
prior to) the time of construction, they are exceptionally relevant
considering the need to decarbonize the global economy while re-
specting limited GHG emissions budgets. This situation emphasizes the
urgent need to assess and optimize the effectiveness of embodied GHG
emissions invested in buildings.

In this paper, the term ‘decarbonisation’ is used to describe the
process of reducing emissions of carbon dioxide (CO,) and other
greenhouse gases (GHG), which is consistent with the wording used by,
e.g., the IPCC. Because the GHG emissions reduction is achieved mainly
through reduction of fossil fuel based energy provision, the term ‘de-
fossilisation’ is found more and more in contemporary discourse.

3.5. Limitations and methodological considerations

LCA results are heavily dependent on the methodological choices
made by practitioners. Moreover, when applying the method to a
complex and long-living system, i.e., an entire building, the number of
crucial aspects and scenarios to be considered increases. In these cases,
practitioners’ preferences and idiosyncrasies, coupled with the pecu-
liarities of the systems that compose a building and their interactions,
play a significant role in the LCA’s modelling design.

To collectively assess the findings of whole-building LCAs, one must
identify certain archetypes that allow the case studies to be compart-
mentalized into groups. Here, as previously mentioned, the results were
divided among others based on the type of function (office or re-
sidential), energy efficiency performance, building location and climate
zone. Nevertheless, harmonizing the results within those groups was
sometimes challenging. The obstacles faced were twofold, related either
to varying building and use characteristics or to how the LCA was
modelled. The former involves various specificities within a case study,
including certain outstanding aspects: (i) the size of the building
(number of stories and built area), (ii) the construction materials used
(mainly those in the building’s structure and envelope), (iii) the loca-
tion of the building (due to related differences in, e.g., building re-
quirements, climatic context, cultural norms), (iv) the various technical
systems used to provide cooling or heating, as well as (v) socio-eco-
nomic aspects and their influence on, e.g., operational energy
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consumption, as shown by [67-70]. Even within one category, these
factors affect lifecycle impacts and can lead to divergent results.

Regarding methodological choices in LCA, a number of differences
can arise and affect comparability. First, the scope of the assessment in
terms of the life cycle stages considered greatly affects the outcome
regarding environmental impacts. Although all the assessed papers
covered (at least) the product stage (A1-A3 according to EN 15978) and
the operational energy use (B6), papers that included additional stages
were kept in the sample, and the level of data granularity within similar
stages might have differed. Furthermore, the differences in the scope of
the assessment (i.e., including building components and life cycle stages
covered) are critical for comparison. Hence, the extracted LCA results
could have been influenced by the varying scopes of the LCA studies
performed, which are seldom reported in detail (e.g., by publishing the
Life Cycle Inventory (LCI)). Even in cases of similar assessment scopes,
it is still likely to have variations in LCA results due to the application of
different data sources [71,72]. There is a diverse range of sources (and
providers) of LCI data for common building products and processes, and
these sources might not always use the same cut-off rules, allocation
principles and other underlying assumptions. This diversity results in
different emission factors for the same category of building material,
product and component. As some authors suggest, data quality in-
dicators can be helpful in this case [73]. In any case, these differences
were documented, and the related results went through the same har-
monization process as explained in the methodology section.

Another limitation and important aspect of the analysis of published
LCA studies is their general lack of transparency. In many cases, basic
methodological assumptions were omitted and at times impossible to
trace within the publications. The obscurity of key aspects of the LCA
leads to superficial results, preventing aggregated analyses that can
eventually feed decision making [74]. Thus, comparability was hin-
dered, and for that reason, several papers had to be excluded from the
review. LCA studies, even while allowing diverging scopes and some
freedom for interpretation, are robust enough to set benchmarks and
scientifically grounded public policies regarding the required perfor-
mance of the built environment if certain key requirements are fol-
lowed. To properly implement this approach, however, the global sci-
entific community needs harmonized and clear guidelines on how to
perform and document whole-building LCAs; such guidelines are long
overdue. Proposals for harmonizing the LCA of buildings on an inter-
national level can be based on existing standards, e.g., the ISO 14000
series or European EN 15978, and are also being developed, for ex-
ample, within the ongoing activities of IEA EBC Annex 72 [75].

4. Conclusions and outlook

The study presented in this paper applied a systematic approach to
identifying and analysing GHG emissions in the building life cycle. The
analysis was based on the systematic review of more than 650 in-
dividual building LCA studies, with a final sample of 238 cases fit for
evaluation.

The results show that the reduction in life cycle-related GHG
emissions is a global trend for buildings that have adopted new energy
performance standards for building operation. At the same time, the
contribution of embodied GHG emissions increases up to and beyond a
ratio of 1:1 (embodied:operational) when we consider a 50-year period.
The relevance of embodied GHG emissions further increases when an-
ticipating future reductions in GHG emissions from building operations.
This projection assumes current policies, i.e., ‘net-zero’ GHG emissions
from operational energy use due to renewable energy carriers and no
(substantial) reduction in embodied GHG emissions (i.e., in construc-
tion material manufacture).

The investigation of the temporal distribution of GHG emissions
revealed the importance of the initial, upfront ‘carbon spike’ from the
production of building materials and systems. This initial investment of
GHG emissions embodied in the investigated ‘New advanced’ buildings
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dominates the GHG emissions released in the timeframe relevant for
decarbonisation. This result highlights the need to address and reduce
operational as well as embodied impacts in the context of limited GHG
budgets.

It was further shown that existing life cycle-related benchmarks (for
example, the Swiss SIA 2040) can be achieved with different strategies,
i.e., high or low embodied GHG emissions, opening the discussion of
the effectiveness of ‘GHG investments’.

In conclusion, the results of this study highlight the need to address
and further reduce the life-cycle-related GHG emissions of buildings by
optimizing embodied emission investments for new construction and
promoting ‘carbon-effective’ investments for the refurbishment of ex-
isting buildings.

Considering the IPCC-backed call for action towards a global net-
zero GHG emissions economy by 2040, profound changes are needed in
the construction and use of buildings. First, as an integrated part of the
transition in the energy sector, energy systems and technologies im-
plemented for new and refurbished buildings today have to support
fossil-free, zero-emission building operation by 2040. Second, attention
must be paid to reducing the embodied GHG emissions invested in
buildings to net-zero emissions, i.e., industries that produce construc-
tion materials need to offer net-zero GHG emission materials by 2040.
To support effective climate-change mitigation, embodied GHG mis-
sions invested until then must be 'carbon-effective' and respect limited
carbon budgets. In this context, aspects of sufficiency and optimization
of occupational density as well as other potential strategies for reducing
the demands of new construction activity deserve further attention —
after all, reducing the area of square metres built is still the most ef-
fective way to reduce both embodied and operational GHG emissions.

This crucial transition of the building and construction sector de-
mands a notable and cross-sectoral effort. It requires implementation by
building design professionals, and the relevant (construction) industries
to decarbonize their production to achieve net-zero embodied emissions
for future building construction. Furthermore, building owners and
users are urgently challenged to implement activities and practices that
further reduce GHG emissions for building operation and to move to-
wards net-zero emissions.

To support this transition in building construction and operation, a
clear policy narrative (e.g., introduction of a roadmap and/or regula-
tions) is an important lever with which to enable the concerted action
of all industries and actors who influence GHG emissions in the life
cycle of buildings.
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